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Preface 

In 1985, volume 74 of the Springer-Verlag Handbook of Experimental Phar
macology, under the editorship of H.-H. Frey and D. Janz, appeared. In this 
volume the then available data on the topic of antiepileptic drugs were col
lated and analysed. Over the intervening years knowledge in this area has 
grown progressively. More new antiepileptic drugs than the total number of 
agents that were in common use 15 years ago have in the interval either come 
on to the market or are about to do so. As well, further agents are at a fairly 
advanced stage of development, whilst the already established drugs have by 
and large held their places in clinical practice. Knowledge of epileptogenesis 
has advanced considerably. The mechanisms of action of antiepileptic drugs at 
the molecular level and in various animal models of epileptic seizures and of 
the epileptic state are much better understood than they were previously. As 
well, more information is available concerning the natural history of human 
epilepsy, and this knowledge is important in making optimal use of the various 
agents that are now available. 

Therefore, it has seemed appropriate at this stage in the evolution of 
knowledge to produce a second volume dealing with Antiepileptic Drugs in 
the Handbook of Experimental Pharmacology series. The new volume has 
been written to supplement to the first volume rather than to supersede it, in 
an attempt to bring knowledge in the area to the level which applies at the 
present time in a field of therapeutics which is advancing steadily on several 
fronts and shows every sign of continuing to do so. 

In attempting to produce such a volume, we are greatly indebted to col
leagues in various countries who have been prepared to produce chapters 
dealing with particular topics in which their expertise is well recognised. We 
are most grateful to them all. The clarity of their writing, and their skill in com
municating their knowledge, has greatly facilitated the preparation of this 
volume. In particular we would wish to pay tribute to the late Professor Fritz 
Dreifuss. He readily accepted our invitation to write his chapter (together with 
Dr. Fountain), and ensured that it was in our hands by the promised time, and 
yet only a few weeks later, sadly passed away. Thus Chap. 1 of this book may 
embody some of the last, if not the last, written work of one who made great 
contributions to the literature and practice of epileptology over many years 
and whose charm, expertise and generosity of spirit were so highly regarded 
internationally. We would also wish to acknowledge our gratitude to Mrs. Doris 
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Walker of Springer-Verlag, who patiently and good-naturedly co-ordinated the 
endeavour throughout, and to Emeritus Professor Gustav Born, who sug
gested it in the first place. 

MJ. EADIE 

Brisbane, Australia 
F.IE. VAJDA 

Melbourne, Australia 
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CHAPTER 1 

Classification of Epileptic Seizures and 
the Epilepsies and Drugs of Choice 
for Their Treatment 

F.E. DREIFUSS* and N.B. FOUNTAIN 

A. Introduction 
Since the beginning of the history of epileptology, the classification of the dis
order has fascinated thoughtful people who were interested not only in 
describing individual seizures but also in enlarging the basis of fundamental 
knowledge by applying what was known of physiology and by inventing more 
advanced means of recording epileptic phenomena. Others proposed a 
classification, not of individual seizures, but of the conditions responsible for 
them. Thus Galen in the second century AD (TEMKIN 1971) postulated that 
epilepsy might be due to 'idiopathic causes', by which he meant that the under
lying nidus of abnormality lay in the brain, but there also were 'symptomatic 
epilepsies' with their origin residing in the cardia of the stomach or elsewhere 
in the body. 

Those early days constituted the philosophical era of speculation about 
the nature of the disease. TISSOT (1770) classified epileptic seizures but made 
a more specific contribution, elaborated by Bernard SACHS (1885), in specu
lating that epilepsy was an ongoing predisposing condition but that individual 
epileptic seizures are the expression of the epileptic process when triggered 
by a concatenation of circumstances which causes the seizure threshold to 
become exceeded. In this way he sought to answer the question of why a con
dition such as epilepsy, which is very long-standing, is manifested only on occa
sions by the symptom which brings the patient to the physician. There are 
many known precipitating factors for seizures, including flashing lights, the 
sound of certain music, eating, reading, playing mathematical games or elec
tronic screen games, immersion in warm water and the presence of low blood 
glucose levels or hormonal imbalances. The underlying epileptic diathesis 
was felt to be either hereditary (idiopathic) or acquired (symptomatic). Sub
sequently one spoke of acute symptomatic and remote symptomatic epilep
sies. Sigmund FREUD (1968) related childhood epileptic seizures to the major 
brain disturbances included under the heading of cerebral palsy. 

The era of cerebral localization and pathology was characterized by the 
work of FRITSCH and HITZIG (1870) and FERRIER (1875), on which Hughlings 
JACKSON based many of his conclusions. This approach had less to do with the 

* Professor Dreifuss died shortly after submission of this paper. 
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aetiology of epilepsy than it did with the classification of individual seizures 
according to their anatomical, physiological and pathological substrates. This 
type of endeavour was exploited by ASCROFT (1941) in studying head injury in 
World War I and by the clinical experience of PENFIELD, ERICKSON and JASPER. 
This type of detailed evaluation of individual epileptic seizures reached its 
zenith with the application of split-screen TV and EEG monitoring techniques. 

The present period of study of the epilepsies includes the application of 
sophisticated physiological, neurochemical and pharmacological techniques to 
models of the epilepsies and the study of epilepsies in animal species. Inves
tigations have ranged from the study of smaller and smaller units of structure, 
which have been analysed with techniques ranging from extracellular and 
intracellular recordings from individual cells derived from neuronal culture to 
integrated studies of whole animals involving all the structures of the intact 
nervous system. This work has led to the concept of kindling, as well as to a 
detailed study of neurotransmitters and their receptor binding sites. Further
more, molecular biology has opened up the area of biochemical genetics, 
allowing more and more epileptic syndromes to be categorized. 

The Commission on Classification of the International League Against 
Epilepsy has been challenged in its endeavours to classify both epileptic 
seizures and epileptic syndromes largely because of ignorance about the 
knowledge to be gained from a nosological approach, knowledge which in turn 
produces insights which lead to changes in the Classification as a part of a con
stantly evolving process. Moreover, classification is important from the point 
of view of achieving uniformity of terminology which permits the transmis
sion of detailed information among individual researchers worldwide, thus 
leading to a poolability of data which is useful both for pharmacological and 
for genomic research. The study of individual seizures is essential in a sur
gical approach to their eradication by defining the symptomatogenic zone in 
the brain, though this region may be at a distance from the true site of icto
genic origin. Again, careful study will yield information concerning anatomico
functional correlations. 

It appears that the individual epileptic seizure occurs when there is a 
change in the flux of ions across the charged nerve cell membrane leading to 
its discharge and the subsequent propagation of the derived impulse. Gluta
mate is the most common excitatory neurotransmitter and, when bound to a
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type receptors 
(the most common type of glutamate receptor), opens Na+ channels to result 
in an excitatory postsynaptic potential (EPSP). When bound to the N-methyl
D-aspartate (NMDA)-type of glutamate receptor in the presence of an already 
depolarized membrane, glutamate opens Ca2+ channels, resulting in sustained 
depolarization which may further depolarize the cell in a self-perpetuating 
manner. Gamma amino-butyric acid (GABA) is the most common inhibitory 
neurotransmitter. It hyperpolarizes the cell membrane, causing inhibitory 
postsynaptic potentials (IPSPs), by opening Cl- channels when it is bound to 
GABAA receptors and by opening K+ channels by second messenger mecha-
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nisms when it is bound to G ABAs receptors. Epileptiform discharges are 
ultimately expressed by augmentation of glutamate-mediated excitatory, or 
impairment of GABA-mediated inhibitory, mechanisms. The transmission and 
synchronization of the resulting discharge is largely contributed to by neuronal 
system instability at the hippocampus level, allowing discharge propagation 
and prolongation. 

B. The International Classification of Epileptic Seizures 
The International Classification of Epileptic Seizures (i.e. of the phenomeno
logical aspect of epilepsy) was produced by the COMMISSION on CLASSIFICATION 
and TERMINOLOGY (1981) and is summarized in Table 1. 

I. Partial Seizures 

Partial seizures are those which begin locally, usually in six-layered isocortex. 
If they remain relatively confined to their area of origin for a length of time, 
the involved region imparts to the seizure its specific characteristics. Complex 
partial seizures occur when consciousness becomes impaired in partial 
seizures. It is then probable that the propagation of the seizure has occurred 
to brain regions, the integrity of which is essential to the maintenance of con
sciousness. Thus limbic system involvement usually results in a complex partial 
seizure. With impaired consciousness there are frequently aberrations of 
behaviour (automatisms). All partial seizures may generalize secondarily. 

There has been much controversy as to what represents preservation of 
consciousness (COMMISSION on CLASSIFICAI'ION and TERMINOLOGY 1981). The 
operational definition is preservation of awareness and/or responsiveness, 
though it is realized that full consciousness implies the appreciation of the 
totality of the experiential field. This is certainly difficult to test within the 
durations of individual seizures. While criticism of the practicality of recog
nizing the preservation of consciousness during seizures has some validity, the 
Classification has been used sufficiently long and in a sufficiently worldwide 
distribution to have gained acceptance. Also, better testing methods may ulti
mately solve some of the problems of assessing consciousness during seizures. 

II. Generalized Seizures 

The second main type of epileptic seizure is the generalized seizure, which is 
one in which both cerebral hemispheres are involved simultaneously and con
sciousness is usually impaired. The ictal EEGs generally show bilateral dis
turbances. The types of seizure here under consideration include absence 
seizures where there is an arrest of ongoing activities, a blank stare, frequently 
a brief upward rotation of the eyes and dilatation of the pupils. In addition 
there may be mild tonic components. eyelid myoclonus, increases or decreases 
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Table 1. International classification of epileptic seizures [adapted from Epilepsia 
(1981) 22:489-501] 

I. Partial (focal, local) seizures 
Partial seizures are those in which, in general, the first clinical and 
electroencephalographic changes indicate activation of a system of neurons limited 
to part of one cerebral hemisphere. A partial seizure is classified primarily on the 
basis of whether or not consciousness is impaired during the attack. When 
consciousness is not impaired, the seizure is classified as a simple partial seizure. 
When consciousness is impaired, the seizure is classified as a complex partial seizure. 
Impairment of consciousness may be the first clinical sign, or simple partial seizures 
may evolve into complex partial seizures. In patients with impaired consciousness, 
aberrations of behaviour (automatisms) may occur. A partial seizure may not 
terminate, but instead progress to a generalized motor seizure. Impaired 
consciousness is defined as the inability to respond normally to exogenous stimuli by 
virtue of altered awareness and/or responsiveness. 
There is considerable evidence that simple partial seizures usually have unilateral 
hemispheric involvement and only rarely have bilateral hemisphere involvement; 
complex partial seizures, however, frequently have bilateral hemispheric 
involvement. 
Partial seizures can be classified into the following three fundamental groups: 
A. Simple partial seizures (consciousness not impaired) 

1. With motor symptoms 
2. With somatosensory or special sensory symptoms 
3. With autonomic symptoms 
4. With psychic symptoms 

B. Complex partial seizures (with impairment of consciousness) 
1. Beginning as simple partial seizures and progressing to impairment of 

consciousness 
a) With no other features 
b) With features as in A. 1-4 
c) With automatisms 

2. With impairment of consciousness at the onset 
a) With no other features 
b) With features as in A. 1-4 
c) With automatisms 

C. Partial seizures secondarily generalized 

II. Generalized seizures (convulsive or non convulsive ) 
Generalized seizures are those in which the first clinical changes indicate initial 
involvement of both hemispheres. Consciousness may be impaired and this 
impairment may be the initial manifestation. Motor manifestations are bilateral. The 
ictal electroencephalographic patterns initially are bilateral, and presumably reflect a 
neuronal discharge which is widespread in both hemispheres. 
A. 1. Absence seizures 

2. Atypical absence seizures 
B. Myoclonic seizures 
C. Clonic seizures 
D. Tonic seizures 
E. Tonic-clonic seizures 
F. Atonic seizures 

III. Unclassified epileptic seizures 
Includes all seizures that cannot be classified because of inadequate or incomplete 
data and also some that defy classification in hitherto described categories. This 
includes some neonatal seizures, e.g. rhythmic eye movements, chewing, and 
swimming movements. 
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in postural tone or, if the seizure lasts a sufficient period of time, automat isms. 
Atypical absence seizures are frequently seen in the Lennox-Gastaut syn
drome and are characterized by major changes in truncal tone, prolonged 
absence type behaviour with erratic myoclonic movements, drop attacks and 
occasionally generalized tonic-clonic convulsions. These may persist for a pro
longed period of time. 

Myoclonic seizures are sudden jerk-like contractions of the body or of its 
parts, even individual portions of muscles. While their origin is usually corti
cal, subcortical disturbances in Mollaret's triangle region are usually present. 
Tonic seizures are prolonged contractions of muscles leading to prolonged 
flexion or hyperextension of the trunk. These seizures may occur as isolated 
phenomena, as in the Lennox-Gastaut syndrome, or they may precede the 
clonic phase of tonic-clonic seizure activity. Tonic contractions usually repre
sent the most severe form of seizures. It is during the tonic phase that frac
tures may result. 

Atonic seizures are characterized by a sudden decrease of postural tone 
which may lead to drooping of the head, dropping of a limb or of objects held 
therein, or of the whole body. Occasionally a paroxysmal focal loss of muscle 
tone, as an epileptic phenomenon, is referred to as 'negative myoclonus'. 

C. Classification of the Epilepsies and 
Epileptic Syndromes 

This classification, described by the COMMISSION on CLASSIFICATION and 
TERMINOLOGY (1989), is summarized in Table 2. While the individual epileptic 
seizure is a symptom of the underlying condition causing it, the epilepsy or 
epileptic syndrome of which it is a manifestation is the primary aetiological 
entity. The diagnosis of the type of epilepsy that is present is based on the prog
nosis and such matters as the response to medication, the malignancy or the 
benignity of the condition, the presence or absence of other neurological 
abnormalities or of mental retardation and the presence or absence of inter
ictal EEG abnormalities such as pathologically slow background rhythms. 

The primary dichotomy within the Classification is determined by whether 
the epilepsy is idiopathic (genetic) or symptomatic. The secondary dichotomy 
depends on whether the seizures exhibited are partial seizures or generalized 
seizures. The following are some examples of the application of these 
classification principles. 

I. Idiopathic Epilepsies 

1. Idiopathic Epilepsies with Partial Seizures 

The idiopathic epilepsies with partial seizures (NAYRAC and BEAUSSART 1958; 
LOMBROSO 1967; BEAUSSART 1972; LOISEAU and BEAUSSART 1973; BEAUMANOIR 
et al. 1974; HEIJBEL et al. 1975; GASTAUT 1982) include such conditions as 
benign Rolandic epilepsy or benign occipital epilepsy, frontal lobe epilepsy 
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Table 2. International classification of the epilepsies and epileptic syndromes [adapted 
from Epilepsia (1989) 30:389-399] 

1 Localization-related (focal, local, partial) epilepsies and syndromes 
1.1 Idiopathic (with age-related onset) 

At present, the following syndromes are established but more may be 
identified in the future: 
• Benign childhood epilepsy with centro-temporal spikes 
• Childhood epilepsy with occipital paroxysms 
• Primary reading epilepsy 

1.2 Symptomatic 
This category comprises syndromes of individual variability and is mainly 
based on anatomical localization, clinical features, seizure types and 
aetiological factors (if known). 
1.2.1 Characterized by simple partial seizures with the characteristics of 

seizures: 
• Arising from frontal lobes 
• Arising from parietal lobes 
• Arising from temporal lobes 
• Arising from occipital lobes 
• Arising from multiple lobes 
• Locus of onset unknown 

1.2.2 Characterized by complex partial seizures, that is attacks with alteration 
of consciousness often with automatisms. Characterized by seizures: 
• Arising from frontal lobes 
• Arising from parietal lobes 
• Arising from temporal lobes 
• Arising from occipital lobes 
• Arising from multiple lobes 
• Locus of onset unknown 

1.2.3 Characterized by secondarily generalized seizures with seizures: 
• Arising from frontal lobes 
• Arising from parietal lobes 
• Arising from temporal lobes 
• Arising from occipital lobes 
• Arising from multiple lobes 
• Locus of onset unknown 

1.3 Unknown as to whether the syndrome is idiopathic or symptomatic 
2 Generalized epilepsies and syndromes 

2.1 Idiopathic (with age-related onset -listed in order of age): 
• Benign neonatal familial convulsions 
• Benign neonatal convulsions 
• Benign myoclonic epilepsy in infancy 
• Childhood absence epilepsy (pyknolepsy) 
• Juvenile absence epilepsy 
• Juvenile myoclonic epilepsy (impulsive petit mal) 
• Epilepsy with grand mal (GTCS) seizures on awakening 
Other generalized idiopathic epilepsies, if they do not belong to one of the 
above syndromes can still be classified as generalized idiopathic epilepsies. 

2.2 Cryptogenic or symptomatic (in order of age of onset) 
• West syndrome (infantile spasms, Blitz-Nick-Salaam Krampfe) 
• Lennox-Gastaut syndrome 
• Epilepsy with myoclonic-astatic seizures 
• Epilepsy with myoclonic absences 
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Table 2. Continued 

2.3 Symptomatic 
2.3.1 Non-specific aetiology 

• Early myoclonic encephalopathy 
2.3.2 Specific syndromes 

• Epileptic seizures may complicate many disease states. Under this 
heading are included those diseases in which seizures are a presenting 
or predominant feature. 

3 Epilepsies and syndromes undetermined whether focal or generalized 
3.1 With both generalized and focal seizures 

• Neonatal seizures 
• Severe myoclonic epilepsy in infancy 
• Epilepsy with continuous spike-waves during slow wave sleep 
• Acquired epileptic aphasia (Landau-Kleffner syndrome) 

3.2 Without unequivocal generalized or focal features 
All cases with generalized tonic-clonic seizures where clinical and EEG findings 
do not permit classification as clearly generalized or localization-related, as in 
many cases of sleep-grand mal. 

4 Special syndromes 
4.1 Situation-related seizures (Gelegenheitsanfalle) 

• Febrile convulsions 
• Isolated seizures or isolated status epilepticus 
• Seizures occurring only when there is an acute metabolic or toxic event due 

to, for example. alcohol, drugs, eclampsia, non-ketotic hyperglycaemia, 
uraemia. etc. 

with nocturnal seizures and benign temporal lobe epilepsy with prominent 
autonomic manifestations. 

2. Idiopathic Epilepsies with Generalized Seizures 

The idiopathic epilepsies with generalized seizures (JANZ and CHRISTIAN 1957; 
CURRIER et a1. 1963; LIVINGSTON et a1. 1965; BJERRE and CORELIUS 1968; BROWN 
1973; PENRY et a1. 1975; TSUBOI 1977; ASCONAPE and PENRY 1984; DELGADO
ESCUETA and ENRILE-BASCAL 1984; DRAVET et al. 1985a; DRURY and DREIFUSS 
1985; LOISEAU 1985; WOLF 1985; DREIFUSS 1989) include many of the childhood 
epilepsy syndromes such as some forms of neonatal convulsions (most neona
tal seizures are in fact partial by virtue of the immaturity of the developing 
brain). They also include benign myoclonic seizures of infancy, various syn
dromes associated with absence seizures including pyknoleptic petit maLjuve
nile absence and juvenile myoclonic epilepsy. All have their characteristic 
clinical spectra and all are relatively easily controlled, lack other abnormali
ties of brain function and have normal interictal EEGs. 

II. Symptomatic Epilepsies 

1. Symptomatic Epilepsies with Partial Seizures 

The causes of these epilepsies include typical traumatic, tumorous or vascular 
focal brain involvement. The nature of the seizures is dependent on the site 
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of the lesion. In the case of complex partial seizures, the underlying lesions 
are frequently frontal or temporal. These epilepsies have a much poorer 
prognosis for remission or for control by medication than simple partial 
seizures due to a relatively static encephalopathy. The most terrifying 
symptomatic epilepsy with partial seizures is represented by epilepsia partialis 
continua (Rasmussen's syndrome), which is a childhood epileptic syndrome 
due to a rapidly progressive unilateral spreading condition with the deve
lopment of hemiplegia, contralateral ventricular dilatation and dementia 
(RASMUSSEN et al. 1958). There is frequently histological evidence of focal 
encephalitis and there is some evidence of an immunological disturbance with 
antibody formation directed against the glutamate receptor (ROGERS et al. 
1994). 

2. Symptomatic Epilepsies with Generalized Seizures 

These epilepsies are usually indicative of a severe underlying neurological dis
order of developmental, biochemical or clastic aetiology. The underlying con
ditions include abnormal neural migrations, biochemical disorders (such as 
ceroid lipfuscinosis, Tay Sachs disease, sialidosis) or they may be on the basis 
of progressive myoclonic epilepsies such as Lafora disease, Baltic myoclonus, 
or mitochondrial abnormalities, such as mitochondrial encephalopathy with 
ragged red fibres or mitochondrial encephalopathy with lactic acidosis and 
strokes. 

III. Epilepsies That Are Difficult to Categorize 

Some epilepsies are difficult to categorize as to whether they are idiopathic, 
symptomatic or cryptogenic. By cryptogenic is meant an epilepsy which almost 
certainly is symptomatic by virtue of association with static encephalopathy 
or other neurology abnormality, but whose cause remains occult. 

1. West's Syndrome 

The epileptic syndromes that are difficult to categorize include West's syn
drome (WEST 1841; JEAVONS and BOWER 1964; KELLAWAY et al. 1979; LOMBROSO 
1983) in which the so-called idiopathic form, though demonstrating an inter
ictal EEG hypsarrhythmia, may respond to ACTH or vigabatrin sufficiently 
well to abolish the EEG abnormality, terminate the seizures, and allow normal 
neural development. The seizures are massive spasms, either in flexion or 
extension, though the spasms may be incomplete. They frequently occur in 
clusters shortly after awakening. On the other hand, the majority of West's 
syndrome patients suffer significant intellectual retardation and many are 
found to have underlying structural abnormalities such as focal neuronal 
migration disorders, tuberous sclerosis or biochemical abnormalities such as 
non-ketotic hyperglycinaemia or phenylketonuria. Severe myoclonic epilepsy 
in infancy, similarly, is a rather severe form of probably cryptogenic or symp-
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tomatic epilepsy leading to abnormal neurological findings with apraxia and 
corticospinal tract signs (DRAVET et al. 1985b). 

2. Lennox-Gastaut Syndrome 

The Lennox-Gastaut syndrome (LENNOX and DAVIS 1949; GASTAUT et al. 1966; 
LENNOX 1966) is characterized by a severe encephalopathy with tonic exten
sion spasms and atypical absence and episodic drop attacks as major features, 
as well as mental retardation and treatment intractability. It may be the end 
result of different aetiologies including West's syndrome, encephalitis or long
standing developmental defects. The outlook is uniformly dismal but seizures 
may improve gradually. Certain drugs such as felbamate or lamotrigine have 
relieved some aspects of the disorder. 

3. Acquired Epileptic Aphasia (the Landau-Kleffner Syndrome) 

This syndrome (LANDAU and KLEFFNER 1957) is a childhood disorder charac
terized by acquired aphasia, hemispheric or generalized spikes and spike and 
wave discharges. Many patients with this syndrome have psychomotor distur
bances. They have a verbal auditory agnosia and reduction of spontaneous 
speech. The EEG frequently shows continuous spike-wave activity during slow 
wave sleep. 

4. Epilepsy with Continuous Spike-Wave during Slow Wave Sleep 

In this condition, nocturnal seizures are associated with continuous spike-wave 
activity during slow wave sleep (TASSINARI et al. 1985). The syndrome is virtu
ally untreatable except that occasionally, as in the Landau-Kleffner syndrome, 
there may be a response to steroids. A neuropsychological disorder is frequent 
during the later phases of the disease. 

D. Influence of Technological Advances on 
the Understanding of Semiology 

Many idiopathic epilepsies have been found to have an underlying genetic 
basis. Rarely a month passes without new developments or the postulating of 
gene loci with putative sites responsible for the abnormal functions thought 
to contribute to the syndromes comprising the idiopathic epilepsies. 

The following represent preliminary classificational data of the Commis
sion on Genetics of the International League Against Epilepsy. 

I. Singular Nuclear Gene Disorders 

1. Without brain abnormalities, a category including, for example, such disor
ders as benign familial neonatal convulsions (200 or 80) and familial 
frontal lobe seizures (200). 
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2. With brain abnormalities, a category including, for example, band hetero
topias or X-linked lissencephaly (X022.3), paraventricular nodular het
erotopia (X028), Unverricht-Lundborg disease (21), Lafora body disease 
(60) and ceroid lipofucscinosis (10,13, or 6P). 

II. Complex Inheritance Disorders 

1. Without brain abnormalities, a category including childhood absence 
epilepsy (?80) and juvenile myoclonic epilepsy (?6P,1l, 150, 80), which 
seems a more heterogeneous condition than once thought. 

2. With brain abnormalities, a category including, among the generalized 
seizures those with degenerative, infectious, tumorous and metabolic aeti
ologies and among the partial seizures those due to hippocampal scleroses, 
immunological disorders and trauma. So far, no specific gene defects have 
been defined in this group, but some of these disorders follow autosomal 
dominant or autosomal recessive inheritances, such as some neurocuta
neous syndromes and various metabolic disorders. Specific chromosomal 
disorders associated with epilepsy include 4-P deletions, ring-chromosome 
20, Down syndrome and the fragile-X syndrome. 

It is clear that ultimately genetics will playa major role in epileptic syn
drome identification and possibly in management because, wherever there is 
a gene anomaly there is a corresponding abnormal gene product, and this aber
ration may well be integrally associated with the clinical manifestation. 

E. Drugs of Choice for Epileptic Seizures 
and the Epilepsies 

The choice of anti epileptic drugs according to the specific seizure type under 
consideration or in keeping with the syndrome whose presenting symptom has 
precipitated therapeutic intervention, is a relatively recent possibility. The first 
rational treatment of epileptic seizures began with the introduction of bro
mides in 1857 (LOCOCK), after which time it became quite apparent that effec
tive therapy with these agents exacted a heavy cost in terms of toxicity. Newer 
drugs such as phenobarbitone tended to have less toxicity. The next advance 
came from the testing by PUTNAM and MERRITI of hydantoins in the maximal 
electroshock animal model of convulsions. Subsequently all prospective 
antiepileptic drugs were tested for effectiveness and toxicity prior to their 
introduction, thus allowing at least a rough estimate of their tolerability and 
their efficacy from the outset (PUTNAM and MERRITI 1937). In 1978, valproate 
was introduced and was thought to be effective by virtue of enhancing GABA 
actions in the nervous system, leading to a new avenue for the exploration of 
anticonvulsant agents. This was the first attempt at influencing excitatory or 
inhibitory neurotransmitter mechanisms and might be regarded as the begin
ning of the modern era of antiepileptic drug development. In general, the 
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effectiveness of agents in enhancing neuronal inhibition or in antagonizing 
glutamate-mediated excitation was felt on theoretical grounds to augur well 
for antiepileptic drug development purposes. Furthermore, activation of the 
NMDA subtype of glutamate receptor allows an influx of Ca2+, which may be 
cytotoxic. Evidence suggests that drugs such as felbamate. topiramate and lam
otrigine may have an NMDA receptor blocking activity while phenytoin and 
carbamazepine predominantly tend to inhibit action potential propagation by 
blocking voltage gated Na+ channels. It is believed that most of these neuro
transmitters affect the process of ictogenesis, i.e., the process which determines 
the production of seizures, from the nerve cell membrane. Though the process 
of epileptogenesis is not as well understood, it appears to result from anatom
ical changes in regions of the brain which have a relay-mobilizing and syn
chronizing function, e.g. the hippocampus. These changes can permanently 
render the organism considerably more vulnerable to an undue liability to 
seizures. The next stage in the development of antiepileptic drugs ideally 
should include seeking agents which will have an inhibitory effect on the 
process of epileptogenesis (DREIFUSS 1994). 

I. Drugs for Epileptic Seizures (Table 3) 

1. Partial Seizures 

At present a popular choice of medications for the management of partial 
seizures would include phenytoin, carbamazepine, valproate or phenobar
bitone. In the case of complex partial seizures, carbamazepine is usually 
preferred but phenytoin and valproate are also used frequently. This type of 
seizure is frequently so recalcitrant, particularly in the presence of mesial tem
poral sclerosis, that other medications are frequently added to the initial drug 
used, and the option of surgery is frequently invoked. 

Many other factors may influence the choice of antiepileptic drug, includ
ing whether the patient does not comply with treatment recommendations, in 
which case drugs which can be given less frequently than twice a day are pre
ferred. Again, cosmetic considerations may sway the decision, as may the 
desire for pregnancy, which may incline the physician towards the use of 
phenytoin rather than valproate. 

The newer anti epileptic drugs include gabapentin, lamotrigine, topira
mate, and vigabatrin (the latter is not yet FDA approved in the United States). 
Felbamate is out of favour because of the hazard of its side effects, including 
aplastic anaemia and hepatic necrosis. Lamotrigine has become popular 
though its place in therapeutics has not yet been defined in partial seizures, 
nor has its place in monotherapy. Gabapentin is an almost ideal add-on med
ication because it is relatively free from side effects and interactions whilst, in 
simple partial seizures, its effectiveness is vitiated only by the need for a very 
high dose. Topiramate has similar attributes, but at high doses may cause cog
nitive side effects. 
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Table 3. Correlation between classification of epileptic seizures and drugs of choice 
for their treatment. The preferred agents are shown in italics 

Seizure type 

Partial seizures 
Simple partial seizures 

Complex partial seizures 

Partial seizures, secondarily 
generalized 

Generalized seizures 
Absence seizures 
Myoclonic seizures 

Atonic seizures 

Tonic, clonic or tonic-clonic 
seizures 

Drugs 

Carbamazepine, valproate, phenytoin, vigabatrina, 

(gabapentin, lamotrigine, topiramate) 
Carbamazepine, phenytoin, valproate, vigabatrina, 

primidone, (gabapentin, lamotrigine, topiramate) 
Carbamazepine, valproate, phenytoin, 

phenobarbitone, (gabapentin, lamotrigine, 
topiramate) 

Ethosuximide, valproate 
Valproateb, clonazepam, lamotrigineb, felbamate 

(but see side-effect profile), pyridoxine 
Valproateb, lamotrigineb, felbamate (but see side

effect profile), corticosteroids 
Valproateb, carbamazepine, phenytoin, barbiturates 

In parenthesis, FDA approval restricted to add-on medication. 
a Not yet available in USA. 
bNot yet FDA approved for this indication. 

2. Generalized Seizures 

In generalized seizures, valproic acid and its derivatives continue to be pre
ferred. In the United States valproate is approved by the Food and Drug 
Administration for seizure types which include absence seizures, but most 
patients with generalized tonic-clonic seizures are also being afforded the 
benefit of this very effective drug. For treatment of seizures which are secon
darily generalized, carbamazepine, phenytoin and valproate are popular. 

On a worldwide basis, valproate is the most frequently used medication 
for absence seizures, though ethosuximide continues for some to be the drug 
of choice so long as tonic-clonic seizures are not a feature of the patient's 
epilepsy. The only reason that valproate is not uniformly preferred is that there 
continues to be some risk of hepatotoxicity in childhood age groups (BRYANT 
and DREIFUSS 1996). Some physicians therefore favour ethosuximide. In all 
other generalized seizure disorders valproate is regarded as the drug of choice, 
with benzodiazepines, particularly clonazepam, having a somewhat lesser 
place. Unfortunately clonazepam is associated with the development of toler
ance which greatly reduces its desirability, and this to some extent is true also 
for clobazam, which is not available in the United States but which has a fol
lowing in the United Kingdom and Canada. Lamotrigine may also be useful 
in treating generalized seizures. 
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Table 4. Classification of epilepsies correlated with their drugs of choice. The preferred 
agents are shown in italics 

Epilepsy or epileptic syndrome 

Idiopathic epilepsies 
With partial seizures 
With generalized seizures 

Childhood absence 
Juvenile absence 
Juvenile myoclonic epilepsy 
Myoclonic absence 

Symptomatic epilepsies 
With partial seizures (lesional) 

With generalized seizures 
West syndrome 

West syndrome in tuberous sclerosis 
Lennox-Gastaut syndrome 

With known metabolic disorders 

Neonatal seizures 
Febrile convulsions 

Reflex epilepsies 

Drugs 

Carbamazepine, valproate 

Ethosuximide, valproate 
Valproate 
Valproate, phenytoin 
Valproate plus ethosuximide 

Carbamazepine, phenytoin, valproate, 
vigabatrina , (gabapentin, lamotrigine) 

ACTH, prednisone, valproate, 
(lamotrigineh) 

Vigabatrill", valproateh 

Felbamate (but see side-effect profile), 
valproate, clonazepam, (lamotrigine) 

Pyridoxine, biotin, diets, steroids, 
benzodiazepines, as appropriate 

Phenobarbitone plus eliminate cause 
Intermittent rectal diazepam, long-term 

phenobarbitone (but note side-effect 
profile) 

Valproateb , benzodiazepines 

In parenthesis, FDA approval restricted to use as add-on medication. 
a Not yet available in USA. 
bNot yet FDA approved for this indication. 

II. Drugs for the Epilepsies (Table 4) 

The management of the epilepsies and epileptic syndromes invokes elements 
which are more far-reaching than the treatment of individual seizure types and 
takes into consideration matters such as the natural history, prognosis, likeli
hood of a severe and progressive neurological ailment and the prospect of a 
benign self-limited condition whose individual elements may not require treat
ment. These issues which have to do with treating the patient rather than the 
seizure have been emphasized in recent years. 

1. Idiopathic Epilepsies with Partial Seizures 

These epilepsies, including the benign partial seizures of childhood, may or 
may not require medical intervention. If intervention is invoked it is a satis
fying undertaking because most drugs useful in the treatment of partial 
seizures are effective and the disorder is usually self-limited. 
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2. Idiopathic Epilepsies with Generalized Seizures 

Such epilepsies include childhood absence epilepsy, juvenile absence epilepsy, 
juvenile myoclonic epilepsy and primary generalized tonic-clonic convulsive 
epilepsy, usually nocturnal. The medications of choice include valproate and 
lamotrigine. The choice as to which drug should be used may depend upon 
collateral indications such as the patient's age, sex or intentions regarding 
pregnancy. In these various forms of epilepsy, apart from childhood absences, 
recurrence after discontinuation of medication is frequent so that medication 
is usually continued indefinitely. 

3. Symptomatic Epilepsies with Localization-Related Seizures 

These epilepsies are treated as described earlier under partial seizures. Heed 
should be paid to the syndrome of which the complex partial seizure is a part. 
If there is indication of a progressive tendency, of a crescendo, or of increas
ing number of seizures, or of the presence of mesial temporal sclerosis, early 
consideration should be given to surgical treatment. This should also be con
sidered in patients with imaging evidence of malformations sufficiently local
ized to allow surgical removal. 

4. Symptomatic Epilepsies with Generalized Seizures 

Symptomatic epilepsies with generalized seizures come in two main varieties. 
The first includes diseases with named appellations which usually carry a very 
grim prognosis. Such diseases include ceroid lipofuscinosis, sialidosis, progres
sive myoclonic epilepsies, and malformations such as lissencephaly. These can 
be treated only symptomatically and palliatively. 

The second group of conditions under this rubric include West's syndrome 
and the Lennox-Gastaut syndrome. West's syndrome is characterized by the 
occurrence of infantile spasms and on the EEG is frequently associated with 
hypsarrhythmia and a delay in neurological development. In some instances, 
early treatment with ACTH or prednisone or vigabatrin will result in imme
diate and significant improvement. In others, there will either be relapse or 
no improvement from the beginning. Valproate and vigabatrin have been 
used, as have been benzodiazepines. It has been found by CHIRON et al. (1990) 
that infantile spasms due to tuberous sclerosis may respond successfully. 
Occasionally a PET scan or a high resolution MRI scan may reveal a focal 
malformation underlying the syndrome, and this may lead to a surgical 
approach. 

The Lennox-Gastaut syndrome is one of the severest neurological hand
icaps of childhood. It is characterized by tonic axial seizures, drop attacks, atyp
ical absence seizures and severe and progressive mental retardation. The 
syndrome is quite impervious to most modes of therapy. Felbamate showed 
some promise but is now rarely used because of the side effects referred to 
above, but continues to be tried as a measure of desperation, on occasions with 
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some degree of success (RITTER et a1. 1993). Lamotrigine may be of help in 
some of these cases, but the outlook remains poor. 

Other causes of epileptic seizures include metabolic and electrolyte 
derangements which should be corrected, and deficiency disorders such as 
those involving pyridoxine. biotinidase and glucose. which should be corrected. 

5. Febrile Convulsions 

While febrile convulsions in infants are not always regarded as part of the 
problem of epilepsy, this matter is certainly sufficiently germane to warrant 
mention in a text on drugs involved in the management of epileptic seizures. 
Febrile convulsions raise the question of whether intermittent therapy, short
term prophylactic therapy or long-term therapy should be employed in their 
management. The consensus at the present time is that once the diagnosis of 
a simple febrile convulsive disorder has been made, intermittent rectal ben
zodiazepine therapy is at least one of the managements of choice and is prefer
able to long-term barbiturate management because of the considerably lesser 
behavioural disruption that it causes the child. Diazepam gel for rectal admin
istration was recently approved in the United States for the treatment of clus
ters of seizures. 

F. Conclusion 

The choice of an antiepileptic drug for the management of a particular patient 
is thus seen to involve a number of possibilities, including not only the 
risk/benefit analysis for the particular seizure type but also, in a particular syn
drome, with long- and short-range therapeutic goals abutting on personalities 
and lifestyles, involving most of a physician's medical and social responsibili
ties. The recent increase in the choice of an anti epileptic drug has also widened 
the economic issues to be considered in the decision as to whether drugs from 
one era. or from another, are used. The fashioning of a therapeutic plan, while 
far from perfect, is making it more possible to take care of a number of col
lateral problems while attempting to stop the patient's seizures. 
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CHAPTER 2 

Animal Models of Epilepsy and 
Epileptic Seizures 

W. L6sCHER 

A. Introduction 
In epilepsy research, animal models serve a variety of purposes. First, they are 
used in the search for new anti epileptic drugs. Second, once the anticonvul
sant activity of a novel compound has been detected, animal models are used 
to evaluate the possible specific efficacies of the compound against different 
types of seizures or epilepsy. Third, animal models can be used to character
ize the preclinical efficacy of novel compounds during chronic administration. 
Such chronic studies can serve different objectives, for instance, evaluation of 
whether drug efficacy changes during prolonged treatment, e.g. because of the 
development of tolerance, or examination of whether a drug exerts antiepilep
togenic effects during prolonged administration, i.e. is a true antiepileptic drug. 
Fourth, animal models are employed to characterize the mechanism of action 
of old and new antiepileptic drugs. Fifth, certain models can be used to study 
mechanisms of drug resistance in epilepsy. Sixth, in view of the possibility that 
chronic brain dysfunction, such as epilepsy, might lead to altered sensitivity to 
drug adverse effects, models involving epileptic animals are useful to study 
whether epileptogenesis alters the adverse effect potential of a given drug. 
Seventh, animal models are needed for studies on the pathophysiology of 
epilepsies and epileptic seizures, e.g. the processes involved in epileptogenesis 
and ictogenesis (LOTHMAN 1996a). 

Not all animal models of seizures and/or epilepsy can be used for all of 
the above described purposes. Furthermore, the intention of the experiment 
is essential for selection of a suitable animal model. For instance, simple 
seizure models such as the maximal electroshock seizure (MES) test, allowing 
testing of high numbers of compounds for anticonvulsant activity in a rela
tively short time, will be preferred to more complex models in screening 
approaches to anticonvulsant drug development. The use of animal models in 
the search for new anticonvulsants is dealt with in Chapter 6 of this volume. 
Nevertheless, in order to review the most important animal models currently 
used in epilepsy research, it will be necessary to characterize their phar
macological and predictive profile in terms of clinical types of seizures or 
epilepsy. 

Most animal models used in epilepsy research are models of epileptic 
seizures rather than models of epilepsy. Since epilepsy is characterized by 
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spontaneous recurrent seizures, a test such as the maximal electroshock 
seizure test, in which an acute seizure is electrically induced in a normal non
epileptic animal, cannot represent a model of epilepsy. On the other hand, 
there are true models of epilepsy, for instance animal mutants or transgenic 
animals with spontaneously recurrent seizures, which are obviously more 
closely related to human epilepsy than mere seizure models. Furthermore, 
epileptogenesis resulting in spontaneous recurrent seizures can be induced by 
chemical or electrical means. Unfortunately, many researchers do not differ
entiate between animal models of epilepsy and animal models of epileptic 
seizures, although the difference may be important in the interpretation of 
data obtained with such models. Of course, models of epilepsy, e.g. mutant 
animals with inherent epilepsy, can be used as models of seizures, e.g. in anti
convulsant drug potency studies, whereas a pure seizure model in a non
epileptic animal cannot be used as a model of chronic epilepsy. 

An ideal animal model of epilepsy should fulfil the following require
ments: (1) development of spontaneously occurring recurrent seizures; (2) 
seizure type(s) similar in clinical phenomenology to seizure types occurring in 
human epilepsies; (3) paroxysmal EEG alterations similar to EEG alterations 
occurring in the respective seizure types in humans; (4) a high seizure 
frequency to allow acute and chronic drug efficacy studies; (5) pharmacoki
netics (particularly the rate of elimination) of anti epileptic drugs which 
allow the maintenance of effective drug levels during chronic treatment; 
(6) effective plasma (and brain) concentrations of antiepileptic drugs similar 
to those required for control of the relevant seizure types in epileptic patients. 
Although no model at present meets all these criteria, there are several 
so-called genetic animal models of epilepsy, i.e. species or strains of labora
tory animals with "inborn" epilepsy, which resemble idiopathic epilepsy 
in humans more closely than any other experimental model (L6sCHER 
1984, 1992). However, out of practical reasons, the most commonly 
used animal models in anticonvulsant drug development are not models of 
chronic epilepsy but models of single epileptic seizures, in which seizures 
are induced in small laboratory animals (rats, mice) by simple chemical or 
electrical means. 

Innumerable models of epilepsy and epileptic seizures have been 
described in the literature, so that it is not possible to review all these models 
in this chapter. In this respect, the interested reader is referred to previous 
reviews or volumes on this topic (PURPURA et al. 1972; KOELLA 1985; L6sCHER 
and SCHMIDT 1988; FISHER 1989; ENGEL 1992). The various animal models can 
be assigned to different categories, e.g. models with spontaneously occurring 
seizures versus chemically or electrically induced seizures, models with recur
rent seizures versus models with single seizures (i.e. chronic versus acute 
models), models with partial seizures versus models with generalized seizures, 
models with convulsive seizures versus models with non-convulsive seizures, 
screening models versus models for a more advanced phase of the screening 
procedure ("secondary screening"), mechanism-related models (i.e. with 
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seizure induction by a known mechanism) versus models without a specific (or 
known) mechanism, and seizure threshold models versus models with 
(supra)maximal or suprathreshold induction of seizures. 

One simple scheme of classification of experimental animal models of 
epilepsy and epileptic seizures is shown in Fig. 1. However, in a volume on 
antiepileptic drugs, it should be recognized that the clinical selection of an 
anti epileptic drug is based primarily on its efficacy for specific types of seizures 
and epilepsy (MATTSON 1995). Thus, for the purpose of preclinical drug evalu
ation, it may be more appropriate to classify the models on the basis of type 
of seizure or epilepsy. This should also allow a more precise interpretation of 
data from investigations into the mechanisms of any of these models and facil
itate comparisons between experimental and clinical data. Therefore, in the 
present review, as far as applicable, the International Classification of Epilep
sies and Epileptic Syndromes (COMMISSION 1989; DREIFUSS 1994) will be used 
to categorize animal models of epilepsy (Table 1). Similarly, animal models of 
seizures will be categorized with respect to seizure type (Table 2), using the 
International Classification of Epileptic Seizures (COMMISSION 1981). As 
pointed out above, the review will not attempt to cover all available or 
described models, but will be restricted to the relatively few models in the 
respective categories which have been studied in enough detail to judge their 
usefulness for the different purposes in epilepsy research outlined at the begin
ning of this section. 

B. Animal Models of Epilepsy 
By definition, animal models of epilepsy comprise animals with spontaneously 
occurring recurrent seizures. Furthermore, epileptic animals in which seizures 
occur not spontaneously but upon sensory stimulation, so called "reflex 
seizures" or "reflex epilepsy", will also be included in this section under the 
heading "Special Syndromes". In human epilepsy, only about 5% of epileptic 
patients get focal or generalized seizures in response to sensory stimulation 
(SCHMIDT 1993). About one-third of these patients with "reflex epilepsy" 
respond to photic stimulation. Seizures in photosensitive epilepsy are mostly 
of the absence type, whereas generalized tonic-clonic (grand mal), complex 
partial or simple partial seizures are less frequent (SCHMIDT 1993). Thus, the 
major drawback of all genetic animal models with reflex seizures is that this 
type of epilepsy is uncommon in humans. Furthermore, it should be noted that 
photomyoclonic seizures can occur in non-epileptic patients. which means that 
animals with photomyoclonic seizures are not necessarily models for epilepsy. 
The main advantage of genetic animals models with reflex seizures for anti
convulsant drug evaluation is that seizures can be easily and reproducibly 
evoked in these models without electrical or chemical means, and that the 
seizure types, at least in part, are similar in their clinical phenomenology to 
seizures occurring in human epilepsy. 
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Table 1. International classification of epilepsies and epileptic syndromes in humans 
(COMMISSION 1989; DREIFUSS 1994) and proposed experimental animal models 

Classification in humans 

1 Localization-related (focal, local. 
partial) epilepsies and 
syndromes 
1.1 Idiopathic 

1.2 Symptomatic 
Temporal lobe epilepsies 

Frontal lobe epilepsies 

Parietal lobe epilepsies 
Occipital lobe epilepsies 

2 Generalized epilepsies and 
syndromes 
2.1 Idiopathic (primary), e.g. 

absence/myoclonic epilepsy 
Epilepsy with grand mal seizures 

2.2 Cryptogenic or symptomatic 
E.g. West syndrome, Lennox
Gastaut syndrome 

3 Undetermined epilepsies 
3.1 With both generalized and 

focal seizures 
4 Special syndromes 

e.g., reflex epilepsies 

Potentially suitable animal models 

Dogs with localization-related epilepsy with 
age-related onset and no underlying cause 
other than a possible hereditary 
predisposition 

Amygdala or hippocampal kindling, kainate 
and pilocarpine models, local or topical 
application of metals, chemoconvulsants, or 
toxins 

Kindling or local applicationlinjection of 
metals, chemoconvulsants, or toxins in 
respective areas 

As for frontal lobe 
As for frontal lobe 

Lethargic mice, rat strains with spontaneous 
spike-wave discharges (c.g. GAERS) 

Double mutant rats (zilzi, tmltm) with spike
wave discharges and tonic seizures 

No models as yet 

Tottering mice with spike-wave discharges and 
focal seizures 

Epileptic gerbils, DBA/2 mice, genetically 
epilepsy prone rat, baboons, EI mice 

As in humans, an epilepsy in animal models is either idiopathic (and the 
epilepsy a primary epilepsy) or symptomatic (and the epilepsy a secondary 
epilepsy), Idiopathic or primary epilepsy is virtually synonymous with genetic 
epilepsy. The epilepsies occurring on the basis of structural disease or major 
identifiable metabolic derangements in the brain belong in the category of the 
symptomatic epilepsies (DREIFUSS 1994). In human epileptology, there is also 
the term "cryptogenic epilepsy'" which is considered as a secondary epilepsy 
with unknown cause (DREIFUSS 1994), but this term will not be used for the 
animal models described in this review. 

Based on the International Classification of Epilepsies and Epileptic Syn
dromes, four groups of epilepsies or epileptic syndromes are considered: (1) 
localization-related (focal, local. partial) epilepsies, (2) generalized epilepsies, 
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Table 2. International classification of epileptic seizures in humans (COMMISSION 1981; 
DREIFUSS 1994) and proposed experimental animal models 

Classification in humans 

I. Partial (focal, local) seizures 
A. Simple partial seizures 

B. Complex partial seizures 

C. Partial seizures secondarily 
generalized 

II. Generalized seizures 
A. Absence seizures 
B. Myoclonic seizures 
C. Clonic seizures 
D. Tonic seizures 

E. Tonic-clonic seizures 

F. Atonic seizures 

III. Unclassified epileptic 
seizures 

Potentially suitable animal models 

Electrical induction of neocortical seizures via 
depth or screw electrodes 

Amygdala- or hippocampal-kindled seizures (stage 
1 and 2); for other models see text 

E.g. secondarily generalized (stage 4,5) kindled 
seizures 

Lethargic mice, for other models see text 
Pentylenetetrazole? (see text) 
DBA/2 mice 
MES, double mutant rats with spike-wave 

discharges and tonic seizures 
MES, gerbils with 'major seizures', genetically 

epilepsy prone rat, epileptic dogs 

(3) undetermined epilepsies with both generalized and focal seizures or 
without unequivocal generalized or focal features, and (4) special syndromes, 
including reflex epilepsies (COMMISSION 1989). 

I. Localization-Related (Focal, Local, Partial) Epilepsies 

This type of epilepsy is characterized by clinical or EEG evidence of local 
onset seizures, usually in a region of one cerebral hemisphere, which may 
spread to other parts of the brain during a seizure. More than half of all 
patients with this frequent type of epilepsy have both partial and secondarily 
generalized tonic-clonic seizures (MATTSON 1995). Effective drugs for the 
treatment of partial epilepsies are carbamazepine, phenytoin, valproate, prim
idone, and phenobarbitone (MATTSON 1995). Localization-related epilepsies 
are commonly symptomatic, but there are also some idiopathic types. 

1. Idiopathic (Primary) Focal Epilepsies 

According to the Classification Commission of the International League 
Against Epilepsy (ILAE), idiopathic localization-related epilepsies comprise 
benign childhood epilepsy with centro temporal spikes, childhood epilepsy 
with occipital paroxysms, and primary reading epilepsy (COMMISSION 1989). To 
our knowledge, no animal models have been described for these types of 
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epilepsy. However, in dogs with idiopathic epilepsy, a localized onset of 
seizures is frequently seen, so that these animals will be described here. 
Genetic animal models of epilepsy with reflex seizures of focal onset will be 
described under the section "Special Syndromes". 

a) Dogs with Idiopathic Localization-Related Epilepsy 

Among domesticated animals, the dog is affected with epilepsy far more than 
any other species, making it a disease of considerable veterinary and compar
ative medical interest (LbsCHER 1984, 1992). Clinical and EEG observations 
strongly suggest that epilepsy in dogs approximates to the disease in man 
(LbsCHER et al. 1985). Thus, the prevalence of epilepsy in dogs is about 0.6% 
(with some variation between different breeds), which is quite similar to the 
value known for humans. Idiopathic epilepsy, as in humans, is more common 
than symptomatic epilepsy in dogs. A genetic background of most epilepsies 
in dogs is indicated not only by the absence of identifiable brain lesions but 
also by the differences in the prevalence of epilepsy among different breeds 
(LbsCHER et al. 1985). With respect to seizure types in epileptic dogs, general
ized tonic-clonic seizures are by far the most common, but other types of 
seizures also occur, e.g. clonic, myoclonic, or tonic seizures, simple partial and 
complex partial seizures, and atypical seizures. Generalized tonic-clonic 
seizures in dogs are not only of the primary generalized type but often occur 
when focal seizures become secondarily generalized (LbsCHER 1986). The anti
convulsant pharmacology of the different types of epilepsies in dogs is similar 
to the situation in human epilepsy, although chronic administration of most 
antiepileptic drugs in dogs is hampered by their short elimination half-lives 
(LbsCHER 1986). 

Although dogs with different types of idiopathic epilepsy would seem 
to provide an ideal model for epilepsy research, including research on 
localization-related idiopathic epilepsy, there are several drawbacks to this 
model. First, almost all studies on this species were done in dogs from private 
owners who are not willing to allow invasive experiments or to give away their 
animals for breeding purposes (LbsCHER 1997). Only a few studies on epilepsy 
in dogs have been performed in epileptic subgroups of dogs from beagle 
colonies (e.g. EDMONDS et al. 1978). In this respect, the high prime and main
tenance costs of dogs in the numbers necessary for selection and breeding of 
epileptic sublines limit the usefulness of this species for drug evaluation or 
pathophysiological studies. Furthermore, in contrast to genetic animal species 
with reflex seizures, or traditional electrically or chemically induced seizure 
models in normal animals, the naturally occurring seizures in dogs cannot be 
elicited at will by an investigator, which makes any scientific studies time-con
suming, especially when the seizure frequency is low. Nevertheless, some 
groups, including our own, carryon studies with new drugs in epileptic dogs 
which are refractory to standard medications, but the primary goal of such 
studies is to help the animals and improve the current practice of epilepsy 
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treatment in veterinary medicine rather than to obtain new information on 
drug resistance in general. One major drawback for chronic drug efficacy 
studies in epileptic dogs is that most new anti epileptics (and most of the clin
ically established anti epileptics ) are so rapidly eliminated by dogs that it is not 
possible to maintain effective drug levels throughout the day using conven
tional drug preparations (L6sCHER et al.1985; L6sCHER 1994). Indeed, the only 
drugs which allow maintenance of effective drug levels by one to three drug 
applications per day, and which are thus suited for chronic treatment of 
epilepsy in dogs, are phenobarbitone and primidone, the latter drug because 
of the accumulation of its active metabolite phenobarbitone (L6sCHER et al. 
1985; L6sCHER 1994). Sustained-release formulations have been used to try to 
resolve the problem caused by the too rapid elimination of most antiepileptic 
drugs in dogs; however, sustained-release preparations developed for use in 
humans are not suitable for dogs because of the much shorter gastrointestinal 
retention time of such formulations (L6sCHER 1981). More recently, the novel 
antiepileptic drug vigabatrin has been evaluated for control of epilepsy in 
dogs, because its mechanism of action (irreversible inhibition of GABA degra
dation) offers an effective treatment which should be independent of species 
differences in drug elimination. Vigabatrin proved to be effective in several 
epileptic dogs with phenobarbitone-resistant seizures, but at least in part viga
batrin had to be withdrawn because of the development of severe adverse 
effects such as haemolytic anaemia (SPECIALE et al. 1991). 

2. Symptomatic (Secondary) Focal Epilepsies 

According to the Classification Commission of the ILAE, symptomatic 
localization-related (focal, local, partial) epilepsies can be subdivided on the 
basis of the anatomical location of the epileptic focus into temporal lobe epilep
sies, frontal lobe epilepsies, parietal lobe epilepsies, and occipital lobe epilep
sies (DREIFUSS 1994). These types of epilepsy are the most common forms of 
chronic epilepsy in adults, and are often refractory to current anti epileptic 
drugs (LOISEAU 1986; LEPPIK 1992). Thus, animal models for these types of 
epilepsy are particularly important in the development of new anti epileptic 
drugs. However, models with partial seizures induced by electrical or chemical 
means (see Sect. C.I) may be more feasible in this respect than true models of 
symptomatic partial epilepsy with spontaneously recurring partial seizures. 

The typical seizure types occurring in localization-related epilepsies are 
simple partial (i.e. without impaired consciousness) or complex-partial (i.e. 
with impaired consciousness) seizures, which both may evolve to secondarily 
generalized tonic-clonic seizures (DAM 1992). The majority (70%-85%) of 
complex partial seizures originate in the temporal lobes, while only about 10% 
are thought to originate from the frontal lobes (DAM 1992). 

In patients, the localization-related symptomatic epilepsies may begin at 
any time of life, and have multiple aetiologies (MATTSON 1995). Among the 
most frequent causes are head trauma, vascular lesions, neoplasms, and infec-
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tion. The majority of patients with temporal lobe epilepsy, the most common 
form of partial epilepsy, exhibit hippocampal sclerosis, and the seizures appear 
to originate within the sclerotic area. Often, the amygdala is also involved, 
explaining why most models of symptomatic localization-related epilepsy aim 
at the hippocampus or amygdala to produce seizures. Symptomatic focal 
epilepsy may occur as a chronic disease in dogs, e.g. in response to brain 
tumours (LbsCHER et al. 1985), but because of the inherent problems of using 
such animals as preclinical models in epilepsy research (see Sect. B.I), they will 
not be further discussed here. 

a) The Kindling Model of Temporal Lobe Epilepsy 

The kindling phenomenon is a manifestation of the fact that "seizures beget 
seizures". Evidently through a kind of a positive feedback mechanism, a local 
epileptiform discharge, confined initially to a small focus or network, tends, if 
not "disturbed" (e.g. by treatment with antiepileptic drugs), to spread in space 
and severity. GODDARD et al. (1969) characterized this phenomenon in detail 
and in a systematic manner, which they came to refer to as "kindling". Animals 
chronically implanted with stimulation and recording electrodes in one struc
ture of the limbic system or other brain areas (the amygdala being among the 
most responsive structures) develop seizures upon periodic electrical stimula
tion with an initially subconvulsive current. In rats stimulated in the amygdala, 
the initial stimulus often elicits focal paroxysmal activity (spikes, i.e. so-called 
"afterdischarges" in the EEG recorded from the amygdala) without overt 
clinical seizure activity. Subsequent stimulations induce the progressive de
velopment of seizures, generally evolving through the following stages: (1) 
immobility, facial clonus, eye closure, twitching of vibrissae, stereotyped 
sniffing, (2) head nodding, often accompanied by more severe facial clonus, 
(3) unilateral forelimb clonus, (4) rearing, often accompanied by bilateral fore
limb clonus, and (5) continuous rearing and falling accompanied by secon
darily generalized clonic seizures (RACINE 1972). All of these stages are 
associated with reduced responsiveness to sensory stimulation. in comparison 
to the normal waking state. The behaviour observed in stages 1 and 2 mimics 
that found in human complex partial (limbic or temporal lobe) seizures; the 
behaviour in the latter three stages would be consistent with complex partial 
seizures evolving to generalized motor seizures. the most devastating and 
difficult to treat form of epilepsy in adults (LOISEAU 19R6). In addition to 
seizures becoming more severe during kindling acquisition, the paroxysmal 
EEG alterations (afterdischarges) associated with the clinical seizures increase 
in duration and amplitude. Furthermore, the electrical threshold for induction 
of afterdischarges in the focus significantly decreases during kindling devel
opment. Once the enhanced sensitivity (as evidenced by stage 5 seizures) has 
developed, the animal is said to be fully kindled. The increased convulsive sen
sitivity persists chronically after kindling has been established and thus 
appears to reflect permanent changes in brain function (SAra et al. 1990). 
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If kindling stimulations are continued, animals develop spontaneous seizures, 
demonstrating that kindling has resulted in epileptogenesis. The spontaneous 
seizures show the same characteristics as the electrically induced kindled 
seizures, and have been observed in kindled rats, baboons, cats, dogs, and other 
species (McNAMARA 1984). There is an ongoing controversy about whether 
kindling is also involved in humans, e.g. in post-traumatic epilepsy (e.g. ENGEL 
and CAHAN 1986; RACINE et al. 1989; REYNOLDS 1989; ADAMEC 1990; SATO 
et al. 1990). 

Since its introduction in 1969, kindling has become the most widely used 
animal model of epilepsy, particularly because the mechanisms involved in 
kindling are thought to be relevant for epileptogenesis, including human 
epilepsy (SATO et al. 1990). Indeed, the kindling paradigm permits every pos
sible facet of epilepsy research, ranging from membrane physiology involving 
brain slices to electroclinical phenomenology of spontaneously seizuring 
animals (SATO et al. 1990), so that the kindling model has provided us with a 
clearer insight into the nature of chronic epileptogenesis. An added advantage 
of the kindling model is that, in addition to increased seizure susceptibility, 
kindled animals exhibit lasting behavioural changes thought to be relevant for 
studies on psychosis in epilepsy (SATO et al. 1990; TRIMBLE 1991). Most 
researchers use rats for the kindling model, but kindling can also be produced 
in other species, including primates (SATO et al. 1990). 

In addition to classical kindling by focal electrical stimulation of sensitive 
brain sites, the term kindling is also used for repetitive bilateral transcorneal 
electrical stimulation ("corneal kindling") and for kindling induced by 
systemic administration of chemical convulsants such as pentylenetetrazol 
("chemical kindling"). Repeated bilateral trans corneal stimulation of rats, e.g. 
with 8mA, 60Hz, for 4s twice daily (WHITE et al.1995), induces kindling acqui
sition with seizures similar to those induced by conventional kindling through 
unilateral depth electrodes. This may indicate that the trans corne ally applied 
electrical stimulus reaches the same brain circuits as the depth electrodes 
in limbic areas. However, the pharmacology of focally induced versus 
transcorneally induced kindled seizures may be different, for instance because 
a drug which affects the propagation of paroxysmal activity may be more 
effective in corneal kindling. Indeed, in a study in which the effect of standard 
anticonvulsants was compared in corneal-kindled and amygdala-kindled rats, 
phenytoin, carbamazepine and valproate were clearly more effective in 
corneal than in amygdala-kindled animals (SWINYARD et al. 1993) so that in 
contrast to some statements in the literature (e.g. WHITE et al. 1995), the phar
macology of the two models, and therefore their predictive character in terms 
of clinical drug efficacy, are different. Furthermore, corneal kindling with 
repeated trans corneal application of relatively high currents poses ethical 
problems in terms of animal welfare, whereas current application via a chron
ically implanted depth electrode in freely moving rats is not considered 
harmful for the animals. 
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In chemical kindling with systemic administration of pentylenetetrazol 
(SCHMIDT 1987; CRAIG and COLASANTI 1988), e.g. by intraperitoneal injection 
of 30 or 40 mg/kg every 2nd day in rats, some animals of a group may exhibit 
primary generalized convulsive seizures after the first or second injection, and 
most rats develop generalized clonic or tonic convulsions during subsequent 
pentylenetetrazole applications, indicating that this model represents a model 
of primary generalized seizures rather than localization-related focal seizures. 
In the following, the term kindling will be used only in its original sense, i.e. 
for focal (unilateral) electrical stimulation. 

In view of the fact that most researchers use stimulation-induced seizures 
and not spontaneously occurring seizures in the kindling model as the end
point for pharmacological studies, one may argue that kindling is a model of 
complex-partial seizures which become secondarily generalized rather than a 
model of localization-related (temporal lobe) epilepsy. However, in view of 
the kindling-associated phenomena, e.g. progressive increase in seizure sever
ity and duration, a decrease in focal seizure threshold, a development of spon
taneously recurrent seizures, and neuronal degeneration, kindling is certainly 
a model of chronic epilepsy which offers the advantage that seizures can be 
elicited at will. In this respect, the kindling model is similar to epileptic animals 
mutants with "reflex seizures", such as epileptic gerbils, which offer the advan
tage that both epileptogenesis and ictogenesis can be studied in the same 
model. 

The pharmacological susceptibility of seizures in the kindling model and 
in human temporal lobe epilepsy is strikingly similar. Carbamazepine, pheno
barbitone, and valproate block both the complex-partial and secondarily gen
eralized seizure types in kindled rats (LbsCHER and SCHMIDT 1988). Primidone 
is effective in this regard during chronic administration, due to slow accumu
lation of its active metabolite phenobarbitone. Phenytoin was long thought to 
exert only variable effects in kindled rats, but more recent reports showed that 
this major antiepileptic drug for the treatment of temporal lobe epilepsy in 
humans is also an effective drug in the kindling model, provided that certain 
technical factors are dealt with (McNAMARA et al. 1989; RUNDFELDT et al. 1990; 
LOTH MAN et a1. 1991). These factors include low or inconsistent absorption 
after intraperitoneal injection of basic solutions of phenytoin and the stimu
lus strength used for electrical induction of kindled seizures. If these factors 
are dealt with, phenytoin dose-dependently increases the threshold for induc
tion of paroxysmal activity in the stimulated brain region (afterdischarge 
threshold), but does not decrease the severity or duration of secondarily gen
eralized seizures at afterdischarge threshold current, indicating that phenytoin 
acts on seizure initiation in the focus but not on the propagation from the focus 
in this model (RUNDFELDT et al. 1990). Interestingly, when phenytoin's anti
convulsant activity was repeatedly tested in large groups of amygdala-kindled 
Wistar rats, subgroups with different sensitivities to phenytoin could be 
selected, another explanation for the variable effects of phenytoin in the kin-
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dling model reported previously (LOSCHER 1997). Three subgroups were char
acterized, i.e. phenytoin responders, phenytoin non-responders, and variable 
responders (LOSCHER and RUNDFELDT 1991). While phenytoin responders 
always reacted to phenytoin with an anticonvulsant effect, i.e. an afterdis
charge threshold increase, non-responders never showed such an effect, indi
cating that such non-responders might be an ideal model for studying 
mechanisms of drug resistance in epilepsy (LOSCHER 1997). 

In addition to using fully kindled rats for drug potency studies, drugs 
can be administered during kindling acquisition in order to evaluate their 
anti epileptogenic efficacy. Interestingly, phenytoin and carbamazepine, which 
are used as drugs of first choice for the prevention of post-traumatic epi
lepsy, have not been found to be anti epileptogenic in the kindling model 
(HERNANDEZ 1997). This result generally concurs with controlled clinical 
studies reporting that phenytoin or carbamazepine prophylaxis has no effect 
on the later development of epilepsy (HERNANDEZ 1997). 

Another interesting finding from the kindling model is that amygdala
kindled rats are much more sensitive to motor impairing and psychotomimetic 
adverse effects of certain drugs than age-matched non-kindled controls 
(LOSCHER and HONACK 1991, 1995). Thus, while N-methyl-D-aspartate 
(NMDA) antagonists proved ineffective in increasing the afterdischarge 
threshold or in affecting focal seizure activity in fully kindled rats, they induced 
much more marked adverse effects, including stereotyped behaviours, in 
kindled compared with non-kindled rats (U:iSCHER and HONACK 1991). From 
this observation we concluded that epileptogenesis increases the adverse 
effect potential of certain anticonvulsant drugs (LOSCHER and HONACK 1991). 
In a subsequent study with a competitive NMDA antagonist in patients with 
partial epilepsy, no anticonvulsant effect was obtained, but patients showed 
marked adverse effects, including motor impairment and psychosis, that had 
not been observed with the drug in phase I studies in healthy volunteers 
(SVEINBJORNSDOTTIR et al. 1993). Interestingly, differences in anticonvulsant or 
adverse effects between epileptic and non-epileptic animals had previously 
been found also with other drugs in other epilepsy models. For instance, by 
comparing the anticonvulsant potency of an investigational drug on electri
cally induced seizures in non-epileptic and epileptic beagle dogs, EDMONDS 
et al. (1978) found that epileptic and non-epileptic subjects did not respond 
similarly to anticonvulsant treatment, in that epileptic beagles were less sen
sitive to the anticonvulsant effect but more sensitive to the adverse effects of 
the test drug than non-epileptic dogs were. A similar finding in another species 
was reported by LAIRD et al. (1976), who showed that phenytoin, carba
mazepine, and phenobarbitone all were 4 times more effective in blocking 
seizures in normal rats than in audiogenic-seizure susceptible epileptic rats. 
These data suggest that preclinical evaluation of an anticonvulsant only in 
non-epileptic animals may exaggerate its potential clinical usefulness. Fur
thermore, the data indicate that the chronic alterations in brain function 
induced by epileptogenesis may render the brain less susceptible to antic on-
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vulsant drug effects, a suggestion which is substantiated by our recent findings 
with NMDA antagonists in the kindling model of temporal lobe epilepsy 
(LOSCHER and HONACK 1991). 

b) The Kainate Model 

Seizures induced by the excitotoxic glutamate analogue kainate are increas
ingly being used as a model of temporal lobe epilepsy (SPERK 1994). Kainate
induced seizures are associated with widespread brain damage, which is not 
seen in other models of temporal lobe epilepsy, such as the kindling model. 
Nevertheless, some of the convulsive behaviours seen after kainate injection 
in rats are remarkably similar to those observed in fully kindled rats (SPERK 
1994), thus suggesting that the anatomical networks involved in seizure prop
agation may, at least in part, be similar (LOSCHER and EBERT 1996a). With 
respect to the susceptibility of kainate-induced seizures to systemic adminis
tration of standard antiepileptic drugs, benzodiazepines and trimethadione are 
the most effective, whereas phenytoin, carbamazepine, and val pro ate have no 
overt anticonvulsant action in this model (SPERK 1994). In other words, strik
ing differences from the clinical efficacy of antiepileptic drugs in temporal lobe 
epilepsy exist, so that the predictive value, if any, of kainate seizures for the 
development of therapeutic strategies for temporal lobe epilepsy is difficult to 
ascertain. 

Most researchers use the kainate model as a model of seizures rather than 
a model of epilepsy, because kainate is injected only once at a convulsant dose, 
and the acute seizures induced by this kainate injection are used as the end
point for drug activity studies. However, this one injection of kainate can also 
result in spontaneous recurrent seizures, which may occur weeks after the ter
mination of the initial drug-induced seizures, thus providing a true model of 
chronic epilepsy (SPERK 1994). These late spontaneous seizures are accompa
nied by shrinkage of the amygdala, and presumably originate in this area 
(SPERK 1994). The expression of spontaneous seizure activity as a late conse
quence of kainate-induced seizures has also been related to hippocampal 
damage and/or synaptic plasticity. This chronic state following kainate injec
tion is the reason for discussing this model here, because the fact that admin
istration of kainate may lead to spontaneous recurrent seizures might be useful 
in the search for mechanisms of chronic (temporal lobe) epilepsy. Further
more, the model can be used in the search for drugs which block the devel
opment of chronic epilepsy, and the associated neurodegeneration. 

c) The Pilocarpine Model 

Seizures induced by the cholinergic (muscarinic) agonist, pilocarpine, have 
been proposed as an experimental model of intractable epilepsy with seizures 
resembling complex partial ("limbic") seizures that become secondarily gen
eralized (TURSKI et al. 1989). This proposal was based, at least in part, on the 
lack of anticonvulsant effect of carbamazepine and phenytoin, drugs of first 
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choice for the treatment of complex partial seizures in humans, against con
vulsions produced by pilocarpine (TURSKI et al. 1989). Effective anticonvul
sants in this model comprised benzodiazepines, phenobarbitone, valproate and 
trimethadione, drugs which are normally not effective in patients with complex 
partial seizures resistant to phenytoin or carbamazepine (SCHMIDT 1993; 
MATTSON 1995). Thus, the predictive value of pilocarpine-induced seizures for 
developing "rational" therapeutic strategies for difficult-to-treat complex
partial seizures is uncertain. Furthermore, similar to the kainate model, 
seizures induced by injection of pilocarpine are certainly a model of seizures 
rather than a model of epilepsy. However, again similar to the kainate model, 
animals which survive the acute seizures induced by pilocarpine may develop 
late spontaneous seizures, i.e. develop chronic epilepsy. The first spontaneous 
seizure is usually observed 5-10 days after pilocarpine-induced status epilep
ticus (TuRSKI et al. 1989). These seizures resemble stage 4/5 seizures of amyg
dala-kindled rats and continue to appear for several weeks following a status 
epilepticus. The spontaneous recurrent seizures observed in the pilocarpine 
model differ in their pharmacological susceptibility from the acute 
pilocarpine-induced seizures (LEITE and CAVALHEIRO 1995) and seem to be 
more comparable to human complex partial seizures in this respect (see Sect. 
C.I). An added advantage of the spontaneous seizures is that the mechanisms 
involved in the occurrence of spontaneous recurrent seizures might be rele
vant for studies on how chronic epilepsy develops. In this regard, however, it 
should be realized that pilocarpine, like kainate, induces widespread brain 
damage, involving regions that do not contain lesions in temporal lobe 
epilepsy. 

d) Chronic Epi/epsy Following Status Epi/epticus 

It is interesting to note that in both the pilocarpine and kainate models, spon
taneous recurrent seizures, i.e. chronic epilepsy, have been observed in rats 
which survived the prolonged activity of acute convulsant-induced seizures, 
i.e. a status epilepticus (TuRSKI et al. 1989; SPERK 1994). In addition to struc
tural brain damage and enduring neurological deficits following status epilep
ticus, it has been suggested that status epilepticus can establish a chronic 
condition of active epilepsy in animal models and in humans (LOTHMAN and 
BERTRAM 1993). LOTHMAN and BERTRAM (1993) have proposed a two-step 
model: morphological brain injury in response to status epilepticus takes place 
first and this change, in turn, promotes seizures. This model was proposed as 
one way in which chronic active epilepsy, particularly of the often refractory 
temporal lobe type, can be established by a transient episode of status epilep
ticus (LOTHMAN and BERTRAM 1993). LOTHMAN et al. (1990) demonstrated that 
in rats spontaneous seizures not only developed following status epilepticus 
induced by convulsants such as kainate or pilocarpine but also after a period 
of continuous hippocampal electrical stimulation. This established an acute 
condition of self-sustaining status epilepticus which was followed by chronic 
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neuropathological changes reminiscent of the hippocampal sclerosis encoun
tered in many epileptic patients with temporal lobe epilepsy and, about 1 
month following status epilepticus, recurrent spontaneous hippocampal 
seizures (LoTH MAN and BERTRAM 1993). Although this model may present an 
interesting approach to temporal lobe epilepsy, to our knowledge no phar
macological studies have been reported as yet. Furthermore, in humans the 
start of an epilepsy with status epilepticus is rather uncommon. 

e) Spontaneous Focal Seizures Following Local Application of Metals, 
Chemical Convulsants or Toxins 

Spontaneous recurrent seizures have also been observed in some models of 
focal epileptogenesis produced by local (commonly cortical) application of 
metals or metal salts, such as aluminium hydroxide, cobalt or iron, particularly 
when using monkeys as experimental animals (WARD 1972; KOELLA 1985; 
L6sCHER and SCHMIDT 1988). Similarly, cortical or subcortical epileptogenic 
foci can be produced by the local application of various chemical convulsants 
or toxins (PRINCE 1972; KOELLA 1985; L6sCHER and SCHMIDT 1988). However, 
most of these models have not been widely used in antiepileptic drug evalua
tion. Cobalt-induced focal seizures, which have been extensively characterized 
in pharmacological studies, seem to be more sensitive to antiepileptics used 
clinically for the treatment of absence seizures than to anti epileptics used for 
the treatment of focal seizures and generalized tonic-clonic seizures, and are 
thus apparently not a predictive model of localization-related epilepsies 
(CRAIG and COLASANTI 1992). In generaL the topical use of convulsant metals 
or convulsant drugs is steadily decreasing in epilepsy research, possibly 
because of the development of more popular models for focal epilepsy, such 
as the kindling and kainate models. The same is true for the production of 
epileptogenic cortical foci in experimental animals by local freezing (LEWIN 
1972; KOELLA 1985). 

An interesting model of focal epilepsy has been obtained by injection of 
tetanus toxin into the rat neocortex or hippocampus (EMPSON et a1. 1993). 
Within a day following focal injection of a small dose of tetanus toxin, spon
taneous and stimulus-evoked paroxysmal discharges appeared in widespread 
regions of both hemispheres and these lasted for at least 9 months. An epilep
tic focus can also be produced by intrahippocampal injection of cholera toxin, 
but the resulting paroxysmal discharges are only transient (WILLIAMS et a1. 
1993). It should be noted that this approach of producing epileptic foci by 
toxins such as tetanus toxin is not new but had first been described several 
decades ago (KOELLA 1985). 

II. Generalized Epilepsies 

Generalized epilepsies are epileptic disorders with primarily generalized 
seizures, i.e. seizures in which the first clinical changes indicate initial involve-
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ment of both hemispheres, and in which ictal EEG patterns initially are bilat
eral (COMMISSION 1989). Most generalized epilepsies are idiopathic and usually 
begin in childhood, including types such as childhood absence epilepsy 
(pyknolepsy) or neonatal convulsions, whereas other types, such as juvenile 
myoclonic epilepsy (impulsive petit mal) or epilepsy with generalized tonic
clonic (grand mal) seizures, develop mostly in the 2nd decade of life (DREI
FUSS 1994). Valproate is usually the drug of choice for the generalized 
idiopathic epilepsies (MATTSON 1995). Symptomatic or cryptogenic generalized 
epilepsies comprise epileptic syndromes such as the West syndrome (infantile 
spasms) and the Lennox-Gastaut syndrome, and epilepsy types such as 
epilepsy with myoclonic absences and myoclonic-astatic seizures (DREIFUSS 
1994). To our knowledge, there are no animal models for such symptomatic or 
cryptogenic types of epilepsies or epileptic syndromes. Therefore, in the fol
lowing, some models of generalized idiopathic epilepsy will be described. Only 
models with spontaneous recurrent seizures will be reviewed here, while 
models with reflex epilepsy will be considered under "Special Syndromes". 

1. Animal Models of Idiopathic Primary Generalized Epilepsies 

a) Epileptic Dogs 

Epileptic dogs have been described above as a genetic animal model of 
epilepsy (Sect. B.I). Most generalized epilepsies in dogs occur in the absence 
of identifiable brain lesions, with an age-dependent onset between the 1st and 
3rd year of life, and are commonly characterized by generalized tonic-clonic 
seizures, although other seizure types occur as well. Generalized tonic-clonic 
seizures in dogs with idiopathic epilepsy may be either primary or secondar
ily generalized. However, because of the described inherent disadvantages of 
epileptic dogs as an animal model of epilepsy, they will not be discussed further 
here. 

b) Rats with Generalized Absence Epilepsy 

Various mice and rat mutants with spontaneous non-convulsive patterns of 
epilepsy have been described (COENEN et al. 1992), but only a few have been 
used to characterize the basic mechanisms and pharmacological susceptibility 
of the syndromes. MARESCAUX and coworkers have selected a strain of Wistar 
rats in which 100% of the animals present recurrent generalized non
convulsive seizures characterized by bilateral and synchronous spike-wave 
discharges (7-11 cycles/s) accompanied by behavioural arrest, staring and 
sometimes twitching of the vibrissae (MARESCAUX et al. 1992). Based on its 
origin, this strain was termed the Genetic Absence Epilepsy Rat from Stras
bourg (GAERS). A rat strain with similar electrographic and clinical features 
has been described by a Dutch group (COENEN et al. 1992). These two rat 
strains have been extremely helpful in elucidating pathophysiological, genetic, 
ontogenetic and pharmacological characteristics of non-convulsive epilepsy. 
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In both strains, drugs effective against absence or myoclonic seizures in 
humans (ethosuximide, trimethadione, valproate, benzodiazepines) suppress 
the spike-wave discharges, whereas drugs specific for convulsive or focal 
seizures (carbamazepine, phenytoin) or selective G ABAmimetic drugs 
[GABAA receptor agonists such as muscimol and THIP (gaboxadol), GABA 
transaminase (GABA-T) inhibitors such as vigabatrin, GABA uptake 
inhibitors] increase the duration of spike-wave discharges (COENEN et a1.1992; 
MARESCAUX et al. 1992). Data on G ABAA receptor antagonists such as bicu
culline are controversial, showing either no effect (MARESCAUX et al. 1992) or 
an anticonvulsant effect on spike-wave discharges in the rat models (COENEN 
et al. 1992). The novel GABAB receptor antagonist CGP 35348 suppressed the 
spontaneous spike-wave discharges as well as the spike-wave discharges aggra
vated by concomitant injection of GABAmimetic drugs or y-hydroxybutyrate, 
indicating the involvement of GABAB-mediated neurotransmission in the 
development of spike-wave discharges in generalized non-convulsive epilepsy 
(MARESCAUX et al. 1992). 

Whereas the above-described pharmacological findings with antiepileptic 
drugs in the rat model would be in line with the clinical efficacy of these drugs 
against absence epilepsy (MATTSON 1995), phenobarbitone was effective in 
blocking the seizures in GAERS, whereas this drug is ineffective in human 
absence epilepsy. More recent data from experiments with novel antiepileptic 
drugs substantiate that GAERS may be a model of myoclonic epilepsy rather 
than absence epilepsy (see Sect. cn. below). 

c) The Lethargic (lhllh) Mouse 

Lethargic (lhllh) mice. a mutant mouse strain which functions as an animal 
model of idiopathic absence epilepsy, have spontaneous seizures that have 
behavioural and electrographic features and anticonvulsant sensitivity similar 
to those of human absence seizures (HOSFORD et al. 1992; HOSFORD and WANG 
1997). Mice of different ages exhibit bilaterally synchronous electro graphic 
bursts of 5- to 6-Hz spike-wave complexes which are accompanied by immo
bility and reduced responsiveness. The mean seizure frequency is about 130/h. 
Neurochemical and pharmacological experiments indicated that enhanced 
GABAB receptor-mediated transmission may underlie absence epilepsy in 
lhllh mice (HOSFORD et al. 1992, 1995). Evaluation of clinically established 
antiepileptic drugs in the new model showed that the seizures were dose
dependently inhibited by ethosuximide, trimethadione, valproate, and clon
azepam, whereas phenytoin and carbamazepine were ineffective (HOSFORD et 
al. 1992. 1995). Recently, HOSFORD and WANG (1997) demonstrated that the 
novel antiepileptic drug lamotrigine reduced the seizure frequency in lhllh 
mice, while topiramate was without effect. and vigabatrin and tiagabine 
increased the seizure frequency, i.e. exerted proconvulsant activity. These inter
esting findings will be further discussed below in comparison with the findings 
from other models of absence seizures (Sect. CII). 
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d) The Spontaneously Epileptic Double Mutant Rat 

Spontaneously epileptc double mutant rats (zilzi, tmltm) that exhibit both 
absence-like seizures and tonic convulsions without external stimuli or when 
mildly stimulated by tapping or sound were obtained by mating the tremor 
heterozygous rat (tml+) with the zitter homozygous rat (zilzi) (SERIKAWA and 
YAMADA 1986). Absence-like seizures in the double mutant rat are character
ized by immobility with fixed staring, without tremor or muscle twitches, being 
paralleled by 5-7Hz spike-wave-like complexes in the cortical and hip
pocampal EEG (SASA et al. 1988). The non-convulsive seizures occur fre
quently, with 5-62 seizures observed in 15-min observation periods. Also, the 
rats exhibit generalized tonic convulsions with extension of all extremities, 
which occurred spontaneously between 68 and 128 times in an individual rat 
in a 12-h observation period (SASA et al. 1988). In addition, wild running and/or 
wild jumping is observed infrequently. Ethosuximide and trimethadione inhib
ited the absence-like seizures without affecting the tonic seizures (SASA et al. 
1988). In contrast, phenytoin blocked the tonic but not the non-convulsive 
seizures. Phenobarbitone and valproate inhibited the number and total dura
tion of both absence-like and tonic seizures in the mutant rats. These data 
demonstrate that the double mutant rat is an interesting model of generalized 
idiopathic epilepsy, combining both convulsive and non-convulsive seizures, 
thus allowing the evaluation of anticonvulsant activity against these different 
seizure types in the same model. 

e) Transgenic or Knockout Mice 

An alternative to animals with inborn epilepsy as a potential source of models 
of idiopathic generalized epilepsy may arise from the development of trans
genic mice carrying epilepsy genes (ALLEN and WALSH 1996; NOEBELS 1996). 
Indeed, the ability to insert and delete genes in the nervous system provides 
a powerful strategy for generating new experimental models of epilepsy. These 
models are expected to reveal previously unknown cellular mechanisms of 
epileptogenesis, and may be used in new anti epileptic drug discovery (N OEBELS 
1996). Furthermore, transgenic mice and knockout mice offer the possibility 
of selectively producing cellular or molecular abnormalities proposed to be 
involved in causing pharmaco-resistant epilepsy, thereby permitting an analy
sis of how critical these processes are (HEINEMANN et al. 1994). However, the 
various transgenic mice or mouse knockouts with seizures which have been 
produced so far are insufficiently characterized pharmacologically to allow 
conclusions about the usability of such animals in drug development for the 
treatment of specific types of epilepsy. Nevertheless, if the intractability of 
seizures has a genetic background, transgenic mice carrying the respective 
gene(s) could be ideal models for the development of more effective 
anti epileptic drugs. 
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III. Undetermined Epilepsies 

In human epilepsy, this group comprises two subgroups, i.e. (1) epilepsies with 
both generalized and focal seizures, such as neonatal seizures, severe 
myoclonic epilepsy in infancy, and acquired epileptic aphasia, and (2) epilep
sies without unequivocal generalized or focal features (COMMISSION 1989). To 
the writer's knowledge, only one animal model of epilepsy with both general
ized and focal seizures has been described, i.e. the tottering mouse. 

1. Tottering Mice 

The homozygous tottering mouse (tg, autosomal recessive) is a presumed 
single-locus mutant, phenotypically characterized by spontaneous epileptic 
seizures (NOEBELS 1979). By 3-4 weeks of age, affected homozygotes can be 
recognized by a broad-based, ataxic gait. Spontaneous focal motor seizures are 
observed 1-3 days later and occur one or more times per day throughout the 
normal life span of the mutant. The initial stage of each episode begins with 
bilateral tonic flexor spasms in the hind legs. The second stage is marked by 
rapid, unilateral clonic jerks of the limbs, beginning in the hind leg and pro
gressively spreading to affect both hind leg and fore leg simultaneously. In its 
final stage, the seizure terminates with prolonged clonic jerking of the fore
limb alone. Generalized convulsions are never seen. In studies on tottering 
mice by FREY'S group in Berlin, the focal motor seizures occurred irregularly 
a few times a day and 93 % of the seizures lasted for 15 min or longer (LbsCHER 
1992). The focal seizures are not correlated with any reliable stereotyped EEG 
findings in surface electrocorticograms (NOEBELS and SIDMAN 1979). The focal 
motor seizures in tottering mice are not affected by ethosuximide and valproic 
acid but are potently suppressed by diazepam. 

A second distinct seizure pattern in homozygous tottering mice is absence 
or myoclonic seizures associated with spike-wave discharges in the EEG. As 
early as day 32 postnatally, bilaterally synchronous 6-7/s spike-wave dis
charges appear as spontaneous bursts in electrocorticographic recordings 
(NOEBELS and SIDMAN 1979). These spike-wave bursts, 0.3-1 () s in duration, 
occur hundreds of time per day and are in each case accompanied by a be
havioural seizure, with arrest of movement, staring posture, twitching of the 
vibrissae, and single myoclonus jerks of the head or jaw. These seizures are 
present at least until 1 () months of age. As shown by HELLER et al. (1983) in 
tottering mice with chronically implanted EEG electrodes, the spike-wave 
seizures can be dose-dependently blocked by ethosuximide. diazepam and 
phenobarbitone but not by phenytoin, which exacerbates the seizures at higher 
doses. These results thus demonstrate that in tottering mice the sensitivities to 
antiepileptic drugs of spike-wave absence seizures and of focal motor seizures 
differ. The model illustrates that - as in humans - animal mutants may combine 
different types of epileptic seizures. Tottering mice are not commonly used as 
a pharmacological model, but, like various other mouse mutants (SEYFRIED and 
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GLASER 1985; RISE et al. 1990; FRANKEL et al. 1994), their main use is in the 
evaluation of genetic and neuronal abnormalities involved in epilepsy 
(NOEBELS 1986; KOSTOPOULOS 1992). 

IV. Special Syndromes 

This group of epileptic syndromes includes epilepsies characterized by specific 
modes of seizure precipitation, i.e. the so-called "reflex epilepsies", which have 
already been discussed above (see Sect. B). Various species with reflex epilepsy 
have been reported in the literature, and several of these genetic epilepsy 
models are popular in epilepsy research, because they allow the induction of 
different types of epileptic seizures by simple non-invasive sensory stimuli. 

a) Epileptic Gerbils 

Reflex epilepsy in Mongolian gerbils (Meriones unguiculatus) occurs both in 
randomly bred and selectively bred colonies (L6sCHER 1991). Seizures can be 
initiated by various precipitating environmental stimuli, e.g. a new environ
ment, the onset of bright light, audiogenic stimuli, vigorous shaking of the cage, 
different handling procedures, or exposure of the animals to a blast of com
pressed air aimed at their backs (L6sCHER 1991). By air blast stimulation, 
seizures could be evoked in more than 98% of randomly bred gerbils, so that 
no selective breeding procedures were needed to select seizure-susceptible 
animals (L6sCHER 1991). The gerbils show an age-dependent onset and pro
gression of seizures upon air blast stimulation with "minor" (facial myoclonic) 
seizures occurring at about 7-10 weeks of age and progression to "major" 
(generalized myoclonic and tonic-clonic) seizures occurring in most gerbils 
during subsequent stimulations, the maximum seizure severity being reached 
at about 7 months of age (L6sCHER 1991). Epilepsy in gerbils usually does not 
remit and seizures can be evoked in most animals for their whole life span. 

EEG studies in epileptic gerbils have suggested that the seizures might 
have a focal origin, beginning with localized spikes being recognized unilater
ally in the parietal or occipital cortex, followed by the rapid spread of parox
ysmal activity across the cortex and subcortical structures, involving areas of 
the limbic system (LOSKOTA and LOMAX 1975; SUZUKI and NAKAMOTO 1978). It 
has been suggested that the focal-onset ictal EEG paroxysms in parietal 
derivations might be related to the stimulus-bound nature of the seizures in 
epileptic gerbils (LOSKOTA and LOMAX 1975). 

In pharmacological studies clonazepam, diazepam, valproic acid and etho
suximide were most potent against the minor seizures, whereas this type of 
seizure was resistant to phenytoin and could be only partially suppressed by 
carbamazepine (L6sCHER 1991). Phenobarbitone was active against minor 
seizures but less so than against major ones. Major seizures were best sup
pressed by phenytoin, phenobarbitone, primidone, and carbamazepine as well 
as by diazepam and clonazepam. The benzodiazepines, however, were less 



Animal Models of Epilepsy and Epileptic Seizures 39 

potent against major seizures than against minor ones, which is consistent with 
clinical experience in humans (SCHMIDT 1993). Valproic acid was also less 
active against major seizures than it was against minor seizures, and ethosux
imide protected against major seizures only at very high, sedative doses. Thus, 
it seems possible to differentiate in the gerbil between drugs clinically useful 
in humans against absence and myoclonic seizures (ethosuximide, valproic 
acid, benzodiazepines) and drugs particularly effective against generalized 
tonic-clonic seizures (phenytoin, phenobarbitone, primidone, carbamazepine), 
so that at least in terms of pharmacological sensitivity the epileptic gerbil is a 
model of generalized rather than of focal epilepsy. 

However, because of a number of drawbacks (LbsCHER 1992), this species 
is only rarely used in epilepsy research. First, although in gerbils seizures can 
be triggered by different external stimuli, usually handling or change in envi
ronment, most of these stimuli are poorly defined and not quantifiable. Second, 
following a seizure gerbils exhibit a refractory period that lasts for at least 
several days. Therefore, if a seizure is triggered without intention by handling 
during drug administration, evaluation of the drugs's effects is not possible. To 
overcome this problem, some investigators utilized inhalant anaesthetics 
during drug administration, further complicating the results because of possi
ble pharmacological contamination by the anaesthetics. Third, familiarity with 
the experimental environment may lead to habituation of the stimulus that 
triggers the seizure. Fourth, pharmacological experiments in gerbils are time
consuming since, due to the long postictal refractoriness, the animals can be 
tested only once a week. Fifth, as in other rodent species the half-lives of 
common antiepileptic drugs in gerbils are much shorter than in man, which 
renders the maintenance of effective drug levels during chronic treatment 
difficult. 

In spite of these drawbacks, the gerbil may be useful in improving the 
understanding of the neurophysiological and neurochemical mechanisms of 
seizure development. It offers the opportunity of studying the differential 
actions of anticonvulsants on young and adult animals and may thus prove 
valuable in the evaluation of anticonvulsant drugs used or usable in human 
epilepsy. 

b) Audiogenic Seizure Susceptible Mice 

Audiogenic seizures are violent generalized convulsions triggered by exposure 
to intense auditory stimulation in genetically susceptible strains of mice or rats 
(LbsCHER 1992). Most studies on audiogenic seizure susceptible mice have 
been performed in the DAB/2 inbred strain of the house mouse (Mus mus
culus), which has been known since 1947 to be susceptible to sound-induced 
seizures (SEYFRIED 1979). Nearly 100% of the males and females of this strain 
undergo an age-dependent, often fatal. sequence of convulsions when initially 
exposed to a loud mixed-frequency sound (10-120kHz, 90-120dB), such as 
that of a doorbell. The seizures begin with a wild running phase, followed by 
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clonic convulsions and a tonic extension, ending in respiratory arrest (in about 
60%) or full recovery. Although the clonic seizures are normally used for the 
evaluation of anticonvulsant drug action, the wild running phase is probably 
the most important simple feature that distinguishes the syndrome from elec
troconvulsive seizures and most types of chemically induced seizures. The 
onset of audiogenic seizure susceptibility in DBA/2 mice generally occurs over 
a relatively short period of time (12-17 days of age). The age of peak suscep
tibility is between 19 and 24 days; thereafter, the susceptibility declines. By the 
time mice are adults (over 80 days old), they are completely resistant to audi
tory stimulation (SEYFRIED 1979). 

Regarding evaluation of anti epileptic drugs in this model, all of the com
monly used antiepileptic drugs protect against clonic seizures in DBA/2 mice 
(CHAPMAN et al. 1984; LOSCHER 1992). Thus, in contrast to most other known 
models of epilepsy, sound-induced seizures in DBA/2 mice are not particu
larly sensitive to a specific clinical category of antiepileptic drugs. Besides 
antiepileptic drugs, various experimental anticonvulsants have proved active 
in audiogenic seizure susceptible mice. Among genetic animal models of 
epilepsy, DBA/2 mice with sound-induced seizures are at present certainly the 
most widely used model for anticonvulsant drug screening. 

In conclusion, audiogenic seizure susceptible mice are useful as a sensi
tive gross screening model for potential anticonvulsant drugs. However, they 
do not discriminate between the different clinical categories of anti epileptic 
drugs, and thus they cannot predict antiepileptic activity against a specific type 
of epilepsy. In this respect, it should be noted that sound-induced seizures are 
uncommon in man (BICKFORD and KLASS 1969) and thus the audiogenic 
seizure susceptible mouse is obviously not a model of a particular human con
vulsive disorder. On the other hand, it is unlikely that a potent anticonvulsant 
drug would be rejected by this model. 

c) Audiogenic Seizure Susceptible Rats 

Audiogenic seizures in selectively bred rats, such as the "genetically epilepsy 
prone rat" (GEPR), are first observed between 17 and 21 days of age, and, in 
contrast to audiogenic seizures in mice, the seizure susceptibility does not 
decline with age (CONSROE et al. 1979). Sound-induced seizures in rats typi
cally consist of the following sequence: a startle response, momentary quies
cence, violent running, a tonic-clonic seizure, and postictal depression 
(CONSROE et al. 1979). In contrast to audiogenic seizure susceptible mice, rats 
rarely die after the seizures. For anticonvulsant drug evaluation, the tonic
clonic component of the response pattern in the rats is commonly used. 

Evaluation of common anti epileptic drugs in rats with sound-induced 
seizures (CONSROE and WOLKIN 1977; CONSROE et al. 1979; DAILEY and JOBE 
1985) has shown that drugs which are effective against generalized tonic-clonic 
(grand mal) and partial seizures in humans, namely phenobarbitone, pheny
toin, carbamazepine and clonazepam, are the most potent drugs in this model. 
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On the other hand, audiogenic seizures in rats are relatively insensitive to 
ethosuximide and val pro ate. Actually, ethosuximide failed to show a linear 
dose-response against audiogenic seizures, and even with high doses (600 
mg/kg) no more than 60% of the animals could be protected (CONSROE and 
WOLKIN 1977). Determination of the protective index, i.e. the ratio between 
the median minimal neurotoxic dose (TD5()) in the rotarod test and the anti
convulsant EDs(), yielded high values for carbamazepine, phenytoin, clon
azepam and phenobarbitone in audiogenic seizure susceptible rats, thus 
indicating a satisfactory margin of safety for these drugs (CONS ROE and 
WOLKIN 1977; CONSROE et al. 1979). Considerably lower protective indices were 
found for trimethadione and valproic acid, and ethosuximide was protective 
only in neurotoxic doses. 

These data demonstrate that the audiogenic seizure test in rats is similar 
to the maximal electroshock seizure test in rats or mice as regards the relative 
effectiveness of antiepileptic drugs. Although the maximal electroshock 
seizure test is the standard paradigm for identifying drugs with potential activ
ity against generalized tonic-clonic seizures in man (see Sect. CII), the audio
genic seizure susceptible rat seems to be a valuable alternative model in this 
respect, because it provides important pharmacogenetic, aetiological and 
pathophysiological information that is not readily apparent with the use of the 
more traditional electroshock seizure model. 

The functional neuroanatomy of seizures in genetically epilepsy prone rats 
has been studied mainly with respect to the audiogenic seizure predisposition 
in these animals (FAINGOLD and NARIKOU 1992; lOBE et al. 1992; LOSCHER and 
EBERT 1996a). The respective studies provided evidence for a role of the 
primary auditory pathway, particularly involving the inferior colliculus, in 
audiogenic seizure generation in the genetically epilepsy prone rat. 

d) Epileptic Baboons with Photomyoclonic Seizures 

A photomyoclonic syndrome in the baboon Papio papio was first reported by 
KILLAM et al. (1966). Since then, much work has been carried out elucidating 
the characteristics of this syndrome (NAQUET and MELDRUM 1972; KILLAM 
1979). Myoclonic responses to intermittent photic stimulation (stroboscope at 
25/s) occur in 60%-80% of adolescent baboons P papio from the Casamance 
region of Senegal, whereas the seizure incidence is lower in P papio from other 
areas. A minority (approximate 20%) of the animals show full tonic-clonic 
seizures. The clinical seizures are accompanied by paroxysmal discharges in 
the EEG, which usually consist of polyspikes or spikes and waves. The photo
sensitive responses, like the photoconvulsive response in humans, are age and 
sex dependent, being maximal in the adolescent female. The incidence of pho
tosensitivity of other Papio species is generally less than 10%. Furthermore, 
in studies of other subhuman primates, the incidence of photosensitivity has 
been equally low (NAQUET and MELDRUM 1972). These data suggest that the 
photosensitivity is not a characteristic of genus or species but is a unique 
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feature of Papio from the Casamance region. Photic stimulation is not the only 
effective provocative agent in P. papio, as hyperventilation, overexercise, the 
stress of capture, restraint, or heat and humidity can also induce seizures. Also, 
even in the absence of light, EEG paroxysms occur during sleep (KILLAM 

et al. 1967). 
Photic ally induced seizures in P. papio begin with rapid, bilateral clonus 

of the eyelids and periocular musculature, followed by the spread of diffuse 
clonic twitching to the face and neck, often accompanied by more intense, iso
lated jerks of the head. The diffuse clonic twitching may be interrupted by iso
lated, or grouped clonic jerks involving the whole body, or tonic spasms of 
facial muscles, jaw opening, and grimaces. Finally, the entire body may become 
involved in violent clonic jerks with flexion of the head and upper body and 
tonic extension of the lower limbs. In some animals this is followed by marked 
generalized clonus. In the most severely epileptic animals, the generalized 
clonus gradually shifts to a tonic spasm and finally appears again in large clonic 
jerks which become more and more isolated. In the EEG, the onset of clini
cal seizures is accompanied by rapid spike, slower spike-wave, and slow 
polys pike-wave complexes (NAQUET and MELDRUM 1972). 

The photomyoclonic response of P.papio has been suggested as a model 
for photomyoclonic seizures and myoclonic petit mal epilepsy in humans 
(NAQUET and MELDRUM 1972; KILLAM 1979). However, the sensitivity of this 
response to anti epileptic drugs is only in part similar to the human syndromes. 
Consistent with clinical experiences, valproic acid, phenobarbitone and ben
zodiazepines give complete protection against the myoclonic responses in 
baboons, whereas phenytoin and carbamazepine are only partially active. 
Plasma levels associated with protection are similar to human therapeutic 
levels for diazepam, clonazepam and phenobarbitone, whereas the level for 
valproic acid is higher than that necessary in humans. However, trimethadione, 
which is active against generalized myoclonic seizures in man, is only weakly 
active in baboons. Furthermore, ethosuximide and primidone were found to 
have little effect on the epileptic response in P. papio, although primidone is 
highly active against myoclonic seizures in humans (SCHMIDT 1993). Investi
gations with higher doses of ethosuximide showed that seizures in adult 
baboons could be reduced or abolished at 120-180mg/kg, which produced 
blood levels up to 130 j1g/ml. However, side effects were much greater 
than with equi-effective doses of phenobarbitone and benzodiazepines (RINNE 

et al. 1978). P. papio has also been used for chronic evaluation of anti epileptic 
drugs. During prolonged treatment, phenytoin was much more active 
than after single doses, while in the case of diazepam and clonazepam, toler
ance to the anticonvulsant effect developed (STARK et al. 1970; KILLAM et al. 
1973) 

In conclusion, the baboon Papio offers a useful model of innate photo
myoclonic seizures. Being the only subhuman primate model of idiopathic 
epilepsy, it offers special advantages for the study of age-related drug effects 
and chronic drug treatment, and has been used repeatedly in the evaluation 
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of novel anticonvulsant drugs. However, with respect to the results with the 
antiepileptic drugs discussed above, the predictive value of this model for 
drugs effective against particular types of human epilepsy still requires 
clarification. Furthermore, in contrast to the kindling model (LOSCHER and 
HONACK 1991), neither epileptic baboons nor audiogenic-seizure susceptible 
DBA/2 mice predicted the enhanced adverse effect potential of NMDA antag
onists in epileptic patients (CHAPMAN et al. 1991), thus clearly restricting the 
validity of these models for the prediction of therapeutic indices of novel 
drugs. 

e) El Mice 

One of the few genetic animal models of reflex epilepsy with complex partial
like seizures is the EI mouse (SEYFRIED and GLASER 1985; KING and LAMoTTE 
1989). EI mice exhibit seizures in response to vestibular stimulation (by 
repeated tosses into the air or by altering the equilibrium of the mice), which 
appear to originate in the hippocampus or other deep temporal lobe struc
tures and then spread to other brain regions. The generalized tonic-clonic 
seizures which occur in these animals are preceded by excessive salivation and 
head, limb and chewing automatisms. EEG recordings indicate a localized 
onset of paroxysmal activity (SUZUKI and NAKAMOTO 1978). Thus, the seizures 
in EI mice can best be classified as complex partial ones which become sec
ondarily generalized. Accordingly, EI seizures can be completely blocked by 
phenytoin and phenobarbitone (SEYFRIED and GLASER 1985). Despite these 
interesting features, the EI mouse is not widely used in anti epileptic drug eval
uation, but is employed primarily in the characterization of mechanisms 
underlying epileptogenesis and ictogenesis. 

c. Animal Models of Epileptic Seizures 
An epileptic seizure is a symptom of the condition which is responsible for it 
(DREIFUSS 1994). The present classification of epileptic seizures is based on the 
clinical seizure type and the ictal and interictal EEG expressions (COMMISSION 
1981). Three groups of epileptic seizures are classified: (1) partial (focal, local) 
seizures, (2) generalized seizures (convulsive or non-convulsive), and (3) 
unclassified epileptic seizures (COMMISSION 1981). Partial, or focal, seizures 
have clinical or EEG evidence of local onset, usually in a region of one cere
bral hemisphere, and may spread to other parts of the brain during a seizure. 
Generalized seizures have no evidence of a localized onset but essentially 
simultaneously involve all or large parts of both cerebral hemispheres from 
the beginning. Partial seizures are subclassified into three groups, i.e. simple 
partial seizures, complex partial seizures, and partial seizures secondarily gen
eralizing to clonic and/or tonic seizures. Primary generalized seizures are sub
classified mainly by the presence or absence of different patterns of convulsive 
movements. The major types of generalized seizures are absence, atypical 
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absence, myoclonic, clonic, tonic, tonic-clonic, and atonic seizures (MATTSON 
1995). It should be noted that the term "petit mal" is not useful for the 
definition of experimental or clinical seizures, because it included historically 
a number of rather diverse epileptic syndromes with different anticonvulsant 
drug profiles (L6sCHER and SCHMIDT 1988). To allow a better interpretation of 
a model's predictive potency in terms of clinical seizure types, we have pro
posed that "petit mal" should be replaced by "absence" or - if applicable -
"myoclonic" in experimental models. 

Based on epidemiological data in European populations and in the United 
States (GASTAUT et al. 1975; HAUSER et al. 1993), the most frequent type of 
seizures in humans is complex partial seizures. Because these seizures are 
often resistant to current antiepileptic drugs (LEPPIK 1992), animal models of 
complex partial seizures are particularly important in the development of new 
treatment strategies (L6sCHER and SCHMIDT 1993, 1994). 

I. Animal Models of Partial (Focal, Local) Seizures 

As for other seizure types, two groups of models can be differentiated, models 
of epilepsy with focal seizures and non-epileptic animals in which acute 
(single) focal seizures are induced by electrical or chemical means. 

1. Epileptic Animals with Focal Seizures 

These models have been described above under the different categories of 
epilepsies and include genetic animal models, such as dogs with focal epilepsy 
and tottering mice, as well as models in which spontaneous recurrent focal 
seizures are induced by chemical (e.g. kainate, pilocarpine) or electrical means. 
Furthermore, because of the reasons discussed above, the kindling model 
should be included here. However, only a few researchers use the spontaneous 
recurrent seizures in these models for anticonvulsant drug evaluation, because 
such studies require chronic drug administration and 24-h recording of the 
animals. An example in this respect is the study of LEITE and CAVALHEIRO 
(1995), who compared the efficacy of anti epileptic drugs in spontaneous 
seizures following pilocarpine-induced status epilepticus in rats. Phenobarbi
tone, carbamazepine, phenytoin, and high doses of valproate were effective 
against spontaneous complex partial-like seizures, while ethosuximide was 
inactive. The authors concluded that valid information can be obtained by 
using spontaneous seizures in the pilocarpine model for efficacy studies of 
drugs likely to be effective against complex partial seizures. However, because 
this is a time-consuming procedure, such a model should be reserved for more 
advanced stages of preclinical drug development. 

An alternative to using spontaneous seizures in epileptic animals with 
focal seizures for drug evaluation is to induce seizures at will in such animals. 
An example in this respect is the kindling model. An overview of the anti
convulsant effect of old and new anti epileptic drugs against seizures induced 
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Table 3. Anticonvulsant effect of old and new antiepileptic drugs in animal models of 
temporal lobe epilepsy and against partial seizures in patients. For detailed data see 
LbsCHER and SCHMIDT (1988, 1993, 1994), TURSKI et al. (1989), SPERK (1993), LEVY et al. 
(1995), DALBY and NIELSEN (1997), and text 

Drug Fully Kainate- Pilocarpine- Partial 
amygdala- induced induced seizures in 
kindled seizures in seizures in patients 
seizures rats rats 
in rats 

Old drugs 
Carbamazepine + NE NE + 
Phenytoin + NE NE + 
Phenobarbitone + + + + 
Primidone +" 'I ? + 
Valproate + + + + 
Benzodiazepines + + + + 
Ethosuximide NE NE NE NE 
Trimethadione + + + NE 

New drugs 
Lamotrigine + 'J 'J + 
Topiramate + ? ? + 
Oxcarbazepine ? 'j 'J + 
Felbamate + ? + + 
Vigabatrin + + 'j + 
Tiagabine + 'j ? + 
Gabapentin + NE 'j + 
NMDA antagonists NEb + + NE 

+, effective; +/-. inconsistent data; NE, not effective; ? no data available (or found). 
a Only after chronic treatment because of accumulation of phenobarbitone. 
b Some weak efficacy of some compounds against secondarily generalized seizures. 

by focal electrical stimulation in fully kindled rats is shown in Table 3, together 
with the clinical efficacy of these drugs on focal seizures in patients. As shown 
by the data in this table, the kindling model provides clinically predictive data 
in terms of anticonvulsant efficacy against partial seizures. The only exception 
is trimethadione, which is effective in most models of convulsive seizures (see 
also Table 4), although most clinical studies suggest it has no broader spec
trum of efficacy than non-convulsive (absence and myoclonic) seizures (see 
Table 5). A further advantage of the kindling model is that subgroups of 
animals which are refractory to most common antiepileptic drugs can be 
selected from large populations of amygdala-kindled rats, thus providing a 
model of pharmaco-resistant complex-partial seizures (LbsCHER 1997). 
Because most kindled rats in such popUlations respond to anti epileptic drugs, 
responders and non-responders selected from the same model can be 
compared directly, which allows the study of the mechanisms involved in 
pharmaco-resistant epileptic seizures (LbsCHER 1997). 
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2. Focal Seizures Induced in Normal, Non-epileptic Animals 

As discussed above, acute seizures in response to the systemic administration 
of kainate and pilocarpine in normal rats are increasingly being used as a 
model for focal seizures as occur in temporal lobe epilepsy, although the 
systemic administration of these convulsants induces bilateral paroxysmal 
activity in many brain regions and widespread brain damage in both hemi
spheres (TURSKI et al. 1989; SPERK 1994). Nevertheless, at least in part, the 
evoked seizures resemble the partial and secondarily generalized seizures in 
the kindling model, and the RACINE scale for kindled seizures is often 
used in a modified form for acute kainate- and pilocarpine-induced seizures. 
However, the pharmacology of the kindling model differs strikingly from 
that of the kainate and pilocarpine models. An overview of the anticonvulsant 
effect of old and new antiepileptic drugs in the kainate, pilocarpine and kin
dling models is shown in Table 3, together with the clinical efficacy of these 
drugs on focal seizures in patients. As shown by the data in this table, the only 
model in this category which provides clinically predictive data in terms of 
anticonvulsant efficacy is the kindling model, thus again demonstrating 
that seizures in epileptic animals may differ in their pharmacological sensitiv
ity from seizures in non-epileptic animals, even when the seizure types are 
remarkably similar. A further potential disadvantage of using kainate and 
pilocarpine in anticonvulsant drug evaluation is the fact that these models 
are mechanism-related, i.e. seizures are induced by a specific mechanism -
glutamate or acetylcholine receptor stimulation - so that drugs acting dir
ectly on these mechanisms will be particularly potent in these models. 
The inherent problems associated with mechanism-related models will be 
discussed below. 

Besides kindling, i.e. repetitive focal electrical stimulation, acute focal 
stimulation can be used to produce localized afterdischarges as a model of 
focal seizures (KOELLA 1985). For example, ALBRIGHT (1983) used this method 
to compare the effects of carbamazepine, clonazepam, and phenytoin on 
the focal seizure threshold (afterdischarge threshold) in the amygdala and 
cortex of rats. All three drugs were found effective in increasing the focal 
seizure threshold, with greater effects being produced in the cortex than in the 
amygdala. The author concluded that anticonvulsants may control partial 
attacks through their action on the focal seizure threshold. Interestingly, by 
comparing the effect of the same dose of phenytoin on the afterdischarge 
threshold before and after amygdala kindling, a loss of anticonvulsant activ
ity was found after kindling, again demonstrating that epileptogenesis can 
markedly alter the sensitivity of seizures to anticonvulsant drug action 
(LbsCHER 1997). 

An interesting novel model with focal electrical stimulation has recently 
been developed by VOSKUYL et al. (1989, 1992). In this model, rats are 
implanted bilaterally with screw electrodes over the frontoparietal cortex and 
are then stimulated electrically by a ramp-shaped current which is stopped at 
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the occurrence of the first sign of convulsive seizures, usually forelimb clonus. 
The seizure threshold thus determined has been termed "threshold for local
ized seizures" (TLS), which can be determined repeatedly in the same rat at 
short time intervals without a postictal seizure threshold increase (VOSKUYL 
et a1.1989, 1992), an advantage not shared by most other seizure models. Thus, 
this novel model allows the rapid evaluation of the anticonvulsant time course 
of a novel drug in individual rats. Even after large numbers of threshold for 
localized seizures determinations, there is no increase in the seizure severity 
or duration, i.e. no indication of kindling-like alterations. Pharmacological 
experiments showed that the threshold for localized seizures is elevated by 
valproate, phenobarbitone, and benzodiazepines, while carbamazepine, pheny
toin and ethosuximide exerted only marginal effects (HOOGERKAMP et al.1994). 
Thus, the predictive value of this model in terms of the clinical seizure type is 
unclear at present. Because of the bilateral current application, the direct cor
tical stimulation model may represent a model of a generalized convulsive 
seizure rather than a model of a focal seizure. Indeed, further increase of 
current above the threshold for localized seizures induced more severe and 
more generalized clonic activity (VOSKUYL et al. 1992). When this more gen
eralized activity was used as the endpoint ("threshold for generalized 
seizures", TGS), valproate. phenytoin, carbamazepine, oxazepam, phenobar
bitone, but not ethosuximide, were effective in increasing the seizure thresh
old (HOOGERKAMP et al. 1994), so that the pharmacological sensitivity of the 
threshold for generalized seizures resembles that for the maximal electroshock 
seizure test or maximal electroshock seizure threshold which will be discussed 
below. Our experiments have shown that a more anterior implantation of 
screw electrodes over the frontal neocortex produced seizures which resem
ble remarkably the motor seizures of frontal lobe epilepsy, both in terms of 
clinical and pharmacological characteristics (KRUPP and LOSCHER 1998). Thus, 
this modified direct cortical stimulation model may be used as a new model 
of frontal lobe seizures. 

Another strategy to produce acute (reactive) focal seizures is the topical 
or focal (unilateral) administration of convulsants, e.g. penicillin, bicuculline, 
picrotoxin, pentylenetetrazole, carbachol, kainate, and quinolinic acid (PRINCE 
1972; KOELLA 1985; LOSCHER and SCHMIDT 1988; ENGEL 1992). Based on the 
mechanism of action of these convulsants, they can be divided into compounds 
which block inhibition (e.g. penicillin, bicuculline, picrotoxin, pentylenetetra
zole) and compounds that enhance excitation (e.g. carbachol, kainic acid, 
quinolinic acid), i.e. mechanisms thought to be important in ictogenesis of focal 
epileptic seizures (LOTH MAN 1996b). Such models are widely used in studies 
on the functional anatomy, networks, and neurochemical substrates involved 
in epilepsy and epileptic seizures (FAINGOLD and FROMM 1992; LOSCHER and 
EBERT 1996a). One example is the focal unilateral injection of bicuculline into 
the anterior piriform cortex ("area tempestas") to study the role of the piri
form cortex in the progression and generalization of the seizure discharge 
(LOSCHER and EBERT 1996b). 
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II. Animal Models of Generalized Seizures 

Again, models consisting of epileptic animals with generalized seizures, either 
occurring spontaneously or in response to sensory stimulation, should be dis
tinguished from models in which generalized seizures are induced by chemi
calor electrical means in normal, non-epileptic animals. Although the seizure 
characteristics may be indistinguishable in these two types of models, seizures 
in an epileptic animal may differ in their pharmacological sensitivity from 
seizures in a non-epileptic animal. Furthermore, as discussed above, the ther
apeutic or protective index of an anticonvulsant drug, i.e. the ratio between its 
"neurotoxic" and anticonvulsant effect, may differ dramatically between 
epileptic and non-epileptic animals, even when the same seizure type is eval
uated. Furthermore, the pharmacological sensitivity of primary generalized 
seizures may differ from that of secondary generalized seizures both experi
mentally and clinically (LOSCHER and SCHMIDT 1988); only models of primary 
generalized seizures will be described here. 

1. Epileptic Animals with Primary Generalized Seizures 

The most important models in this category are genetic animal models of 
epilepsy which have been described above (see Sect. B). Both models with 
spontaneously recurrent seizures and models with reflex epilepsy can be used 
as models of generalized seizures. These models can be further divided into 
models with generalized convulsive seizures and models with generalized non
convulsive seizures. 

a) Genetic Animal Models of Epilepsy with Generalized Convulsive Seizures 

These are epileptic dogs with generalized tonic-clonic seizures not preceded 
by focal seizures, generalized tonic seizures in the double mutant rat, baboons 
with photomyoclonic seizures or other types of generalized seizures, audio
genic seizure susceptible mice and rats, and gerbils with major (i.e. general
ized tonic-clonic) seizures. An autosomal recessive mutation in the domestic 
fowl, resulting in tonic-clonic seizures in response to different sensory stimuli, 
has been described (CRAWFORD 1969), but epileptic fowl are rarely used in 
epilepsy research. The most popular genetic animal models with generalized 
convulsive seizures are aUdiogenic seizure susceptible mice and rats. 
An overview of the pharmacological sensitivity of these models is given in 
Table 4. 

b) Genetic Animal Models of Epilepsy with Generalized Non-convulsive 
Seizures 

In this category are tottering mice with absence-like seizures, the double 
mutant rat with absence-like seizures, GAERS, young gerbils with minor 
seizures, and the lethargic (lhllh) mouse. The effects of anticonvulsants in these 
models are compared in Table 5.As shown by these data, the only model which 
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correctly predicts the anticonvulsant activity against absence seizures in 
patients is the lhllh mouse, whereas all other models seem to be models of 
myoclonic rather than absence seizures (see also L6sCHER and SCHMIDT 1988). 

2. Primary Generalized Seizures Induced in Normal, Non-epileptic Animals 

This group includes the most widely used models in antiepileptic drug devel
opment, because seizure induction is simple and the predictive value for 
detecting clinically effective anticonvulsant drugs is high. However, as will be 
outlined in the following, there are important exceptions in this respect, so that 
drug development strategies should not be based solely on models from this 
category (L6sCHER and SCHMIDT 1988, 1993, 1994). 

a) Models of Convulsive Seizures 

The most widely used animal model in anticonvulsant drug screening is cer
tainly the maximal electroshock seizure test (SWINYARD 1972). The endpoint 
in this test is tonic hind limb extension, and the test is thought to be a pre
dictive model for generalized tonic-clonic seizures (KRALL et al. 1978b). 
Although this test appears so simple, there are a variety of technical, biologi
cal, and pharmacological factors which may affect the results obtained with 
this seizure model (L6sCHER et al. 1991a). Normally, the test consists of the 
application of a suprathreshold 50- or 60-Hz electrical current (e.g. 50 rnA in 
mice and 150mA in rats) for 0.2s via corneal electrodes. but the current appli
cation can also be performed via trans auricular (or ear) and frontal electrodes. 
The location of current application is important. because some drugs are anti
convulsant after transcorneal but not after transauricular stimulus application 
(L6sCHER et al. 1991a). This finding may be related to the origin of tonic 
seizures in the brain stem. because this brain region is preferentially activated 
when transauricular electrodes are used (BROWNING and NELSON 1985). Since 
the maximal electroshock seizure test has been proposed to indicate a drug's 
ability to prevent seizure spread (PIREDDA et al. 1985), tonic seizures induced 
by transcorneal electrodes may be more sensitive to inhibition of seizure 
spread than tonic seizures induced from transauricular or ear electrodes 
(L6sCHER et al. 1991 a). 

A further important factor in the maximal electroshock seizure model is 
the current strength used. Inactivity of a drug in the supramaximal maximal 
electroshock seizure test, i.e. using a current far above the individual seizure 
threshold of the animals. does not necessarily mean that the drug is not effec
tive against generalized tonic-clonic seizures in humans (L6sCHER et al. 1991a). 
In this respect, determination of the threshold for maximal (tonic) electro
convulsions may have advantages (L6sCHER and SCHMIDT 1988; L6sCHER et al. 
1991 a; L6sCHER and SCHMIDT 1993). Interestingly. a threshold tonic extension 
test has recently been added to the Antiepileptic Drug Development (ADD) 
Program of the National Institutes of Health (NIH), and is used for drugs 
which are inactive in the traditional identification tests comprising maximal 
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electroshock seizures and subcutaneous pentylenetetrazole seizures (WHITE 
et al. 1995). 

With respect to the predictive value of the maximal electroshock seizure 
test, based on retrospective comparisons of experimental and clinical data with 
commonly used antiepileptic drugs, it has been proposed that the maximal 
electroshock seizure test might not only detect drugs with activity against gen
eralized tonic-clonic seizures, but also drugs effective against (complex) partial 
seizures (SWINYARD 1969; KRALL et al. 1978a,b). However, there are several 
more recently developed antiepileptic drugs, such as vigabatrin, which are 
effective against complex partial seizures in humans but are not capable of 
protecting animals against seizures in the traditional maximal electroshock 
seizure test (L6sCHER and SCHMIDT 1988; see Table 4). Furthermore, there are 
some experimental anticonvulsants with a high potency in models of complex 
partial seizures, e.g. amygdala kindling, but no activity in the maximal elec
troshock seizure test (L6sCHER and SCHMIDT 1988). Vice versa, both competi
tive and non-competitive NMDA antagonists are highly potent in the maximal 
electroshock seizure test, inactive in amygdala-kindled rats, and ineffective 
against complex partial seizures in humans (L6sCHER and SCHMIDT 1994). Thus, 
although the maximal electroshock seizure test is probably the best validated 
of all seizure tests that predict drugs effective in generalized tonic-clonic 
seizures, it should not be used to predict drugs effective in partial seizures. 
Instead, animals models for partial seizures, such as amygdala-kindling, should 
be used for this purpose. 

Another potential problem of the maximal electroshock seizure test is that 
electroconvulsive seizures are particularly sensitive to drugs blocking Na+ 
channels (MELDRUM 1996). Thus, it is not surprising that almost all antiepilep
tic drugs that were initially detected by this test act, at least in part, via this 
mechanism (MELDRUM 1996). Seizure models which are also sensitive to other, 
potentially interesting mechanisms of anticonvulsant drug action against gen
eralized convulsive seizures should be added to the early phase of screening 
or other drug development strategies. 

Innumerable chemicals and drugs induce generalized convulsive seizures 
at toxic doses and several of these are used as tools in epilepsy research 
(KOELLA 1985; L6sCHER and SCHMIDT 1988). Most of these chemoconvulsant 
models are characterized by generalized tonic-clonic convulsions, and either 
the clonic or the tonic seizure is taken as the endpoint. One of the most 
popular convulsants in this respect is pentylenetetrazole (Metrazol), which, 
however, is commonly used as a model of non-convulsive seizures and will be 
discussed below under that category. The main advantage of several chemical 
convulsants is their known mechanism of convulsant action, thus allowing 
study of the mechanisms of ictogenesis and the effect of anticonvulsant drugs 
on these mechanisms. Examples in this respect are GABA antagonists, such 
as bicuculline and picrotoxin, glycineA antagonists such as strychnine, and 
glutamate receptor agonists such as NMDA or N-methyl-D,L-aspartate 
(NMDLA). However, an anticonvulsant effect of a drug against seizures 
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induced by a convulsant with a specific mechanism, e.g. bicuculline, does not 
necessarily mean that the anticonvulsant drug directly acts on this mechanism. 
For instance, phenobarbitone blocks almost all seizure types in almost all 
seizure models, so that the anticonvulsant effect in a given model does not 
allow a conclusion as to the mechanism of action of phenobarbitone. Another 
example illustrating the problem of using mechanism-related seizure models 
to elucidate the mechanism of action of anticonvulsant drugs stems from the 
NMDLA model, which is resistant to most standard antiepileptics, whereas -
as was to be expected - NMDA receptor antagonists are effective, but so are 
GABAmimetic drugs (CZUCZWAR et al. 1985). Hence, a novel compound which 
acts as a GABAmimetic could be falsely interpreted as an NMDA antagonist 
in this model, thus delineating the inherent problem in drawing conclusions 
from using mechanism-related seizure models. Furthermore, a potent and 
selective anticonvulsant effect of a novel drug in a mechanism-related seizure 
model does not necessarily predict anticonvulsant efficacy in patients. For 
instance, NMDA antagonists are of course potent anticonvulsants against 
NMDA- or NMDLA-induced seizures; however, these drugs failed to be effec
tive anti epileptic drugs in patients (LbsCHER and SCHMIDT 1994 ).Interestingly, 
while the ADD program of the NIH previously used chemical convulsants (e.g. 
strychnine, picrotoxin, and bicuculline) to help elucidate differences in the 
mechanisms of action of the compounds (GLADDING et al. 1985), these have 
been replaced by more direct mechanistic studies, using electrophysiology and 
neurochemistry (WHITE et al. 1995). 

b) Models of Absence or Myoclonic Seizures 

The most widely used pharmacological model in this category is the subcuta
neous pentylenetetrazole seizure threshold test in either mice or rats 
(SWINYARD 1949; SWINYARD et al. 1952). Indeed, most clinically effective 
antiepileptic drugs have been found either by their ability to block maximal 
electroshock seizure or pentylenetetrazole induced seizures. which was the 
reason for basing the initial drug detection of the ADD program of the NIH 
on these two seizure tests (KRALL et al. 1978a,b). In the subcutaneous 
pentylenetetrazole seizure threshold test, the convulsive dose inducing a clonic 
seizure of at least 5-s duration in 97% of the animals (CD97 ) is injected and 
animals are observed for a postinjection period usually of 30 min for the occur
rence of such a "threshold" seizure. The test is thought to be predictive of anti
convulsant drug activity against non-convulsive absence ("petit mal") seizures 
(WOODBURY 1972; KRALL et al. 1978a,b). However, this prediction was based 
almost solely on the efficacy of ethosuximide and trimethadione in this model 
(KRALL et al. 1978a). Experience with new antiepileptic drugs casts doubt on 
the predictive value of the subcutaneous pentylenetetrazole model (LbsCHER 
and SCHMIDT 1988; HOSFORD and WANG 1997). Table 5 shows the anticonvul
sant activity of various old and new antiepileptics in different models of 
absence and myoclonic seizures, including the subcutaneous pentylenetetra-
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zole test, together with the clinical efficacy of the drugs against absence and 
myoclonic seizures. The data in this table clearly demonstrate that the 
pentylenetetrazole model is not a predictive test for absence seizures. L6sCHER 
and SCHMIDT (1988) have proposed that, based on the anticonvulsant effect of 
anti epileptics, it may represent a model of myoclonic seizures rather than 
absence seizures in man. Although pentylenetetrazole induces myoclonic 
seizures in addition to generalized clonic seizures at the doses commonly used 
in the subcutaneous pentylenetetrazole test, myoclonic seizures are rarely 
used as an endpoint in this model, but the pharmacological sensitivity of the 
pentylenetetrazole-induced clonic seizures is remarkably similar to the phar
macological sensitivity of myoclonic seizures occurring in human epilepsies 
(Table 5). In this respect, it should be considered that generalized myoclonic 
seizures in epilepsy are convulsive rather than non-convulsive, so that the term 
"non-convulsive" should not be used for all types of myoclonic seizures in 
animal models. 

Interestingly, at much lower doses than those used for induction of clonic 
seizures by pentylenetetrazole, this convulsant produces electrographic and 
behavioural events more similar to generalized absence seizures (SNEAD 
1992). However, this modified pentylenetetrazole model has not been used in 
epilepsy research to any significant extent, as yet. 

Similarly to the maximal electroshock seizure test, various technical, 
biological and pharmacological factors may affect the results obtained with 
pentylenetetrazole induced seizures (LbsCHER et al. 1991b). One important 
factor in anticonvulsant drug evaluation is the drug's duration of action. Thus, 
a drug with a short duration of action in rodents may be missed in the subcu
taneous pentylenetetrazole test because of the relatively long observation 
period following pentylenetetrazole (L6sCHER et al.1991b). In this respect, the 
timed intravenous infusion of pentylenetetrazole might have advantages, 
because the anticonvulsant drug potency can be tested at the individual time 
of peak effect (L6sCHER and SCHMIDT 1988; L6sCHER et al. 1991b). A further 
factor which should be considered in the pentylenetetrazole and possibly other 
animal models is any seasonal differences in seizure susceptibility, even when 
laboratory animals are maintained under highly standardized conditions 
(L6sCHER and FIEDLER 1996). In addition to season, circadian variation is an 
important factor in seizure models (KOELLA 1995) so that pharmacological 
studies in such models are strictly comparable only if performed at a similar 
time of the day. 

Chemoconvulsant models that simulate the clinical features of non
convulsive absence/myoclonic epilepsy more closely than the conventional 
pentylenetetrazole model are the penicillin model of absence epilepsy in cats 
and the y-hydroxybutyric acid (GHB) model in rats (FAINGOLD and FROMM 
1992; SNEAD 1992). Intramuscular injection of large doses of penicillin in cats 
produces a transient absence-like state with bilaterally synchronous 3/s spike
wave discharges in the EEG often accompanied by rhythmic motor move
ments, particularly of the eyelids, and behavioural arrest. Thalamic subnuclei 
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are strongly implicated in generation of spike-wave activity in this model, 
based on electrical stimulation, lesion, and electrographic and neuronal 
recording studies. Interestingly, when given intramuscularly to rodents, peni
cillin does not consistently produce bilaterally synchronous spike-wave dis
charges similar to those seen in cats (SNEAD 1992). This restricts the use of the 
penicillin model, because cats are too expensive for large scale studies, such 
as drug screening. 

In the y-hydroxybutyrate model of absence seizures in rats. administration 
of y-hydroxybutyric acid or its prodrug y-butyrolactone (GBL) produces 
hypersynchronous spike-wave discharges (with 7-9 cycles/s) in the EEG which 
are associated with behavioural arrest, facial myoclonus and vibrissal twitch
ing (SNEAD 1992). This y-hydroxybutyrate induced syndrome is not restricted 
to rats but has also been induced in a similar manner in cats and monkeys. 
Interestingly, y-hydroxybutyrate also occurs endogenously as a minor metabo
lite of GABA in the brain, and inhibition of y-hydroxybutyrate synthesis and 
release by valproate has been implicated in the anticonvulsant mechanisms of 
this antiepileptic (UiSCHER 1993). Using mapping of the EEG with bipolar 
depth recordings indicated that spike-wave discharges in the y-hydroxybu
tyrate model in rats originate in the thalamus and cortex. whereas the hip
pocampus is not involved (SNEAD 1992). GABAmimetic drugs such as GABA 
agonists or GABA-T inhibitors exacerbate the y-hydroxybutyrate induced 
syndrome in rats, and this has also been observed in other models of non
convulsive absence seizures as well as in humans with this type of epilepsy 
(SNEAD 1992). As discussed above, the mechanism of this proconvulsant effect 
of GABA on experimental and clinical generalized absence seizures may be 
enhanced GABAB receptor-mediated events. Again, based on data from phar
macological studies, LbsCHER and SCHMIDT (1988) have suggested that the y
hydroxybutyrate and most other models of non-convulsive epilepsy are 
models of epileptic myoclonic seizures (which are also associated with gener
alized spike-wave discharges in the EEG) rather than models of absence 
seizures. The only current exception to this proposal seems to be the lhllh 
mouse (Table 5). 

D. Conclusions 
As mentioned in the "Introduction", the experimental models of epilepsy and 
epileptic seizures reviewed in this chapter are examples and are not meant to 
be comprehensive. Nevertheless, the great majority of animal models currently 
used in epilepsy research and anti epileptic drug development are included. 
For a more historical perspective, the interested reader is referred to previous 
reviews and volumes on this topic (STUMPF 1962; PURPURA et a1. 1972; KRALL 
et al. 1978a; KOELLA 1985). All models have strengths and weaknesses and, as 
pointed out in the "Introduction", the choice of a model largely depends on 
the purpose of the experiment. 
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One problem in the preclinical use of animal models is the terminology 
used, because semantic inconsistencies contribute to controversy and 
confusion in the experimental literature, impairing communication between 
researchers (LOSCHERand SCHMIDT 1988; ENGEL 1992). As pointed out by 
ENGEL (1992), seizures should be referred to by their specific type, according 
to the International Classification of Epileptic Seizures, whenever possible. In 
the present review, an attempt was also made to refer to epilepsies and epilep
tic syndromes in animals as the specific types proposed by the ILAE, but - in 
contrast to seizures - for many types of epilepsy or epileptic syndromes no 
models exist as yet, and the clinical classification system applied in this review 
to animal models of epilepsies may be partially inadequate for this purpose. 
Nevertheless, the aim of this attempt was to improve communication and stim
ulate discussion between preclinical and clinical epileptologists. It is also 
important to recognize that the behaviour exhibited by certain mouse mutants 
and certain transgenic or knockout mice might represent non-epileptic dis
turbances (ENGEL 1992), which was the reason to limit this review to models 
with proven epilepsy or epileptic seizures. 

ENGEL (1992) has recently proposed a somewhat different classification of 
experimental models of epilepsy and epileptic phenomena, including in vitro 
preparations, with four broad categories, i.e. (1) presumed epileptic equivalents, 
such as long-term and post-tetanic potentiation, and bursting neurons in vitro, 
which are not in themselves epileptic, but are believed to be valid models 
of specific neuronal events that underlie some aspects of epileptic seizures or 
disorders; (2) acute experimentally induced seizure models, which would be 
equivalent to reactive seizures in humans, but would not constitute epileptic 
conditions; this category would be consistent with the group of animal models 
of epileptic seizures in non-epileptic animals in the present review; (3) chronic 
experimentally determined models, which would be equivalent to symptomatic 
epilepsies in humans; and (4) chronic genetically determined models, which 
would be equivalent to idiopathic epilepsies in humans. There are many other 
possible classification systems (see, for instance, Fig. 1), but the ultimate goal 
of any system should be to minimize false interpretation of data obtained in 
a given model in terms of understanding the fundamental mechanisms of the 
human epilepsies or epileptic seizures for which the model stands. Further
more, classification systems for animal models should aim at reducing false 
predictions in terms of anticonvulsant drug efficacy against specific types of 
epilepsy or epileptic seizures. 
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CHAPTER 3 

Epileptogenesis: Electrophysiology 

1.0. WILLOUGHBY 

A. Introduction 
It is now clear that a distinct epileptogenesis applies to each of the three 
common categories of clinical epilepsy, namely, partial, absence and primary 
generalized convulsive epilepsies. Partial epilepsy arises as a consequence of 
increased excitation within neurons close to a lesion. Absence epilepsy arises 
in relation to the remarkable effects of inhibition on a certain population of 
neurons. Primary generalized convulsive epilepsy, currently the least well 
understood, might be regarded as emerging out of neuronal synchronization. 
In this chapter, only the essentials pertaining to these three types of epilepto
genic phenomena will be presented. There is a wealth of additional material 
that should be acknowledged; however, the few papers referenced herein do 
point to the larger literature. Expectably, many of the essentials arise from 
experimental work in animals, but the ideas are usually supported by some 
specific studies in humans. 

In dealing with this complex subject, the essential information is contained 
predominantly in pathophysiology at two levels that cannot be separated. At 
the level of the single neuron, intrinsic or acquired neuronal characteristics 
alter neuronal behaviours that may lead, in association with other neurons, to 
promote abnormal neuronal discharges of different kinds. At the level of inter
connected groups of neurons, abnormal neuronal discharges lead to altered 
function within the neurons themselves. 

The term "generalized epilepsy" normally encompasses disorders charac
terized by attacks of absences, myoclonic jerks and major motor convulsions 
which sometimes occur in combination in the same individual. In contrast to 
focal epilepsy, generalized absence and generalized convulsive epilepsy occur 
in a macroscopically, and probably microscopically, normal brain. It is now 
clear that subtle changes in neuronal properties or in timing and/or synchro
nization are important in these particular epileptic disorders, even if the basic 
disturbances are currently elusive. Gcneralized epilepsies are common mono
or polygenic inherited disturbances (DELGADO-EscUETA et al 1986). Their 
attacks are called generalized because, when the attacks have been studied 
using electroencephalography (EEG), a generalized electrical disturbance has 
been observed, that is, the electrographic disturbance occurs in all EEG leads 
over the entire cerebrum, apparently simultaneously. This contrasts with the 
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EEG of a partial seizure, in which the disturbance appears in EEG leads 
arising from a small area of brain, sometimes continuing for many seconds or 
minutes before more widespread, but frequently still localized discharges, or 
less often secondarily generalized discharges, occur. 

B. Partial (Focal, or Lesional) Epilepsy 

I. Overview 

A most helpful starting point in understanding lesional epilepsy is to observe 
concurrently recorded electrical potentials from the surface EEG and from an 
intracellular micro-electrode within a neuron at an epileptic focus. Such 
recordings help to reveal important relationships between what can be seen 
in the EEG and what individual neurons are doing at the same time. 

One of the features of the resting EEG between seizures is the appear
ance of single non-convulsive (interictal) electrical potentials, clinically 
referred to as interictal "spikes" and shown in Fig. 1. This single surface EEG 
event is actually associated with a burst of action potentials within the brain 
(MATSUMOTO and AJMONE-MARSAN 1964; CALVIN et al. 1968; CONNORS 1984) 
due to a special neuronal event in which there is a depolarization (excitation), 
superimposed on which there is a burst of action potentials (Fig. 1). This 
complex bursting phenomenon is known as a "depolarization shift" and the 
event is probably the characteristic feature of neurons in an epileptic focus. In 
addition, as shown in Fig 1, the neuronal correlate of the seizure process itself 
is a sustained depolarization and the generation of continuous high-frequency 
action potentials from neurons within the focus (AYALA et al 1973). Under
standing the processes leading to depolarization shift development also assists 
in understanding some of the changes leading to a sustained seizure. 

There are many processes that might result in cortical neurons near a 
focus acquiring the characteristic of discharging in depolarization shifts; these 
processes are best illustrated by reviewing what constitutes normal neuronal 
structure and function. 

II. The Single Neuron: Normal Population 

A schematic normal neuron is illustrated in Fig. 2. This cerebral cortical neuron 
has been chosen because the interconnectivity to be considered in the next 
section can most easily be illustrated for the cerebral cortex. Whether a neuron 
generates an action potential depends on a complex interaction involving the 
activity of excitatory and inhibitory inputs on its dendrites and cell body. Exci
tatory inputs normally synapse on the distal ends of dendrites, which are very 
long, and inhibitory inputs tend to be located on the cell body. Whether a 
neuron discharges depends on the integrated effect of all excitatory and 
inhibitory influences at the initial segment of the axon. If the overall depolar
ization (excitation) at this initial segment is sufficient, that is, it exceeds a depo-
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Initial 
Segment 

J.o. WILLOUGHBY 

(i) 

(ii) 

Fig. 2. Schematic pyramidal cortical neuron to indicate sites of excitatory and 
inhibitory inputs and the potentials recordable from the initial segment of the axon, 
(i) normally and (ii) after blockade of inhibitory inputs 

larization threshold for the neuron, an action potential is generated which 
propagates along the axon to its synaptic terminals. Because the inhibitory 
inputs are very close to the initial segment of the axon, inhibitory synaptic 
activity has a potent effect at this site. Conversely, excitatory inputs are a 
relatively long distance from the initial segment and individually have less 
influence on the intracellular potential within it. During ongoing cerebral 
activity, the most frequent physiological outcome of the initial segment reach
ing the depolarization threshold is a single action potential. 

Studies in which the properties of pyramidal neurons have been investi
gated in cultured brain slices show that the discharge behaviour of a pyrami
dal neuron can be changed remarkably by diminishing inhibitory activity, for 
example, by bathing the neuron in bicuculline, an antagonist of GABA at the 
GABAA receptor (SCHWARTZKROIN and PRINCE 1980). In this situation, instead 
of generating a single action potential, a burst of action potentials is gener
ated in addition to a strongly sustained depolarization (excitation), mimicking 
the phenomenon referred to already - the depolarization shift (CONNORS 
1984). The point of this observation is that neurons have an intrinsic capacity 
to exhibit a depolarization shift-like event as part of their normal repertoire 
of behaviours; indeed, a proportion of cerebral cortical and hippocampal 
neurons discharge in this fashion normally. The question then arises as to what 
biochemical or structural changes can be identified in neurons close to lesions 
associated with epilepsy that might increase the likelihood of more or all these 
neurons eventually firing with depolarization shifts? 
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Epileptic 

++++ 

Fig. 3. Schematic normal pyramidal neuron and neuron within an epileptic focus to 
show structural and biochemical changes likely to be relevant in epileptogenesis, 
namely fewer inhibitory neurons, additional excitatory inputs, excitatory inputs closer 
to the initial segment, increased extracellular K+ and reduced extracellular Ca2+. 
Current evidence is that glia do not contribute to disturbances of the extracellular envi
ronment (HEINEMANN et al. 1986) 

III. The Single Neuron: Epileptic Population 

The potentially important changes are summarized in Fig. 3. One conceptu
ally straightforward situation is that, in or near cerebral lesions, one would not 
normally expect a proportional loss of excitatory and inhibitory neurons, that 
is fewer, the same number, or more inhibitory neurons may be destroyed in 
comparison to the number of excitatory neurons lost (RIBAK et al. 1989). If the 
number of surviving inhibitory neurons is much reduced in comparison to the 
number of excitatory neurons, it is clear that surviving excitatory neurons 
could receive less inhibitory input (RIBAK et al. 1982; RIBAK 1986) and there
fore be more readily excited to the threshold for action potential generation. 
Secondly, injurious processes may damage excitatory neurons without destroy
ing them (PAUL and SCHEIBEL 1986; ISOKAWA 1997). As shown in the hip
pocampus from patients with temporal lobe epilepsy, one consequence of 
partial damage is that there are fewer dendritic processes and another is that 
surviving dendrites may have more excitatory inputs proximally as a result of 
regenerative sprouting of damaged excitatory inputs. Such sprouting has been 
demonstrated to occur, especially in hippocampus, and may lead to the estab
lishment of additional inputs onto normal or injured neurons (McKINNEY 
et al. 1997). Increased numbers of excitatory inputs and reduced numbers 
of inhibitory inputs have been shown in human temporal lobe neocortex in 
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patients with temporal lobe epilepsy (MARCO and DEFILIPE 1997). If excitation 
occurs on the proximal dendrite, closer to the initial segment, the excitation 
will be more likely to cause neuronal activation. 

There are other consequences of injury that may enhance excitation 
within small popUlations of neurons: normally close but separated neurons 
may come to have contiguous membranes, leading to direct excitatory field 
effects from an activated to adjacent quiescent neurons (JEFFERYS 1995), 
similar to the phenomenon of ephaptic transmission between demyelinated 
axons in multiple sclerosis. Furthermore, gap-junctions may exist between con
tiguous neurons in some circumstances (JEFFERYS 1995), thereby providing a 
very direct mechanism of excitation between neurons and one which might 
occur in pathological areas of brain, as suggested in one (NAUS et al. 1991) but 
not in another (ELISEVICH et al. 1997) recent report. There is evidence that gap 
junction coupling is increased in astrocytes from human chronic epileptic foci, 
a finding of possible relevance to enhancing focal synchrony (LEE et al. 1995). 
Although gliosis around lesions might also be expected to disturb control of 
the extracellular ionic environment and thus affect neuronal excitability, this 
has not been confirmed directly (HEINEMANN and DIETZEL 1984). 

Thus, the net effect of the possible structural changes to the neurons near 
a pathological lesion may be such as to increase the overall ease with which 
neurons are brought to excitation and thereby increase the average firing rate 
of the population of neurons. 

One consequence of increased neuronal firing rates is to intensify the 
activity-dependent changes in concentration of ions in the immediate envi
ronment of active neurons. Normally, these changes are rapidly corrected and 
include increases in K+ released from neurons during the falling phase of each 
action potential, and falls in Ca2+ as it enters cells during the hyperpolarizing 
stage of each action potential (HEINEMANN et al. 1986). Increased firing rates 
may be such as to produce sustained changes in the ionic environment and 
these changes can directly increase neuronal membrane excitability (Fig. 2 -
HEINEMANN et al. 1986; UEMATSU et al. 1990). Thus, morphological changes in 
conjunction with biochemical alterations significantly increase neuronal 
excitability such that, in response to the excitatory input from other neurons, 
neurons in the focus eventually produce depolarization shifts. On those occa
sions when there is sufficient coincident excitation, and inhibitory mechanisms 
are consequently rendered ineffective (BERMAN et al. 1992), sustained depo
larizations (excitations) with sustained neuronal discharges occur. 

IV. Connectivity 

Some mechanisms of epileptogenesis acting at the neuronal level depend on 
excitation from an excitatory input, underscoring the importance of neuronal 
connectivity. Excitatory input to a cortical neuron arises mainly from other 
cortical neurons, much of it from local neurons on which the cortical neuron 
will have a reciprocal excitatory input (BERMAN et al. 1992). The main extrin-
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Cortex 

Fig.4. Schematic to illustrate important excitatory connectivity of cortical neurons rel
evant to epileptogenesis. The inhibitory neurons are likely to be ineffectual in the pres
ence of excitation in the form of synchronous or repetitive input 

sic source of input to the cortex is from the thalamus; although it probably 
constitutes on the average less than 15% of the total inputs (BERMAN et a1. 
1992); again, the cortical neuron has a reciprocal excitatory relationship with 
thalamic neurons, i.e. there are cortico-thalamic neurons and also thalamo
cortical neurons which project back to the region of cortex from which they 
receive input (Fig. 4). The return projection to the cortex is not localized only 
to the neurons projecting to the thalamo-cortical neuron. Activation of the 
thalamo-cortical projection also results in excitation of cortical neurons near 
those from which each thalamic neuron receives an input. The effect of these 
reciprocal excitatory inputs is a powerful increase in excitation, both at the 
level of the epileptic focus and within the region of the thalamus to which it 
is connected. While inhibitory neurons within the cortex also receive collat
eral excitatory inputs from cortical neurons and from thalamic neurons, their 
influence is unlikely to be a significant factor once some excitation within the 
cortico-cortical and cortico-thalamic loops has been established because mod
elling studies have clearly demonstrated the ineffectiveness of inhibitory 
synaptic activity on neurons that receive several concurrent excitatory signals 
(BERMAN et a1.1992). An emerging property of neurons in this excited circuitry 
is the generation of depolarization shifts and sustained depolarizations (exci
tations) accompanying continuous discharges. When sufficient neurons are 
recruited into this process, clinical manifestations of the activity become 
apparent - the partial seizure. 

The importance of the role of the cortex and the thalamus derived from 
animal experimental work has been reinforced by two positron emission 
tomographic (PET) studies in human, in which increased metabolism of the 
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cortex and ipsilateral thalamus has been demonstrated during frequent or con
tinuous partial epileptic seizures (HAJEK et al. 1991; DETRE et al. 1996). 

v. Other Processes 

Surprisingly, several situations have been described in experimental models of 
seizures (in hippocampal slices, including human slices) where GABA recep
tor activation is associated with neuronal discharges, usually where there has 
been considerable cellular micro-environmental change such as increased 
extracellular K+ concentrations. In one situation, hyperpolarization (inhibi
tion) mediated by GABA neurons with its associated rise in extracellular K+ 
subsequently led to a synchronous depolarization (excitation) of groups of 
hippocampal neurons (AvOL! et al. 1994). In the other process, there was acti
vation of terminals of excitatory neurons in the region of an epileptic focus. 
Here, extreme disturbances of the interstitial ionic environment that destabi
lize neuronal membranes and bring them close to firing threshold, also disturb 
membranes of nerve terminals innervating the epileptic focus (Fig. 5). Sur
prisingly, the process appears to be triggered by GABA receptor activation on 
nerve terminals (STASHEFF and WILSON 1992). It has been demonstrated indi
rectly by recording high frequency action potentials from thalamic neurons in 
circumstances when synaptic excitation has not occurred (NOEBELS and PRINCE 
1978). Thus, the potentials arise at nerve terminals in the cortical focus and 
invade thalamo-cortical neurons and all their branches antidromic ally (Fig. 4). 
These project to and activate more widespread cortical regions and, because 
of very high frequency action potentials generated by the terminal excitation, 

CaH 

III 

J ___ L 
/ Antidromic 

Firing 

Fig. S. Schematic to illustrate ectopic action potential generation within terminal 
boutons within an epileptic focus. Activation of GABA receptors appears to playa role 
in the initiation of these discharges (STASHEFF and WILSON (1992) (RMP resting mem
brane potential) 
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result in very much enhanced neurotransmitter release. The occurrence of this 
phenomenon at excitatory terminals throughout the cortex could constitute a 
very powerful and widespread synchronizing and excitatory stimulus, possibly 
relevant either to the first clinical manifestation of the focal discharge or to 
its becoming secondarily generalized. 

Finally, genetic forms of apparently partial epilepsy are now recognized. 
For one, a molecular causal abnormality has been defined (STEINLEIN et a1. 
1995), but the disturbed mechanisms leading to the epilepsy remain to be 
elucidated. 

c. Generalized Epilepsy: Absence Seizures 

I. Overview 

Human absence epilepsy is characterized behaviourally by a brief period of 
cessation of activity, associated electrographically with synchronous 3-Hz high 
voltage spike and wave activity over the entire cerebral cortex. Typically the 
affected individual is without a cerebral lesion and therefore it is not ethically 
feasible to implant electrodes to define the brain regions participating in the 
absence. Advances in a possible understanding of human non-convulsive gen
eralized (absence) epilepsy have come from the examination of feline and 
rodent models of the condition. The rodent models in particular have an 
uncanny resemblance to the human disorder: there is a genetic tendency to 
spontaneous periods of behavioural inactivity for periods of seconds to a 
minute or so, accompanied by high-voltage spike and wave electrographic 
activity (VERGNES et al. 1986; COENEN and VAN LUlJTELAAR 1987; WILLOUGHBY 

and MACKENZIE 1992). Perhaps not surprisingly, however, the frequency of the 
discharges is different from that in the human (being at 7-9 Hz). In rodent 
models, the abnormal EEG discharge can be recorded from all cortical areas 
and from the thalamus, but not from other more primitive forebrain regions 
such as the hippocampus or amygdala (VERGNES et al. 1990). In the feline 
model too, it is the thalamus and cortex that have been demonstrated to gen
erate 3 Hz spike and wave activity (KOSTOPOULOS et al. 1981 a,b; McLACHLAN 

et a1. 1984). 
The animal studies suggest that there are essentially four classes of neuron 

participating in discharge generation, two in the thalamus and two in the 
cortex (Fig. 6). The critical neurons for imposing synchronization are the 
GABA-synthesizing and -releasing inhibitory thalamic reticular neuron 
(SPREAFICO et a1. 1991). These neurons project entirely within the thalamus 
(STERIADE et al. 1984) and inhibit thalamic neurons projecting to the cerebral 
cortex (thalamic projection neurons, also known as thalamo-cortical projec
tion neurons). The second class of neurons are the thalamic projection neurons 
themselves, neurons that, for example, relay sensory activity to the cortex from 
the periphery (JONES 1991) or project pre-motor activity from the basal ganglia 
to the cortex. Figure6 shows the connectivity of the thalamo-cortical projec-
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Cortex 

Thalamus 

Reticular N. 

Fig. 6. Schematic to illustrate the neurons participating in the generation of absence 
epilepsy. The graphs illustrate intracellular potentials to show hyperpolarizations fol
lowed by calcium depolarizations with bursts of action potentials in thalamic neurons, 
with the thalamo-cortical neuron (TCR) reaching the threshold for discharge before 
the reticular thalamic neuron (Reticular N.) . Figure modelled on representation in JEF

FERYS (1993) 

tion neurons with the cortical neurons (HERSCH and WHITE 1981), one of which 
projects back to the thalamus. Because the inhibitory thalamic reticular 
neurons innervate thalamic projection neurons broadly, the reticular neurons 
have a powerful inhibitory and synchronizing influence on thalamo-cortical 
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projection neuron activity (CONTRERAS and STERIADE 1995).Also important are 
the reciprocal connections from cortex to thalamus and from thalamic pro
jection neurons to thalamic reticular neurons, because these ensure excitation 
and reactivation of thalamic reticular neurons (CONTRERAS and STERIADE 
1995). 

II. Cortical Processes 

As before, in considering the mechanisms of epileptogenesis it is helpful to 
start with the electrographic appearances. The cortical spike is caused by a syn
chronous volley of afferent excitation arising from the thalamus. The spike as 
recorded at the surface is a summation of electrical activity generated in the 
cortex, probably by a mixture of both thalamic projection neuron-induced cor
tical action potentials and by postsynaptic depolarizations (excitations) that 
do not quite cause action potentials (KOSTOPOULOS et al. 1981 a,b). During the 
spike, excitatory and inhibitory neurons are activated. Because excitatory cor
tical neurons are reciprocally innervated by inhibitory neurons (Fig. 6), corti
cal activation is immediately followed by inhibition (hyperpolarization) of all 
cortical neurons, leading to a surface wave (KOSTOPOULOS et al. 1981 a,b, 1983; 
KELLER and WHITE 1987). Another factor probably contributing to the pro
longed cessation of cortical activity between spikes is simply a lack of excita
tory input from the thalamus during this period, as demonstrated in another 
model of slow wave generation (CONTRERAS and STERIADE 1995), discussed 
below. 

III. Thalamic Processes 

It is the behaviour of the thalamic reticular and thalamic projection neurons 
that drives the cortically projected volley (STERIADE et al. 1990; LOPES DA SILVA 
1991; SOLTESZ et al. 1991; CONTRERAS and STERIADE 1995). Both reticular and 
projection thalamic neurons have an interesting characteristic - in response to 
a lack of input, such as in states of low arousal with its associated reduced 
ascending cholinergic activation, the GABA-releasing inhibitory reticular 
neurons become more active and the thalamic projection neurons a little 
less depolarized (less activated). Eventually, as a consequence of reaching 
a sufficient state of hyperpolarization, a special class of Ca2+ channels, low 
threshold Ca2+ channels on the surface of thalamic neurons, becomes activated 
(more accurately, de-inactivated, in that they are again able to function, but 
only if there is sufficient depolarization of the neuronal membrane - SOLTESZ 
et al. 1991). From the state of hyperpolarization (inhibition), either of two 
mechanisms allows the neurons to progressively depolarize and reach a level 
of depolarization (excitation) at which the de-inactivated Ca'+ channels open. 
Via one mechanism, a class of ion channels that allows NaT and K+ through 
the neuronal membrane also becomes activated by the hyperpolarization 
and permits slow Na+ entry into the neurons, thereby gradually depolarizing 
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the membrane (SOLTESZ et al. 1991). This process of slow depolarization 
(excitation) has similarities to cardiac pacemaker activity in the sino-atrial 
node. The second mechanism is the normal slow time-course of GABAB 
activated K+ channels responsible for the sustained component of thalamic 
reticular neuron-mediated GABA-induced hyperpolarization (CRUNELLI and 
LERESCHE 1991). At a critical level of depolarization, the de-inactivated Ca2+ 

channels open, allowing Ca2+ entry into the neurons. The latter process results 
in a powerful depolarization (a more excitatory state) that exceeds the thresh
old for firing, and action potentials are generated (SOLTESZ et al. 1991). Fur
thermore, in thalamic neurons, the Ca2+ depolarization (excitation) frequently 
causes, not one action potential, but a burst of action potentials, to be gener
ated. This burst of action potentials achieves two effects. Firstly, a volley of 
afferent impulses is projected from thalamo-cortical projection neurons to 
excite the cerebral cortex, thereby producing the surface EEG spike, and sec
ondly, via collaterals back to thalamic reticular neurons, the volley also excites 
these reticular neurons to discharge. This reticular neuron discharge inhibits 
(hyperpolarizes) thalamic projection neurons and reticular neurons, thereby 
both terminating their discharges and again activating the pacemaker current 
and preparing the low threshold Ca2+ channels in thalamic neurons for later 
activation as described above. Because thalamic projection neurons have a low 
threshold Ca2+ channel that requires a lesser degree of depolarization to reach 
threshold than reticular neurons (HUGUENARD and PRINCE 1992), thalamic pro
jection neurons, which are excitatory, reach their threshold for firing before 
reticular neurons, which are inhibitory. Thus alternating excitation and inhibi
tion is established and rhythmic volleys from the thalamus reach the cerebral 
cortex. 

IV. Human Studies 

The recognition of the critical role of the special class of Ca2+ channels in pace
making activity in the thalamus, the low threshold "T" type Ca2+ channels, pro
vides corroboration that the processes observed in animal models reflect 
processes in human absence epilepsy, because it has now been shown that the 
clinically useful drug ethosuximide may be an antagonist of these Ca2+ cur
rents (COULTER et al. 1990). 

Functional imaging studies have also supported animal studies favouring 
a thalamo-cortical process in absence epilepsy. Human metabolic and blood 
flow studies examining changes from baseline and during hyperventilation
induced absence reveal increased cerebrocortical metabolism of glucose 
(ENGEL et al. 1985) and blood flow (PREVETT et al. 1995) as well as increased 
thalamic blood flow (PREVETT et al. 1995). There are no definitive disturbances 
interictally. These findings are of interest because they are consistent with the 
importance of the thalamus and cortex as proposed on the basis of the animal 
studies. 
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Possible primary pathogenetic mechanisms that have been proposed for 
absence epilepsy include increased cortical excitability (KOSTOPOULOS et al. 
1981a,b; LUHMANN et al. 1995), thereby enhancing cerebral cortical responses 
to thalamic rhythmic activity and reciprocally affecting thalamic function, as 
well as disturbances of inhibition or of the low threshold Ca2+ currents in thal
amic neurons. Disturbances in the latter have now been demonstrated in rat 
absence epilepsy in the reticular thalamic neurons (TSAKIRIDOU et al. 1995), 
but not in thalamic projection neurons (GUYON et al. 1993; TSAKIRIDOU et al. 
1995). Specific abnormalities of Ca2+ currents have not yet been identified in 
humans. Enhanced cortical excitability has been demonstrated in human 
absence seizures, as judged by a reduction in the intensity of transcranial mag
netic stimulation required to produce a contralateral limb motor response 
(REUTENS et al. 1993). In this study, there was a trend for individuals with 
myoclonic jerks and absences to have increased excitability compared to those 
with just absences. The results for patients with convulsive seizures were not 
presented. Transcranial magnetic stimulation probably causes motor neuronal 
activation by direct and transsynaptic actions (BURKE et al. 1993), so that a 
mechanism for the possibly increased cortical excitability as revealed in 
humans remains to be defined. 

D. Generalized Epilepsy: Convulsive Seizures 

I. Overview 

Convulsive epilepsy in an apparently normal brain is a puzzle both in terms 
of the underlying brain state leading to the convulsion and the nature of the 
epileptic process itself - the state of knowledge has recently been summarized 
as: "in a somewhat mysterious manner, an epileptic event is generalized from 
the start" (NIEDERMEYER 1996). Human generalized convulsive epilepsy is 
characterized behaviourally by some combination of tonic and clonic convul
sions and loss of consciousness. The clinical event is associated with an increas
ing strength of high frequency electrographical discharge over the entire 
cerebral cortex that gives way gradually to slow discharges of high voltage that 
progressively become even slower and eventually stop (GASTAUT and 
BROUGHTON 1972). 

Typically, as in the case of absences, the affected individual is without a 
cerebral lesion and it is not ethically feasible to implant electrodes to define 
the brain regions participating in the seizure. There are only a few animal 
models of generalized convulsive epilepsy - evidence that many models 
exhibit synchronous bilateral EEG discharges with convulsions is unim
pressive, although several baboon models do exhibit such a phenomenon 
(TICKU et al. 1992), but the process usually requires triggering by intermit
tent light stimulation (SILVA-BARRAT et al. 1986: MENINI et al. 1994; WADA 
1994). 
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There are important clinical observations that point to some aspects of 
the pathophysiology of convulsive epilepsy in humans, as will be discussed 
below (Sect. D.V). However, the insight they provide can best be perceived 
after a consideration of the pathophysiological findings from studies in 
animals, because these animal models offer a deeper understanding of some 
of the processes likely to be occurring (BROWNING 1994; MENINI et al. 1994; 
WADA 1994). While these studies point to generalized convulsive epilepsies 
involving several types of motor convulsion arising from more than one neural 
substrate, the cortex and brain stem appear to interact in the generation of 
generalized tonic-clonic seizures (SILVA-BARRAT et al. 1986; MENINI et al. 1994; 
WADA 1994). Interestingly, it has been well demonstrated in rats that different 
motor convulsions are subserved by mechanisms with anatomical substrates 
which are sometimes situated in the brain stem, and sometimes in the fore
brain and cerebral cortex (BURNHAM 1985; GALE 1992; BROWNING 1994). 

II. Excessive Excitation or Impaired Inhibition 

At present, the most widely held cellular hypotheses are that subjects with 
generalized convulsive epilepsy have a neuronal disturbance that lies some
where on a spectrum between a reduction in the efficacy of inhibitory 
neuronal mechanisms and an increase in the efficacy of excitatory mechanisms. 
Certainly, animals (including humans) experience generalized convulsions 
after exposure to agents that block neuronal inhibition (JEFFERYS 1993; 
WILLOUGHBY et al. 1995) or cause neuronal excitation (LOTHMAN and COLLINS 
1981; JEFFERYS 1993; CENDES et al. 1995; WILLOUGHBY et al. 1997). 

One approach to generalized convulsive epilepsy, therefore, has been to 
study the seizure process in two pharmacological models in which the epilep
togenic disturbance is well-defined. In one, a seizure is caused by widespread 
neuronal activation due to systemic administration of kainic acid, an excita
tory amino-acid agonist at the kainate/a-amino-3-hydroxy-5-methyl-isoxazole-
4-propionate (AMP A) receptor (YOUNG and FAGG 1990; WISDEN and SEEBURG 
1993). In the other, a seizure is caused by a diffuse reduction in inhibition (by 
the systemic administration of picrotoxin, an antagonist at the g-aminobutyric 
acid (GABA)A receptor-gated Cl- channel - GASS et al. 1992). This approach 
permits the study of convulsions induced by extremes of the spectrum of neu
ronal disturbances which possibly have an aetiological role in human gener
alized convulsive epilepsy. 

III. Anatomical Distribution of Convulsions: 
Cortex and Hippocampus 

To partially identify brain regions involved in a convulsion, immunohisto
chemistry for the presence of Fos protein can be used as a marker of neuronal 
activation. It is a method that provides anatomical definition with cellular res
olution (DRAGUNOW and ROBERTSON 1987; MORGAN et al. 1987; SAGAR et al. 
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1988). Fos is the protein product of the c-fos gene, one of several immediate 
early genes that are activated in cells by different stimuli, including postsy
naptic activation. By immunohistochemical staining for Fos, an image of brain 
regions and cell types that participate in the epileptic processes can be 
obtained. There are limitations to the technique: activated neurons may not 
always reveal Fos. With this caveat, after convulsions produced by both 
convulsants, Fos immunoreactivity is observed in all neurons in all laminae 
throughout the cerebral cortex without selectivity for specific laminae, cell 
classes or regions (WILLOUGHBY et a1. 1995, 1997; HISCOCK et a1. 1996, 1998). In 
many seizures the hippocampus is also intensely involved. What is suggested 
by these anatomical studies is that the cortex and, in the excitation-induced 
form of epilepsy, the hippocampus are likely to be important participating 
structures, the hippocampus especially being of interest because it is not nor
mally considered as relevant in human generalized convulsive epilepsy. 

IV. Electrophysiological Distribution of Convulsions: 
Cortex and Brain Stem 

It has recently become practicable to explore the distribution of seizure activ
ity and the underlying preictal EEG states by analysing digitized records and 
using comprehensive mathematical/statistical methods. These methods permit 
the simultaneous analysis of both EEG frequencies and directions of propa
gation of rhythms between structures. 

An examination of a wide range of frequencies (to over 100Hz) in the 
hippocampus and cortex reveals different changes in the two pharmacologi
cal models referred to above. With excitation-induced epileptogenesis, there 
is a progressive development of more intense high frequency (above 30Hz) 
rhythms out of the background state until non-convulsive discharges occur, 
during which stages low frequencies (below 20Hz) also arise and increase in 
intensity. These non-convulsive discharges are presumptively a precondition 
to seizures. Eventually, a motor convulsion is manifested with only a small 
increase in very high frequency activity (above 100Hz), without significant 
change in other frequencies in the cortical EEG (Fig.7 - MEDVEDEV et a1. 
1998). In inhibition-blocked seizures. there is doubtfully significant 
intensification of the background EEG at high frequencies (above 30Hz) 
which precedes episodes of non-convulsive discharges associated with 
myoclonic jerks and, later. the convulsive EEG activity. The EEG in convul
sive seizures induced by inhibition-blockade reveals the same changes evident 
with the non-convulsive discharges but at higher intensity, together with 
increased EEG frequencies at very high rates (above 100Hz). The findings in 
both seizure types therefore point to the presence of intensified EEG rhythms 
in non-convulsive EEG discharges and qualitatively little change accompany
ing the convulsion. Because the cortical EEG is little different in non-convul
sive discharges and convulsive discharges. the convulsive motor mechanism is 
possibly located elsewhere than in the cortex. 
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Fig. 7. Power spectra from cortex and hippocampus during excitation-induced epilep
togenesis to show enhanced 40 Hz rhythms in background EEG, with further increases 
in power of frequencies up to at least 100Hz in non-convulsive and convulsive dis
charges. The spectra from non-convulsive and convulsive discharges are little different, 
suggesting that the motor convulsion is mediated through the involvement of other 
structures than the cortex and hippocampus. The asterisk indicates much-enhanced fre
quencies in cortex and hippocampus. Note that the power is shown against a log scale, 
so that the increase in power of 40 Hz frequencies during discharges is approximately 
lOO-fold, in comparison to approximately 10-fold increases in power of other frequen
cies. There is also an increase in power around 30--40 Hz caused by the convulsant, 
before any discharge occurs. (From MEDVEDEV et a1. 1998) 

Of special interest from the EEG analysis studies of activation-induced 
convulsions is the observation (Fig. 7) of more large increases in the power of 
background rhythms in the 30-100 Hz frequency range, often the peak power 
increase being close to 40 Hz. The presence of intensified 40 Hz rhythms is 
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especially notable because bursts of neuronal activity in rhythms of this fre
quency range have been proposed as integral to aspects of consciousness, to 
be discussed below (Sect. D.V). Furthermore, determination of the direction 
of flow of electrical signals through the brain during the non-convulsive dis
charges has shown that the frontal cortex leads fast frequencies in other 
regions after blockade of inhibition (MEDVEDEV et al. 1996) and that the hip
pocampus leads fast frequencies after the administration of excitatory con
vulsants (MEDVEDEV et al. 1998; MEDVEDEV and WILLOUGHBY 1998). The slow 
frequencies are more variable in origin, most often arising first in the frontal 
cortex, but later in the hippocampus or rarely in other cortical areas. Finally 
and importantly, during the convulsive discharges, the same brain regions have 
similar influences on EEG rhythms at different frequencies as they do during 
the non-convulsive discharges. Thus, impressive increases in the intensity of 
EEG frequencies occur during both non-convulsive and convulsive states 
and the rhythms in different regions may be driven by the same structures as 
those generating the non-convulsive discharges. This finding also suggests that 
these brain regions may not be subserving the convulsive component of the 
seizure. 

Recording, stimulation and lesion studies suggest that brain stem (mes
encephalic or pontine) structures mediate motor convulsions. For example, by 
using multi-unit recording techniques, high frequency rhythms in the mesen
cephalon and pontine nuclei have been identified in baboons which are the 
subject of photo-convulsive jerks or seizures (SILVA-BARRAT et al. 1986). 
The magnitude of the response as well as its critical timing (lying between the 
latencies to reach increased neuronal activity in visual and motor structures) 
both suggest an important mediation of the motor output by these pontine 
and mesencephalic structures. Lesions of brain stem regions in rats demon
strate an interference in the expression of generalized seizures initiated by 
various stimuli (BROWNING 1985, 1994). Finally, electrical stimulation of the 
brain stem can produce tonic seizure activity (BURNHAM 1985; GALE 1992; 
MATON et al. 1992), even in animals subjected to rostral midbrain transection. 
Thus, there is convincing evidence of the importance of brain stem structures 
in the expression of the motor convulsions in quite disparate models of gen
eralized epilepsy, evidence that is likely to be relevant to understanding the 
process of generalized convulsions in humans. 

V. Human Studies: Predisposing Brain Processes and a Synthesis 

The existence of "40 Hz EEG oscillations" or oscillations, normal population 
discharges proposed to be the binding mechanism for coherent assemblies of 
cortical neurons in some forms of mental processing (ENGEL et al. 1992), 
makes it likely that the frequencies observed in the pharmacological epilepsy 
models are highly synchronized normal neuronal rhythmic bursting phenom
ena. In humans, there are many physiological situations or near physiological 
conditions that can provoke convulsions: photic stimulation, calculation, chess, 
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reading, music, manipulating (RITACCIO 1994), some of which processes are 
known to evoke 40Hz oscillations (ENGEL et al. 1992; DESMEDT and TOMBERG 
1994; GEVINS et al. 1994; PULVERMULLER 1996). 

Convulsions in response to such physiological stimuli might therefore be 
subserved by 40 Hz hyperresponsivity associated with the presence of that 
specific stimulus in prone individuals. Possibly also relevant in this context is 
the repeatedly confirmed observation in psychiatric wards that electrical stim
ulation of the frontal cortex during electroconvulsive therapy induces a con
vulsion lasting 1 min with a non-destructive 40-90Hz stimulus lasting less than 
1 s (SACKEIM et al. 1994). It may be asked how is it that benign stimuli produce 
such impressive, whole brain responses. Alternatively, perhaps, these provoca
tions may simply indicate how easy it is for the normal brain to become syn
chronized and, therefore, convulsive. 

Arousal also plays a triggering role especially in absences (INOUYE et al. 
1990) and in convulsive epilepsy on awakening (NIEDERMEYER 1996). 
NIEDERMEYER (1996) has proposed that mildly arousing stimuli, insufficient 
to result in cortical desynchronization but enough to cause a cortical 
evoked potential in the setting of a mildly reduced state of cortical vigilance 
(drowsiness), lead to widespread cortical synchronization. As discussed by 
NEIDERMEYER, synchronization of cortical activity and suppression of fast activ
ity occurs during states of drowsiness. Any excitatory stimulus applied at 
this stage of drowsiness is likely to meet a large population of neurons that 
is unstimulated and therefore ready to be activated, thus allowing the 
immediate initiation of regionally synchronized cortical activity that can 
propagate. 

The following scheme of the pathophysiology of generalized convulsive 
epilepsy can therefore be proposed. The underlying disturbance, presumably 
a slight increase in neuronal excitability or reduction in neuronal inhibition, 
leads to an increased strength of normal neuronal activities including syn
chronization. As a consequence of increased synchronization of normal neu
ronal bursting, sometimes enhanced by physiological stimuli, there will be 
stronger activation and synchronization of cortical regions and thus more 
potent spread of the process, especially in the absence of competition from 
ongoing non-synchronized activity in cortical areas to be invaded. With pro
gressively increasing cortical synchronization, activation of subcortical struc
tures through descending projections might be the main event converting 
non-convulsive disturbances into a sustained tonic motor convulsion or allow
ing the emergence of clonic activity. 
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CHAPTER 4 

Epileptogenesis: Biochemical Aspects 

B. JARROTT 

A. Introduction 
Epilepsies are defined as disorders of neuronal excitability characterized by 
periodic and unpredictable occurrences of seizures, while "seizures" are 
defined as transient changes of behaviour due to the disordered, synchronous, 
and rhythmic firing of populations of central nervous system neurons 
(McNAMARA 1994). These disorders of neuronal excitability can remain local 
or spread to other sites or engage all cortical regions simultaneously. Epilep
togenesis could be defined as the molecular or cellular events producing the 
transient, disordered firing of a subpopulation of neurons in a key region of 
the brain, resulting in periodic seizures. A widely held view is that these 
seizures are caused by an abnormality in the major neurotransmitter systems 
of the brain such as excessive activity of the excitatory transmitters or 
impaired activity of the inhibitory transmitters, or a combination of both. 
However, the marked heterogeneity of syndromes (up to 50) diagnosed as 
epilepsy makes it most unlikely that there is a singular biochemical disorder 
that results in epileptogenesis. Furthermore, seizures set in motion a cascade 
of complex molecular and genomic changes, including changes in gene expres
sion, sprouting of fibres, establishment of new synaptic contacts, alterations in 
expression of transmitters, modification of receptor expression, etc., that may 
contribute to the abnormally increased neuronal excitability and be responsi
ble for a seizure-induced neuronal lesion. It is also recognized that epilepsy is 
an ongoing process in which repeated seizures may have an important impact 
on the brain and on the progression of the disorder. Thus it is essential that 
research should focus on understanding the biochemical basis of epileptoge
nesis since this should lead to the rational design of drugs both to prevent the 
development of epilepsy after insults such as head injury, brain tumours or 
febrile seizures, and also to minimize hyperexcitability at an existing epilep
togenic focus which may be the result of a genetic disorder. 

B. Methods for Studying Epileptogenesis 

I. In Humans 

1. Imaging Techniques 

Technologies such as positron emission tomography and magnetic resonance 
imaging have had a dramatic impact on the evaluation for surgery of patients 
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with intractable epilepsy and are now providing valuable insight into epilep
togenesis through non-invasive, longitudinal studies (JACKSON and CONNELLY 
1996; ThEODORE 1996; KUZNIECKY 1997). Neurotransmitter receptors and 
transmitters such as y-aminobutyric acid and glutamate can now be imaged 
with satisfactory resolution in epileptic patients and compared to controls (see 
Sect. C.L2). 

2. Neurophysiological Studies on Cortical Slices Maintained In Vitro 

The increasing use of surgery to resect neocortical tissue containing the epilep
togenic foci of patients whose seizures are resistant to pharmacological 
management, has provided a means for studying the neurophysiological, 
anatomical and neurochemical alterations in fresh human tissue. AVOLI and 
WILLIAMSON (1996) have comprehensively reviewed such published studies 
with human material. While the data are very interesting, these authors con
cluded that they have not yet revealed any definite cellular mechanism that 
may account for the expression of the epileptiform activity in situ. A major 
problem is access to control cortical slices from healthy subjects. Nevertheless 
such studies need to continue and to be guided by findings from studies of 
brain slices from animal models of epilepsy. 

3. Microdialysis 

The development of a combined micro dialysis/depth electrode probe ('dial
trode') that can be stereotaxically implanted in the hippocampus of patients 
being investigated for their suitability for surgery has allowed chronic studies 
of transmitter efflux before, during and after seizures (DURING and SPENCER 
1993) and has given insight into the biochemical basis of epileptogenesis (see 
Sects. C.I.1, C.L2) 

II. Animal Models 

Animal models of epilepsy have played a key role for many years in both the 
screening and the development of potential anticonvulsant drugs and, more 
recently, in understanding the cellular and molecular basis of epileptogenesis 
(see also Chap. 2). The advantage of animal models is that adequate numbers 
of animals for meaningful statistical analysis can be obtained whilst invasive 
techniques, paying due regard to animal ethics principles, can give much more 
insight into the biochemical basis of epileptogenesis. Although over 50 differ
ent animal models have been reported that cover the multitude of types of 
epilepsy (FISHER 1989), this chapter deals primarily with the following 3 
models: 

1. Kindling 

Kindling is an animal model of complex partial seizures (GODDARD et aI.1969), 
a common form of epilepsy in humans and one that is not well controlled by 
conventional anticonvulsant drugs. Kindling in rats is the process of repeated, 
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intermittent (usually daily) application of subconvulsant electrical stimulation 
to the amygdala, normally with a depth electrode, which eventually induces 
generalized seizures after 15-30 applications. During the course of kindling, 
electrographic seizure activity is localized initially to the limbic areas but even
tually spreads to other areas as seizures become generalized. The stages of 
kindling are classified behaviourally with stage 1 representing orofacial move
ments, stage 2 being head nodding, stage 3 forelimb clonus, stage 4 rearing 
and stage 5 rearing and falling (RACINE 1972). A rat is said to be fully kindled 
when stage 5 seizures are seen. This hyperexcitability is regarded as a perma
nent state that lasts the lifetime of the rat. 

The kindling preparation of GODDARD et al. (1969) has been criticized as 
a model of human epilepsy because it relies on electrical stimulation to evoke 
a stage 5 seizure, whereas spontaneous seizures are a key feature of human 
epilepsy. However, it is not generally appreciated that if rats continue to be 
kindled after stage 5 has been reached, they will eventually develop sponta
neous motor seizures (PINEL and ROVNER 1978), so that the widely held view 
that stage 5 represents the fully kindled state is mistaken. Nevertheless, the 
value of stopping kindling at stage 5, before spontaneous seizures occur, is that 
it is then possible to elicit a seizure when required, with electrical stimulation, 
and thus to separate the temporary biochemical changes due to the seizure 
itself from the biochemical changes due to the stage 5 kindled state many 
weeks after the last seizure. 

2. Kainate Model 

Kainic acid is a potent, long acting glutamate receptor agonist which, after sys
temic or intraventricular or intracerebral injection in rats, induces a syndrome 
similar to acute limbic status epilepticus and causes subsequent neuronal loss 
similar to that in temporal lobe epilepsy in humans (for a review, see SPERK 
1994). This loss leads to a permanent decrease in seizure threshold similar to 
kindling, and kainate-treated rats months later become susceptible to sponta
neous seizures. However, the neuronal loss after kainate is much greater than 
that with amygdaloid-kindling and it is difficult to determine whether the bio
chemical changes seen after kainate are due to the neuronal loss or to the 
epileptogenic state. 

3. Genetic Strains 

Genetic strains of mice, rats, fowl, gerbils and baboons have been used to study 
epileptogenesis as well as to screen for potential anticonvulsant drugs (see 
BUCHHAlTER 1993; NOEBELS 1996). This approach will become more prominent 
and popular with the transgenic expression in mice of mutations in human 
epilepsy genes as they are identified. 

III. Biochemical Techniques 

The plethora of exciting techniques introduced over the last 10 years has shed 
new light on epileptogenesis. The cloning of receptors, enzymes, transporters, 
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nerve growth factors, transcription factors and key structural proteins has 
allowed the application of techniques such as (a) in situ hybridization histo
chemical techniques to visualize the expression of these genes in brain sec
tions, (b) generation of specific antibodies to localize the protein products of 
the genes by immunocytochemistry, (c) site-directed mutagenesis to determine 
the molecular mechanisms of the receptors, enzymes, transporters, growth 
factors, etc., (d) generation of transgenic rodents with null mutations to 
"knock-out" the actions of the cloned gene, and (e) synthesis of "anti-sense" 
oligonucleotides to inhibit the expression of the mRNA of the cloned gene. 
Other biochemical techniques such as high performance liquid chromatogra
phy and radioimmunoassays have permitted the measurement of transmitters 
in the extracellular space of brain nuclei after the stereotaxic implantation of 
micro dialysis probes. The insights that such techniques have given into the bio
chemistry of epileptogenesis are detailed in Sects. C, D, and E of this chapter. 

C. Role of Neurotransmitters in Epileptogenesis 

I. Amino Acids 

1. L-Glutamate 

L-Glutamate and probably L-aspartate are the major excitatory amino acid 
transmitters in the brain and it has been long recognized that either excessive 
release of these excitatory amino acid transmitters or reduction in release of 
inhibitory transmitters leads rapidly to convulsions and death (CURTIS and 
JOHNSTON 1974). 

a) Glutamate Release and Reuptake 

In fully kindled amygdaloid rats, extracellular levels of glutamate and other 
amino acids have been measured after implantation of a micro dialysis probe 
into the amygdala, both before and after an electrically stimulated seizure 
(KAURA et al. 1995). Basal levels of glutamate were elevated two- to threefold 
compared to sham-kindled rats, while a single electrical pulse resulted in a 
five- to sixfold increase in glutamate levels. On the other hand, basal GABA 
levels were significantly reduced by -60%. It should be noted that the amino 
acid levels in the dialysate are the net result of release and reuptake by high 
affinity transporters and that therefore the maximum levels released may be 
much higher than the levels diffusing across the dialysis membrane. Never
theless, the results for the basal release in kindled rats indicate a hyperactive 
state for glutamatergic release which could be due to impaired uptake, coupled 
with reduced release of GABA, a combination which could then initiate 
seizures. 

A variation of this microdialysis technique has been applied to humans 
with complex partial epilepsy by DURING and SPENCER (1993) using a combi
nation micro dialysis/depth electrode ("dialtrode") implanted into each hip-
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pocampus. They found that the extracellular concentration of glutamate 
increased 1.5 min before, and for up to 16.5 min after, a seizure with a maximum 
rise of -500% of basal release in the epileptogenic hippocampus, whereas 
in the non-epileptogenic hippocampus glutamate was increased only from 
1.5 min before to 4.5 min after a seizure and then only by -200%. On the other 
hand, when the dialysate was assayed for GABA, there was a significantly 
higher release from the non-epileptogenic hippocampus (-300%) only at 
1.5 min after the seizure, compared with a -100% value from the epileptogenic 
hippocampus. What was particularly significant and consistent in the six 
patients in this study was that: (a) the rise in glutamate preceded the EEG 
evidence of a seizure, which suggested that glutamate acted as a paracrine 
factor to produce a synchronized EEG population burst; (b) the delayed rise 
in GABA could indicate that it acted as a counter to the glutamate-induced 
excitation; (c) the lowered GABA response from the epileptogenic hippo
campus suggests there may be altered release or reuptake of GABA at this site; 
and (d) the increased extracellular glutamate in the epileptogenic hippo
campus, despite histological evidence of a loss of excitatory neurons, could be 
due to decreased glutamate uptake in this hippocampus. 

More recently, TANAKA et al. (1997) have reported that transgenic mice 
homozygous to the null-mutation in the glutamate transporter gene, GLT-1, 
exhibit a 95% reduction in glutamate uptake into their cerebral cortex synap
tosomes. Furthermore, electrophysiological experiments with hippocampal 
slices from these mice demonstrated that the peak concentration of synapti
cally released glutamate remained elevated in the synaptic cleft for longer 
periods than that recorded in slices from wild-type mice. Not only did these 
transgenic mice die prematurely but also they were observed to experience 
spontaneous seizures characterized by explosive running followed by a per
sistent opisthotonus posture and a Straub tail effect prior to dying a few 
minutes later. Postmortem examination ruled out haemorrhage, cardiovascu
lar failure, ischaemia or major end-organ failure as the cause of death. Inter
estingly, histological examination of the brains of these homozygous mice aged 
4-8 weeks revealed selective neuronal degeneration in the hippocampal CAl 
field in 7 out of 22 animals, which probably reflects individual differences in 
the occurrence of spontaneous seizures. These elegant studies emphasize the 
role of glutamate in causing excitotoxicity, as was first proposed by John Olney 
(see ROTHMAN and OLNEY 1987). On the other hand, it does not necessarily 
mean that epileptogenesis is due to a failure of or deficiency in glutamate 
transporters; rather, that glutamate transporters playa key role in ensuring 
that the concentration of free glutamate in the synaptic cleft is kept low. 

b) Glutamate Receptors 

The receptors for the excitatory amino acids in brain have been divided into 
at least four broad subclasses based upon receptor sensitivity to synthetic ago
nists and antagonists: the three ionotropic SUbtypes: NMDA, AMPA and 
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kainate receptors (NAKANISHI 1992; SOMMER and SEEBURG 1992) and the 
metabotropic G-protein linked receptors (SCHOEPP and JOHNSON 1993). 

a) NMDA Receptors 

These receptors are normally gated by Mg2+ in a voltage dependent manner 
and thus do not normally seem to be involved in low frequency synaptic trans
mission. If isolated rat brain slices are superfused with Mg2+-free medium, this 
relieves the voltage-dependent block of the ion channel component of the 
NMDA receptor and leads to the appearance of spontaneous electrical parox
ysmal events (HORNE et al.1986). Similarly, if slices made from human epilep
togenic neocortex removed during surgery for temporal lobe epilepsy are 
superfused with Mg2+-free medium, seizure-like discharges are recorded that 
resemble the electrographic pattern associated with tonic-clonic seizures and 
which can be antagonized with an NMDA receptor antagonist (AvOL! et al. 
1987). This indicates that NMDA receptors playa role in the genesis of pro
longed epileptiform discharges. 

Furthermore, after amygdala or hippocampal kindling in rats, the NMDA 
receptors in the dentate gyrus become actively involved in synaptic transmis
sion (MODY and HEINEMANN 1987) as studied by intracellular recordings from 
granule cells. These authors concluded that this may underlie the long-lasting 
changes induced by kindling. More refined whole-cell patch clamp and cell
attached single channel recordings of granule cells acutely isolated from 
control and kindled rats by KOHR et al. (1993) showed that kindling affects the 
mean open time of NMDA channels, and their sensitivity to intracellular 
adenosine triphosphate (ATP) , but not their desensitization or single-channel 
conductance. These authors concluded that these alterations reflect a change 
in the molecular structure of NMDA channels and may underlie the mainte
nance of the epileptic state. 

Biochemical studies on hippocampal slices from amygdaloid kindled rats 
also showed long-lasting enhanced responses to NMDA as measured by 
NMDA receptor-mediated inhibition of agonist-stimulated phosphoinositide 
hydrolysis (MORRISETT et al. 1989). This laboratory then demonstrated a selec
tive and long-lasting (1 month) increased sensitivity to NMDA-evoked depo
larizations in CA3 pyramidal cells of the hippocampus of kindled rats (MARTIN 
et al. 1992). This was followed up by a complementary biochemical study 
(KRAUS et al. 1994). In this study, radioreceptor NMDA assays on microdis
sected regions (CAb CA3 and fascia dentata) of the hippocampus of rats 28 
days after the last kindled seizure showed a 2.8-fold increase in the Bmax (the 
maximum number of binding sites) only in the CA3 region using 3H-CPP but 
no change using 3H-CGS 19755, another NMDA receptor antagonist. Fur
thermore, in situ hybridization histochemistry with riboprobes of NMDA 
receptor subunit genes (NMDAR1, NR2A, NR2B, NR2C, NR2D and GBP) 
were not altered by kindling. Thus KRAUS et al. (1994) concluded that a novel 
NMDA receptor subtype may be responsible for the increased sensitivity of 



Epileptogenesis: Biochemical Aspects 93 

CA3 neurons to NMDA in kindled rats. A similar result and conclusion was 
reached by PRATT et a1. (1993), viz. that maintenance of enhanced seizure sus
ceptibility in kindling is not due to altered expression of major NMDA recep
tor subunits, although a post-translational modification of the NMDA receptor 
would be an alternative possibility. 

Pharmacological studies have also provided evidence that amygdaloid 
kindling in rats alters the susceptibility of NMDA receptors to their antago
nists. Thus, the competitive NMDA receptor antagonists, CGP 37849 and CGP 
39551, as well as the non-competitive antagonist, dizocilpine (MK-801), which 
were potent anticonvulsants against maximal electroshock seizures in naive 
rats, exerted only weak anticonvulsant effects in fully kindled rats and did not 
increase the focal seizure threshold (LOSCHER and HONACK 1991). Further
more, these NMDA receptor antagonists produced untoward, stereotypic 
behavioural responses in kindled rats that were not seen in non-kindled rats. 

In human epileptic hippocampus slices after surgical resection, ISOKAWA 
and LEVESQUE (1991) used intracellular recordings of excitatory postsynaptic 
potentials to find an elevated NMDA response in dentate granule cells to per
forant path stimulation. These authors suggested that activation of previously 
dormant NMDA receptors in pathologic neurons may be a mediator for 
epileptogenic synaptic transmission and associated neuronal degeneration. 

f3) AMPA/Kainate Receptors 

Recent studies with the GluR3 subunit of the AMPA/kainate subclass of 
receptors have suggested that autoantibodies to this subunit could playa key 
role in the epileptogenesis which is characteristic of Rasmussen's encephali
tis, a rare, progressive, catastrophic disease affecting previously normal chil
dren (ROGERS et a1. 1994, 1996). A fortuitous observation was made that rabbits 
immunized with peptide sequences of GluR3, but not other glutamate recep
tor subunits, developed seizures and had early histopathological changes in the 
brain characteristic of Rasmussen's encephalitis. When these rabbit im
munoglobulins were isolated and tested on isolated brain slices, rapid and 
reversible depolarizing responses were seen that could be blocked by the 
AMPA receptor antagonist, 6-cyano-7 -nitroquinoxaline-2,3-dione (CNQX), 
but not the NMDA receptor antagonist, dizocilpine (TWYMAN et a1. 1995). It 
was suggested that in Rasmussen's encephalitis, there may be a breakdown in 
the blood-brain barrier (as a result of injury or infection) which allows pre
sentation of GluR3 antigen to the immune system for subsequent develop
ment of autoantibodies which then gain access to the brain and persistently 
activate the AMPA/kainate receptors on cortical or hippocampal neurons to 
cause epilepsy and/or excitotoxicity. This fits with clinical data showing some 
amelioration of seizures in affected children after plasma exchange, which sug
gests circulating GluR3 autoantibodies may have been removed (ANDREWS 
and McNAMARA 1996). It also explains why hemispherectomy is effective, viz. 
that the affected cortex with its focal disruption of the blood-brain barrier that 
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allowed access of the autoantibodies to the antigenic AMPA/kainate recep
tors is removed. Hopefully, a better understanding of this autoimmune disor
der will lead to a less drastic treatment option. 

Electrophysiological studies have shown that AMP A receptors in the open 
state gate only the entry of Na+ and not Ca2+. Molecular biology experiments 
have revealed that this selectivity is due to a key arginine residue at position 
586 on the GluR2 receptor subunit. This is not gene encoded but is post
transcriptionally introduced by site-selective adenosine deamination. BRUSA 
et al. (1995) have bred transgenic mice with an editing-deficient GluR2 allele 
that then express AMP A receptors with increased Ca2+ permeability. After 2 
weeks postnatal development, these mice develop spontaneous and recurrent 
seizures and became progressively agitated with excessive jumping and 
running fits. All mice died by day 20 and postmortem analysis of their brains 
showed selective neuronal degeneration in the hippocampal CA3 field with an 
absence of glial reaction. No other pathological features were seen. This exper
imental model of epilepsy raises the possibility that some human familial 
epilepsies could arise through aberrant expression of unedited GluR2 subunits 
in the hippocampus. 

i> Metabotropic Glutamate Receptors 

It is now recognized that this is a family of G-protein coupled receptors 
(SCHOEPP and JOHNSON 1993) and that these receptors could playa role both 
in the development of the electrically kindled state in rats and also in the ini
tiation of seizures in fully kindled rats (ATTWELL et al.1995). This view is based 
on studies by these workers showing that the selective agonist, ACPD, when 
directly injected daily into the amygdala, inhibited the development of epilep
togenesis beyond stage 2 (Racine's classification of electrical kindling), 
whereas rats injected with vehicle progressed to stage 5 (generalized seizure) 
over the same time period. On the other hand, in fully kindled rats, ACPD 
dose-dependently increased the generalized seizure threshold and decreased 
motor seizure duration after injections into the amygdala. Biochemical studies 
with cortical synaptosomes showed that ACPD was potent in inhibiting the 
depolarization-induced release of glutamate or aspartate via an action on 
presynaptic met abo tropic receptors. These authors therefore suggested that 
glutamate-mediated excitation was a major influence in the development of 
kindling and the initiation of seizures in this rat model of complex partial 
seIzures. 

2. GABA 

a) GABA Synthesis and Storage 

yAminobutyric acid (GABA) is the principal inhibitory neurotransmitter and 
exerts a hyperpolarizing action in all forebrain neurons. Neurons that store 
GABA can now be localized by immunohistochemistry with reasonable 
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specificity in brain sections after fixation using polyclonal or monoclonal anti
bodies (SCHIFFMANN et al. 1988; LEHMANN et al. 1996). They can also be local
ized by staining with antiserum directed against glutamate decarboxylase, the 
enzyme that synthesizes GABA (SCHWARZER and SPERK 1995). These studies 
have shown that GABA is present in many interneurons or local circuit 
neurons in the central nervous system as well as in long projecting neurons 
such as striato-nigral, nigro-thalamic or cerebellar Purkinje-olivary neurons. 
More important, immunohistology studies have shown that other putative 
transmitter candidates such as neuropeptides are present in GABAergic 
neurons. 

Ever since the discovery of the powerful inhibitory actions of GABA in 
the brain by Eugene Roberts in 1950, it has been postulated that epileptic 
seizures would result if GABAergic function was impaired (ROBERTS 1984). 
Similarly, LLOYD et al. (1985) reported significant decreases in glutamate decar
boxylase activity, the enzyme that synthesizes GABA from glutamate, as well 
as reduced GABA binding, in resected samples of epileptogenic human 
cortex. However, subsequent studies with epileptogenic human hippocampus 
using immunohistochemical localization of glutamate decarboxylase showed 
that neurons containing this enzyme were relatively unaffected by the hip
pocampal sclerosis typical of temporal lobe epilepsy and even appeared to be 
resistant to the pathogenic mechanisms responsible for sclerosis and focal 
seizures (BABB et al. 1989). On the other hand, using the temporal cortex 
removed from patients with intractable temporal lobe epilepsy, MARCO et al. 
(1996) carried out a comprehensive immunohistochemical mapping study 
using antisera directed against (a) glutamate decarboxylase, (b) parvalbumin 
and (c) glial fibrillary acidic protein. They found multiple small regions with 
abnormal patterns of decreased immunostaining for glutamate decarboxylase 
and parvalbumin which were never seen in cortex from controls. The most con
spicuous and common change was a loss of GABAergic chandelier interneu
rons which normally exert powerful regulation of impulse generation in 
cortical pyramidal neurons. 

A novel, non-invasive technique, nuclear magnetic resonance spectro
scopic editing, allows the serial measurement of GABA levels in regions of 
human brain such as the occipital lobe (PETROFF et a1. 1996a). These workers 
compared GABA levels in the occipital cortex of patients with complex partial 
seizures with those in age-matched subjects without a history of seizures. The 
former group had levels that were 13% lower than the latter group. Interest
ingly, there were significant associations between low brain GABA levels in 
epileptic patients and recent seizures and, conversely, between high brain 
levels and patients whose seizures were well controlled. This exciting tech
nique has also proved ideal for studying serial changes in brain GABA levels 
in epileptic patients treated with drugs such as vigabatrin (PETROFF et al. 
1996b). The results with this imaging technique in conscious patients are con
sistent with the immunohistological data showing a loss of GABA interneu
rons in resected cortical tissue obtained by MARCO et al. (1996: see above). This 
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raises the issue of whether delivery of exogenous GABA into brain areas 
would reduce or prevent epileptic seizures, by analogy with the strategy of ele
vating the dopamine levels in the striatum of parkinsonian patients whose 
dopaminergic neurons have become depleted below a threshold number. Pre
liminary studies with a polymer that releases GABA implanted bilaterally 
dorsal to the substantia nigra in amygdaloid-kindled rats, showed that seizures 
were suppressed significantly whilst the polymer was releasing GABA 
(KOKAIA et al. 1994). Unfortunately, the polymer was able to release sufficient 
GABA to have a marked anticonvulsant effect for only 2-3 days. Obviously, 
a much longer-acting polymer delivery technology needs to be developed 
before this approach could be considered for therapeutic trials. 

b) GABA Transporters 

Microdialysis probe studies in humans with temporal lobe epilepsy by DURING 
et al. (1995) have shed interesting light on the role of GABA in the hip
pocampus. A probe was implanted in both the epileptic hippocampus and the 
homotopic site of the contralateral hippocampus. Studies were carried out at 
least 7 days after implantation and a minimum of 24 h after the last seizure. 
DURING et al. (1995) found that the basal GABA concentration was similar in 
dialysates from both probes but that high K+ (56mM), Ca2+-dependent release 
of GABA was significantly greater in the epileptogenic hippocampus than in 
the normal hippocampus (32-fold versus 14-fold respectively).On the other 
hand, the local perfusion with exogenous L-glutamate (5 mM) induced a 4.6-
fold increase in GABA in the dialysate from the non-epileptogenic 
hippocampus compared with a non-significant increase (1.7-fold) in the epilep
togenic hippocampus. Parallel studies in amygdala-kindled rats gave similar 
results and further studies with these rats indicated both that glutamate
induced release was mediated by a GABA transporter and that this glutamate
impaired release of GABA after amydgaloid kindling was due to a decrease 
in the number of GABA-transporters in the hippocampus (DURING et al. 
1995). These authors proposed that during periods of intense neural excita
tion, the release of GABA may be mediated in part by the GABA transporters 
(i.e. non-vesicular release) and that this diffusely increases inhibitory tone. The 
hypothesized loss of GABA transporters in human temporal lobe epilepsy 
would diminish this alternate release mechanism for GABA and thus neuronal 
hyperexcitability would predominate, leading to a seizure. 

c) GABA Receptors 

a) GABAA Receptors 

GABAA receptors comprise a family of ligand-gated ion channels which 
consist of a heteropentameric protein that allows the passage of Cl- into the 
neuron in the presence of GABA. The subunits are related but distinct as they 
are coded by different genes (OLSEN and TOBIN 1990; SMITH and OLSEN 1995). 
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Molecular biology studies have shown that there are at least six ex subunits, 4 
[3, 4 Y, 1 8 and 2 p subunits, with splice variants of some as well. Thus, mathe
matically there are a large number (hundreds) of possible permutations for a 
pentameric subunit ion channel (SIGEL et al. 1990), and these could differ in 
sensitivity to modulators such as benzodiazepines or neurosteroids, although 
biochemical studies suggest there are 12-24 isoforms which are sufficiently 
abundant to have a physiological role. 

Amygdaloid kindling in rats leads to a long-term decrease in neuronal sen
sitivity to applied GABA in dorsal raphe neurons which is still measurable 3 
months after the last stage 5 seizure as recorded electrophysiologically (HER
NANDEZ and GALLAGER 1992). While an obvious deduction would be that this 
may be due to altered expression of GABAA receptor subunits, a compre
hensive analysis of the expression of 13 different GABAA subunits in rat brain 
sections by in situ hybridization histochemistry (KAMPHUIS et al. 1995) showed 
few long-term changes 1 month after the last seizure in fully kindled rats. Only 
a decrease in the long-splice 12 subunit was found in the pyramidal and gran
ular neurons of the hippocampus although prominent enhanced changes in 
subunit expression were seen at the early stages of kindling acquisition. These 
authors suggested that the long-lasting impaired neuronal sensitivity to 
GABA might be due to modified receptor phosphorylation. This is a reason
able hypothesis given that in vitro biochemical studies have shown that protein 
kinase C is able to phosphorylate GABAA [3 and 12 subunits, and this results 
in a negative modulation of membrane currents in isolated cultured neurons 
(KRISHEK et al. 1994). 

In the strain of the genetic absence epilepsy rat of Strasbourg (GAERS), 
the [32 and f33 GABAA subunits were reduced in frontal neocortex and ante
rior thalamic nuclei. This correlated with reduced binding of the benzodi
azepine ligand, 'H-flunitrazepam (SPREAFICO et al. \993). 

[3) GABAB Receptors 

GABAB receptors are located primarily on presynaptic GABA terminals in 
brain where they function as autoreceptors to decrease GABA release once 
the concentration of GABA builds up in the synaptic cleft. In contrast to 
the GABAA receptor, the GABAB receptor is a 7-transmembrane spanning 
protein that is coupled via a GTP-binding protein to a K+ channel or adeny
late cyclase, so that stimulation by GABA causes an increase in K+ conduc
tance and a hyperpolarizing response which reduces release of the transmitter. 
The typical GABAB receptor selective agonist is baclofen. while the most 
selective antagonists are phaclofen and CGP-353348. 

Studies have shown that intracortical injections of baclofen in rats induces 
epileptogenic discharges, and phaclofen and CGP-355348 antagonize this 
action of baclofen (BRAILOWSKY et al. 1995). It is possible that the epilepto
genic action of baclofen could be due to release of aspartate and activation of 
NMDA receptors in the hippocampus. 



98 B. JARROIT 

The inbred genetic mouse strain, lethargic (lhflh), which has a single-locus 
defect on chromosome 2, exhibits spontaneous seizures that have behavioural 
and electrographic features of absence seizures in humans. Baclofen sig
nificantly increases seizure frequency in lhllh mice but at the same dose in 
wild-type mice only causes sedation, which suggests that baclofen is not merely 
acting as a proconvulsant (HOSFORD et al.1992). Furthermore, CGP-35348 pro
duces a dose-dependent reduction in seizure frequency in lhllh mice. Addi
tionally, receptor binding assays show a significant increase (26%) in the 
density of GABAs receptors, but not in GABAA- or NMDA-receptors, in neo
cortical membranes prepared from these mice, and also show synaptically 
evoked GABAs receptor-mediated inhibition of NMDA excitatory postsy
naptic potentials in the CAl region of hippocampal slices from lhflh mice. 
Autoradiographic localization of GABAs receptors in these mice brains also 
showed increased binding throughout the thalamic nuclei (HOSFORD 1995). 
This author also suggested that thalamic relay neurons are endowed with 
voltage-dependent T-type Ca2+ channels with the capacity to undergo burst
firing. After activation by GABA released by GABAergic inputs from toni
cally active nucleus reticularis thalami neurons, T-channels are quickly 
inactivated and they require lengthy hyperpolarization to remove their inac
tivation (a process called deinactivation). Thus, in this strain of mice, GABAs 
receptors playa role in the epileptogenesis of absence-like seizures, possibly 
by de inactivating T-type Ca2+ channels and triggering a synchronous burst 
firing of thalamic neurons. 

II. Biogenic Amines 

The biogenic amines, noradrenaline, dopamine, 5-hydroxytryptamine and 
acetylcholine, are now well accepted as neurotransmitters in the central 
nervous system. Pharmacological manipUlation of levels of noradrenaline, 5-
hydroxytryptamine and acetylcholine in the central nervous system influences 
seizure frequency or intensity. Thus it has been suggested that epileptogene
sis may be due to altered aminergic neurotransmission in the central nervous 
system. 

1. Noradrenaline 

It is now established that noradrenergic mechanisms in the brain modulate 
and reduce epileptic discharges induced by a variety of chemical methods or 
by electrical kindling. In the case of amygdaloid kindling in rats, depletion of 
forebrain noradrenaline by reserpine markedly facilitates the rate of kindling 
development but, in contrast, depletion of noradrenaline after kindling has 
been established does not exacerbate kindled seizures (WESTERBERG et al. 
1984). Pharmacological studies with selective adrenoceptor drugs have shown 
that the aradrenoceptor agonist, clonidine, dose-dependently suppressed kin
dling development in rats while treatment with lXz-adrenoceptor antagonists 
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(idazoxan, yohimbine) facilitated kindling development but neither type of 
drug modified seizures elicited in previously kindled rats (GELLMAN et al. 
1987). Thus the exogenous aradrenoceptor agonist, clonidine, and presumably 
the endogenous aradrenoceptor agonist, noradrenaline, exert antiepilepto
genic but not anticonvulsant actions in this animal model. On the other hand, 
the f3-adrenoceptor antagonist propranolol significantly retarded the develop
ment of the fully kindled state in rats (KOKAIA et al. 1989a) 

In particular, considerable evidence has shown that locus coeruleus nora
drenergic neurons act to dampen epileptic activity in the brain (CHAUVEL and 
TROTTIER 1986). Pharmacological manipulation indicated that it was nora
drenaline rather than dopamine that modulated seizure activity. In fully 
kindled rats with a microdialysis probe in the hippocampus, basal release of 
noradrenaline was reduced. This supports the hypothesis that attenuation of 
noradrenergic neurotransmission contributes to the kindling phenomenon 
(KOKAIA et al. 1989b). However, an electrically induced seizure gave a -three
fold rise in noradrenaline levels in the stimulated hippocampus within the first 
minute, which was similar to the response to seizures in non-kindled rats, sug
gesting that the noradrenergic pathways in the kindled hippocampus are still 
functional. Destruction of the noradrenergic forebrain neurons in rats using 
the chemical neurotoxin 6-hydroxydopamine markedly facilitates the rate of 
kindling to stage 5; conversely, bilateral implantation of locus coeruleus grafts 
into the hippocampus or piriform cortex of 6-hydroxydopamine-treated rats 
retards the development of kindling, an effect probably due to the noradren
ergic neurons in the graft reinnervating the dorsal hippocampal formation 
(BARRY et al. 1989). Functional studies with intracerebral microdialysis probes 
in the hippocampus of 6-hydroxydopamine-treated rats after locus coeruleus 
grafts showed that there was a -threefold increase in noradrenaline release 
during electrical kindling seizures, which was similar to the release in the 
hippocampus of control rats (KOKAIA et al. 1989b; BENGZON et al. 1990). 
Furthermore, the seizure-suppressant actions of intra-hippocampal locus 
coeruleus grafts were blocked by administration of the aradrenoceptor antag
onist idazoxan before each kindling stimulation. These results suggest that 
noradrenaline released from locus coeruleus grafts inhibits kindling via acti
vation of a2-adrenoceptors (BENGZON et al. 1990). Electrophysiological exper
iments (STANTON et al. 1989) on hippocampal slices from fully kindled rats 
showed that noradrenaline's normal action, which is to depolarize dentate 
gyrus granule cells, increase input resistance, firing and Ca2+ influx in response 
to repetitive stimulation and long-lasting potentiation of synaptic potentials, 
was markedly reduced. These reduced responses were probably due to down
regulation of both al- and f31-adrenoceptors. It is interesting that a decrease 
in al-adrenoceptor binding sites was found in "actively spiking" temporal lobe 
tissue resected from epileptic patients (BRIERE et al. 1986). 

JOBE et al. (1994) have reviewed the evidence for the role of noradrener
gic neurotransmission in the seizure predisposition of genetically epilepsy
prone rats (GEPR). They concluded that a deficit in noradrenaline levels and 
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turnover in the superior colliculus and/or ventrally adjacent regions acted as 
a determinant not only of seizure susceptibility but also of exaggerated seizure 
responsiveness and of deficient seizure thresholds in this rat strain. However, 
they cautioned that other neurotransmitter systems could also be involved in 
the predisposition to seizures. 

2. 5-Hydroxytryptamine 

In the case of the genetically epilepsy-prone rat (GEPR), sertraline, a highly 
selective and potent inhibitor of neuronal uptake of 5-hydroxytryptamine, pro
duced a dose-dependent reduction in the intensity of audiogenic seizures and 
increased the extracellular levels of 5-hydroxytryptamine in the thalamus as 
assessed by micro dialysis (YAN et al. 1995). This action countered the deficien
cies in endogenous 5-hydroxytryptamine in the midbrain of these rats. 

3. Acetylcholine 

The basal forebrain cholinergic neurons have been implicated in the mecha
nisms of kindling since muscarinic antagonists (atropine) and atropine plus 
the nicotinic antagonist (mecamylamine) retard the development of amyg
daloid kindling, while local injections of cholinergic agonists into the brain 
result in seizures. Furthermore, muscarinic cholinoceptors are downregulated 
during amygdaloid kindling, suggesting that there is increased acetylcholine 
release during kindling. On the other hand, destruction of cholinergic neurons 
in the hippocampus and neocortex markedly facilitates the initial stages of 
seizure development, but not the progression from focal to generalized 
seizures (KOKAIA et al. 1996). 

Genetic Absence-Epilepsy Rats of Strasbourg (GAERS), which are 
derived from the Wistar rat strain, exhibit spontaneous bilateral and synchro
nous spike-and-wave discharges during quiet wakefulness but almost never 
during active behaviour and sleep. The frontoparietal cortex and relay nuclei 
of the ventrolateral part of the thalamus are critical in the generation of 
absence seizures (DANOBER et al. 1995). The activities of these structures are 
under the control of ascending cholinergic neurons originating in the nucleus 
basalis and the mesopontine cholinergic nuclei. Excitotoxic lesions of the 
nucleus basalis irreversibly suppressed absence seizures, presumably because 
of depletion of cortical cholinergic innervation producing a reduction of cor
tical excitability (DANOBER et al. 1994). 

Biochemical studies of cholinergic markers (choline acetyl transferase and 
acetylcholinesterase) in human lateral temporal cortex removed to treat 
intractable epilepsy have shown modest increases (-25%) in areas of actively 
spiking cortex compared with non-spiking areas (KrsH et al. 1988). These 
authors suggested that this represents sprouting of cholinergic nerve terminals 
in the spiking areas, but immunocytochemical evidence is required to confirm 
this hypothesis. 
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Autosomal dominant nocturnal frontal lobe epilepsy is a partial epilepsy 
which causes frequent, violent but brief seizures at night. STEINLEIN et al. 
(1995) have studied an Australian family with this disorder and found a 
missense mutation in the neuronal nicotinic acetylcholine receptor. This 
abnormality was in the a4 subunit, where a serine residue was replaced by a 
phenylalanine residue in the second transmembrane domain of this ionotropic 
receptor, resulting in impaired nicotinic cholinergic function. As cholinergic 
transmission is particularly active during sleep, impaired transmission in sub
jects with this mutation could be the molecular basis of their epileptogenesis. 

III. Neuropeptides 

It is now recognized that there are at least 40 diverse classes of peptides in the 
brain that are: (a) localized in subpopulations of neurons that contain the clas
sical neurotransmitters such as glutamate, G ABA, and biogenic amines, (b) 
processed in cell bodies from large protein precursors and packaged into vesi
cles for transport by axoplasmic flow to terminals, (c) preferentially released 
at high frequencies of nerve stimulation (>10 Hz), and (d) interact with specific 
receptors on postsynaptic neurons where they have potent depolarizing or 
hyperpolarizing effects (HOKFELT 1991). These are the criteria that suggest a 
neurotransmitter function for these neuropeptides. although the general view 
is that these neuropeptides probably function as neuromodulators rather as 
primary transmitters since they do not appear to be released at low frequency 
nerve firing and nerve terminals have no mechanisms for conservation of neu
ropeptide stores such as active reuptake into the nerve terminal after trans
mitter release or local synthesis. These are essential mechanisms for 
conservation of the classical amino acid and biogenic amine transmitters. 
Another view of the role of neuropeptides in the brain is that they function 
as "volume" transmitters rather than as "point to point" transmitters across 
synapses, unlike the classical amino acid transmitters (AGNAIl et aI.1995). This 
view is based on the fact that there is no mechanism for the rapid inactivation 
of some neuropeptides at the synaptic junction, unlike the situation for the 
classical transmitters; hence these neuropeptides are able to diffuse consider
able distances from their point of release after high frequency stimulation, 
thereby interacting with their receptors on many other neurons (DUGGAN 

et al. 1990). 
Many papers have now reported alterations in neuropeptides in the hip

pocampus and other limbic regions after experimental seizures in laboratory 
animals. It appears that these changes depend upon whether the seizures were 
induced either by conventional amygdaloid kindling or fast kindling or kainate 
injections or by status epilepticus methods. It is essential in these studies that 
the time courses be determined since many changes in peptide levels may 
simply be a consequence of a seizure rather than a key neurochemical com
ponent of epileptogenesis. 
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SCHWARZER et al. (1995, 1996) have recently reviewed the published liter
ature on neuropeptide changes in limbic regions of rats after a variety of 
induced seizures (kainic acid, fast kindling and status epilepticus). It could be 
concluded that the key neuropeptides involved in epileptogenesis are the fol
lowing: neuropeptide Y, somatostatin, cholecystokinin and dynorphin. 

1. Neuropeptide Y 

In the hippocampus of rats, neuropeptide Y is present in a sub population of 
hilar interneurons which also are immunoreactive for somatostatin and 
GABA. These neurons degenerate after kainate-induced seizures, whereas 
basket cells in the dentate gyrus which also stain for GABA and neuropep
tide Y survive these seizures (SPERK et al. 1992). Interestingly, glutamatergic 
excitatory mossy fibres arising from the granule cells of the dentate gyrus do 
not contain neuropeptide Y constitutively, but express high levels of neu
ropeptide Y mRNA and immunoreactivity after kainate-induced seizures in 
rats (MARK STEINER et al.1990; SPERK et al.1992) and in resected temporal lobes 
of epileptic patients (DE LANEROLLE et al. 1989). 

In slices of hippocampus, exogenously applied neuropeptide Y inhibits 
potassium-stimulated release of glutamate (GREBER et al. 1994) and also 
reduces hippocampal epileptiform activity (COLMERS and BLEAKMAN 1994). In 
slices of hippocampus taken from electrically kindled rats, the release of neu
ropeptide Y was measured by a sensitive radioimmunoassay (RIZZI et al. 
1993). With high potassium stimulation, there was enhanced release of neu
ropeptide Y from hippocampal slices from kindled rats compared with sham 
rats, but no difference in spontaneous efflux of the peptide. This enhanced 
release persisted for at least 1 month after kindling, which suggests that neu
ropeptide Y plays a role in the enduring changes in synaptic transmission 
found in kindled hippocampi. 

In vivo studies have shown that, if neuropeptide Y is administered into the 
right lateral ventricle of rats in nan om ole doses (1.5-6nmol), it is very effective 
in blocking kainate-induced motor seizures as well as in strongly decreasing 
epileptiform EEG activity in limbic areas (WOLDBYE et al. 1997). It appears to 
exert this action through the Y 5 subtype of receptor. Conversely, neuropeptide 
Y gene "knock-out" mice, with undetectable brain levels of neuropeptide Y 
mRNA and immunoreactivity, exhibit mild seizures characterized by jerking of 
the head and body, forelimb clonus, tail erections and vocalizations particularly 
when placed on top of their cage. Also, these mice are more sensitive to 
pentylenetetrazole-induced seizures than wild-type or heterozygous litter
mates (ERICKSON et al. 1996). Thus there is a good case for regarding neu
ropeptide Y as an endogenous anticonvulsant (SPERK and HERZOG 1997). 

2. Somatostatin 

Somatostatin is present in hilar interneurons together with neuropeptide Y 
and GABA. There is an increased concentration of both peptides as measured 
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by RIA and an increased projection to the outer molecular layer in the dorsal 
and ventral hippocampus as measured by immunocytochemistry, both at the 
proconvulsive stage 2 and after full kindling (SCHWARZER et al. 1996). It is 
believed that somatostatin released in these areas may serve to control granule 
and pyramidal cell excitability through a hyperpolarizing action and may have 
a tonic inhibitory action on kindling epileptogenesis since an infusion of an 
anti-somatostatin antibody into the dorsal hippocampus of rats undergoing 
kindling enhanced the rate of kindling (MONNO et a1. 1993). In addition, injec
tion of a peptidase-resistant somatostatin analogue had an anticonvulsant 
action against quinolinate-induced seizures in the hippocampus. 

3. Cholecystokinin 

Cholecystokinin has been reported to have anticonvulsant activity against 
electrically induced seizures in rats and increased cholecystokinin immunore
activity was seen in the inner molecular layer of the dentate gyrus where the 
terminals form a dense plexus adjacent to the granule cells. These changes 
were more pronounced at stage 2 than at stage 5 of kindling (SCHWARZER et 
a1. 1996). In the cortex of kindled rats, rapid but transient changes in prepro
cholecystokinin mRNA have been measured by in situ hybridization histo
chemistry, but these changes were associated with the acute seizure activity 
rather than the permanent kindling mechanism (BURAZIN and GUNDLACH 
1996). 

4. Dynorphin 

The mossy fibre pathway from the dentate gyrus to the CA~ pyramidal neurons 
contains both glutamate and the opioid peptide, dynorphin. High frequency 
stimulation, in addition to generating fast excitatory postsynaptic potentials 
due to release of glutamate, also generates a long-lasting inhibition of neigh
bouring mossy fibre synapses by a presynaptic action of released dynorphin 
achieved via activation of presynaptic+ receptors (WEISSKOPF et a1. 1993). 
The actions of endogenous dynorphin are slow and prolonged. reaching a peak 
within 2 min and lasting several minutes, and also result in a block of long
term potentiation (WAGNER et al. 1993) which is involved in both learning and 
kindling. Furthermore, intracerebral injection of dynorphin suppresses elec
trically kindled seizures (BONHAUS et al. 1987). However. neither endogenous 
dynorphin levels nor dynorphin mRNA are altered after kindling (ROSEN et 
al. 1992), which indicates that this opioid peptide is not involved in the per
manent kindling state. 

IV. Purines 

The purine base, adenosine, and its nucleotide ATP, are present in high con
centrations in brain and have potent electrophysiological effects (STONE 1981; 
EDWARDS and GIBB 1993). An interesting view is that ATP functions as a fast, 
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excitatory transmitter across certain synapses in the CNS via stimulation of 
postsynaptic PZx-purinoceptors, allowing influx of Caz+; however, the ATP is 
then rapidly catabolized to adenosine by ecto-ATPases at the synapse 
(EDWARDS 1996).This nascent adenosine could then act postsynaptically via PI 
purinoceptors to hyperpolarize the neuron by opening K+ channels and even 
act presynaptically to inhibit release of transmitters including glutamate and 
GABA. In other words,ATP could act as a dual transmitter, causing brief exci
tation followed by inhibition, both pre- and postsynaptically due to its rapid 
breakdown to adenosine. Unfortunately, due to the lack of sufficiently sensi
tive histochemical techniques, the extent of ATP-releasing pathways in the 
brain is not known, nor is it known if adenosine is stored in vesicles in nerve 
terminals in the brain as a transmitter in its own right. 

DRAGUNOW (1988) has comprehensively reviewed the literature on the 
putative role of adenosine in epilepsy, and the outcome strengthens his earlier, 
attractive hypothesis that adenosine is the brain's natural anticonvulsant, since 
synaptic inhibition is believed to playa critical role in limiting the size and 
duration of epileptic discharges. It is clear that adenosine and its synthetic ana
logues, as well as adenosine uptake inhibitors, are effective in decreasing 
epileptiform activity both in vitro and in vivo in models of seizures and that 
brain levels of adenosine increase within seconds following the onset of exper
imental seizures, a finding which could explain why seizures arrest sponta
neously even in the absence of anticonvulsant drugs (DURING and SPENCER 
1992). Interestingly, NAGY et al. (1990) reported that ecto-ATPase was about 
30% reduced in human epileptic temporal cortex and anterior hippocampus 
compared to non-spiking human temporal tissue. This lessened amount of 
enzyme may reduce the extracellular concentration of adenosine in this area 
and thus delay the terminations of convulsions. On the other hand, there was 
enhanced ecto-ATPase activity in the posterior hippocampus which included 
the dentate gyrus and CA3 field. The authors suggested that this was due to 
the presence of mossy fibres of the granule cells and represented a compen
satory reaction of epileptic neurons. Thus, during seizure discharges, large 
amounts of ATP may be co-released with transmitters in the affected brain 
area. Increased ecto-ATPase activity would be necessary both to remove the 
excitatory transmitter and also to provide sufficient amounts of adenosine to 
depress the evoked release of transmitters. 

A study of synthetic analogues of adenosine has demonstrated that com
pounds which are selective agonists for adenosine Al receptors, such as JV6-
cyclohexyladenosine and N6-cyclopentyladenosine, were most potent in 
preventing status epilepticus in a rat model involving continuous electrical 
stimulation of the hippocampus, whereas in another rat model of recurrent 
electrical stimulation of the hippocampus, the administration of adenosine Al 
receptor antagonists such as 8-cyclopentyl-1,3-dimethylxanthine precipitated 
status epilepticus (YOUNG and DRAGUNOW 1994). Interestingly, 6 days later, in 
this latter group of rats, as compared with vehicle-injected rats, there was a 
massive, bilateral loss of nerve cells in the CAl and CA3 regions of the hip-
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pocampus. Conversely, in the rats that did not develop status epilepticus as a 
result of prior treatment with the adenosine AI receptor agonist, there was no 
loss of neurons. Since treatment with a selective adenosine A2 receptor agonist 
had no effect in either stimulation paradigm, it was concluded that adenosine 
AI receptors playa key role in the anticonvulsant effects. Further support for 
a key role for the adenosine Al receptors comes from quantitative autoradi
ographic studies with the selective radioligand lH-cyclohexyladenosine in sur
gically excised neocortex from patients suffering from intractable temporal 
lobe epilepsy (ANGELATOU et a1. 1993). These authors found that there was a 
significant (48%) increase in adenosine Al receptor binding in all six cortical 
layers from epileptic patients compared to control temporal lobe tissue. They 
concluded that there was a significant up regulation of these receptors which 
may constitute a protective mechanism against subsequent seizures by enhanc
ing the depressant response of neocortical neurons to endogenous adenosine. 

V. Nitric Oxide 

Nitric oxide (NO) is a small, rapidly diffusible free radical that is generated 
enzymatically by a family of isoenzymes, nitric oxide synthase (NOS), from 
the amino acid L-arginine, the other product being citrulline (ZHANG and 
SNYDER 1995). Two isoforms of NOS have been found in the brain, an 
inducible, Ca2+/calmodulin-dependent form and a constitutive form known as 
neuronal NOS which is coupled to the NMDA receptor (ZHANG and SNYDER 
1995). Neurally released glutamate can stimulate both the NMDA receptor 
and neuronal NOS, resulting in generation of NO that then activates guany
late cyclase so that cyclic GMP is formed postsynaptically. NO may also act as 
a trans-synaptic retrograde messenger to modulate presynaptic release of glU
tamate and it has been suggested that it plays an important role in the hip
pocampus in long-term potentiation, a model of learning and memory (ZHANG 
and SNYDER 1995). The actions of NO are very short-lived with a half-life esti
mated to be ~ 10 s. This makes it very difficult to quantitate the action of NO 
in the brain. However, as a free radical. NO can be spin-trapped with an iron 
diethyldithiocarbamate complex and measured ex vivo by cryogenic electron 
paramagnetic resonance spectroscopy in rat brain regions such as the hip
pocampus, striatum, and neocortex (Mu LSCH et a1. 1994; OLESEN et aI. 1997). 
It has been found that after kainate-induced seizures in rats, NO formation 
was increased sixfold within 30-60 min in the amygdala/temporal cortex region 
and up to 12-fold, although more slowly, in the remaining cortex (MULSCH et 
a1. 1994). Interestingly, pretreatment with either 7 -nitroindazole, which is a 
specific inhibitor of neuronal NOS, or diazepam, resulted in a reduction in con
vulsions and NO formation. This led the authors to conclude that NO was a 
proconvulsant mediator in kainate-induced seizures. 

The measurement of NOS mRNA expression by in situ hybridization his
tochemistry is a useful index of NOS activity in the brain. This technique has 
been used to study the effect of kindling on NOS. In the case of the fast kin-
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dling paradigm, ELMER et al. (1996) found that 2h after 40 rapidly recurring 
seizures evoked by hippocampal stimulation in rats, NOS mRNA expression 
had decreased by 56% in the dentate granule cell layer, whilst after 12-24h 
mRNA levels had increased by 420%, 105% and 1260% in the CAl, CA3 

pyramidal cells and piriform cortex respectively. Gene expression returned 
to control levels after 7 days. It was concluded from these data that the pre
sumed changes in NO production resulting from the altered mRNA levels 
resulted in a modulation of synaptic function during fast kindling and 
could also influence neuronal vulnerability after epileptic insults. Another 
marker of NOS in brain sections is the histochemical technique for NADPH 
diaphorase, which has been used to examine changes in NOS in rats that 
underwent amygdaloid kindling 1 month previously (AL-GHOUL et al. 1995). 
These authors found that there was increased staining in terminals in rat limbic 
regions, which is consistent with the above results from NOS mRNA in situ 
histochemistry. 

Another useful approach to establish a neuronal role for NO in epilepto
genesis is the use of pharmacological inhibitors of NOS such as NG-nitro
L-arginine (NOLA) and NG-nitro-L-arginine methyl ester (L-NAME). Unfor
tunately, the results reported in the literature for these inhibitors are 
conflicting, probably due to different modes of seizure induction as well as dif
ferent doses and routes of administration. RUNFELDT et al. (1995) have 
resolved some of these discrepancies by using a refined model of the cortical 
seizure threshold in rats that allows the determination of the time course of 
anticonvulsant or pro convulsant drug effects in individual rats. They found 
that NOLA was the preferred NOS inhibitor. At intraperitoneal doses of 
1-10mg/kg there was a significant increase in the seizure threshold, which was 
-50% of the increase seen after use of the conventional anticonvulsant, val
proate (200mg/kg, intraperitoneally), in this model. On the other hand, when 
the dose of NOLA was increased to 40mg/kg, a significant and long-lasting 
decrease in seizure threshold was seen. These authors concluded that a NOS 
inhibitor could be either anti- or pro-conVUlsant in this model, depending on 
the dose administered, and that the anticonvulsant effects suggest that NO 
may playa role as an endogenous anticonvulsant for NMDA-induced seizures. 

D. Postsynaptic Effects 

I. Role of Ca2+ Channels and Ca2+ Binding Proteins 

The genetic mouse strain, known as the tottering (tg) mutant, has a single gene 
mutation on chromosome 8 which causes a delayed-onset, recessive neuro
logical disorder resulting in ataxia, motor seizures, and behavioural seizures 
closely resembling petit mal epilepsy in humans (FLETCHER et al. 1996). EEG 
recordings are normal except during the frequent, spontaneous seizures, when 
generalized bilateral spike and wave discharges are recorded. A hyperinner
vation of the central nervous system from locus coeruleus noradrenergic 
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neurons was found as an early histopathological change (LEVITT and NOEBELS 
1981). However, more recent investigations using a positional cloning strategy 
of the tg locus have revealed that the alA voltage-sensitive Ca2+ channel gene 
is mutated in tg mice (FLETCHER et al. 1996). The alA Ca2+ channel is a major 
component of the high threshold, voltage-sensitive P- and Q-type Ca2+ chan
nels which playa role in excitatory transmission in the brain. The position and 
nature of the mutation suggested that pore function is altered in the tg strain, 
but it is not known whether this enhances or inhibits the function of the Ca2+ 

channel. 
While it is now well established that sustained increases in intracellular 

Ca2+ are a key factor in initiating irreversible neuronal injury, it has been found 
that many neurons contain a variety of cytosolic calcium-binding proteins 
which either modulate or mediate the actions of Ca2+ (BAIMBRIDGE et al. 1992). 
Of particular importance are the proteins, calbindin-D28 K and parvalbumin, 
which are found in separate subpopulations of neurons. For example, in the 
hippocampus, parvalbumin is present in a subset of fast-firing interneurons 
while calbindin-D28K is found specifically in the dentate granule cells and 
CAl pyramidal neurons. As the parvalbumin-containing neurons are more sen
sitive to kainate seizure-induced injury than calbindin-D28K positive neurons, 
this suggests that calbindin-D28 K expression may have a protective function 
in conditions of prolonged excitation. During kindling, calbindin-D28 K levels 
decline progressively from dentate granule cells until they are almost unmea
surable. Conversely, focal stimulation of the perforant pathway in rats for 6 h 
led to a -2.S-fold increase in expression of calbindin-D28 K mRNA in the 
dentate granule cells of the hippocampus. This increase was maintained for -6 
h and returned to baseline after 12 h (LOWENSTEIN et al. 1991). In a subse
quent study in rats, LOWENSTEIN et al. (1994) reported seizures which occurred 
in rats for 4-6h after subcutaneous injections of kainic acid. They found a 
similar temporal pattern of calbindin-D28 K mRNA expression to that 
which occurred with electrical stimulation of the perforant pathway. These 
authors concluded that changes in calbindin-D28 K mRNA expression were 
part of a cellular response designed to protect the cell from calcium-mediated 
injury. 

II. Immediate Early Genes 

A substantial number of studies since 1987 have shown that neurotransmitter 
receptor stimulation can regulate gene expression which may, in turn, be 
involved in long-term alterations of neuronal behaviour achieved via synap
tic plasticity. While the initial studies focussed on learning and memory as the 
behaviour that was changed, it soon became apparent that epileptic kindling 
also led to altered gene expression primarily in the hippocampus (DRAGUNOW 
and ROBERTSON 1987), a region which was known to regulate the development 
of kindling. At the same time, independent studies in rodents showed that 
injections of chemical convulsants such as pentylenetetrazole also resulted in 
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rapid expression (within a few minutes) of proto-oncogenes c-fos and c-jun in 
the hippocampus and cortex and these substances persisted for half an hour 
(MORGAN et al. 1987; SAFFEN et al. 1988). These two genes were referred to as 
cellular immediate early genes (IEGs) by analogy with the immediate early 
genes of viruses which are promptly transcribed upon infection of a cell by a 
virus. These cellular lEGs, c-fos and c-jun, encode for nuclear proteins that are 
known as the DNA-binding transcription factors Fos and Jun, respectively, 
which function as components of the mammalian transcription factor activa
tor protein-1 (AP-1). MORGAN and CURRAN (1989) coined the term "stimulus
transcription coupling" for this process in the brain following seizures. Further 
research showed that, in addition to Fos, several Fos-related pep tides were 
induced by the chemical convulsants and these peptides also participated in 
the formation of AP-1 complexes, so that seizures elicited a stereo typic series 
of events that involved the staggered appearance and disappearance of pro
teins contributing to AP-1 complexes (MORGAN and CURRAN 1991). It soon 
became obvious that the lEGs response was complex since these Fos-related 
peptides were expressed by several Fos-related genes called fra. The proce
dures for measuring the expression of lEGs were (a) Northern blots to quan
titate specific mRNA in homogenates with radioactive cDNA or synthetic 
oligonucleotide probes, (b) in situ hybridization histochemistry to locate 
mRNA expression in brain sections with the same radioactive probes or (c) 
immunohistochemical stains with antisera raised against specific peptide 
sequences of Fos peptides. This latter technique, while simple and sensitive, 
had drawbacks due to problems with cross-reactivity with the several Fos
related peptides in brain sections. 

While it was apparent that c-fos expression was an early step in the elec
trical kindling process, there was only a low level of constitutive expression of 
c-fos mRNA in the hippocampus of both fully kindled and naive rats (SHIN et 
a11990; BURAZIN and GUNDLACH 1996). This suggests that a permanent expres
sion of Fos is not obligatory for the permanently kindled state in rats. SHIN et 
al. (1990) also demonstrated that the electrophysiologically recorded "after
discharge" in the hippocampus after pulse stimulation of the angular bundle 
of rats was obligatory for c-fos mRNA expression, but that a threshold of at 
least 30s was required for c-fos expression. This represented an "all-or-none" 
relationship between afterdischarge and c-fos mRNA expression, rather than 
a linear or graded relationship (SHIN et al. 1990). 

It subsequently became apparent that, firstly, IEGs were part of a common 
cellular mechanism that modifies gene expression in response to alterations in 
the extracellular environment and, secondly, that different subsets of IEGs 
could be induced independently (CURRAN and MORGAN 1995). Thus, in a 
rat model of status epilepticus which leads to selective neuronal loss in 
hippocampal subfields and the amygdala/piriform cortex after 3-6 days, 
DRAGUNOW et al. (1993) found a massive bilateral induction of c-jun and a 
lesser induction of c-fos and fun B in hippocampal pyramidal neurons with 
little or no induction in the dentate granule cells mirroring the sites of neu-
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ronal loss. These authors suggested that lun may regulate the transcription of 
"suicide" genes that produce programmed cell death. 

Not only did electrically induced seizures result in rapid expression of c
fos mRNA (BURAZIN and GUNDLACH 1996) in rat brain but also a single audio
genic seizure induced in the Wistar AS genetic strain of rats resulted in c-fos 
expression confined to the subcortical auditory nuclei in the brain stem. Inter
estingly, repeated daily audiogenic seizures (10-40) led to kindling and 
increased c-fos expression in forebrain areas such as the amygdaloid complex, 
piriform and perirhinal cortex and medial hypothalamus, which reflected the 
extent of propagation of EEG discharges after kindling (SIMLER et al. 1994). 

The expression of lEGs is an attractive mechanism through which brief 
changes in electrical activity may produce long-lasting structural and func
tional changes achieved via alteration in gene expression. However, as these 
alterations in lEGs and their transcription factors appear to be transient 
(duration <2h), they are not necessarily involved in the maintenance of 
changes in neural function such as kindling (BURAZIN and GUNDLACH 1996). 
Nevertheless, Fos expression is an essential component of kindling since the 
development of kindling was impaired if protein synthesis was blocked during 
the period of stimulation. This suggests that lEGs playa role in linking the 
transient kindling stimulus to the emergence of the permanent hyperexcitable 
state. But protein synthesis is not the sole factor leading to the permanent 
kindled state. since the degree of bursts of population action potentials in the 
dentate granule cells was also obligatory for c-fos expression in these neurons 
(LABINER et al. 1993). 

While no one neurotransmitter can account for all instances of lEG 
expression in the brain, the NMDA-glutamate receptors appear to mediate 
most of the gene induction following seizures. This conclusion is based both 
on a close relationship between the distribution of Fos immunoreactivity 
induced by administration of pentylenetetrazole and the density of NMDA 
receptors (MORGAN et al. 1987), and on the blockade of pentylenetetrazole
induced c-fos expression by the non-competitive NMDA channel antagonist 
dizocilpine (MK 801). Subsequent studies in cultured rat dentate gyrus 
neurons demonstrated that a sustained NMDA-induced increase in intracel
lular Ca2+ for several minutes was obligatory for the induction of c-fos mRNA, 
suggesting that Ca2+ is the second messenger coupling this receptor to c-fos 
induction. This interpretation helps explain why there is only a low constitu
tive expression of c-fos mRNA in normal brain, where sustained increases in 
Ca2+ concentration do not occur (LEREA et al. 1992). Dizocilpine caused a 
partial but not total block of the induction of c-fos mRNA by NMDA. Non
NMDA agonists also induced C-F)s mRNA expression in dentate neurons, and 
this was blocked by nifedipine, suggesting that non-NMDA agonists depolar
ized the neurons, allowing Ca2+ to enter them through voltage-operated Ca2+ 

channels to induce c-fos mRNA expression (LEREA et al. 1992). 
The recent development of transgenic mice and rats which express a gene 

comprising the promoter region of c-fos fused with lacZ (a bacterial reporter 
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gene expressing ,a-galactosidase activity) allows c-fos expression to be moni
tored with single cell resolution by a simple and unambiguous histochemical 
method (SMEYNE et al. 1992; KASOF et al. 1995). This avoids the problem of 
variable cross-reactivity of Fos-related peptides with antisera raised against 
synthetic peptide sequences of Fos, which was inherent in the early immuno
histochemical technique. These transgenic rodents have been used for a more 
precise comparison of the actions of the two different chemical convulsants, 
kainic acid and pentylenetetrazole. KASOF et al. (1995) found that kainic acid 
elicits seizures in the c-fos-lacZ rats after systemic injection, as does 
pentylenetetrazole, but the former elicits a massive and more sustained induc
tion of c-fos in limbic structures whereas the latter induces c-fos equally well 
in both the limbic system and the cerebral cortex. The difference between the 
two chemicals is that kainic acid initially elicits a period of generalized seizures 
and c-fos expression, which is followed days later by degeneration of subpop
ulations of hippocampal neurons, whereas pentylenetetrazole elicits similar 
seizures and c-fos induction but does not lead to neuronal death. An advan
tage of this histochemical staining technique is that the ,a-galactosidase stain
ing product was confined to the nucleus when c-fos was expressed, but the 
staining product appeared in the cytoplasm in neurons about to die. 

The recent breeding of transgenic mice with a null mutation of the c-fos 
gene by gene targeting provides a new approach to define the role of c-fos in 
the structural and functional changes seen after kindling (WATANABE et al. 
1996). In homozygous mice carrying the null mutation for c-fos, the deve
lopment of kindling was impaired and seen as a delay in the onset of both 
electrophysiological and behavioural features. Also, in these mice, kindling
induced granule cell axon sprouting into the supragranular region of the 
dentate gyrus was attenuated, reflecting the formation of fewer mossy fibre 
terminals. WATANABE et al. (1996) suggested that this latter effect could be due 
to a reduction in the granule cells of seizure-induced transcriptional regula
tion of gene expression which normally encodes genes for neurotrophic 
factors, their receptors and axonal growth-associated proteins. In otherwise 
normal kindled mice, the expression of such genes would lead to induction of 
mossy fibre sprouting, but in the null mutation mice the absence of c-fos would 
limit the transcriptional activation of such growth-related genes. In the normal, 
kindled mice, mossy fibre sprouting innervates the granule cell dendrites, 
thereby forming a recurrent excitatory circuit that would promote the pro
gressive intensification of evoked seizures in kindled animals. 

E. Neurotrophins and Neurogenesis 
N eurotrophins are a family of basic polypeptides (-120 amino acid residues) 
comprising nerve growth factor (NGF), brain-derived neurotrophic factor 
(BDNF), neurotrophin-3 (NT-3), neurotrophins-4/5 (NT-4/5) and glial derived 
neurotrophic factor (GDNF), which are believed to playa key role in regu-
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lating survival, proliferation, maturation and outgrowth of specific popUlations 
of neurons in the brain (LINDSAY et al. 1994; LINDVALL et al. 1994). It was first 
reported in 1989 that limbic seizures induced in rats by a unilateral lesion in 
the hilus of the dentate gyrus led to marked increases (-25-fold) in the mRNA 
that expresses NGF in the hippocampal dentate gyrus 4h after the onset of 
recurrent limbic seizures (GALL and ISACKSON 1989). Subsequently it was 
found that after rapid kindling of the ventral hippocampus of rats, BDNF 
mRNA and NGF mRNA, but not NT-3 mRNA, were elevated in the dentate 
gyrus, CAl region of the hippocampus and the piriform cortex after 1-4h and 
had returned to normal by 24 h (ERNFORS et al. 1991). 

The role of BDNF in the development of kindling has been examined 
further, using BDNF mutant mice (KOKAIA et al. 1995). While homozygous 
BDNF "knock-out" mice die within the 1st week after birth, heterozygotes 
(BDNF +/-) with one functional copy of the BDNF gene survive but with lower 
levels of BDNF mRNA in cortical and hippocampal neurons. Development of 
kindling is markedly suppressed in these mice, but the maintenance of kin
dling is unaffected. Interestingly, mossy fibre sprouting is augmented in the 
BDNF heterozygotes compared to wild-type mice, which argues against the 
idea that mossy fibre sprouting is responsible for the kindling phenomenon. 
Recently, similar experiments have also been carried out with NT-3 mutant 
mice (ELMER et al. 1997). Amygdala kindling was markedly retarded in mice 
heterozygous for a deletion of the NT-3 gene (NT-3 +/-). and this retardation 
was reflected as a dampening of the progression from focal to generalized 
seizures. These mice were also found to have a 30% reduction of basal NT-3 
mRNA levels as determined by in situ hybridization histochemistry. It was con
cluded that endogenous NT-3 levels may influence the rate of epileptogenesis 
and that a link exists between NT-3 and BDNF gene regulation in dentate 
granular cells. 

While the above studies have shown a dramatic but short-lived increased 
expression of the mRNAs for neurotrophins in the hippocampus after 
seizures, for technical reasons it has not been possible to demonstrate 
increased levels of their protein products. Nevertheless, it has been suggested 
that an increased level of neurotrophins could induce a cascade of gene 
changes for other proteins, leading to axonal sprouting and the establishment 
of new synaptic contacts which could playa key role in subsequent epilepto
genesis (LINDVALL et al. 1994). 

I. Mossy Fibre Sprouting in the Hippocampus 

The hippocampus has a propensity to generate seizures and. within the hip
pocampal formation. the dentate gyrus is thought to playa pivotal role in 
epileptogenesis (WILLIAMSON et al. 1995). The hippocampal mossy fibre 
pathway originates in the granule cell bodies of the dentate gyrus and projects 
through the hilus to innervate CA3 pyramidal cell dendrites. These neurons 
are regarded as glutamatergic (SORIANO and FROTSCHER 1994) and they receive 
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direct synaptic input from the entorhinal cortex. However, a recent paper 
(SLOVITER et al. 1996) has radically challenged the accepted dogma that the 
dentate granule neurons are solely glutamatergic. These authors obtained con
vincing immunohistochemical evidence in rat, mouse and monkey brains that 
the mossy fibres of the dentate granule cells contain GABA-like immunore
activity as well as glutamate decarboxylase, the enzyme synthesizing GABA 
from glutamate. Furthermore, electrical stimulation of the perforant pathway 
of rats for up to 24h, which reliably evoked population spikes and epilepto
form discharges in the granule cells and CA3 and CAl pyramidal cells, resulted 
in a reproducible induction of glutamate decarboxylase and GABA-like 
immunoreactivity in the contralateral hippocampal neurons that do not 
normally contain these markers. In situ hybridization histochemistry and bio
chemical assays confirmed the elevation of mRNA for glutamate decarboxy
lase in the dentate gyrus. These authors suggested that their ability to detect 
glutamate decarboxylase and GABA-like immunoreactivity in normal granule 
cells was due to greater methodological sensitivity. Their results suggest that 
dentate granule neurons contain two "fast-acting" amino acid neurotransmit
ters, one excitatory (glutamate) and one inhibitory (GABA), a situation which 
could lead to both excitatory and inhibitory postsynaptic effects. As well, they 
contain the neuropeptide dynorphin, which is believed to act presynaptically 
to inhibit afferent input into the hippocampus (WAGNER et al. 1993). Their 
finding that perforant pathway stimulation in rats induces GABA in additional 
granule cells suggests that spontaneous seizures in human temporal epilepsy 
may also induce granule cell glutamate decarboxylase and GABA levels above 
their basal values, thereby influencing the excitability of the hippocampal 
network in this form of epilepsy. An independent study by SCHWARZER and 
SPERK (1995) in rats after kainate-induced seizures showed that the constitu
tively glutamatergic mossy fibres expressed both the mRNA for glutamate 
decarboxylase and the enzyme after limbic seizures. These workers suggested 
that GABA could then be released from mossy fibres to provide an endoge
nous anticonvulsive mechanism to counteract seizure generation. While the 
results of SLOVITER et al. (1996) and SCHWARZER and SPERK (1995) challenge 
prevailing dogma, more research needs to establish both that GABA in mossy 
fibres is stored in vesicles and is released in response to depolarization, before 
accepting that these neurons can produce both excitatory and inhibitory post
synaptic actions. 

Human temporal lobe epilepsy, which is difficult to manage with con
ventional anticonvulsant drugs, is frequently associated with a marked loss 
of hippocampal CAl, CA3 pyramidal cells, and hilar neurons, as well as 
glial proliferation, which is referred to as hippocampal sclerosis (PARENT and 
LOWENSTEIN 1997). Interestingly, dentate granule cells tend to be preserved 
relative to the other neurons. As the hippocampal sclerosis precedes the devel
opment of spontaneous seizures and as the surgical removal of the damaged 
portion of the hippocampus greatly reduces the incidence of seizures in 
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a majority of patients (FALCONER and TAYLOR 1968), it is believed that the 
degeneration facilitates the occurrence of seizures. Studies in laboratory 
animals have shown that repeated brief seizures evoked by kindling (CAVAZOS 
et al. 1994), or kainic acid-induced status epilepticus (PARENT et al. 1997), 
induce progressive neuronal loss not only in the hippocampal formation, pro
ducing appearances that closely resemble hippocampal sclerosis, but also neu
ronal loss in other limbic areas. It is generally considered that glutamate 
excitotoxicity is the biochemical basis of the neuronal cell loss, particularly in 
the status epilepticus rat model (SUTULA et al. 1992), and that therapeutic 
strategies to reduce excitotoxicity may reduce the occurrence of seizures in 
this type of epilepsy. 

In addition to neuronal cell loss in the hippocampus in the seizure models 
in rats, the dentate granule ceJls that appear to be resistant to degeneration 
demonstrate sprouting of their mossy fibres and develop recurrent collaterals 
that form synapses in the dentate molecular layer (PARENT and LOWENSTEIN 
1997). It has been suggested that this sprouting results either in recurrent 
excitatory circuits and subsequent hippocampal hyperexcitability or in an 
increased excitatory drive onto inhibitory interneurons in the inner molecu
lar layer, thereby restoring recurrent inhibition. Recent studies with the rat 
pilocarpine model of status epilepticus (PARENT et al. 1997) have demonstrated 
that prolonged seizure activity markedly increases neurogenesis in the dentate 
subgranular proliferative zone. Differentiation of these newly born granule 
cells with their axons projecting to both the CA, pyramidal cell region and the 
dentate inner molecular layer, rather than remodelling of mature granule cells, 
is the basis of the sprouting and the resultant epileptogenesis. Furthermore, 
intermittent perforant path stimulation of rats which produces hippocampal 
seizure activity without neuronal degeneration also stimulated neurogenesis 
in the dentate subgranular proliferative zone (PARENT et al. 1997). 

The reactive sprouting of mossy fibres also correlates with an increased 
expression in their neurons of origin of a-tubulin- and microtubule associated 
protein-mRNA whose protein products are essential cytoskeletal components 
of the "sprouts" back into the granule cell dendrites (KHRESTCHALISKY et al. 
1994). Interestingly, the mossy fibres do not "sprout" into the CAl field and it 
has been suggested that proliferating, tenascin-positive astrocytes impair 
axonal passage into the CA3 field while non-proliferating, tenascin-negative 
astrocytes guide axonal outgrowth and synaptogenesis to the dentate gyrus 
(REPRESA et al. 1994). 

Recent studies by BENGZON et al. (1997) have shown that even a single 
hippocampal kindling stimulation which produced focal epileptiform activity 
in the hippocampus with an afterdischarge lasting 82 ± 7 s, resulted in apop
totic death of neurons in the dentate gyrus 5 h later. Forty rapid kindling stim
ulations delivered at 5-min intervals resulted in a much higher number of 
neurons undergoing apoptotic death. Paradoxically, single and intermittent 
seizures also stimulated proliferation of both neurons and non-neuronal cells 
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in the dentate gyrus. The authors concluded that both apoptotic death and pro
liferation of dentate gyrus neurons might constitute primary events in seizure
induced hippocampal pathology. 

II. Neuronal Migration Disorders in the Cortex 

Neuronal migration disorders are the result of disturbed brain development 
and are now recognized as a cause of some types of epilepsy (BRODTKORB et 
al. 1994). Magnetic resonance imaging can identify the abnormalities whose 
sites roughly correspond to the sites of focal epileptiform EEG activity. This 
facilitates surgical resection of these defects as a treatment option. Recently, 
it has been demonstrated that prenatal exposure of rats to methyla
zoxymethanol not only disrupts normal neuronal migration in the cortex and 
hippocampus but also results in epileptoform activity in hippocampal slices in 
the presence of moderately elevated (6mM) K+ levels (BARABAN and 
SCHWARTZKROIN 1995). This simple animal model shows great promise for 
studying epileptogenesis associated with neuronal migration disorders. 

F. Conclusions 
It is obvious that there is no simple biochemical defect that underlies epilep
togenesis ami it is likely that there are as many different biochemical disor
ders as there are different types of epilepsy. Molecular biology is making an 
important contribution to our understanding of epileptogenesis, if only to 
emphasize the molecular complexity of the components involved in chemical 
transmission in the central nervous system. Hopefully new techniques such as 
positional cloning of identified epilepsy genes will shed new light on epilep
togenesis in the coming years and this will lead to new, rational therapies to 
manage these devastating neurological disorders. 
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CHAPTERS 

Cellular Actions of Antiepileptic Drugs 

R.L. MACDONALD 

A. Introduction 

Antiepileptic drugs have been the mainstays of the treatment of patients with 
epilepsy. From 1978 to 1993 the primarily used antiepileptic drugs have been 
phenytoin, carbamazepine, barbiturates and primidone, benzodiazepines, val
proic acid and ethosuximide. Recently a number of new anti epileptic drugs 
have been developed which include gabapentin, lamotrigine, oxcarbazepine, 
vigabatrin, tiagabine, topiramate and felbamate. Unfortunately, early experi
ence with felbamate was associated with an unacceptably high incidence of 
aplastic anaemia (PENNELL et al. 1995) and chemical hepatitis, and in August 
of 1994 the manufacturer and the United States Federal Drug Administration 
recommended that, if clinically possible, patients be withdrawn from felba
mate. Fortunately, the remaining newly developed antiepileptic drugs have 
been approved in many countries and are currently in use. 

Interactions of the established and new antiepileptic drugs with 
neurotransmitter receptors or ion channels may be responsible for their 
clinical effects (MACDONALD and KELLY 1994; MACDONALD and MELDRUM 1995; 
MACDONALD and GREENFIELD 1997). Three primary neurotransmitter receptor 
or ion channels are targeted by the established antiepileptic drugs and by 
some of the newly developed antiepileptic drugs: r-aminobutyric acid type 
A (GABAA) receptor channels, voltage-dependent Na+ channels and voltage
dependent low threshold (T-type) Ca2+ channels. The actions of the established 
and recently developed anti epileptic drugs on specific neurotransmitter recep
tors or ion channels will be reviewed. 

B. Established Antiepileptic Drug Mechanisms of Action 

I. Phenytoin and Carbamazepine 

Phenytoin and carbamazepine have been shown to interact with voltage
dependent Na+ channels at concentrations found free in plasma in patients 
being treated for epilepsy (MACDONALD 1989 and Table 1). These drugs were 
demonstrated to reduce the frequency of sustained repetitive firing of neurons. 
A property of these drugs was that they did not reduce the amplitude or dura
tion of single action potentials but reduced the ability of neurons to fire trains 
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Table 1. Actions of established antiepileptic drugs 

J, Sodium current i GABAA receptor J, T-Calcium current 
current 

Carbamazepine ++ 
Phenytoin ++ 
Primidone + ? 
Valproic acid ++ ?/+ ?/-
Barbiturates + + 
Benzodiazepines + ++ 
Ethosuximide ++ 

of action potentials at high frequency. The limitation of high frequency re
petitive firing was voltage-dependent, with limitation of firing being increased 
following depolarization and reduced following hyperpolarization. Once 
developed, the limitation of firing was prolonged, lasting several hundred mil
liseconds. The action of the anti epileptic drugs appeared to be due to a shift 
of Na+ channels to an inactive state from which recovery was delayed. 

Both phenytoin and carbamazepine produced a voltage-dependent block 
of mammalian myelinated nerve fibre Na+ channels that could be removed by 
hyperpolarization, a shift of the steady-state Na+ channel inactivation curve to 
more negative voltages and a reduction in the rate of recovery of Na+ channels 
from inactivation (SCHWARZ and GRIGAT 1989). Sodium channels recovered 
from complete inactivation in a few milliseconds following a 500-ms depolar
ization to 25 m V. In the presence of lOO.uM phenytoin or carbamazepine, 
however, recovery was prolonged to 90 or 40 ms, respectively. Phenytoin and 
carbamazepine (50 .uM) each produced a frequency-dependent block. 
However, the frequency-dependent block produced by carbamazepine was 
somewhat less pronounced than that produced by phenytoin. Thus, phenytoin 
and carbamazepine produced voltage-dependent and frequency-dependent 
block of Na+ channels. Of interest was the finding that phenytoin had a longer 
time-dependence for frequency-dependent block and for recovery from block 
than carbamazepine. This would result in more a pronounced frequency-depen
dent block for phenytoin than for carbamazepine. Thus, although phenytoin and 
carbamazepine have qualitatively similar actions on Na+ channels, the actions 
are quantitatively somewhat different. This may explain, at least in part, differ
ences in efficacy for these two drugs in different patients. 

Phenytoin had similar effects on human Na+ channels (TOMASELLI et al. 
1989). Total mRNA was extracted from human brain and injected into 
Xenopus oocytes. The human brain Na+ channels expressed in oocytes were 
also blocked by phenytoin in a voltage-, frequency-, and time-dependent 
fashion. On rat hippocampal neuron Na+ currents, phenytoin (200.uM) 
produced a 20 m V negative shift in the steady-state inactivation curve and a 
frequency-dependent block of Na+ channels (WAKAMORI et al. 1989; Kuo and 
BEAN 1994). Frequency-dependent block was shown at frequencies as low as 
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1 Hz, and the block increased to 50% at 10 Hz (WAKAMORI et al. 1989). Kuo 
and BEAN also confirmed the general conclusion that phenytoin enhances Na+ 
channel inactivation and provided a partial explanation for the effect. They 
concluded that unbinding of phenytoin from the Na+ channel is driven by 
channel deactivation and that phenytoin may not stabilize the "normal" inac
tivation state. The delay in recovery from apparent inactivation may be due to 
phenytoin blocking the Na+ channel by binding to a blocking site on the Na+ 
channel that is formed during activation and removed during deactivation, and 
only slowly dissociating from the blocking site following deactivation. The 
voltage dependency of the phenytoin block is thus due to the voltage depen
dency of deactivation. While not studied, it is likely that many other antiepilep
tic drugs also block sustained repetitive firing of N a+ action potentials by 
selectively binding to the blocking site on the Na+ channel and increasing 
apparent Na+ channel inactivation. 

Thus both phenytoin and carbamazepine appear to stabilize the Nat 
channel in an inactive form in a voltage-dependent fashion, the effect being 
lessened at large negative membrane potentials and increased at less negative 
membrane potentials. Both drugs slow the rate of recovery of the Na+ channel 
from the inactive state and shift the steady-state Nat inactivation curve to 
more negative voltages. This stabilization of the Nat channel in an inactive 
form results in a frequency-dependent block of Nat channels and in the block
ade of sustained high frequency repetitive firing of action potentials when 
neurons are depolarized. Of interest is the finding that phenytoin has a 
stronger slowing effect than carbamazepine, suggesting that these antiepilep
tic drugs would have slightly different actions under different conditions of 
repetitive firing. 

II. Benzodiazepines and Barbiturates 

Both benzodiazepines and barbiturates enhance GABAergic inhibition at free 
serum concentrations found in ambulatory patients (MACDONALD 1989 and 
Table 1). At the high concentrations achieved in patients in the treatment of 
status epilepticus, both drugs also limit high frequency repetitive firing of 
action potentials, presumably by interacting with voltage-gated Na+ channels 
(McLEAN and MACDONALD 1988). Both benzodiazepines and barbiturates 
interact with GABAA receptors. which are macromolecular proteins contain
ing binding sites at least for GAB A. picrotoxin, neurosteroids, barbiturates and 
benzodiazepines and which form a Cl ion-selective channel (DE LOREY and 
OLSEN 1992; MACDONALD and OLSEN 1994). GABA binds to GABAA recep
tors to regulate gating (opening and closing) of the CI- ion channel 
(MACDONALD et al. 1989a; WEISS and MAGLEBY 1989; TWYMAN et al. 1990). 
The binding of GABA increases the probability of channel opening and the 
open channel can close and rapidly reopen to create bursts of openings. 

GABAA receptors are hetero-pentameric glycoproteins of about 275 kDa 
and are composed of combinations of multiple polypeptide subunits. The sub-
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Table 2. Structural properties of GABAA receptor subunits 

Subunits a f3 r 8 p 

Number of subtypes 6 4 4 1 2 
Number of splice variants 0 2 1 0 0 
Size range (kDa) 48-64 51 48 48 52 
Percent amino acid homology 70-80 70-80 70-80 NA 70-80 

intrafamily 
Percent amino acid homology 30-40 30-49 30-40 30-40 30-40 

interfamily 

units form a quasi-symmetric structure around the ion channel, with each 
subunit contributing to the formation of the channel (OLSEN and TOBIN 1990). 
The model is based on the nicotinic acetylcholine receptor, another member 
of the ligand-gated ion channel gene superfamily, and electron microscopic 
image analysis of the native GABAA receptors (NAYEEM et aI.1994). However, 
the number of each sUbtype and their stoichiometry remain uncertain. Based 
on sequence similarity, six different GABAA receptor subunit families have 
been identified and have been named the a, f3, y, 0, £, and n subunits. There is 
a 30%-40% sequence identity among the subunit families. About 20%-30% 
sequence homology exists among all GABAA receptor subunit candidates and 
other gene products of the superfamily (SCHOFIELD et al. 1987; DE LOREY and 
OLSEN 1992). Several of the subunit families have mUltiple members (al-6; 
f31-4, yl-4), and all of the sequences within each subunit family are homolo
gous with about 70%-80% amino acid sequence identity (Table 2). Additional 
diversity arises from RNA splice variants, described so far for y2 and f34 sub
units (MACDONALD and OLSEN 1994). Each GABAA receptor subunit cDNA 
encodes for a polypeptide of about 50 kDa, with putative N-glycosylation sites 
and 4 a-helical hydrophobic membrane-spanning regions. Between the third 
and fourth membrane-spanning region is a hydrophilic putative cytoplasmic 
region of highly variable sequence involved in intracellular regulatory mech
anisms such as phosphorylation. 

The pharmacological properties of GABAA receptors are dependent upon 
their subunit subtype composition. Benzodiazepine sensitivity requires a y 
subunit in the GABAA receptor (PRITCHETT et al. 1989b; Moss et al. 1990). 
Analysis of binding of various benzodiazepines to GABAA receptors from 
brain regions revealed two subclasses of benzodiazepine binding sites, type I 
and type II benzodiazepine sites (KLEPNER et al.1978; BRAESTRUP and NIELSEN 
1981; EICHINGER and SIEGHART 1986; GARRET and TABAKOFF 1985; LIPA et al. 
1981). The identification of the multiple GABAA receptor subunit families led 
to clarification of the basis for this heterogeneity. The benzodiazepine sensi
tivity of GABAA receptors differs when different a SUbtypes are combined 
with f3 and y subunits (Table 3 and PRITCHETT et al. 1989a; PRITCHETT and 
SEEBERG 1990; WISDEN et al. 1991; DOBLE and MARTIN 1992). The a1f3y 
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Table 3. Subunit specific pharmacological properties of GABAA receptors 

Pharmacological property 

Benzodiazepine sensitivity 
High benzodiazepine affinity (nM BZ affinity) 
BZ 1 pharmacology (high zolpidem affinity) 
BZ 2a,b pharmacology (low zolpidem affinity) 
BZ 2c pharmacology (zolpidem insensitive) 
BZ 3 pharmacology (BZR agonist insensitive) 
High zinc sensitivity (TC,o < lOmM) 
Low zinc sensitivity (ICso > lOOmM) 
Moderate zinc sensitivity (ICs{) lO-lOOmM) 
Enhancement by loreclezole 
Reduction by furosemide (frusemide) 

Subtypes 

a and f3 with y2 
ai, a2, a3 or as with y2, f3 
al with y2, f3 
a2' a3 with y2, f3 
as with fi" f3 
a4 or a6 with y2, f3 
a and f3 without y2 
al and f3 with y2 
8 and y2 with a and f3 or a6, f3, y2 
fJ2 or f33 present 
a4 or a6 present 

subunits produce diazepam and zolpidem sensItive benzodiazepine typel 
GABAA receptors, a2f3yand a3f3ysubunits produce benzodiazepine type 2a, 
b GABAA receptors with high diazepam and low zolpidem sensitivity, a5f3y 
subunits produce benzodiazepine type 2c GABA A receptors with high 
diazepam that are zolpidem insensitive and a4 or a6 f3ysubunits produce ben
zodiazepine type 3 GABAA receptors that are benzodiazepine insensitive. 
Barbiturates bind to an allosteric regulatory site on the GABAA receptor, but 
the subunit location of the barbiturate binding site is unknown. 

To enhance the GABAA receptor current. an antiepileptic drug may 
increase the channel conductance, increase the channel open frequency, and/or 
increase the channel open duration. Barbiturates and benzodiazepines each 
modulate the GABAA receptor current by regulating a different single
channel property of the receptor. Barbiturates enhance the GABAA receptor 
current by binding to a regulatory site on the receptor (OLSEN 1987). Single 
channel recordings of barbiturate-enhanced single GABAA receptor currents 
have directly demonstrated that barbiturates increase mean channel open 
duration but do not alter receptor conductance or opening frequency 
(MACDONALD et al. 1989b: TWYMAN et al. 1989). GABAA receptors have a 
high affinity binding site for benzodiazepines, and benzodiazepine and 
GABAA receptor binding sites have been demonstrated to be allosterically 
coupled (OLSEN 1987). Benzodiazepines increase GABAA receptor current, 
and single channel recordings have demonstrated that they increase GABAA 

receptor opening frequency without altering the mean open time or conduc
tance (VICINI et al. 1987; ROGERS et al. 1994). 

III. Ethosuximide and Trimethadione 

Several antiepileptic drugs modify the properties of voltage-dependent Ca2+ 

channels (MACDONALD 1989). Phenytoin, barbiturates and benzodiazepines 
reduce synaptic terminal Ca2+ influx and block the presynaptic release of neu-
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rotransmitters. However, these actions occur only at high drug concentrations 
that are above their therapeutic free serum concentrations in patients treated 
for epilepsy. Thus, these antiepileptic drugs do not appear to have their 
primary actions on Ca2+ channels. Calcium channels, however, have been 
shown to be heterogeneous (HUI et al. 1991; MORI et al.1991; STARR et al.1991; 
SNUTCH et al.1991; WILLIAMS et al. 1992). Multiple types of voltage-dependent 
Ca2+ channels have been characterized physiologically (NOWYCKY et al. 1985; 
MINTZ et al. 1992) and multiple Ca2+ channel subunits have been cloned 
(ZHANG et al. 1993). The Ca2+ channels have been called L-, T-, N-, P-, Q- and 
R-type channels. Each Ca2+ channel has different voltage ranges for activation 
and inactivation and different rates of activation and inactivation. Each 
channel type has been cloned and shown to be composed of an ion conduct
ing a1 subunit and several smaller accessory subunits (L-type channels: 
CATTERALL 1988; CAMPBELL et al. 1988; N-type channels: WILLIAMS et al. 1992; 
FUJITA et al. 1993; P-type channels: MORI et al. 1991; and T-type channels: 
SOONG et al. 1993). At least six aI, four /3, one a2 and one (5 subunits have been 
cloned (PEREZ-REYES and SCHNEIDER 1994). It is also likely that these are not 
the only types of Ca2+ channels present on neurons. 

With the finding that neurons express multiple Ca2+ channels, it may be 
that anti epileptic drugs act upon specific types of channels. Indeed, this has 
been demonstrated for the anti epileptic drugs ethosuximide, trimethadione 
and (sodium) valproate, which are effective in the treatment of generalized 
absence seizures (Table 1). Generalized absence epilepsy is characterized 
clinically by brief periods of loss of consciousness and electrically by general
ized 3 Hz spike and wave discharges recorded on the electroencephalogram. 
Thalamic relay neurons playa critical role in the generation of the abnormal 
thalamo-cortical rhythmicity that underlies the 3 Hz spike and wave discharge. 
Whole cell voltage clamp recordings from acutely dissociated relay neurons 
from the rat thalamus have demonstrated the presence of low threshold (T
type) and high threshold Ca2+ currents (COULTER et al. 1989a). T current acti
vation was necessary and sufficient to cause the generation of low threshold 
Ca2+ spikes in thalamic relay neurons. Ethosuximide and dimethadione, the 
active metabolite of trimethadione, both reduced the T-type current of thala
mic neurons isolated from guinea pigs and rats (COULTER et al. 1989b,c). The 
reduction of the T-type current was produced at concentrations of ethosux
imide and dimethadione that have clinical relevance. Phenytoin and carba
mazepine, which are ineffective in the control of generalized absence seizures, 
had minimal effects on the T-type current. The ethosuximide-induced reduc
tion of the T-type current was voltage-dependent. The reduction was most 
prominent at negative membrane potentials and less prominent at more pos
itive membrane potentials. Ethosuximide did not alter the voltage dependency 
of steady-state inactivation or the time course of the recovery from inac
tivation. Dimethadione reduced the T-type current by a mechanism similar 
to that of ethosuximide. Another anticonvulsant succinimide, a-methyl-a
phenylsuccinimide, also reduced T-type currents, while a convulsant succin-
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imide, tetramethylsuccinimide, reduced the T-type current only at very high 
concentrations (COULTER et al. 1990). These results suggest that anticonvulsant 
succinimides and dimethadione, compounds effective in the treatment of gen
eralized absence epilepsy, may have their primary action by reducing the T
type Ca2+ current in thalamic relay neurons. 

IV. Valproic Acid 

The effect of valproic acid on Na+ channels has been studied less extensively. 
It remains uncertain if valproic acid has the same mechanism of action as 
phenytoin and carbamazepine. While valproic acid blocked sustained high fre
quency repetitive firing of neurons in culture (McLEAN and MACDONALD et al. 
1986a,b and Table 1), detailed voltage clamp experiments of valproic acid 
actions on Na+ currents have not been performed. It cannot be concluded that 
valproic acid has a mechanism of action similar to that of phenytoin and car
bamazepine until these studies have been performed. 

Valproic acid is one of the most effective drugs against generalized 
absence seizures. Interestingly, the initial studies of valproic acid did not 
demonstrate any effect on the T-type Ca2+ current; however subsequently, val
proic acid was shown to reduce T-type currents in primary afferent neurons 
(KELLY et al. 1990 and Table 1). The effect was produced over a concentration 
range of 100-1000,uM. However, the magnitude of the effect was modest, with 
a 16% reduction seen at 1 mM valproic acid. Whether this modest reduction 
in T-type Ca2+ current is sufficient to explain the effect of valproic acid on gen
eralized absence seizures is unclear. Furthermore, the basis for the discrep
ancy between the results obtained in rat thalamic neurons and rat primary 
afferent neurons remains uncertain. It may be that different neuronal types 
have different sensitivities to these anti-absence drugs or that the small effect 
is difficult to characterize. Whether this is a relevant mechanism of action for 
valproic acid will have to be determined by future investigation. 

c. Newly Developed Antiepileptic Drug Mechanisms 
of Action 

I. Gabapentin 

Gabapentin, 1-( aminomethyl)cyclohexaneacetic acid, is a cyclic GABA ana
logue which was designed to mimic a restricted steric conformation of GABA 
and to have a high lipid solubility for penetration of the blood-brain barrier, 
and was initially intended to act as a GABA agonist (SCHMIDT 1989). 
Gabapentin is effective in preventing tonic seizures in response to a number 
of chemoconvulsants and in the maximal electroshock seizure model in rats 
(ROGAWSKI and PORTER 1990). It prevents reflex seizures in DBA/2 mice and 
Mongolian gerbils (BARTOSZYK and HAMER 1987) and genetically epilepsy 
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prone rats (NARITOKU et al. 1988), but is ineffective in the kindling model. 
Gabapentin is clinically active in the treatment of human partial and general
ized tonic-clonic seizures, and may have some benefit against generalized 
absence seizures (BAUER et al. 1989; ROWEN et al. 1989). 

Although early work suggested an effect of gabapentin on GABAA recep
tor systems (BARTOSZYK and REIMANN 1985), a specific effect on GABAergic 
neurotransmission has not been demonstrated definitively. Gabapentin in
hibited monoamine release in electrically stimulated rabbit caudate nucleus 
(REIMANN 1983) and rat cortex (SCHLICKER et al. 1985), but this inhibition was 
not modified by GABA, bicuculline or baclofen, suggesting that gabapentin 
did not act at GABAA receptors or GABAB receptors. Gabapentin did not 
displace [3H]muscimol or [3H]baclofen binding in rat brain and spinal cord, 
suggesting that it had no specific affinity for GABAA receptors or GABAB 

receptors, and the drug did not inhibit [3H]diazepam binding at the GABAA 

receptor benzodiazepine site (BARTOSZYK et al. 1986). In electrophysiological 
studies of GABAergic mechanisms, gabapentin did not affect currents elicited 
by GABA in mouse spinal cord neurons in culture (ROCK et al. 1993), but 
decreased inhibition evoked by paired pulse orthodromic stimulation of pyra
midal neurons in hippocampal slices in vitro (DOOLEY et al. 1985; TAYLOR et al. 
1988) by an unknown mechanism. In contrast, prolonged (1 h) exposure to 
gabapentin enhanced the shunting effect on CAl region excitatory postsy
naptic potentials induced by the GABA uptake inhibitor, nipecotic acid, which 
promotes GABA release (HONMOU et al. 1995a). The enhancement by 
gabapentin of the nipecotic acid-stimulated conductance increase was not Ca2+ 

dependent, suggesting that there was a non-vesicular release of GABA from 
neurons or glia (HONMOU et al. 1995b). This model suggests that gabapentin 
may promote GABA synthesis or release through metabolic mechanisms that 
may be slow to develop. 

The effects of gabapentin at glutamate receptors have also been explored. 
Gabapentin prolonged the onset latency for seizures and for death in mice fol
lowing intraperitoneal injection of NMDA, but not kainic acid or quinolinic 
acid; however, it did not affect seizures when NMDA was injected directly 
into the cerebral lateral ventricle (BARTOSZYK 1983). The anticonvulsant effect 
was blocked by the administration of serine, an agonist at the strychnine
insenstitive glycine receptor site of the NMDA receptor complex, suggesting 
possible involvement of the NMDA receptor glycine site in the anticonvulsant 
activity of gabapentin (OLES et al. 1990). However, gabapentin has shown no 
effect on whole cell or single channel neuronal responses to the application of 
glutamate or NMDA, with or without glycine co-application (ROCK et al. 1993; 
TAYLOR et al. 1988). Moreover, gabapentin did not affect long term potentia
tion in rat hippocampal slices, and this is blocked by most NMDA receptor 
antagonists (TAYLOR et al. 1988). These data suggest that the anticonvulsant 
effect of gabapentin is unlikely to be mediated by actions at NMDA or other 
glutamatergic receptors. 
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Biochemical studies have suggested that gabapentin may alter the metab
olism and availability of GABA and/or glutamate. Gabapentin has been 
shown to increase GABA turnover in several rat brain regions (LOSCHER et 
a1. 1991), and increased the levels of GABA in patients with epilepsy, an effect 
assessed by magnetic resonance spectroscopy (PETROFF et a1. 1996). However, 
gabapentin showed only weak inhibition (33 %) of GABA transaminase, the 
primary enzyme involved in GABA catabolism, with an ICill of 17-20mM, 
which is higher than that for GABA and much higher than therapeutic con
centrations (GOLD LUST et al. 1995). Gabapentin stimulated activity of gluta
mate dehydrogenase, involved in a major degradative pathway for glutamate, 
up to 3.4-fold with an ECso of 1.5 mM, and competitively inhibited branched 
chain amino acid aminotransferase, involved in the synthesis of glutamate 
from amino acids, with a Ki of 0.8-1.4 mM, suggesting that gabapentin at ther
apeutic levels may reduce the synthesis and hasten the degradation of gluta
mate. Gabapentin is also a substrate for the large neutral amino acid uptake 
system (system L) in brain synaptosomes, with a Km of 160 pM, similar to 
that for the amino acid leucine (THURLOW et al. 1996a). In autoradiographic 
studies in rat brain, [3H]gabapentin binding was inhibited by leucine and a 
specific large neutral amino acid uptake ligand, suggesting that gabapentin 
may specifically bind to the system L transporter (THURLOW et al. 1996b). 
Gabapentin binding was associated with the projection areas of major 
excitatory amino acid pathways and areas where epileptiform activity occurs, 
including the hippocampus, dentate gyrus and outer layers of the cerebral 
cortex. A decrease in gabapentin binding after excitotoxic lesions in the 
caudate/putamen suggests that the system L sites may be neuronal, and since 
this binding was also found in a synaptosome preparation, a presynaptic local
ization is likely. This binding appears to be different from the high affinity site 
from homogenized brain at which gabapentin was displaced by the anticon
vulsant 3-isobutyl GABA (TAYLOR et al. 1993); this may represent an intracel
lular site. A [3H]gabapentin binding protein was purified from pig cerebral 
cortex membranes and partially sequenced, revealing an amino-terminal 
sequence identical to the a2y subunit of the L-type voltage-dependent Ca2+ 

channel (GEE et al. 1996). It is unclear whether this Ca2+ channel is linked to 
the large neutral amino acid transporter, or how gabapentin might affect its 
function. Gabapentin blocked responses to BayK8644, an agonist at the dihy
dropyridine binding site of L-type Ca2+ channels (WAMIL et al. 1991), but did 
not affect voltage-activated Ca2+ channel currents of the T, N or L subtypes in 
recordings from rat dorsal root ganglion cells (ROCK et a1. 1993). If gabapentin 
were to affect brain L-type Ca2T channels, it would imply the displacement of 
an endogenous BayK8644-like agonist, which has not been demonstrated. 

Gabapentin had no effect on sustained repetitive firing of action poten
tials in mouse spinal cord neurons (TAYLOR et al. 1988; ROCK et al. 1993). While 
other studies have shown effects on sustained repetitive firing in the same 
preparation after prolonged (24-48 h) incubation with therapeutically relevant 
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Table 4. Actions of new anti epileptic drugs 

Sodium GABAA Calcium current Glutamate 
current receptor current synaptic function 

Gabapentin +I? +I? +I? +I? 
Lamotrigine ++ -I? +I? +I? 
Oxcarbazepine ++ ? +I? +I? 
Vigabatrin ? +I? ? 
Tiagabine ? +I? ? 
Topiramate +I? +I? ? 
Felbamate +I? +I? +I? 

concentrations of gabapentin (WAMIL and McLEAN 1994), gabapentin had no 
effect on rat brain type IIA Na+ channel a subunits expressed in CRO cells 
with acute intracellular or extracellular delivery or after prolonged (24 h) bath 
exposure to the drug (TAYLOR 1993). While it is conceivable that gabapentin 
might require additional Na+ channel regulatory subunits to confer activity, 
the prolonged incubation time necessary to demonstrate an effect in neuronal 
preparations suggests that a direct action on voltage-gated Na+ channels is 
unlikely. Further characterization of gabapentin's activity at the large neutral 
amino acid transporter and L-type Ca2+ channel may provide new insights into 
its anticonvulsant mechanism. 

In summary, the results of several studies have demonstrated a possible 
effect of gabapentin to increase GABA release but have not demonstrated a 
major effect of the drug on ligand- or voltage-gated channels (Table 4). 
Further work on the high-affinity binding site of gabapentin and the possibil
ity of active transport of gabapentin across neuronal membranes should con
tribute significantly to the understanding of its mechanism of action. 

II. Lamotrigine 

Lamotrigine [3,5,-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine] is a phenyl
triazine with weak antifolate activity. Lamotrigine was developed following 
the observations that the use of phenobarbitone, primidone and phenytoin 
resulted in reduced folate levels and that folates could induce seizures in 
experimental animals (REYNOLDS et al. 1966). It was proposed that antifolate 
activity might be related to anticonvulsant activity; however, this has not been 
demonstrated by structure-activity studies (ROGAWSKI and PORTER 1990). Lam
otrigine has anticonvulsant activity in several animal seizure models including 
hind limb extension in maximal electroshock and maximal pentylenetetrazol 
seizures in rodents (MILLER et al. 1986). Lamotrigine has been effective as add
on therapy in the treatment of human partial and generalized tonic-clonic 
seizures. 

The action of lamotrigine on the release of endogenous amino acids from 
rat cerebral cortex slices in vitro has been studied. Lamotrigine potently inhib-
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ited the release of glutamate and aspartate evoked by the Na+ channel acti
vator veratrine, and was much less effective in the inhibition of the release of 
acetylcholine or GABA. At high concentrations, lamotrigine had no effect 
on spontaneous or potassium-evoked amino acid release. These studies sug
gested that lamotrigine acted at voltage-dependent Na+ channels resulting in 
decreased presynaptic release of glutamate (LEACH et a1. 1986). In radioligand 
studies, the binding of [3H]batrachotoxinin A 20-a-benzoate, a neurotoxin that 
binds to receptor site 2 on voltage-dependent Na+ channels, was inhibited by 
lamotrigine in rat brain synaptosomes (CHEUNG et a1. 1992). Several elec
trophysiological studies have tested the effects of lamotrigine on voItage
dependent Na+ channels. Lamotrigine blocked sustained repetitive firing in 
cultured mouse spinal cord neurons in a dose-dependent manner at concen
trations which are therapeutic in the treatment of human seizures (CHEUNG et 
a1. 1992). In cultured rat cortical neurons, lamotrigine reduced burst firing 
induced by glutamate or potassium, but not unitary Na+ action potentials 
evoked at low frequencies (LEES and LEACH 1993). In cultured hippocampal 
neurons, lamotrigine reduced Na+ currents in a voltage-dependent manner, 
and at depolarized potentials showed a small frequency-dependent inhibition 
(MUTOH and DICHTER 1993). Lamotrigine increased steady-state inactivation 
of currents in rat brain type ITA Na+ channel a subunit which were expressed 
in Chinese hamster ovary cells (TAYLOR 1993) and produced both tonic and 
frequency-dependent inhibition of voltage-dependent Na+ channels in clonal 
N4TG1 mouse neuroblastoma cells, but it had no effect on cationic currents 
induced by stimulation of glutamatergic receptors in embryonic rat hip
pocampal neurons (WANG et a1. 1993). 

In cultured rat cortical neurons, lamotrigine at high concentrations was 
able to inhibit peak high threshold Ca2+ currents and appeared to shift the 
threshold for inward currents to more depolarized potentials (LEES and LEACH 
1993). In clonal rat pituitary GH3 cells, lamotrigine at the same concentration 
did not inhibit high threshold Ca2+ currents, caused only slight inhibition of 
low threshold Ca2+ currents, reduced rapidly inactivating voltage-dependent 
K+ currents, and had no significant effect on Ca2+ -activated K+ currents (LANG 
and WANG 1991). In cultured rat cortical neurons. lamotrigine did not appear 
to mimic the effect of diazepam when tested on GABA-evoked Cl- currents 
(LEES and LEACH 1993). 

Other studies, however, suggest a possible effect of the drug on voltage
gated Ca2+ channels. Lamotrigine inhibited high voltage activated Ca2+ cur
rents in rat cortical neurons with an ICsIJ of 12.uM (STEFANI et a1. 1996b). This 
action was blocked by the N-type Ca2+ channel blocker m-conotoxin GVIA 
and the P-type Ca2+ channel blocker m-agatoxin IVA, but was not blocked by 
nifedipine (an L-type Ca2+ channel blocker), suggesting that lamotrigine at 
therapeutic concentrations may reduce the release of neurotransmitters in 
part by acting at presynaptic Ca2+ channels. Lamotrigine also blocked NMDA 
receptor-mediated excitatory postsynaptic potentials in rat amygdala neurons 
in vitro, evoked by stimulation of the endopyriform nucleus (WANG et al. 1996). 
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Postsynaptic responsiveness to AMPA was not affected by lamotrigine, but 
paired pulse excitatory postsynaptic potential facilitation was increased, sug
gesting a presynaptic mechanism of action of the drug. The presumed presy
naptic inhibitory effects of lamotrigine were blocked by m-conotoxin GVIA, 
suggesting mediation of the effect by N-type Ca2+ channels (WANG et al. 1996). 
A presynaptic reduction in the release of glutamate may explain the pos
sible neuroprotective effect of lamotrigine in a model ofaxotomy-induced 
motoneuron cell death (CASANOVAS et al. 1996) and in a global ischaemia 
model (SHUAIB et al.1995), both of which may involve excitotoxic mechanisms. 
It is unclear, however, why lamotrigine should preferentially reduce presy
naptic release of glutamate more than GABA or other neurotransmitters, and 
more recent studies have not observed this selectivity (WALDMEIER et al.1996). 
Moreover, the efficacy of lamotrigine against generalized absence epilepsy is 
greater than that seen with the other agents that affect the Na+ channel, sug
gesting that additional mechanisms may be at work, perhaps involving a reduc
tion of low threshold (T-type) Ca2+ channel currents or GABAB receptor 
antagonism, though these effects have not been demonstrated. 

These results suggest that the anti epileptic effect of lamotrigine is due to 
a specific interaction at the voltage-dependent Na+ channel that results in 
voltage- and frequency-dependent inhibition of the channel (Table 4). These 
results are similar to those found for phenytoin and carbamazepine. It remains 
to be determined whether this action results in a significant preferentially 
decreased release of presynaptic glutamate. 

III. Oxcarbazepine 

Oxcarbazepine (10,1l-dihydro-10-oxo-carbamazepine) is a derivative of the 
dibenzazepine series and is very similar to carbamazepine in molecular struc
ture. Oxcarbazepine differs from carbamazepine by a keto substitution at the 
1O,1l-position of the dibenzazepine nucleus. The keto substitution causes a dif
ferent biotransformation pattern and greater tolerability in humans compared 
to carbamazepine. Oxcarbazepine is rapidly and nearly completely me
tabolized to 10,11-dihydro-10-hydroxy carbamazepine (GP 47779), the active 
metabolite which is responsible for the antiepileptic activity of oxcarbazepine 
(JENSEN et al. 1991). Hydroxy-carbamazepine is a racemate with both enan
tiomers having approximately equal anticonvulsant activity (SCHMUTZ et al. 
1993). Metabolism of oxcarbazepine does not result in the formation of 10,11-
epoxy carbamazepine. 

Oxcarbazepine and hydroxy-carbamazepine are effective in inhibiting 
hind limb extension in rats and mice elicited by maximal electroshock, but are 
approximately 2-3 times less effective against pentylenetetrazole-induced 
seizures in mice (BALTZER and SCHMUTZ 1978). In studies using rats at differ
ent developmental ages, oxcarbazepine, hydroxy-carbamazepine, and carba
mazepine dose-dependently reduced the tonic phase of generalized seizures 
induced by pentylenetetrazole and appeared to have identical anticonvulsant 
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profiles in this model (KUBOVA and MARES 1993). Oxcarbazepine and hydroxy
carbamazepine have relatively poor anticonvulsant efficacy against picrotoxin
and strychnine-induced seizures in mice (BALTZER and SCHMUTZ 1978). Oxcar
bazepine was able to completely suppress seizures in rhesus monkeys in a 
chronic aluminium focus model of partial seizures. At comparable doses, 
hydroxy-carbamazepine was less effective in suppressing seizures in this model 
(JENSEN et aI.1991). Oxcarbazepine is effective in the treatment of human gen
eralized tonic-clonic seizures and partial seizures with and without secondary 
generalization (DAM and JENSEN 1989). 

In electrophysiological studies of rat hippocampal slices, oxcarbazepine 
and the hydroxy-carbamazepine enantiomers dose-dependently decreased 
epileptic-like discharges induced by penicillin. Additionally, the drugs' abili
ties to suppress discharges was decreased by 4-amino-pyridine, a K+ channel 
blocker (SCHMUTZ et al. 1993). Oxcarbazepine and hydroxy-carbamazepine 
have been shown to reduce sustained high frequency repetitive firing 
of voltage-dependent Na+ action potentials in mouse spinal cord neurons 
(McLEAN et al. 1994), thus suggesting that oxcarbazepine's mechanism of 
action is similar to that of carbamazepine and phenytoin (Table 2). 

More recently, hydroxy-carbamazepine (3-100.uM) was shown to inhibit 
glutamatergic excitatory postsynaptic potentials in intracellular recordings of 
striatal neurons in rat brain corticostriatal slices (CALABRESI et al. 1995). The 
postsynaptic sensitivity to glutamate was unchanged, implying a presynaptic 
mechanism for the effect. In isolated cortical pyramidal cells, hydroxy
carbamazepine produced a reversible, concentration-dependent decrease in 
high voltage-activated Ca2+ currents (STEFANI et al. 1995). This effect was not 
blocked by nifedipine, but other, more specific, Ca2+ channel toxins were not 
tested. Together, these data suggest that oxcarbazepine and its metabolites 
may reduce the presynaptic release of glutamate by blocking a presynaptic 
high voltage activated Ca2~ channel, an effect that may also contribute to its 
antiepileptic efficacy. The relative contribution of this action at voltage
dependent Ca2+ channels is unclear, and other as yet unknown mechanisms 
may also be involved 

IV. Vigabatrin 

Vigabatrin (y-vinyl GABA; 4-amino-hex-5-enoic acid) is a synthetic derivative 
and structural analogue of GABA. Vigabatrin was developed to be an enzyme
activated, irreversible inhibitor of GABA-transaminase, the primary presy
naptic degradative enzyme for GABA. Vigabatrin's selective inhibition of 
GABA transaminase was intended to have potential therapeutic value by 
increasing GABA levels in the brain and thereby enhancing GABAergic 
transmission. Vigabatrin is a racemic mixture of S( +)- and R( - )-enantiomers. 
The S( + )-enantiomer potently inhibits GABA transaminase whereas the R( -)
enantiomer has minimal activity (LARSSON et al. 1986). The molecular mecha
nism of action of vigabatrin's inhibition of GABA transaminase was proposed 
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by LIPPERT et al. (1977). Vigabatrin is accepted as a substrate of GABA 
transaminase by forming a Schiff base with pyridoxal phosphate in the active 
site of the enzyme that then abstracts a proton from the Schiff base. The result
ing charge stabilization by the pyridine ring induces the aldimine to ketimine 
tautomerism that occurs in the normal transamination process. The reactive 
unsaturated ketimine forms a stable bond with a nucleophilic residue at 
GABA transaminase's active site, resulting in irreversible inhibition of the 
enzyme, thus terminating its ability to transaminate new substrate. 

Numerous animal studies have described the effects of vigabatrin's 
inhibition of GABA transaminase. Vigabatrin inhibited mouse whole brain 
GABA transaminase activity and increased whole brain GABA concentra
tions (JUNG et al. 1977; SCHECTER et al. 1977). These actions were seen in all 
brain areas assayed and were quantitatively different corresponding to the rel
ative regional distribution of GABAergic neurons (CHAPMAN et al. 1982). In 
rat cortex, vigabatrin markedly increased the synaptosomal GABA pool com
pared with non-synaptosomal GABA (SARHAN and SEILER 1979), suggesting a 
greater effect of vigabatrin on neuronal GABA transaminase than on glial 
GABA transaminase. This effect is consistent with the finding that neurons 
have a high affinity GABA uptake system whereas astrocytes have a low 
affinity system (SCHOUSBOE et al. 1986). In human studies, vigabatrin dose
dependently increased cerebrospinal fluid levels of free and total GABA 
(GROVE et al. 1981; SCHECHTER et al. 1984; BEN-MENACHEM 1989) but did not 
significantly affect other neurotransmitter systems (SCHECHTER et al. 1984; 
RIEKKINEN et al. 1989). In recent studies with healthy subjects, nuclear mag
netic resonance spectroscopy showed that occipital lobe GABA concentra
tions were elevated after taking vigabatrin (PETROFF et al. 1993). 

Vigabatrin has been shown to be an effective anticonvulsant in a variety 
of animal models of epilepsy. In studies with rodents, vigabatrin inhibited 
strychnine-induced and audiogenic seizures (SCHECHTER et al. 1977). Other 
studies showed that only the active S( + )-enantiomer of vigabatrin was effec
tive in inhibiting audiogenic seizures in mice (MELDRUM and MURUGAIAH 
1983). Vigabatrin inhibited epileptic responses in photosensitive baboons 
(MELDRUM and HORTON 1978) and inhibited the development of kindling 
(SHIN et al. 1986; LOSCHER et al. 1987) as well as of fully developed general
ized seizures in the amygdala-kindled rat (KALICHMAN et al. 1982). Vigabatrin 
was less effective in inhibiting seizures caused by bicuculline and picrotoxin 
(SCHECHTER and ThANIER 1977). Vigabatrin has been effective in the treatment 
of human partial seizures with or without secondary generalization. 

In summary, vigabatrin is a selective irreversible inhibitor of GABA 
transaminase, the main degradative enzyme for GABA. Inhibition of GABA 
transaminase produces greater available pools of presynaptic GABA for 
release in central nervous system synapses. Increased activity of GABA at 
postsynaptic GABA receptors can cause increased inhibition of neurons which 
are important in controlling the abnormal electrical activity of seizures 
(Table 2). These actions probably account for the clinical antiepileptic effects 
of vigabatrin. 
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v. Tiagabine 

Tiagabine, R( - )-N-[ 4,4-di(3-methyl-thien-2-yl)-but-3-enyl] nipecotic acid 
hydrochloride, is a nipecotic acid derivative that selectively and potently 
inhibits neuronal and glial GABA uptake (BRAESTRUP et al. 1990). Unlike 
nipecotic acid, tiagabine is not a substrate for the uptake transporter, and 
therefore does not act as a false transmitter. Tiagabine specifically inhibits the 
GABA transporter GAT-I, which has been cloned (BORDEN et al. 1994). It 
interacts only weakly with the GABA and benzodiazepine sites on GABAA 

receptors and does not bind to other neurotransmitter receptors (SUZDAK and 
JANSEN 1995). Unlike vigabatrin, its actions are reversible and do not result in 
a general elevation of CSF GABA levels. However, microdialysis studies 
reveal regional extracellular GABA overflow in the globus pallidus, ventral 
pallidum, and substantia nigra in awake rats (FINK-JENSEN et al. 1992). Curi
ously, tiagabine pretreatment resulted in increases in [3H]GABA binding to 
GABAA receptors in the prefrontal, motor, sensory, pyriform and cingulate 
cortex, and reductions in GABAB receptor binding in regions including a 
number of cortical areas (prefrontal, motor, striate, entorhinal, retrosplenial 
and temporal cortex) and in the medial geniculate and anteroventral thalamic 
nuclei, superior colliculus and molecular layer of the cerebellar cortex 
(THOMSEN and SUZDAK 1995). It is unclear whether these changes represent 
alterations in receptor number, affinity or subunit composition. In CAl pyra
midal cells recorded from hippocampal slices in vitro, tiagabine increased the 
half-width of inhibitory postsynaptic currents, suggesting a prolonged effect of 
GAB A at inhibitory synapses (ROEPSTORFF and LAMBERT 1992). In contrast, 
nipecotic acid reduced the amplitude of inhibitory postsynaptic currents while 
only modestly prolonging the declining phase of the current; the reduced 
amplitude presumably results from nipecotic acid entering the presynaptic ter
minal and acting as a false transmitter. 

Tiagabine blocked pentylenetetrazole as well as audiogenic seizures in 
DBA/2 mice and amygdala- or hippocampal-kindled seizures in rats (DALBY 
and NIELSEN 1990; MORIMOTO et al. 1997). It also blocked reflex epileptic 
seizures in the genetically epilepsy-prone rat and photosensitive baboon 
(Papio papio) animal models (SMITH et al. 1995). Tiagabine prevented gener
alized clonic seizures in the perforant path stimulation model of status epilep
ticus and reduced the loss of pyramidal cells in hippocampal CA3 and CAl 
regions, but did not protect somatostatin-immunoreactive neurons in the 
dentate hilus (HALONEN et al. 1996). Tiagabine also slowed neuronal death in 
the gerbil hippocampus in a model of postischemic excitotoxic cell death 
(INGLEFIELD et al. 1995). 

Decreased uptake of GABA, and the possible increases in GABAA recep
tors and reductions in GABAB receptors, does not always imply increased inhi
bition; the effect depends on the neuronal circuitry involved. Increased GABA 
can facilitate spike-wave discharges in animal models of generalized absence 
seizure (VERGNES et al. 1984; PEETERS et al. 1989). In WAG/Rij rats, tiagabine 
enhanced the number and duration of spike-wave discharges and provoked 
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expression of a second type of epileptiform discharge (COENEN et al.199S). In 
a rat model of status epilepticus produced by homocysteine injection after a 
cobalt lesion, tiagabine was effective in controlling generalized tonic-clonic 
seizures; but tiagabine induced an abnormal hyporeactive behavioural state 
associated with rhythmic high amplitude bifrontal 3-SHz spike and wave 
activity which may have represented a form of non-convulsive status epilep
ticus (WALTON et al. 1994). A similar syndrome may also occur in humans. 
Although tiagabine is effective against partial and generalized convulsive 
seizures, it may be contraindicated in patients with generalized absence 
epilepsy. 

VI. Topiramate 

Topiramate, 2,3:4,S-bis-O-(1-methylethylidine )-j3-D-fructopyranose sulfamate, 
is a sulfamate derivative structurally unique among anticonvulsants, with clin
ical efficacy as adjunctive therapy against partial seizures (FAUGHT et al. 1996; 
PRIVATERA et al. 1996; REIFE and PLEDGER 1997) and possible when used as 
monotherapy (ROSENFELD et al. 1997). 

Topiramate blocked audiogenic seizures in a rat model of ischemia
induced epilepsy in which three seizure types reflected the degree of severity, 
progressing from wild running through clonic seizures to tonic hind limb 
extension (EDMONDS et al. 1996). Topiramate and phenytoin blocked these 
seizure types with similar EDsos. Topiramate was also effective in reducing 
seizure activity in an amygdala kindling model (WAUQUIER and ZHOU 1996) 
and in maximal electroshock seizures but was ineffective against pentylenete
trazol, bicuculline and picrotoxin seizures (MARYANOFF et al. 1987; WHITE et al. 
1997). 

In in vitro electrophysiological studies, topiramate reversibly decreased 
the number of action potentials in spontaneous epileptiform bursts and 
reduced the burst duration in cultured hippocampal neurons and (at 20.uM) 
also reduced the number of action potentials elicited by a 1 s depolarization 
(COULTER et al. 1993). Topiramate suppressed the intrinsic bursting of proxi
mal subiculum neurons in rat hippocampal slices and reduced the tonic repet
itive firing of these neurons during depolarizing pulses (KAWASAKI et al. 1996). 
Topiramate also reduced voltage-gated Na+ currents in cultured cerebellar 
granule cells without changing the voltage dependency of activation, though 
these effects were observed at high (200-S00 .uM) drug concentrations (ZONA 
et al. 1996). The steady state inactivation curve was shifted to the left, sug
gesting an effect on the inactivated form of the channel. These findings suggest 
that the anticonvulsant mechanism of the drug may be similar to that of 
phenytoin, and that its effect may be to prevent the propagation of seizure 
activity. 

Additional mechanisms of action may also be important. In a micro dial
ysis study of spontaneously epileptic rats (SER), an epileptic double mutant 
derived from the Wistar strain, topiramate reduced the basal levels of gluta-
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mate and aspartate from two- to threefold above normal to near normal with 
the same concentration-response relationship and time course as that with 
which it suppressed tonic seizures (KANDA et a1. 1996). There was no effect on 
glutamate levels in normal Wistar rats. The mechanism underlying the reduc
tion in elevated levels of excitatory amino acids was unclear. but thought to 
be presynaptic in its site. Topiramate also reversibly enhanced postsynaptic 
GABAA receptor currents measured by CI- flux or by electrophysiological 
recordings (WHITE et al. 1997), perhaps explaining its modest activity against 
pentylenetetrazole seizures (at low topiramate doses) (WHITE et al. 1996), and 
the reduction in spike-wave discharges in a rodent model of absence seizures 
(NAKAMURA et al. 1994). It is as yet unclear whether topiramate's postsynap
tic effect on GABAJ\ receptors requires a specific GABAA receptor subunit 
sUbtype or isoform. 

VII. Felbamate 

Felbamate, 2-phenyl-l,3-propanediol dicarbamate, is a dicarbamate with a 
structure similar to that of the antianxiety agent meprobamate. It was effec
tive against seizures elicited by maximum electroshock, pentylenetetrazole 
and picrotoxin (SWINYARD et al. 1986) and blocked bicuculline- but not strych
nine-induced seizures (SOFIA et al. 1991). Felbamate also reduced seizures pro
duced by cortical aluminium lesions in rhesus monkeys (LOCKARD et al. 1987) 
and inhibited seizures induced by NMDA and also inhibited kainate-induced 
status epilepticus (WHITE et a1. 1992; CHRONOPOULOS et al. 1993). More 
recently, felbamate was shown to block the development of chemical kindling 
in rats given repeated subconvulsive doses of pentylenetetrazole (GIORGI et 
a1. 1996). These studies suggest that felbamate increases the seizure threshold 
and prevents the electrical spread of seizure activity. In humans, felbamate has 
been effective against partial seizures with and without secondary generaliza
tion, and was particularly useful in patients with partial and generalized 
seizures associated with the Lennox-Gastaut syndrome. Unfortunately an 
unacceptably high incidence of aplastic anaemia (1 in 20,000) and severe hepa
totoxicity have precluded the use of felbamate except in special circumstances 
(PENNELL et a1. 1995; STABLES et al. 1995). 

Felbamate in subprotective doses enhanced the protective effects of 
diazepam against seizures induced by maximum electroshock, pentylenete
trazole and isoniazid, but not seizures induced by bicuculline, suggesting a pos
sible action at GABAA receptors (GORDON et al. 1991). Early studies failed to 
find an effect of felbamate on ligand binding to the GABA. benzodiazepine 
or picrotoxin binding sites on GABAA receptors in rat brain cortical mem
branes, and felbamate did not affect GABA-induced ['6C1] flux in cultured 
mouse spinal cord neurons (TrcKu et al. 1991). However, in cultured hip
pocampal neurons, felbamate at relatively high concentrations (1-3 mM) 
potentiated GABA-evoked CI currents, an effect not antagonized by the 
benzodiazepine antagonist flumazenil (RHO et al. 1994). Felbamate inhibited 
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binding of [3H]t-butylbicycloorthobenzoate, a picrotoxin site ligand, in rat 
brain slices with an ICso of 250.uM, and produced small enhancements of 
GABA-induced Cl- currents which were not affected by flumazenil or pento
barbitone but blocked by picrotoxin or bicuculline (KUME et al. 1996). 

Felbamate also prevented NMDA- and quisqualate-induced seizures in 
mice, suggesting a possible effect at glutamatergic receptors, though it did not 
inhibit the binding of MK-S01, an NMDA receptor antagonist (SOFIA et al. 
1991). However, intra-cerebro-ventricular administration of D-serine, an 
NMDA receptor glycine site agonist, produced a shift to the right of the fel
bamate anticonvulsant concentration-response curve in audiogenic seizure
susceptible mice (HARMSWORTH et al. 1993). Felbamate also inhibited the 
binding of [3H]5,7-dichlorokynurenic acid, a competitive antagonist at the 
strychnine-insensitive glycine site of the NMDA receptor (MCCABE et al. 
1993), which further suggests that felbamate may act in part as an NMDA 
glycine site antagonist. Both felbamate and kynurenic acid derivatives blocked 
the expression of epileptiform activity induced by kainic acid in hippocampal 
slices, while antagonists at other NMDA receptor sites (MK-S01, ketamine, 
CGS19755) were ineffective. In hippocampal neurons in culture, felbamate 
inhibited NMDA receptor mediated responses with an ICso of about l.SmM 
(RHO et al. 1994). This inhibition did not appear to be mediated by antago
nism at either the NMDA or glycine binding sites, but was more consistent 
with open channel block (SUBRAMANIAM et al. 1995). In rat striatal neurons in 
slices, felbamate inhibited both extracellular field potentials and intracellular 
excitatory postsynaptic potentials only when Mg2+ was absent, consistent with 
NMDA-mediated responses, and in acutely isolated striatal neurons fe1bamate 
blocked currents elicited by bath or focal application of NMDA (PISANI et al. 
1995). Felbamate inhibited extracellularly recorded excitatory postsynaptic 
potentials in hippocampal slices at moderate concentrations (200-700.uM), 
reducing both AMPA- and NMDA-receptor mediated responses (PUGLIESE 
and CORRADETII 1996). It also blocked long term potentiation, but only at con
centrations (700-1300.uM) higher than those needed for antiepileptic activity. 

Felbamate may also affect voltage gated Na+ and/or Ca2+ channels. In 
mouse spinal cord neurons, felbamate produced a 50% inhibition of repetitive 
firing of action potentials at 67.uM (PISANI et al. 1995; WHITE et al. 1992). In 
striatal neurons, felbamate blocked repetitive current-evoked action potentials 
and inhibited depolarization-evoked Na+ currents with an ICso of 2S.uM 
(PISANI et al. 1995). Fe1bamate (30.uM) also shifted the steady-state inactiva
tion curve to the left by 10AmV without affecting the slope, consistent with 
an effect on the inactivated state of the Na+ channel. In guinea pig olfactory 
cortex neurons, felbamate also reduced the slow excitation and blocked sus
tained repetitive firing elicited by muscarinic receptor or metabotropic gluta
mate receptor agonists (LIBRI et al. 1996), possibly by blocking Ca2+ influx 
through voltage-gated Ca2+ channels, as felbamate also reduced the duration 
of Ca2+ spikes elicited by cesium loading. Felbamate blocked high voltage
activated Ca2+ currents in acutely isolated cortical and neostriatal neurons with 
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an ICso of 504nM (STEFANI et al. 1996a). The felbamate-mediated inhibition 
was blocked by nifedipine but not by w-conotoxin GVIA or w-agatoxin IVA, 
suggesting that felbamate inhibits L-type, dihydropyridine-sensitive Ca2+ chan
nels. Blockade of L-type channels might be effective in controlling spike dis
charges from epileptic foci, and may be neuroprotective by limiting Ca2+ 

loading. 
Several recent studies have demonstrated a neuroprotective effect of 

felbamate in transient forebrain ischaemia in gerbils (SHUAIB et al. 1996; 
WASTERLAIN et al. 1996), in fluid percussion trauma (WALLIS and PANIZZON 
1995) and after kainate-induced status epilepticus (CHRONOPOULOS et al. 1993). 
In each case, there was significant protection of hippocampal CA I neurons that 
would have otherwise undergone apoptosis, and the neuroprotective effect 
was observed when felbamate was administered after the neuronal injury. Fel
bamate also blocked excitotoxic neuronal injury in cultured cortical neurons 
(KANTHASAMY et al. 1995), decreasing NMDA- and glutamate-induced Ca2+ 

influx. This effect was not antagonized by glycine, suggesting that the effect 
might result from an action of felbamate at an NMDA receptor site distinct 
from the strychnine-insensitive glycine receptor. Blockade of Ca2+ entry, 
whether at voltage- or ligand-gated channels, appears to be crucial to the neu
roprotective effect. In the circumstance of an acute cerebral infarct, injury or 
neurosurgery, a brief exposure to felbamate may be an acceptable risk if it 
provides significant neuroprotective benefit; this possible therapeutic modal
ity is deserving of further controlled study. 
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CHAPTER 6 

The Search for New Anticonvulsants 

D. SCHMIDT 

A. Introduction 
Any review of the rational search for new anticonvulsants runs the danger of 
neglecting the informality that may lie at the heart of drug discovery - the 
flashes of insight, inspiration, fruitful discussion and, last but not least, 
serendipity. While recognizing the possibility of the accidental discovery of 
new drugs, the aim of this chapter is to compare critically the pharmacologi
cal strategies which are currently used in anti epileptic drug development. In 
particular, the modern rational approach to the development of new drugs, 
which is based on knowledge of the basic events involved in epilepsy, will be 
compared with the more traditional approaches of random screening and 
devising structural variants of known anti epileptic drugs. 

The ultimate goal of the discovery of a drug for the treatment of epilepsy 
is to find a compound that completely controls all seizures and does not cause 
any intolerable adverse events. Although a large number of anti epileptic 
drugs have been marketed, they have shown a surprising lack of efficacy for 
many of the various seizure types, and none has proven free from adverse 
effects. Approximately 20%-30% of patients with epilepsy have seizures that 
are resistant to treatment with standard antiepileptic drugs (SCHMIDT and 
MORSELLI 1986). Therefore, there is a pressing need for new antiepileptic drugs 
which should be more effective than existing drugs in patients with intractable 
epilepsies, such as those with complex partial seizures and the Lennox-Gastaut 
syndrome. Furthermore, because of growing concern about the acute and 
chronic toxicity of currently used antiepileptic drugs, newly developed drugs 
should be less toxic than existing drugs. Any new drug will eventually undergo 
rigorous clinical comparison against standard drugs such as carbamazepine, 
phenytoin or valproate, in terms of both efficacy and tolerability. The outcome 
of this comparison will ultimately determine the success of the preclinical (and 
clinical) development strategy chosen. In addition. the efficacy observed in 
controlled clinical trials can be compared to that seen during the testing of the 
drug in animal models during preclinical development. Thus. the predictive 
ability of individual experimental models can be reassessed. Finally, promis
ing strategies for future antiepileptic drug discovery will be discussed briefly. 
Since a prerequisite to all approaches is the choice of adequate experimental 
seizure models (LbsCHER and SCHMIDT 1988: WHITE and KUPFERBERG 1996), 
these will first be discussed, briefly. 



152 D. SCHMIDT 

For preclinical evaluation and development of new antiepileptic drugs, 
animal models are needed that are predictive both in terms of antiepileptic 
efficacy against the different seizure types and in terms of adverse effects 
occurring at anticonvulsant dosages. The most popular and widely used of 
these models are the maximal electroshock seizure (MES) test, a model for 
generalized tonic-clonic seizures of human epilepsy, the pentylenetetrazole 
(PTZ) seizure test, a model for generalized myoclonic seizures, and amyg
daloid kindling, a model for complex partial seizures with or without 
secondarily generalized tonic-clonic seizures (LOSCHER and SCHMIDT 1994). 
Furthermore, kindling renders the brain more susceptible to adverse effects 
of certain anticonvulsants and thus avoids overestimation of the tolerability 
of new drugs (LOSCHER and HONACK 1991; HONACK and LOSCHER 1995). It 
should be noted, however, that no animal models currently exist for several 
difficult-to-treat epilepsies such as the West syndrome or the Lennox-Gastaut 
syndrome. A detailed discussion of animal models of epilepsy and epileptic 
seizures is provided in Chap. 2 of this volume. In any event, in view of the 
diverse types of epileptic seizures mentioned above, more than one seizure 
model has to be used in the search for new antiepileptic drugs. Based on expe
rience with major antiepileptic drugs, such as valproate or the novel drug viga
batrin, not only traditional seizure tests with stimuli clearly above the 
individual seizure threshold for animals within a group should be used; drugs 
such as valproate or vigabatrin would have been missed if only such tests had 
been employed. In addition, models with the determination of individual 
seizure thresholds should be used, especially when models with supramaximal 
stimulation have failed to show anticonvulsant activity. An example of a 
battery of seizure models, and of models for the detection of adverse effects, 
is presented in Table 1. 

B. Pharmacological Strategies in the Search for 
New Anticonvulsants 

There are at least three strategies which are currently used for the develop
ment of new antiepileptic drugs: (1) random screening of newly synthesized 
chemical compounds of diverse structural categories for the presence of anti
convulsant activity, (2) molecular structural variation of known anti epileptic 
drugs, and (3) rational drug design (or rational drug development) based on 
knowledge of the basic pathophysiological events responsible for epilepsy 
(Tables 2,3). All three strategies are generating clinically useful anti epileptic 
drugs, although many scientists currently believe that the strategy of rational 
('modern') drug development has important advantages over the more tradi
tional alternative strategies (PORTER and ROGAWSKI 1992). 

Historically, all standard antiepileptic drugs have been found or developed 
by serendipity, by screening or by structural variation of known drugs. The first 
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Table 1. Preclinical seizure models used for the development of new anticonvulsants. 
A test hierarchy proposed for the evaluation of antiepileptic drugs (modified from 
LbsCHER and SCHMIDT 1988, 1994) 

1. Models of primary generalized seizures in human epilepsy: 
a) Tonic-clonic seizures: maximum electroshock seizure (MES) test with tonic 

hind limb seizures induced by corneal and/or transauricular stimulation in 
mice (SOmA) and rats (150mA) 

b) Clonic seizures: s.c. pentylenetetrazole seizure test with clonic convulsions in 
mice (80mg/kg) and rats (90mg/kg); doses are CD'!7 for seizure induction 
(doses may vary among strains) 

c) Tonic seizures: threshold for tonic seizures induced by electrical stimulation in 
mice and rats via corneal and/or transauricular electrodes 

d) Myoclonic, tonic and tonic-clonic seizures: thresholds for myoclonic, clonic and 
tonic seizures induced by i.v. infusion of pentylenetetrazole (PTZ) in mice 

2. Models of complex partial seizures with or without secondary generalization in 
human epilepsy: 
a) Threshold for induction of afterdischarges (ADT) induced by electrical 

stimulation of the amygdala in fully amygdala-kindled rats; recording of 
seizure severity (stage 1,2: complex partial seizures; stage 4,5: secondarily 
generalized seizures), seizure duration and afterdischarge duration at 
threshold current 

b) Suprathreshold stimulation of amygdala-kindled rats; recording of seizure 
severity (stage l,2:complex partial seizures; stage 4,5: secondarily generalized 
seizures), seizure duration and afterdischarge duration at supra threshold 
current (500IlA) 

3. Models for the detection of motor impairment and other adverse effects: 
a) Rotarod and chimney test in mice and rats, including kindled rats 
b) Open field behaviour in mice and rats, including kindled rats 

4. Models for chronic efficacy testing: 
Chronic drug experiments in mice (MES, PTZ) and fully amygdala-kindled rats 

S. Models for detection of antiepileptogenic effects: 
Chronic drug administration during kindling development 

6. Further (more specialized) models if test drug looks promising: e.g. models for 
drug resistant seizure types. e.g. complex partial seizures such as phenytoin
resistant amygdala-kindled rats. genetic animal models of absence seizures such as 
lethargic mice or rat strains with spontaneous spike wave discharges (e.g. 
GAERS). and models for the detection of antipsychotic and cognition enhancing 
drug effects 

drugs for epilepsy were bromides, introduced by Sir Charles LOCOCK for the 
treatment of seizures in 1857. Bromides were the only useful therapy for about 
60 years until the serendipitous discovery of the antiepileptic efficacy of phe
nobarbitone by HAUPTMANN in 1912. Whereas both bromides and barbiturates 
were introduced without experimental evaluation prior to their clinical use, 
phenytoin was the result of a search by MERRITT and PUTNAM in 1937 for a 
non-sedating analogue of phenobarbitone capable of suppressing maximal 
electroshock seizures in animals. For about 50 years following the discovery 
of phenytoin, the main research effort was devoted to the development 
of phenytoin-like drugs. This was determined partly by the choice of an 
animal model (the maximum electroshock seizure test) which is selective for 
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Table 2. Pharmacological strategies for the development of new anticonvulsants. Drugs 
developed by rational drug design. Experimental activity refers to the traditional 
maximum electroshock seizure (MES) and pentylenetetrazole (PTZ) tests and elec
trical amygdala or hippocampal kindling. Inefficacy in the MES or PTZ test does not 
exclude the respective drug being active on MES or PTZ thresholds (U:iSCHER and 
SCHMIDT 1988, 1994). Clinical efficacy relates to placebo-controlled randomized add-on 
trials in patients with partial seizures inadequately treated with standard drugs, while 
open-label randomized trials were used for comparison of the new drug with a 
standard drug, mostly carbamazepine, during monotherapy in previously untreated 
patients with partial seizures and generalized tonic-clonic seizures. As discussed above, 
gabapentin may not be a selective GABA-mimetic drug (see text). Data are from 
L6sCHER and SCHMIDT (1988, 1994), ROGAWSKI and PORTER (1990), PISANI et al. (1991), 
HANDFORTH et al. (1995) and BIALER et al. (1996) 

New drug Animal models Add-on therapy Monotherapy 
(MES/PTZI vs. placebo vs.AEDs 
kindling) 

GABA-mimetic drugs 
Gabapentin (see legend) ±/±/± Yes Yes 
Progabide -1-1- No WD 
THIP -1-1- No WD 
Tiagabine ±/+I+ Yes N/A 
Vigabatrin -I±/+ Yes Yes 

NMDA -antagonists 
MK -801 (dizocilpine) +I±/- WD, confusion, WD 

poor efficacy 
D-CPP-ene +I±I- WD, confusion, N/A 

poor efficacy 
Dextromethorphan +I±/- Unimpressive N/A 

efficacy 
Selective ion channel drugs 

Flunarizine +1-1+ WD,modest N/A 
efficacy 

Ralitoline, designed +1-1+ WD, unremarkable N/A 
as phenytoin-like efficacy 

+, active; -, inactive; ±, weakly active; yes, more effective than placebo as add-on or 
broadly similar in efficacy or better tolerated during monotherapy; no, not more effec
tive than placebo as add-on or less effective or less well tolerated during monother
apy; WD, development was discontinued, mostly because of adverse effects; N/A, no 
data available 

phenytoin-like drugs and partly by an emphasis on molecular structures 
related to that of phenytoin (MELDRUM and PORTER 1986). Interestingly, the 
latter emphasis led to the development of two classes of compounds, i.e. the 
oxazolidinediones (e.g. trimethadione) and the succinimides (e.g. ethosux
imide) whose mechanisms of action and anti epileptic activities are totally dif
ferent from that of phenytoin. From that point on, the development of new 
drugs concentrated on different molecular structures, resulting in the market
ing of carbamazepine, valproate, and the benzodiazepines. The iminostilbene 
carbamazepine was the product of a structure-activity study carried out in the 
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Table 3. Pharmacological strategies for the development of new anticonvulsants. Drugs 
developed by random screening (RS) and structural variation (SV). For legend and 
abbreviations see Table2. Data are from ROGAWSKI and PORTER (1990); PISANI et al. 
(1991); OWEN (1993), CRAWFORD et al. (1992), RUNGE et al. (1993); SCHMUTZ et al. 
(1993); LbsCHER and SCHMIDT (1994); WALKER and PATSALOS (1995); BIALER et al. (1996); 
HARIA and BALFOUR (1997). As discussed above, gabapentin may actually belong to the 
group of drugs developed by molecular structure variation (see text) 

New drug Animal Poly therapy Monotherapy Comments 
models vs. placebo vs.AEDs 
(MES/PTZI 
kindling 

Clobazam +1+1+ Yes Yes SV of diazepam 
Eterobarb +I+/N/A N/A N/A SVof 

phenobarbitone 
Felbamate +I+/N/A Yes N/A SV of meprobamate 
Fosphenytoin N/A N/A Yes Pro-drug of 

phenytoin 
Levetiracetam ±I±!+ Yes N/A SV of piracetam 
Lamotrigine +1-1+ Yes Yes RS. based on 

erroneous '"folate 
hypothesis" 

MHD +I±/N/A N/A N/A Active metabolite 
of oxcarbazepine 

Losigamone +I+/N/A Yes N/A RS 
Oxcarbazepine +I+/N/A Yes Yes SVof 

carbamazepine 
Remacemide +I-/N/A Yes N/A SV of phenytoin 
Rufinamide +I±/N/A Yes N/A RS 
Stiripentol +I+/N/A WD,drug WD RS 

interaction 
Topiramate +I-/N/A Yes N/A RS 
Zonisamide +1-1+ Yes N/A SV 

late 1950s in the Geigy laboratories to maximize the anticonvulsant activity 
of a series of iminodibenzyl derivatives (ROGAWSKI and PORTER 1990). The 
anticonvulsant properties of valproate against pentylenetetrazole-induced 
seizures were serendipitously discovered in France by PEYMARD in 1962 
(LbsCHER and SCHMIDT 1988, 1994). Subsequent clinical trials substantiated the 
anticonvulsant activity of val pro ate in epileptic patients, and it is now one of 
the major drugs for the treatment of different types of epileptic seizures. The 
benzodiazepines were initially developed in the late 1950s as tranquillizers and 
sedatives. but their anticonvulsant properties were readily noted during early 
animal and clinical studies (LbsCHER and SCHMIDT 1988, 1994). 

All of these important categories of antiepi1eptic drugs were developed 
before 1965. The unquestionable improvement in seizure control that accrued 
in many epileptic patients from the availability of these effective antiepileptic 
drugs convinced the drug industry and many clinicians that the marketed drugs 
were adequate for the successful therapy ofthe epilepsies (KRALL et a!. 1978a). 
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As a consequence, only few new drugs were then in preclinical development 
for the treatment of epilepsy (KRALL et al. 1978b). The single most frequent 
reason cited for this situation was financial; the cost of development was pro
hibitive when compared with the expected return from marketing. In an 
attempt to increase the involvement of both industry and academia in the dis
covery and development of new anticonvulsant drugs, the Epilepsy Branch of 
the National Institute for Neurological and Communication Disorders and 
Stroke (NINCDS) established an Anticonvulsant Screening Project in 1975 
and began screening new chemical compounds for anticonvulsant activity and 
potential development as antiepileptic agents (KUPFERBERG 1989). Since then, 
many thousands of compounds have been screened by the Antiepileptic Drug 
Development Program of the NINCDS (about 15,000 till 1993) and in indus
trial laboratories (KUPFERBERG 1989). In an explosion of activity, a large 
number of active compounds with novel structures have been identified and 
are at various stages of preclinical and clinical development (see below). The 
screening program of the NINCDS has, at least initially, relied heavily on the 
capacity of the drugs to modify the convulsive effects of maximal electric 
shock and pentylenetetrazole (WHITE and KUPFERBERG 1996). However, as 
mentioned above, there are a number of important exceptions to the predic
tive value of these models of epilepsy. Continued development of model 
systems for the detection and evaluation of potential therapeutic agents is 
needed, and the use of genetically based or kindling models is currently being 
emphasized. Furthermore, it should be noted that in addition to the screening 
efforts initiated by the NINCDS program, many pharmaceutical firms and aca
demic groups have developed new anticonvulsant drugs by other strategies, 
including molecular variation and rational drug design. 

The past decades have witnessed an increase in our knowledge of the 
pathophysiology of brain diseases and the basic mechanisms of drug activity 
that is without precedent. It might be imagined that this knowledge would gen
erate rational strategies for drug development. The most important resultant 
strategies for the rational design of antiepileptic drugs have been enhance
ment of GABA-mediated neuronal inhibition, diminution of glutamate
mediated neuronal excitation, and modulation of N a+, K+, and particularly Ca2+ 

channels (DICHTER 1989; MUTANI et al. 1991; PORTER and ROGAWSKI 1992). 
Various drugs which increase GABAergic inhibition, decrease glutamatergic 
excitation, or block Ca2+ ion channels were developed rationally on the basis 
of such basic knowledge. The most important drugs thus developed in the last 
decades will be reviewed in the following sections, followed by reviews of 
novel anti epileptic drugs developed by random screening or by molecular 
structural variation. For detailed preclinical and clinical descriptions of the 
individual drugs and their mechanism of action, the interested reader is 
referred to the relevant chapters of this volume. Furthermore, in this chapter, 
it is not possible to describe in full all the novel compounds that have been 
developed in recent decades and which are already marketed or will be mar
keted in the near future. For interested readers, the recent reviews by L6sCHER 
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and SCHMIDT (1988,1994), ROGAWSKI and PORTER (1990), PISANI et al. (1991) 
and BIALER et al. (1996) are recommended. With some exceptions, new 
antiepileptic drugs with proven clinical efficacy as seen during placebo
controlled add-on trials will therefore be described briefly in the following 
sections. In view of the numerous novel anticonvulsant drugs in early devel
opment, it will not be possible to cover all of these, and only the most impor
tant compounds that have progressed from their initial development stages 
through to clinical trials in patients with epilepsy will be reviewed. Some rel
evant data concerning the novel drugs which are reviewed in the following 
sections are summarized in Tables 2 and 3. With regards to the allocation of 
drugs to the respective sections, it is important to note that only the initial 
stages of drug recognition were used as the basis of this allocation. In other 
words, a drug which was found serendipitously by random screening, but was 
subsequently discovered to block glutamatergic transmission, will be allocated 
to the random screening section rather than to the glutamate antagonist sub
section of the section on rational drug design. 

I. Rational Drug Design 

As mentioned above, the preferred strategies for rational drug discovery 
primarily involve the selective enhancement of inhibitory GABAergic 
neurotransmission, the selective attenuation of excitatory amino acid neuro
transmission and the selective modulation of ion channels. 

1. Selective Enhancement of GABAergic Neurotransmission 

The realization that impairment of GABAergic inhibitory processes in the 
brain might be involved in the generation of seizures led to the first rational 
strategy for antiepileptic drug design, i.e. the development of drugs which 
selectively increase GABAergic functions (MELDRUM 1995). Drugs developed 
by this rational strategy have now been evaluated experimentally and clini
cally for more than 30 years (LbsCHER and SCHMIDT 1988, 1994). In recent 
decades, the increase of brain GABA concentrations by inhibition of the 
GABA degrading enzyme GABA transaminase (GABA-T) has been investi
gated both experimentally and clinically. The search for selective inhibitors of 
GABA degradation resulted in the development and marketing of vigabatrin. 
In traditional animal models of seizures, vigabatrin is ineffective against 
maximum electroshock seizures and shows equivocal efficacy against 
pentylenetetrazole after acute systemic administration; in contrast, vigabatrin 
is a potent anticonvulsant in the kindling model (Tahle 2). Thus, vigahatrin is 
one example of a drug which would not have been discovered by the use of 
traditional seizure models, such as the maximum electroshock seizure and the 
pentylenetetrazole models (LbsCHER and SCHMIDT 1988). 

Other earlier pharmacological strategies for GABA potentiation involved 
postsynaptic potentiation of GABA responses by the use of GABAA recep-
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tor agonists such as progabide or gabaxadol (THIP), which failed due to lack 
of clinical efficacy and, in the case of progabide, because of hepatic toxicity 
(SCHMIDT and UTECH 1986; DAM et al.1991). Interestingly, both progabide and 
THIP were almost inactive in standard models of seizures, such as the 
maximum electroshock seizure and subcutaneous pentylenetetrazole tests, and 
amygdala-kindling (Table 2). 

The most thoroughly evaluated and clinically useful GABAmimetic drugs 
to date are the GABA-transaminase inhibitor vigabatrin (see above), the 
GABA uptake blocker tiagabine and gabapentin, although the exact mecha
nism of action of the latter is still elusive. Tiagabine is a potent anticonvulsant 
in several rodent models, including amygdala-kindling. An exception is the 
maximum electroshock seizure test, in which tiagabine exerts only weak 
efficacy (Table 2). Gabapentin was developed at Goedecke in the late 1970s 
as a GABA-related amino acid which passes the blood-brain barrier and 
appears to increase human brain GABA levels (PETROFF et al. 1996a). In addi
tion it inhibits voltage-dependent Na+ currents (WAMIL and MCLEAN 1994). 
Thus gabapentin may not be a selective GABA-mimetic drug after all and may 
be better categorized as a drug developed by structural variation. Gabapentin 
is a potent anticonvulsant in several chemical and electrical seizure models in 
rodents and against audiogenic seizures in DBA/2J mice. However, it was only 
weakly effective against pentylenetetrazole-induced clonic seizures in rodents 
and partial seizures in the kindling model in rats (DALBY and NIELSEN 1997). 
A detailed discussion of vigabatrin, tiagabine and gabapentin is beyond the 
scope of the present review, and the interested reader is referred to the rele
vant chapters of this volume. 

Alternative strategies for selectively enhancing GABAergic neuro
transmission include pharmacological enhancement of GABA synthesis in 
GABAergic nerve terminals (LbsCHER and SCHMIDT 1988, 1994), development 
of partial agonists at benzodiazepine receptors (HAEFELY et al. 1990), such 
as the l,4-benzodiazepine bretazenil and the non-benzodiazepine DN-2327, 
or benzodiazepine subreceptor selective agonists, such as the fJ-carboline 
abecarnil. The evidence was fully reviewed recently (LbsCHER and SCHMIDT 
1988,1994). In addition to the benzodiazepine "receptor", the GABAA recep
tor complex comprises various other drug-binding sites through which the 
effect of GABA on Cl- conductance can be modulated pharmacologically. 
Several steroids, such as the anaesthetic alphaxolon, or the sedative-hypnotic 
and anxiolytic 30-hydroxylated, 50-reduced metabolites of progesterone and 
desoxycortisone, were found to exert barbiturate-like effects, i.e. to enhance 
GABA-stimulated Cl- conductance by prolonging the open time of the ion 
channel, via a distinct steroid recognition site within the GABAA receptor 
complex (SIEGHARDT 1992). 

The most recent development in the field of GABA research is the devel
opment of selective GABAB receptor blockers (BOWERY and PRATT 1992), such 
as CGP-35348 (P-(3-aminopropyl)-P-di-ethoxymethyl-phosphinic acid). The 
GABAB antagonist CGP-35348 is ineffective in several models of convul-
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sive seizures, including maximum electroshock seizures and pentylene
tetrazole-induced clonic seizures (LbsCHER and SCHMIDT 1988, 1994), but has 
been shown to exert anticonvulsant activity in a model of generalized non
convulsive (absence) epilepsy (MARESCAUX et al. 1992). Speculatively, the 
mechanism of action of CGP-35348 might involve T-type Ca2+ channels, which 
are probably primed for activation by GABAB receptor-mediated synaptic 
potentials (PORTER and ROGAWSKI 1992). In this regard, it is interesting to note 
that the anti-absence effect of ethosuximide is also thought to relate to its 
ability to block T-type Ca2+ channels, which have been shown to mediate the 
burst firing of thalamic neurons involved in the genesis of absence seizures 
(COULrER et al. 1989). 

2. Selective Attenuation or Blockade of Excitatory Aminoacidergic 
Neurotransmission 

There is increasing evidence that an abnormality of glutamate-mediated neu
rotransmission may contribute to epileptic phenomena in various animal and 
human syndromes. This is more fully discussed in Chap. 4 of this volume and 
by DINGLEDINE et al. (l990) and MELDRUM (1995). Drugs, such as phencycli
dine (PCP) and ketamine, which non-competitively block the NMDA subtype 
of glutamate receptor and which were originally developed as anaesthetic 
agents in the 1950s and I 960s, induce psychotomimetic effects in humans and 
therefore cannot be used for chronic treatment of epilepsy or other forms of 
chronic brain dysfunction (ROGAWSKI and PORTER 1990). The present discus
sion will be limited to a review of compounds for which enough evidence exists 
to allow evaluation of their clinical usefulness. These drugs include the non
competitive NMDA receptor antagonists MK 801 and dextromethorphan, and 
the competitive NMDA antagonists such as D-CPP-ene which have been 
thought preferable to traditional non-competitive antagonists (ROGAWSKI and 
PORTER 1990). Unfortunately, clinical development of both MK 801 and D
CPP-ene had to be stopped because of psychomimetic adverse effects and 
unimpressive efficacy (WATKINS et al. 1990; SVEINBJORNSDOTTIR et al. 1993; 
Table 2). Furthermore. treatment with dextromethorphan yielded equivocal 
results (FISHER et al. 1990). In view of these disappointing clinical data, the 
whole strategy of developing glutamate antagonists as potential novel 
antiepileptic therapies has to be reconsidered. In addition. these data demon
strate that the current preclinical strategies of evaluating an anticonvulsant 
only in non-epileptic animals may exaggerate its potential clinical usefulness. 
Instead, testing in kindled animals may be better suited to uncover motor 
impairment and psychomimetic adverse effects of certain drugs, such as 
NMDA-antagonists (HbNACK and LbsCHER 1995). 

3. Selective Modulation of Ion Channels 

The ionic environment is vital to the excitability of neurons, and all anticon
vulsant drugs may ultimately exert their action on synapses and membranes 
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at the ionic level, either by indirect or direct actions on neuronal ion conduc
tances. The evidence is more fully discussed in Chap. 5 of this volume. With 
regard to the role of voltage-gated ion channels in the cellular mechanisms 
of epilepsy and anti epileptic drug actions, voltage-gated cationic channels, 
particularly for Na+, K+ and Ca2+, are of special interest (CATTERALL 1987; 
FAIN GOLD 1992). Two investigational drugs have been evaluated clinically, but 
the clinical development of both was discontinued, mainly due to their unim
pressive efficacy in the treatment of refractory partial seizures (Table 2). More 
recently, the dihydropyridine calcium antagonist nimodipine proved ineffec
tive in an add-on trial for intractable epilepsy (MEYER et al. 1995). In view of 
these disappointing results, the strategy of developing new anticonvulsants for 
selective modulation of ion channels needs to be re-examined. 

4. Other Strategies for Rational Drug Design 

In addition to finding drugs which act on GABAergic or glutamatergic neu
rotransmission, several other pharmacological attempts to manipulate neuro
transmitters and neuromodulators involved in brain excitability have been 
evaluated. Only two drugs, milacemide (a prodrug for glycine) and taltrimide 
(a derivative of taurine), have been evaluated to a significant extent and were 
then deemed not effective enough to warrant further development (ROGAWSKI 
and PORTER 1990; LbsCHER and SCHMIDT 1994). 

II. Random Screening or Molecular Structural Variation 
of Known Compounds 

As described earlier in this review, serendipity and screening processes, as well 
as structural variation of already known drugs, led to the discovery of all the 
clinically established antiepileptic drugs, i.e. the barbiturates, primidone, the 
hydantoins, the oxazolidinediones, the succinimides, carbamazepine, valproate 
and the benzodiazepines. Despite the development of mechanism-related 
strategies of rational drug design, "irrational drug design" by random screen
ing of newly synthesized chemical structures is still a very successful strategy 
in modern pharmacology so that it is not surprising that various novel 
antiepileptic drugs were developed in this way during recent decades. Fur
thermore, variants of clinically established drugs may also provide very useful 
new compounds. The list of drugs developed by structure variation or random 
screening includes clinically useful drugs such as clobazam, felbamate, lamot
rigine, oxcarbazepine, topiramate and zonisamide (Table 3). For a detailed dis
cussion of the individual drugs, the reader is referred to other chapters of this 
volume. In addition, a number of drugs such as losigamone, remacemide and 
levetiracetam are rapidly progressing towards marketing (Table 3). Finally, 
several compounds either have been discontinued from further development 
or their future development is currently being reconsidered. These investiga
tional compounds include flupirtine, nafimidone, stiripentol, trans-2-en val-
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proate, and eterobarbitone (Table 3). A detailed discussion of these com
pounds is also beyond the scope of the present chapter. Interested readers are 
referred to recent reviews (L6sCHER and SCHMIDT 1988, 1994~ ROGAWSKI and 
PORTER 1990~ PISANI et a!. 1991~ BIALER et a!. 1996). In addition to the drugs 
described above, various other anticonvulsant drugs have been developed by 
screening strategies and are currently in the preclinical pipeline, but it is not 
possible to review all of them here. Some examples are mentioned below. 

1. Retigabine 

A derivative of flupirtine, retigabine (5-(P-fluoro-benzylamino )-2-etoxy
carbonylamino )-aniline), has recently been reported to exert a broad spectrum 
of anticonvulsant activity in different seizure models, including the amygdala
kindling one (ROSTOCK et a!. 1996). Clinical testing is under way. 

2. TV 1901 

TV 1901 (n-valproyl glycinamide) was developed from structure-pharmaco
kinetic-pharmacodynamic relationship studies of a series of n-valproyl deriv
atives of GABA and glycine (BIALER et a!. 1996). The drug is active in the 
maximum electroshock seizure, subcutaneous pentylenetetrazole and corneal 
kindling tests. Studies in volunteers showed no significant adverse effects. 

3. Dezinamide 

Dezinamide is a member of a unique chemical class of antiepileptic drugs, the 
3-( aryloxy)-azetidine-1-carboxamides), and has undergone successful preclin
ical and preliminary clinical evaluation for the treatment of complex partial 
seizures (BIALER et a!. 1996). 

4. MD L 27,192 

The compound 5-( 4-chlorophenyl)-2,4-dihydro-4-ethyl-3h-l ,2A-triazol-3-one 
possesses a broad spectrum preclinical anticonvulsant profile and, interest
ingly, also has potential neuroprotective activity (KEHNE et al. 1997). 

Since the ultimate goal of any drug development is to provide clinically 
useful agents, it is appropriate to compare the efficacy and the tolerability of 
drugs generated by rational drug design with those developed through random 
screening or molecular structural variation. 

C. Clinical Evaluation of Preclinical 
Development Strategies 

There is general agreement that, in the absence of confounding drug interac
tions, a randomized controlled trial comparing add-on treatment of the new 
anticonvulsant with use of a placebo in patients with refractory disease is the 
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gold-standard for the initial clinical evaluation of the drug (GRAM and SCHMIDT 
1993). Recently, the efficacy of 6 new antiepileptic drugs was assessed through 
careful meta-analysis of 28 placebo-controlled add-on trials. The drugs studied 
were gabapentin, tiagabine, and vigabatrin, all developed through rational 
design, and lamotrigine, topiramate, and zonisamide, which were developed by 
random screening and structural variation (MARSON et al. 1996). Each drug 
was significantly better than placebo, but none was significantly different from 
the others in terms of efficacy or tolerability. It should also be noted that 
several new drugs failed to be more effective than a placebo (Tables 2,3). 

In recent add-on trials, the highest percentages of patients with refractory 
partial epilepsy who demonstrated a 100% reduction of seizure frequency 
compared with baseline values were, respectively, 4 % for topiramate (FAUGHT 
et al. 1966), 6% for zonisamide (SCHMIDT et al. 1993), 8% for vigabatrin 
(FRENCH et al.1996) and 2%-8% for levetiracetam (SHORVON 1997). For other 
new drugs, such as lamotrigine, tiagabine or gabapentin, published data on the 
proportion of patients becoming seizure free in add-on trials are not available. 
The drug doses tested in some of these trials, however, may not have been 
optimal. Although a direct comparison with standard drugs is not available, it 
is nevertheless of interest that a similar percentage (8%) of patients with 
refractory epilepsy became seizure free when a standard drug, divalproex 
(a valproate/valproic acid compound), was tested in a similar trial design 
(WILLMORE et al. 1996). Understandably, the relatively small effect of new 
drugs in add-on trials in patients with refractory partial epilepsy is a concern. 

Add-on trials have been criticized for testing new drugs in the most 
difficult-to-treat patients in whom standard drugs have already failed. This may 
be seen as unfair to new drugs, and comparison with standard drugs during 
monotherapy in patients with previously untreated epilepsy may be more 
appropriate for their evaluation, since most patients can be treated adequately 
with monotherapy. When used alone as first line treatment in previously 
untreated patients with partial seizures and generalized tonic-clonic seizures, 
vigabatrin achieved complete seizure control in fewer patients than carba
mazepine, although it was better tolerated, mainly because it produced no 
rashes (KA.LVIAINEN et al. 1995). It should be pointed out that vigabatrin 
proved to be more effective and better tolerated than hydrocortisone in 
patients with infantile spasms due to tuberous sclerosis (CHIRON et al. 1997). 
This clinically relevant effect of vigabatrin was not foreseen from preclinical 
data because currently no experimental models are available for studying a 
number of malignant epilepsy syndromes of childhood, including infantile 
spasms and the Lennox-Gastaut syndrome. When tiagabine is given alone, pre
liminary data suggest that fewer patients remain on the drug as compared with 
carbamazepine. The major reasons for tiagabine withdrawal were poor efficacy 
and poor tolerability (RICHENS et al. 1997). Preliminary pilot data suggest that 
gabapentin may also be less effective than carbamazepine when given alone 
to previously untreated patients with partial seizures (CHADWICK et al. 1997). 
When lamotrigine was compared with carbamazepine there was no significant 
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difference between the two drugs in the time to the first seizure occurrence (a 
pure efficacy parameter) after 6 weeks' treatment. In this study, time to with
drawal from the study for any reason - a measure of global effectiveness -
showed a preference for lamotrigine over carbamazepine which was statisti
cally significant (BRODIE et a1. 1995). The main reason for this was less seda
tion on lamotrigine. When oxcarbazepine was compared with phenytoin or 
valproate in adults with previously untreated partial seizures and generalized 
tonic-clonic seizures (BILL et al. 1997; CHRISTE et al. 1997), no statistically 
significant differences were found for either efficacy or tolerability. 

Based on the published clinical evidence reviewed here, rational drug 
design has generated clinically useful GABAmimetic drugs such as vigabatrin, 
tiagabine and gabapentin, while drug design based on the modification of glu
tamatergic neurotransmission and selective alteration of ion channel function 
has failed, up to now, to provide clinically useful new drugs. Random variation 
and screening has been successful in providing clinically useful new drugs such 
as clobazam, felbamate, lamotrigine, oxcarbazepine and zonisamide. A fair 
clinical assessment of all new drugs. regardless of their mode of preclinical 
development, has to acknowledge that, compared with the standard drugs such 
as carbamazepine, phenytoin or valproate. in terms of efficacy none of them 
has provided a quantum leap towards finding the ideal anticonvulsant. In fact, 
based on the present evidence, some of the new drugs such as vigabatrin, 
tiagabine and gabapentin may be even less effective than the standard drugs 
when given alone. In terms of tolerability. some of the new drugs such as lam
otrigine, gabapentin, vigabatrin or levatiracetam may have advantages such as 
being less sedative or, in the case of gabapentin, causing fewer hypersensitiv
ity reactions than standard drugs. When discussing potential benefits of the 
new drugs in terms of better tolerability. it should be kept in mind, however, 
that rare but serious adverse events have occurred with several of the new 
drugs, e.g. aplastic anaemia and hepatic failure (felbamate) and the hypersen
sitivity reactions seen with lamotrigine, especially when given with a high titra
tion rate or in combination with valproate (SCHMIDT and KRAMER 1994). Direct 
comparison between the new drugs at their optimal clinical doses is required, 
however, to demonstrate any differences in efficacy and tolerability between 
them and the standard drugs, if any such differences should exist. Even an opti
mistic observer would agree that there is a clear need for additional and better 
new antiepileptic drugs. It is therefore appropriate to review promising future 
strategies for the development of new anticonvulsants. 

D. Strategies for Future Drug Development 
Progress in elucidating the basis of epilepsy will vastly increase the number 
of potential drug targets. A number of potentially useful strategies for the 
development of better new antiepileptic drugs in the future will be briefly 
reviewed. 
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I. Chemical Systems for Delivery of Antiepileptic Drugs to Regions 
of the Brain 

An alternative strategy to that of the traditional structural variation of known 
drugs is the development of transportable forms of known neuroactive com
pounds to facilitate drug distribution into the brain. Chemical delivery systems 
are biologically inert molecules which enhance drug delivery to a particular 
organ or site and require several steps (chemical or enzymatic reactions) in 
order to release the active substances (Pop and BODOR 1992). By preferential 
delivery of the drug to the site of action, the overall toxicity of the drug may 
be significantly reduced while maintaining its therapeutic benefits. Several 
chemical delivery systems have been designed, synthesized and tested for 
some traditional (phenytoin, valproate) and novel (stiripentol) anti epileptic 
drugs, as well as for some neurotransmitters or neuromodulators (GABA, 
adenosine) with potential roles in epileptogenesis (Pop and BODOR 1992). Such 
chemical delivery systems could be developed to yield antiepileptic drugs with 
practical uses, thus providing a new strategy for improved epilepsy treatment. 
Other, more conventional attempts to facilitate the distribution of anticon
vulsant drugs into the brain include the implantation of mini pumps, or drug 
entrapment in liposomes. For instance, liposome-entrapped GABA was shown 
to penetrate the blood-brain barrier and exert anticonvulsant effects in seizure 
models (LOEB et al. 1989). Finally, intracerebral grafting of inhibitory neurons 
(or possibly other cells producing inhibitory neurotransmitters) is a new strat
egy for seizure suppression in the central nervous system (LINDVALL and 
BJORKLUND 1992). 

II. Rational Poly therapy 

The theoretical and/or experimental basis for choosing specific anti epileptic 
drug combinations is compromised mainly by the current lack of a full under
standing of the chain of events leading from molecular mechanisms to specific 
seizure types and the progression of seizures into human epilepsy syndromes 
(SCHMIDT 1996a). Animal models may be useful both in studying basic mech
anisms of seizure propagation and in defining targets for rational drug design 
and rational poly therapy (LOSCHER and EBERT 1996). Furthermore, in view 
of the fact that possible combinations of standard and newly developed 
antiepileptic drugs have not been studied in controlled clinical trials, animal 
models might be used to preselect potentially interesting drug combinations. 
The maximum electroshock seizure and kindling models may be especially 
interesting in this regard. The disappointing clinical effectiveness of add-on 
therapy in refractory epilepsy (SCHMIDT and GRAM 1995) may be due to inap
propriate drug combinations, which are also ineffective experimentally. 
In experimental seizure models, compounds that block excitatory neuro
transmission or voltage-dependent Ca2+ channels enhance the effectiveness 
of certain anti epileptic drugs (CZUCZWAR et al. 1996). The goal of rational 
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poly therapy would be to devise drug combinations which are better than 
either drug used alone and, even more important, are more effective and less 
toxic than standard drugs. 

III. Predictive Identification of Responders 

The physician needs to know those patients in whom a specific drug is likely 
to be ineffective and to be able to identify those patients who are most likely 
to benefit from its usc. Unfortunately, this information is difficult to retrieve 
from clinical trial data. Future efforts to search for new anticonvulsants should 
also attempt to establish diagnostic measures which will allow the prediction 
of responders. For GABA-mimetic drugs, measuring the GABA concentra
tion in regions of the brain by 1 H spectroscopy using a 2.1-T magnetic reso
nance imager-spectrometer (PETROFF et a1. 1996b), or monitoring the plasma 
GABA concentration, may be useful (Li:iSCHER et a1. 1993a). Identifying 
responders may allow new drugs to prove unequivocally more effective and 
better tolerated for such pre-selected individual patients. 

IV. Strategies for the Development of Drugs for 
Unresponsive Epilepsies 

At present, most strategies for the discovery of new drugs centre on animal 
models which respond to standard drugs. Animal models for drug-resistant 
epilepsies such as the catastrophic epilepsies of early childhood or partial 
epilepsies which become drug-resistant over the years, may support the devel
opment of new drugs which are better suited to the treatment of unrespon
sive epilepsies than the current generation of new drugs (L6sCHER et a1. 1993b; 
HEINEMANN et a!. 1994). 

V. Identification of Genetic Defects in Epilepsy 

Advances in molecular genetics and molecular medicine may become a source 
of promise for the therapy of diseases previously unresponsive to all treat
ments. In the case of the epilepsies, identification of mutant genes underlying 
familial epilepsies may lead to a new pharmacology, through the development 
of in vitro expression systems permitting the rapid search for novel drugs, 
the creation of specific animal models based on expression of the precise 
mutation involved and the correction of disease phenotypes by introducing 
novel and highly specific genetic information into the person with epilepsy 
(McNAMARA 1994). 

E. Conclusions 
As is apparent from this chapter, numerous novel, effective anticonvulsants 
have been developed during recent years. Many of these are in clinical trial or 
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have already been introduced into clinical practice. It can also be seen that, in 
spite of some 30 years of "modern" neuroscientific research in epilepsy, most 
novel antiepileptic drugs have been developed by screening or as molecular 
structural variants of known drugs and not by rational strategies based on 
knowledge of epilepsy mechanisms. The fact that several of the novel drugs 
that emerged from screening projects were subsequently found to act by one 
or several of the mechanisms proposed to constitute novel strategies for drug 
development only demonstrates that serendipity is still an important factor in 
drug discovery. 

Although various drugs which increase GABAergic inhibition, decrease 
glutamatergic excitation, or block Ca2+ channels were developed rationally on 
the basis of modern neuroscientific research in epilepsy, most of these drugs 
do not seem to have achieved the expected optimal results, either in epileptic 
patients resistant to conventional anticonvulsants, or in previously untreated 
patients. This failure could be due to the following reasons (MUTANI et al.1991; 
LbsCHER and SCHMIDT 1994): 

1. Though empirically developed, conventional anti epileptic drugs act by 
several of the mechanisms on which rational developmental strategies 
are based (ROGAWSKI and PORTER 1990). Thus, phenobarbitone, valproate 
and benzodiazepines enhance GABA-mediated inhibition, and excitatory 
aminoacidergic transmission is decreased by phenobarbitone, phenytoin, 
carbamazepine, valproate and benzodiazepines. Phenytoin, carbamazepine, 
and valproate decrease Na+ conductance, thus inhibiting repetitive neu
ronal firing. Furthermore, phenobarbitone, phenytoin and carbamazepine 
block voltage-dependent Ca2+ entry into neurons, and ethosuximide blocks 
T-type Ca2+ currents in thalamic neurons. Thus, there would appear to be 
no real qualitative difference between these conventional drugs and new 
drugs developed by the rational strategies described above. One important 
difference, however, is that most conventional antiepileptic drugs possess 
more than one mechanism of action, while several of the novel agents are 
often selective for one particular mechanism. Since epileptic seizures must 
be viewed as multifactorial in their pathogenesis, antiepileptic drugs with 
several mechanisms of actions, such as valproate, clearly would have advan
tages in terms of antiepileptic efficacy when compared with drugs with a 
more selective effect, e.g. on a single ion channel. Successful treatment of 
specific seizure types such as generalized myoclonic seizures may require 
drugs with several cellular mechanisms of action (SCHMIDT et al. 1996). In 
addition, the optimal use of a compound with a single selective mechanism 
of action would ideally require the development of predictive markers, sug
gesting that this particular mechanism is operative in producing the 
epilepsy of the individual patient. Indeed, almost all the novel antiepilep
tic drugs with proven clinical efficacy reviewed above were not developed 
by rational strategies but rather by screening or by molecular variation of 
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known drugs. For many of these novel effective drugs, even the exact mech
anism of action is not known. 

2. Newly developed antiepileptic drugs are mostly tested in patients with 
severe refractory epilepsy with a long history of partial and/or generalized 
seizures, which might explain the lower than expected degree of efficacy of 
the drugs that have been found (PLEDGER and SCHMIDT 1994). New guide
lines for the clinical testing of antiepileptic drugs have been presented 
recently and provide a framework of suggestions for the flexible and adap
tive evaluation of novel compounds. Innovative trial designs allow early 
evaluation of efficacy during monotherapy with novel anti epileptic drugs 
(COMMISSION 1989; GRAM and SCHMIDT 1993). Although one alternative to 
evaluating new drugs in patients with chronic refractory epilepsy would be 
to carry out studies in patients not yet treated or at an early phase in the 
history of their epilepsy, it should be kept in mind that the most important 
goal of antiepileptic drug development is the eventual availability of more 
effective medications for patients whose disorders are refractory to current 
antiepileptic drugs. In that regard, testing of investigational drugs in animal 
models of refractory partial epilepsy is encouraged. Furthermore, very 
effective drugs may be successful at low doses which are less prone to cause 
adverse effects. 

In addition to those with refractory epilepsy, newly diagnosed patients 
expect help from new anticonvulsants. Approximately 40% of those with 
newly diagnosed partial seizures will not become seizure-free on monother
apy with established anticonvulsants (SCHMIDT and GRAM 1995). Although not 
requiring withdrawal of their medication. many patients may have inconve
nient adverse effects such as mild sedation or subtle cognitive impairment. It 
is a challenge for new anticonvulsants to help such patients. The current pre
liminary evidence, discussed above, suggests that none of the new drugs is 
more effective than the standard anticonvulsants, although patients may 
benefit from fewer adverse effects such as sedation if the new drugs are used. 

Apart from these important points. which may be responsible for the 
apparent failure of most rational strategies to produce new, effective 
antiepileptic drugs. an additional reason might be that the way in which 
modern approaches are applied to drug discovery are still too simplistic, ignor
ing the complex alterations of brain functions. particularly the disturbances of 
behaviour and cognition, induced by chronic epilepsy (Li::iSCHER 1993). Most 
of the events that contribute to epileptogenesis appear to be exaggerated 
aspects of normal physiology. so that many possible pharmacotherapeutic 
interventions may interfere with normal neural excitability or synaptic trans
mission (DICHTER 1989). Furthermore, in view of the fact that the most clini
cally useful antiepileptic drugs are those that possess two or more mechanisms 
of action, the current strategy of developing drugs with a selective effect on a 
single neurotransmitter system or even neurotransmitter receptor subtypes 
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may yield drugs with narrow spectra of anticonvulsant activity and an 
unfavourable risk-benefit ratio in general use. Drug developers traditionally 
aim towards more and more selective targets, but it has been pointed out 
recently that an absolute selectivity in a drug may in fact not be desirable in 
a clinical situation that involves complex adaptive changes (FREDHOLM and 
ABBOTT 1990). Thus, there are various recent examples from different fields 
of pharmacotherapy where the development of drugs with a more selective 
biochemical action has proved disappointing in providing a more selective 
therapy with fewer side-effects and improved clinical efficacy. On the other 
hand, highly selective drugs are indispensable as research tools to increase our 
knowledge of physiological and pathophysiological mechanisms. 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 types of clinical seizure respond differentially to 
antiepileptic drugs, the pathophysiological events underlying epileptic seizures 
apparently not only differ between different seizure types but are multifacto
rial for the same type of seizure. In order to achieve improved therapy of 
epilepsy, the real challenge for the future will be to create novel, broadly 
acting, antiepileptic drugs with multiple mechanisms of actions and with better 
efficacy and decreased adverse effect potentials compared to the currently 
used medical therapies. 
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CHAPTER 7 

Measurement of Anticonvulsants and 
Their Metabolites in Biological Fluids 

w.n HOOPER and L.P. JOHNSON 

A. Introduction 
There seems to be a greater volume of literature dealing with the assay of 
antiepileptic drugs and their metabolites than with the assay of almost any 
other class of drugs. Many factors have contributed to this situation, including 
(1) the older antiepileptic drugs have been studied over a long period, (2) 
several antiepileptic drugs have unusual and interesting disposition charac
teristics, which have warranted extensive study, (3) antiepileptic drugs are 
probably the drug class to which therapeutic drug monitoring (TDM) is most 
commonly applied, and (4) there are a large number of antiepileptic drugs in 
clinical use or under development. There is a great diversity of analytical 
methods, and to a large extent the choice of method is governed by the appli
cation to which the method will be put. It is often the case that a method which 
is suitable for therapeutic drug monitoring will not meet the requirements of 
clinical pharmacokinetic or metabolic studies, while methods which meet these 
latter requirements may be inappropriate in terms of cost, speed or conve
nience in the therapeutic drug monitoring laboratory. While it is not possible 
in the space available to give a comprehensive survey of all methods for all 
drugs, we have attempted to provide a contemporary outline of the most com
monly used methods, to indicate their attributes, limitations and areas of 
applicability, and to provide references in which further information may be 
located. Analytical methodologies for anti epileptic drug analyses have been 
reviewed previously (KUMPS 1982; MEIJER et al. 1983; ALBANI et al. 1992). 

Unless specified, the analysis of antiepileptic drugs throughout this 
chapter refers to the substances in plasma or serum. Although not routinely 
used, analysis of antiepileptic drugs in hair has been reported (KINTZ et al. 
1995; MEl and WILLIAMS 1997), as has their measurement in other non
conventional biological fluids (PICHINI et al. 1996). Saliva is now used routinely 
by some laboratories and is discussed later in this chapter. 

B. Chromatographic Methods 

The various chromatographic techniques are without doubt the most broadly 
applicable to the assay of anti epileptic drugs or indeed drugs generally. The 
combination of the separation power of chromatography with the versatile 
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array of either relatively specific or almost universally encompassing detec
tors, makes chromatography often the method of first (or only) choice for 
the demanding requirements of metabolic or pharmacokinetic studies. While 
chromatographic methods have been extensively applied in therapeutic drug 
monitoring laboratories, there are now preferred alternatives (see below) for 
many of the most commonly monitored drugs. 

There are a large number of techniques under the broad heading of 
"chromatographic". All are separation techniques involving the differential 
distribution of solutes (analytes) between a stationary phase (solid or viscous 
liquid) and a mobile phase (liquid, gas or supercritical fluid). The mechanisms 
involved include partitioning, adsorption, size exclusion and ion pairing. While 
some techniques like thin-layer chromatography have been more widely 
applied in the past, the two major methods of gas chromatography (GC) and 
high performance liquid chromatography (HPLC) have maintained or 
increased their ranges of application over the past couple of decades. More 
recently, efforts have been made to establish supercritical fluid chromatogra
phy (SMITH 1988) as a practical method, but this method will not be discussed 
here since there have been few specific applications in which supercritical fluid 
chromatography has demonstrated superiority to either gas chromatography 
or high performance liquid chromatography (WONG 1993; SCOTT 1994). 

I. Gas Chromatography and High Performance 
Liquid Chromatography 

While there are significant differences between these two techniques, some of 
which are mentioned below, there is sufficient in common that it is appropri
ate to discuss them together. We have not described the elements of the tech
niques, since these will be familiar to most readers. There are, in any case, 
numerous monographs and reviews devoted to both gas chromatography 
(FREEMAN 1981; GRANT 1995; JENNINGS et al. 1997) and high performance 
liquid chromatography (JOHNSON and STEVENSON 1978; SNYDER et al. 1988; 
McMASTER 1994; SCOTT 1994). 

Since, as noted above, chromatographic techniques are fundamentally sep
aration methods, their major advantages result from their capacity to separate 
and concurrently assay a drug and its metabolites, or multiple antiepileptic 
drugs, in the same sample. This also underlines the immense flexibility and 
adaptability of chromatographic methods: there are few organic compounds 
which cannot, at least in principle, be assayed by gas chromatography and/or 
high performance liquid chromatography. This contrasts sharply with the 
immune-based procedures, which are, or are intended to be, highly specific. 
The strength and versatility of gas chromatography for assay of a drug and 
multiple metabolites is well illustrated in the case of valproic acid. The drug 
and 14 of its metabolites have been co-assayed by gas chromatography/mass 
spectrometry (gas chromatography MS), using either electron impact ioniza
tion with monitoring of positively charged ions (RETTENMEIER et al. 1989) or 
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chemical ionization and monitoring of negatively charged ions (KAssAHuN 
et al. 1989). The application of high performance liquid chromatography to 
concurrent assay of carbamazepine plus five metabolites (in urine) was carried 
out by BERNUS et al. (1995). These latter authors also illustrated the capacity 
of high performance liquid chromatography to co-assay multiple drugs, since 
the same method incorporated the assay of phenytoin, methyl phenobarbitone 
and two of their metabolites. Numerous methods have been described for the 
simultaneous assay of mUltiple antiepileptic drugs (in some cases up to eight 
drugs) in plasma by high performance liquid chromatography (e.g. REIDMANN 
et al. 1981; ROMANYSHYN et al. 1994). An excellent summary covering 16 
methods has been published (KAPETANOVIC 1990). There are many published 
gas chromatography and/or high performance liquid chromatography 
methods for the older, established antiepileptic drugs and, in most cases, for 
their metabolites. However, in the therapeutic drug monitoring context, as 
shown below, it is preferable to adopt immune-based techniques for which 
suitable methods are commercially available for most of the established 
antiepileptic drugs. On the other hand, immune-based methods are generally 
unavailable for the many new antiepileptic drugs which have either recently 
reached the market or are in the latter stages of clinical development. In these 
cases a chromatographic technique will be the best option for pharmacoki
netic and other studies conducted during drug development. and for thera
peutic drug monitoring following marketing. at least initially, should that be 
shown to offer clinical advantages. 

Although gas chromatography and high performance liquid chromatog
raphy techniques have been applied to the assay of antiepileptic drugs (and 
other drugs) over many years, there are a number of recent developments in 
these areas which impact positively on their utility. These include the shorter 
assay times and high resolution made possible by capillary gas chromatogra
phy columns (GRANT 1995), microbore and restricted access media columns 
and automated extraction procedures which are now commercially available 
for high performance liquid chromatography (ALBANI et al. 1992) and the 
increasing availability and affordability of the extremely specific and sensitive 
techniques of gas chromatography MS (KITSON et al. 1996), liquid chro
matography mass spectrometry and especially liquid chromatography mass 
spectrometry/mass spectrometry (NIESS EN and VANDERGREEF 1992). 

C. Capillary Electrophoresis and Micellar Electrokinetic 
Capillary Electrophoresis 

Capillary electrophoresis and micellar electrokinetic capillary electrophoresis 
are relatively new analytical techniques which have promising potentials for 
the analysis of anti epileptic drugs. Comprehensive presentations of the theory 
and application of these techniques, including their use in therapeutic 
drug monitoring, can be found in a number of texts (LUNTE and RADZIK 1996: 
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SHINTANI and POLANSKI 1996). General clinical applications of capillary elec
trophoresis including therapeutic drug monitoring have been discussed 
(SHIHABI 1992) and an educational article on the application of capillary elec
trophoresis to therapeutic drug monitoring and drug toxicology has been pub
lished (ROSENZWEIG 1996). 

Capillary electrophoresis is a technique which separates analytes in a 
buffer-filled open-tubular fused silica capillary tube, with separation being 
achieved on the basis of analyte electrophoretic mobility, hydrophobicity and 
stereospecificity. Ionic and neutral species migrate toward the cathode due to 
the process of electroendosmosis, the process whereby a solvent moves toward 
an electrode under the influence of hydrated ions in a buffer. Buffers are an 
integral part of capillary electrophoresis and micellar electrokinetic capillary 
electrophoresis in that they solubilize the solute, carry the applied current and 
adjust the pH, and can be modified to enhance the specificity including the 
separation of enantiomers (e.g. by the addition of cyclodextrins). 

Micellar electrokinetic capillary electrophoresis separates compounds on 
the basis of their physicochemical properties using partitioning between 
aqueous and organic phases of a buffer which is usually a surfactant (e.g. 
sodium dodecylsulphate) added at a concentration greater than the critical 
micelle concentration. 

The advantages of capillary electrophoresis for therapeutic drug moni
toring are its high resolution enabling analysis of complex drug/drug metabo
lite mixtures, small sample volumes (5-15nl injected), relatively simple 
instrumentation, low solvent usage and reduced sample preparation. Methods 
involving both pretreatment and direct injection have been reviewed by LLOYD 

(1996). Capillary electrophoresis can also be fully automated and coupled to 
detectors such as variable ultraviolet, photo diode array, laser induced fluores
cence and mass spectrometric ones. These have recently been reviewed by 
NAYLOR et al. (1996). 

I. Antiepileptic Drug Analysis by Capillary Electrophoresis and 
Micellar Electrokinetic Capillary Electrophoresis 

General applications of capillary electrophoresis to therapeutic drug moni
toring have been reported by EVENSON and WIKTOROWICZ (1992). Concerns 
that suitable internal and external quantitation methods have not been reli
ably validated for these techniques in general, and that the small injection 
volumes used in capillary electrophoresis/micellar electrokinetic capillary 
electrophoresis may result in poor precision and accuracy seem unfounded, at 
least on the basis of the reported applications of capillary electrophoresis and 
micellar electrokinetic capillary electrophoresis for the analysis of antiepilep
tic drugs. The assay of felbamate has been reported by SHIHABI and OLES 

(1994), using micellar electrokinetic capillary electrophoresis direct injection, 
and the results correlated well with the sensitivity and precision of high per
formance liquid chromatography. SCHMUTZ and ThORMAN (1993) compared 
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micellar electrokinetic capillary electrophoresis with high performance liquid 
chromatography and immunoassay techniques for phenobarbitone, ethosux
imide and primidone. They found a good correlation between all methods with 
the results being validated against international quality assurance program 
specimens. Similar results have been obtained by LEE et al. (1992), who demon
strated the separation of six commonly prescribed anti epileptic drugs, and by 
GARCIA et al. (1995), who described a rapid and precise capillary elec
trophoresis method for the serum analysis of the newer antiepileptic drug 
gabapentin. 

D. Stereoselective Drug Analysis 
Many drugs exist in stereoisomeric forms. The most commonly encountered 
situation is a molecule with one centre of asymmetry, giving rise to two 
stereoisomers which differ only in the spatial orientation of the groups bound 
to the stereogenic centre. These stereoisomers are mirror images of each other, 
and are termed enantiomers. Many such drugs are marketed as a mixture of 
enantiomers in equal parts, called a racemic mixture. Anticonvulsants in this 
category include ethosuximide and its analogues, ethotoin. methylpheno
barbitone, vigabatrin, remacemide and stiripentol. Other new antiepileptic 
drugs, for example, tiagabine and topiramate, are being developed as single 
stereoisomers. 

It is generally accepted that the study of the pharmacokinetics, metabo
lism and other dispositional aspects including drug-drug interactions of drugs 
administered as race mates requires enantioselective analytical methods. 

There are essentially two approaches to the chromatographic separation 
of enantiomers. The first approach involves direct separation. which uses 
analytical columns coated with an optically active (chiral) stationary phase. A 
variety of chiral columns is commercially available for both high performance 
liquid chromatography and gas chromatography applications. One limitation 
of these columns for gas chromatography work is their thermal instability at 
higher operating temperatures (offset to some degree by functional chemical 
derivatization of analytes prior to analysis) and their susceptibility to conta
mination, requiring specimen cleanup prior to analysis. 

The second approach involves indirect separation where the enantiomers 
are first converted to diastereoisomers by derivatization with optically active 
reagents which themselves must be of high optical and chemical purity, thereby 
placing some limitations on certain derivatization processes. Diastereoisomers 
are stereoisomers which have the same chemical composition but distinctly 
different physicochemical properties, allowing them to be separated on 
standard non-chiral chromatographic systems. Derivatization affords other 
advantages including improved chromatographic properties and enhanced 
sensitivity via derivatives responsive to specific detectors such as ultraviolet, 
fluorescence, electron capture and electrochemical. Comprehensive reviews of 
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enantiomeric derivatization for biomedical chromatography have been pre
sented (GOROG and GAZDAG 1994; SRINIVAS et al. 1995) as have various 
texts on chiral separations using high performance liquid chromatography 
(SUBRAMANIAN 1994) and capillary electrophoresis (CHANKVETADZEE 1997). 

There is ongoing debate as to whether such methods are required for ther
apeutic drug monitoring applications. Vigabatrin enantiomers have been 
studied extensively (SHEANN et al. 1992; SCHRAMM et al. 1993), including the 
kinetics of both enantiomers (HAEGLE et al. 1986), the interaction with felba
mate (REIDENBERG et al. 1995) and in children where results indicated altered 
enantiomer ratios compared with adults (REY et al. 1990; NAGARAJAN et al. 
1993). It is well known that the S-enantiomer of vigabatrin contributes all of 
the pharmacological activity of the drug and it might seem in principle that 
this isomer should be assayed specifically. However, there is little difference 
in the disposition of the enantiomers, and also no indication that therapeutic 
drug monitoring would improve the clinical use of this drug since its 
anti epileptic drug effects do not correlate well with its plasma concentrations 
at a given time. We are not aware that a compelling case for the stereoselec
tive assay of any chiral antiepileptic drug in the therapeutic drug monitoring 
context has yet been established. 

E. Immunoassay Methods 
Immunoassays are now ubiquitous in clinical laboratories which routinely 
perform antiepileptic drug monitoring. The reasons are quite simply that 
today's assays are easy to perform, being fully automated on both dedicated 
and general clinical chemistry analysers, and in most cases have adequate 
sensitivity and specificity for the commonly prescribed antiepileptic drugs. 
Although generally not reagent cost effective compared with chromatographic 
procedures, they are easily performed in both batch and statim analysis, with 
a rapid turnaround. Over the last few decades the range of analytes covered 
by commercial immunoassays has changed little, in stark contrast to the variety 
of immunoassay methodologies and instrumentation currently used. Com
mercial assays still are limited to phenytoin, carbamazepine, valproic acid and 
their corresponding free fractions, as well as primidone, phenobarbitone and 
ethosuximide. 

For the purposes of this article immunoassays can generally be classified 
as heterogeneous or homogeneous, and competitive or non-competitive. Het
erogeneous immunoassays are capable of measuring both small and large ana
lytes. They include a specific step for the separation of the antibody-bound 
labelled fraction and unlabelled fraction, generally have greater specificity and 
sensitivity than homogeneous immunoassays and include all radioimmunoas
says. Radioimmunoassays are generally not used in the routine measurement 
of anti epileptic drugs for reasons which include safety in handling radioiso
topes, long turn-around times, and the need for frequent calibration and 
specialized equipment, to name but a few. 
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The homogeneous immunoassays widely used in clinical chemistry do not 
require physical separation of the antibody-bound labelled fraction from the 
unlabelled fraction. There is an extensive variety of commercial homogeneous 
assay systems available. A feature of these assays is their calibration stability, 
which may range from a few weeks to a few months. Reagent systems are rel
atively simple. the turn-around is fast and the universal acceptance of such 
assays means that there is generally considerable participation in external 
quality assurance programs for the majority of anti epileptic drugs monitored 
in routine therapeutic drug monitoring. 

Enzymatic and fluorescence immunoassay techniques which have been 
applied to the measurement of antiepileptic drugs include for example, 
enzyme multiplied immunoassay technique (EMIT; Syva Corporation), 
radial partition enzyme immunoassay, cloned enzyme donor immunoassay 
(CEDIA), fluorescence polarization immunoassay (FPIA) and substrate 
labelled fluorescence immunoassay. Other methods include particle enhanced 
turbidimetric inhibition nephelometric immunoassay (PETINIA) and latex 
particle agglutination inhibition procedures. A method based on immunolysis 
of liposomes has also been reported (KUBOTSU et al. 1992). 

A non-homogeneous competitive immuno-rate assay for phenytoin is 
offered by Johnson and Johnson which uses dry-slide technology. In a fully 
automated process, anti-drug antibody is immobilized between specific layers 
of reagents on a multilayered polyester support slide. The reagents include a 
drug specific peroxidase conjugate. The patient drug and the conjugate 
compete for antibody binding in a separate layer of the slide. with the reac
tion being stopped after a pre-determined time by washing the slide to remove 
unbound drug-peroxidase conjugate whilst also providing a substrate for the 
enzyme-mediated oxidation of a leuco dye. The rate of dye formation, mea
sured by reflectance spectrophotometry. is inversely proportional to the drug 
concentration in the specimen. 

A novel non-isotopic carbonyl metallo-immunoassay has recently 
been developed for carbamazepine (VARENNE et al. 1995), phenobarbitone 
(SALMAIN et al. 1992) and phenytoin (VARENNE et aI.1994). This technique uses 
a metal carbonyl complex as a tracer and Fourier transform infra-red spec
troscopy as the detection method. The method requires only a few microlitres 
of serum and has the exciting potential of developing an immunoassay method 
for the simultaneous analysis of multiple antiepileptic drugs. 

It is beyond the scope of this chapter to provide a comprehensive descrip
tion of immunoassay procedures for the analysis of antiepileptic drugs and the 
various analytical problems associated with each methodology. For more in 
depth information various texts (WILD 1993; PRICE and NEWMAN 1996) may be 
consulted. 

I. Immunoassay Instrumentation 

Immunoassay instrumentation has recently been reviewed (CHAN 1995) and 
described effectively as an open or closed system. Open systems consist of 
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general purpose clinical chemistry analysers which can be adapted to differ
ent immunoassay systems, providing that the assay is homogeneous and that 
the analyser has reagent handling and detection systems compatible with the 
assay protocols. Closed systems are inherently restricted to specific manufac
turer protocols and often to specific instrumentation. Instrumentation can be 
batch, random-access or continuous access. The variety of both open and 
closed instrumental systems in combination with different immunoassay pro
cedures is quite substantial and information concerning the different systems 
for therapeutic drug monitoring and toxicology has been summarized (SASSE 
1997). 

II. Analytical Performance 

Despite the variety of assay procedures and instrumentation currently avail
able, antibody specificity is perhaps the single most significant factor which 
affects immunoassay analytical performance. The introduction of monoclonal 
antibodies has improved some assays but these may still suffer from varying 
degrees of non-specific cross-reactivity with endogenous substances, metabo
lites and/or other drugs. Analytical performance may also be affected, for 
example, by specimen preservatives, haemolysis, bilirubin and lipids. A well 
researched problem which has recently been re-evaluated is that related 
to the major metabolites of phenytoin, namely 5-(p-hydroxyphenyl)-5-
phenylhydantoin and its glucuronic acid conjugate (SCHWENZER et al. 1995; 
RAINEY et al. 1996). Both these compounds significantly cross-reacted with the 
Abbott fluorescence polarization immunoassay system and originally with 
the EMIT system. This has significant clinical relevance in uraemic patients 
where free drug levels may need to be measured. Modification of these assays 
by the manufacturers via the introduction of more specific antibodies resulted 
in metabolite cross-reactivity which was clinically insignificant. However, the 
improved Abbott fluorescence polarization immunoassay system has recently 
been withdrawn due to another cross-reactivity problem with a non-steroidal 
anti-inflammatory drug, oxaprozin. 

Lack of antibody specificity can in certain instances be taken advantage 
of to provide measurement of active metabolites via modification of assays 
targeted to a particular drug. For example, desmethylmethsuximide has been 
measured using both fluorescence polarization immunoassay and EMIT 
assays designed to measure ethosuximide (MILES et al. 1989). The procedure 
was carefully validated against high performance liquid chromatography and 
shown to provide reliable measurement of desmethylmethsuximide. 

The vast array of instruments and methodologies for the measurement of 
antiepileptic drugs by immunoassay has inevitably led to a plethora of method 
comparisons and evaluations. In nearly all comparisons, good correlation, pre
cision, accuracy and specificity have been shown, although not all immunoas
say methods have been compared with a specific reference method. For 
example, fluorescence polarization immunoassay and cloned enzyme donor 
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immunoassay phenytoin assays compared on Hitachi and TDx instruments 
showed good agreement (KURZE et al. 1995), as did phenobarbitone analysis 
on a Dimension instrument using PETINIA compared with TDx (FLEMING et 
al. 1995). Similarly, cloned enzyme donor immunoassay for phenytoin and phe
nobarbitone was comparable with high performance liquid chromatography 
(VAN DER WEIDE et al. 1993) and a multi-centre investigation involving high 
performance liquid chromatography, fluorescence immunoassays and EMIT 
on various Hitachi models (KLEIN et al. 1995) also showed good correlations. 
A dry film multilayer fluorescence immunoassay has been compared with a 
fluorescence polarization immunoassay on different instruments (O'CONNELL 
et al. 1995) and the results correlated well. 

III. Non-laboratory Immunoassay Antiepileptic Drug Monitoring 

A number of non-laboratory immunoassay systems have been developed 
which offer the convenience of small specimen size (finger-prick) and on-site 
drug level determination. The Acculevel enzyme immunochromatography 
system (Syntex Medical Diagnostics, USA) uses whole blood and chromato
graphic paper coated with monoclonal antibodies to the drug of interest. It is 
a single analyte system with the measurement based on a colour bar retention 
factor which is converted to a plasma concentration using special conversion 
tables. The assay is available for carbamazepine, phenytoin and phenobarbi
tone. Another system, Biotrack (Ciba Corning Diagnostics, USA), is based on 
a turbidimetric latex agglutination inhibition reaction and uses an electronic 
monitor to measure whole blood drug levels which are converted to plasma 
concentrations based on a measured haemoglobin concentration and known 
relationships between blood and plasma. These methods have been evaluated 
and shown to perform to acceptable standards although requiring strict 
adherence to procedural detail and manufacturer's instructions. The Acculevel 
(OLES et al. 1989; NIELSEN et al. 1992) and the Biotrack (RAMBECK et al. 1994) 
systems have been evaluated against EMIT, fluorescence polarization 
immunoassay and high performance liquid chromatography and both showed 
acceptable agreement in all comparisons. Another system, the Seralyser 
(Ames, Miles Laboratories, USA), is a portable system which uses an apoen
zyme reactivation immunoassay with reflectance photometry. Serum pheny
toin and phenobarbitone concentrations have been evaluated against 
fluorescence polarization immunoassay using this system and showed good 
correlations (BRETTFELD et al. 1989). 

F. Free Drug Monitoring 

Many methods exist for the characterization of protein bound and unbound 
drugs in physiological fluids including equilibrium dialysis, microdialysis, gel 
filtration, ultracentrifugation and ultrafiltration. These methods have been 
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reviewed extensively (WRIGHT et al. 1996). The most commonly used method 
for the separation of free drugs in clinical evaluation of drug therapy is 
ultrafiltration, which uses a membrane filter to separate free and protein 
bound drugs under the forces of centrifugation. The advantages of this tech
nique are that it is quick, requires standard laboratory centrifuges, albeit 
ideally with temperature control and fixed angle rotors, and gives a direct free 
drug fraction which can be used subsequently with the total levels to deter
mine the extent of protein binding. The concentration of free drug remains 
unaltered during the filtration process and is independent of the serum 
volume. The limitations of ultrafiltration include possible non-specific adsorp
tion of drugs to the separation membrane. However, in any analytical pro
cedure, these potential effects should always be investigated. Commercial 
ultrafiltration devices are available (e.g. Centrifree system; Amicon Danvers, 
MA, USA). Despite the perception that ultrafiltration requires highly sensi
tive analytical methods to measure the free levels, modern analytical systems 
have more than adequate sensitivity for free anti epileptic drug monitoring in 
typical clinical situations. High performance liquid chromatography has been 
used for the measurement of free drug levels (TAYLOR and ACKERMAN 1987), 
including fully automated sample preparation and analysis of free and total 
drug concentrations using in-line equilibrium dialysis (JOHANSEN et al. 1995), 
direct serum analysis using restricted access media high performance liquid 
chromatography (GURLEY et al. 1995) and high performance liquid chro
matography for free valproic acid, with a critical evaluation of the ultrafiltra
tion systems and comparisons with enzyme immunoassays (LIU et al. 1992). 

I. Saliva 

Saliva is a natural ultrafiltrate of blood plasma and as such can be used for the 
evaluation of certain anti epileptic drug free drug levels including carba
mazepine, phenytoin and phenobarbitone. The clinical utility of routine sali
vary therapeutic drug monitoring (STDM) has been demonstrated (KNOTT 
and REYNOLDS 1984, 1989), whilst a detailed critique of salivary therapeutic 
drug monitoring in general has been presented (DROBITCH and SVENSSON 
1992). From an analytical viewpoint, several important factors need to be con
sidered. Sample collection can be achieved with or without the stimulation of 
salivary secretions. Although citric acid stimulation is commonly used there is 
minimal need for it due to the fact that most analytical procedures today have 
sufficient sensitivity to analyse the drugs in small volumes of saliva. A method 
for collecting pre-purified saliva ultrafiltrate using an oral osmotic device has 
been shown to be simple and reliable in the determination of free antiepilep
tic drug levels (SCHRAMM et al. 1991). A similar device is commercially avail
able (Saliva Sac, BioQuant Inc., Ann Arbor, USA). A simple collection device 
which uses a gauze-wrapped cotton ball with attached string has been shown 
to be effective in children (CHEE et al. 1993). The presence of residual drug 
from previously administered tablets or syrup may give spurious results 



Measurement of Anticonvulsants and Their Metabolites in Biological Fluids 183 

unless a sufficient lag-time between administration and sampling is allowed 
(DICKINSON et al. 1985). After collection, it is common to measure the salivary 
pH and to centrifuge the sample, using the supernatant for analysis. Freezing 
saliva can also improve dispensing accuracy by reducing sample viscosity. Cor
rection for the effects of pH is important for some ionic drugs (e.g. pheno
barbitone ). 

Analytical methodologies for salivary therapeutic drug monitoring are 
mainly chromatographic. Although immunoassay methods designed for 
plasma have been used with modification, they require careful validation. The 
effect of citric acid on interference in the EMIT immunoassay has been 
debated (PATON and LOGAN 1986; KNOTT and REYNOLDS 1987). A dry phase 
apoenzyme reactivation method modified for saliva has been compared with 
fluorescence polarization immunoassay (MILES et al. 1990): both methods were 
proven suitable for salivary therapeutic drug monitoring of antiepileptic drugs, 
as were gas chromatography and EMIT after comparison (GOLDSMITH and 
OUVRIER 1981). 

G. Quality Assurance 
Comparison of analytical methods for measuring anti epileptic drugs has been 
aided by the greater availability of external quality assurance programs 
throughout the world, and an increasing and almost mandatory participation 
by clinical laboratories in these programs. Consequently, more objective 
assessment of comparisons of analytical precision, accuracy, sensitivity and 
specificity has been possible (WILSON et al. 1989). However, care is required 
in interpreting results from different quality control programs. especially with 
respect to matrix effects. The preferred material is human serum or plasma to 
which weighed-in amounts of drug have been added (TSANACLTS et al. 1990; 
WITTE 1993). Pre-analytical variation caused by various sampling procedures 
is also important. Criteria for therapeutic drug monitoring of antiepileptic 
drugs including sampling, storage and collection have been reviewed (LI and 
NICHOLS 1997). Studies of widely used serum or plasma separator tubes have 
shown varying analyte losses of antiepileptic drugs due to absorption to the 
gel in one manufacturer's tubes under certain conditions (MAURO and MAURO 
1991; DASGUPTA et al. 1996) but clinically insignificant losses in different man
ufacturer's tubes (KOCH and PLATOFF 1990). This highlights the obvious 
requirement that laboratories must evaluate new clinical products thoroughly, 
and have input into sampling procedures. 
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CHAPTER 8 

Older Anticonvulsants Continuing in Use but 
with Limited Advance in Knowledge 

M.l EADIE and F.J.E. VAJDA 

A. Introduction 
Several relatively long-established anticonvulsants continue in clinical use 
though there has been comparatively little advance in knowledge of their 
pharmacologies. Whilst more effective and less toxic alternatives are now 
available, significant numbers of patients continue to be satisfactorily managed 
with these older drugs and they are sometimes extremely helpful after their 
more modern counterparts prove inadequate. Such agents include phenobar
bitone and its congeners, the succinimides, sulthiame and acetazolamide, and 
the bromides. The various oxazolidinediones (principally troxidone - trimetha
dione), formerly important for treating absence epilepsy, now seem to have 
almost completely disappeared from clinical use, though they are still 
employed in experimental laboratory studies. 

B. Phenobarbitone and Congeners 
Phenobarbitone has been used as an anticonvulsant since 1912 (HAUPTMANN 
1912). Subsequently, two congeners, N-methylphenobarbitone and primidone 
(desoxy-phenobarbitone), came into moderately widespread use for treating 
epilepsy. These latter substances are both biotransformed to phenobarbitone 
and act largely, though not exclusively, though this substance. All three con
geners are here discussed together. 

In Western medicine the barbiturate anticonvulsants are now often 
regarded as largely superseded. However, phenobarbitone remains widely 
used in developing countries (ISMAEL 1990). Another barbiturate anticonvul
sant, eterobarbitone, has been studied but has not come into general use. It is 
not discussed further. 

I. Chemistry and Use 

1. Chemistry 

Phenobarbitone (5-ethyl-5-phenyl-barbituric acid: phenobarbital) is a white 
crystalline material, molecular weight 232.23, pKa 7.3, sometimes prescribed 
as its sodium salt. N-Methylphenobarbitone (5-ethyl-1-methyl-5-phenyl-
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barbituric acid: mephobarbital) is chiral around the C atom at the 5-position 
of the barbiturate ring, because of the methyl substituent on the I-position of 
the ring. It is supplied commercially as the racemate (molecular weight 246.26, 
pKa 7.8). It is more lipophilic than phenobarbitone. Primidone (2-desoxy
phenobarbitone; molecular weight 218.25, pKa 13) is another white crys
talline material. Chemically, strictly speaking, it is not a barbiturate, but 5-
ethyldihydro-5-phenyl-4,6-(IH,5H)-pyrimidine-dione. 

2. Use 

Phenobarbitone and methylphenobarbitone are now employed almost exclu
sively as anticonvulsants, and sometimes to treat neonatal hyperbilirubi
naemia. Primidone too is employed mainly as an anticonvulsant, but is 
sometimes used for essential (hereditary, senile) tremor (FINDLEY et al. 1985; 
SASSO et al. 1988, 1991; KOLLER et al. 1994; METZER 1994) and primary writing 
tremor (BAIN et al. 1995), lithium tremor (GELENBERG and JEFFERSON 1995), 
orthostatic tremor (WILLE IT 1991) and theophylline-resistant apnoea of pre
maturity (MILLER et al.I994). Several lines of evidence suggest that primidone 
itself, and not phenobarbitone derived from it (SASSO et al. 1988, 1991; SEYFERT 
et al. 1988), benefits essential tremor. 

The three barbiturates are effective for all partial epilepsies, for general
ized epilepsies with bilateral tonic-clonic seizures, including juvenile 
myoclonic epilepsy (but not for myoclonic epilepsies which begin earlier 
in life) and for benign febrile convulsions of infancy (FAERO et al. 1972; 
THIOTAMMAL et al. 1993). 

II. Pharmacodynamics 

Methylphenobarbitone and primidone are both biotransformed to phenobar
bitone. Most of their anticonvulsant actions appear to depend on this metabo
lite. There is some indirect evidence that (R,S)-methylphenobarbitone (CRAIG 
and SHIDEMANN 1971), probably its (S)-enantiomer (BucH et al. 1968), primi
done (LbsCHER and HbNACK 1989), and its metabolite phenylethylmalonamide 
(BAUMEL et al. 1973) have anti epileptic effects in their own rights, though the 
mechanisms of these effects have been relatively little investigated. Only the 
mechanisms of action of phenobarbitone are discussed below. 

1. Animal Models of Epilepsy 

GALLAGHER and FREER (1985) considered this topic. Phenobarbitone protects 
against maximum and minimum electroshock seizures in several animal 
species (GOODMAN et al. 1953), and against chemically induced bilateral 
myoclonic seizures (SWINYARD and CASTELLION 1966), light-induced seizures 
in Papio papio (MELDRUM et al. 1975) and amygdaloid electrically kindled 
seizures (WADA 1977). 
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2. Electrophysiological Actions 

The electrophysiological actions of phenobarbitone were reviewed by 
PRICHARD and RANSON (1995). Phenobarbitone limits the spread of seizure 
activity from experimental epileptic foci, probably by interfering with synap
tic neurotransmission (ESPLIN 1975). It increases the cortical stimulation 
threshold for inducing local and generalized seizure activity (HOOGERKAMP et 
al. 1994). It and (S)( + )-methylphenobarbitone facilitate inhibition in rat hip
pocampal slices (DUNWIDDlE et al. 1986). 

3. Biochemical Actions 

Certain biochemical effects of phenobarbitone, e.g. inhibition of mitochondr
ial electron transport (COWGER and LABBE 1967), occur only at drug concen
trations higher than those needed for an anti epileptic effect in humans. 
Phenobarbitone (and certain other barbiturates) produce prolonged opening 
of postsynaptic Cl- channels which are components of GABAA receptors 
(BARKER and McBURNEY 1979), thus facilitating Cl- entry through neuronal 
cell membranes (ALLAN and HARRIS 1986). This entry hyperpolarizes the 
cell membrane, thus inhibiting neurotransmission. SCHWARTZ et al. (1985) 
showed that (R,S)-methylphenobarbitone, but not phenobarbitone, enhanced 
Cl- efflux from rat synaptoneurosomes. 

At supratherapeutic concentrations phenobarbitone inhibits neuronal 
NMDA-induced responses (DANIELL 1994), reduces intraneuronal Na+ con
centrations (PINCUS et a1. 1970) and increases Na+ channel opening in frog skin 
(FONESCA et a1. 1994). 

The biochemical mechanisms of action of primidone itself are not known 
(FREY 1995). 

III. Pharmacokinetics 

The following pharmacokinetic data refer to humans, except where specified. 
Pharmacokinetic information is available for phenobarbitone in dogs (RAvrs 
et a1. 1989; THURMAN et a1. 1990), cats (COCHRAN et a1. 1990) and horses (RAVIS 
et a1. 1987; KNOX et a1. 1992). 

1. Absorption 

a) Phenobarbitone 

Oral phenobarbitone is reasonably fully bioavailable (NELSON et al. 1982), 
with a mean absorption half-time of 1.37 h (EADIE et al. 1976) but a relatively 
late Tmax value of 6-18h (Lous 1954), which has sometimes led to claims 
that the drug is slowly absorbed. However, the late Tmax is due to the drug's 
slow elimination. The Till "X after intramuscular administration is 1-3 h 
(VISWANATHAN et a1. 1978; GRAHAM 1978). Rectal phenobarbitone is about 
90% bioavailable (GRAVES et a1. 1989). 
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b) Methylphenobarbitone 

Empirically, twice as much methylphenobarbitone as phenobarbitone is 
needed to achieve the same steady-state plasma phenobarbitone concentra
tions in patients. This has sometimes led to an assumption that oral methylphe
nobarbitone is only 50% bioavailable. HOOPER et al. (1981a,b) showed that oral 
(R,S)-methylphenobarbitone was 75% bioavailable and later showed that 
(R)-methylphenobarbitone was so rapidly cleared that it probably underwent 
significant pre systemic elimination (LIM and HOOPER 1989), thus explaining 
the incomplete oral bioavailability of the racemate. In two subjects, the ab
sorption half-times for oral (R,S)-methylphenobarbitone were 0.48 and 
0.38h (HOOPER et al.1981a). The mean Tmax for (R)-methylphenobarbitone was 
2.29 ± SD 1.03h, and for (S)-methylphenobarbitone 3.50 ± SD 1.52h (LIM and 
HOOPER 1989). 

c) Primidone 

As judged from urinary output data, oral primidone is at least 92% bioavail
able (KAUFMANN et al. 1977). The drug's Tmax after oral intake is 0.5-7h 
(GALLAGHER et al. 1972),3.2 ± 1.0h (BOOKER et al. 1970) or 4-6h (KAUFMANN 
et al. 1977). 

2. Distribution 

a) Phenobarbitone 

In adults, the apparent volume of distribution of phenobarbitone is 0.5-0.61/kg 
(MARTIN et al. 1979; NELSON et al. 1982; WILENSKY et al. 1982). It is higher in 
neonates (0.97 ± 0.151/kg - PAINTER et al. 1977; 0.811/kg - FISCHER et al. 1981), 
and intermediate in infants (0.6671/kg - MINAGAWA et al. 1981). In adults 
50%-60% of the phenobarbitone in plasma is protein bound (BAUMEL et al. 
1972; Mc AULIFFE et al. 1977; LOSCHER 1979). In neonates 36%-43% is bound 
(BOSSI 1982). The plasma protein binding of the drug decreases in late preg
nancy (YERBY et al. 1990). 

Phenobarbitone concentrations in CSF are 43%-47% of those in whole 
plasma (VAJDA et al. 1974; HOUGHTON et al. 1975; SCHMIDT and KUPFERBERG 
1975), and salivary concentrations 30%-38% (SCHMIDT and KUPFERBERG 1975; 
KNOTT and REYNOLDS 1984). With correction for the effects of salivary pH on 
drug distribution, the salivary phenobarbitone concentration is 43.1 ± 5.2% of 
that in whole plasma (Mc AULIFFE et al. 1977). Concentrations of the drug in 
milk are 35%-45% of those in plasma (KANEKO et al. 1979). Reported brain 
to plasma concentration ratios for phenobarbitone range from 0.59:1 (VAJDA 
et al. 1974) to 1.13:1 (HOUGHTON et al. 1975). 

b) Methylphenobarbitone 

(R,S)-Methylphenobarbitone has a higher apparent volume of distribution 
than phenobarbitone (mean 1321 in adults - EADIE et al. 1978). The mean 
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apparent volumes of distribution of the (R)- and the (S)-enantiomers 
were 5.32 ± SD 3.33l1kg and 1.73 ± SD 0.31l1kg respectively (LIM and 
HOOPER 1989), but the value for the (R)-enantiomer probably represents 
that of V/F. In plasma, (R)-methylphenobarbitone is approximately 67%, 
and (S)-methylphenobarbitone approximately 59% bound to plasma 
proteins (LIM and HooPER 1989). In rats, the brain concentration of (R,S)
methylphenobarbitone is some 8 times its blood concentration (CRAIG and 
SHIDEMAN 1971). 

c) Primidone 

Primidone has an apparent volume of distribution of 0.6l1kg (VAN DER KLEIJN 
et a1. 1975) and its metabolite phenylethylmalonamide one of 0.69 ± 0.20llkg 
(PISANI and RICHENS 1983). Little (6%-7% - L6sCHER 1979) or no primidone 
is bound to plasma proteins, and its CSF, salivary and plasma concentrations 
are similar. CSF primidone concentrations average 80% (SCHMIDT and 
KUPFERBERG 1975) or 81 % (HOUGHTON et a1.1975) and salivary concentrations 
average 75% (Mc AULIFFE et aJ. 1977) to 108% (TROUPTN and FRIEL 1975) of 
its plasma ones. The drug's concentration in milk is 70%-80% of that in plasma 
(KANEKO et a1. 1984), while its concentrations in human temporal lobectomy 
specimens averaged 87% of its concentrations in plasma (HOUGHTON et a1. 
1975). 

3. Elimination 

The barbiturate anticonvulsants are eliminated mainly by metabolism. 

a) Metabolism 

a) Phenobarbitone 

At steady state, a mean of 25% or 27% of a phenobarbitone dose is excreted 
in human urine unmetabolized (WHYTE and DEKABAN 1977; BERNUS et a1. 
1994b). In humans, phenobarbitone undergoes (Fig. 1): 

1. Oxidation at the p-position on its benzene ring, forming a phenolic de
rivative (p-hydroxy-phenobarbitone). most of which then undergoes 
glucuronide conjugation before being excreted into urine. Such glu
curonidation is poorly developed in neonates (BOREUS et a1.1978). The phe
nolic metabolite has relatively little biological activity (CRAIG et al. 1960). 
This metabolic pathway accounted for 25% (WHYTE and DEKABAN 1977), 
21 % (VISWANATHAN et a1. 1978) or 16 ± SD 10% (BERNUS et aJ. 1994a) of 
a phenobarbitone dose. 

2. N-Glucoside formation (TANG et a1. 1979), resulting in (R)- and (S)-enan
tiomers of the glucoside. At steady state 14 ± SD 11 % of a phenobarbitone 
dose was excreted as (S)-phenobarbitone-N-glucoside, with the (R)-enan
tiomer accounting for less than 4% of the dose and being unmeasurable in 
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Fig. 1. Interrelationships and major metabolic pathways for phenobarbitone, 
methylphenobarbitone and primidone. 1, p-hydroxy-(R)-methylphenobarbitone glu
curonide; 2, p-hydroxy-(R)-methylphenobarbitone; 3, (R)-mcthylphenobarbitone; 4, 
(S)-methylphenobarbitone; 5, phenobarbitone; 6, primidone; 7, phenylethylmalon
amide; 8, (R,S)-phenobarbitone-N-glucoside; 9, first stage barbiturate ring-opened 
derivative of (R,S)-phenobarbitone-N-glucoside; 10, p-hydroxyphenobarbitone; II, p
hydroxyphenobarbitone glucuronide 

nearly one-third of subjects (BERNUS et a1. 1994a). The N-glucosides of 
phenobarbitone are pH labile, and begin to decompose at pH values above 
5, yielding barbiturate ring-opened derivatives whose subsequent fates are 
unknown (VEST et a1. 1989). In vitro, at 37°C and pH 7.4, the half-life of 
(S)-phenobarbitone-N-glucoside is about 15 h (BERNUS et a1. 1994a). There
fore phenobarbitone-N-glucosides may decompose to as yet untraced 
derivatives while still present in tissue fluids and in urine in the bladder. 
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This decomposition may contribute to the discrepancy between the phe
nobarbitone dose and the amounts of drug and metabolites traceable in 
urine. The N-glucosidation pathway is inactive in the first 2 weeks of post
natal life (BHARGAVA and GARRETTSON 1985). 

3. At least in mice, N-glucuronides of phenobarbitone form (NEIGHBORS 
and SOINE 1995) and, in rats and mice, a I-hydroxyethyl metabolite (HARVEY 
et a!. 1972). 

f3) Methylphenobarbitone 

Less than 3% of a methylphenobarbitone dose is excreted in urine unme
tabolized (EADIE et a1. 1978). (R,S)-Methylphenobarbitone undergoes 
relatively stereoselective biotransformation (LIM and HOOPER 1989). The 
(R)-enantiomer is metabolized by CYP2C19, the same P450 isoenzyme 
which catalyses (S)-mephenytoin oxidation (KUPFER and BRANCH 1985; HALL 
et a!. 1987; WRIGHT et a!. 1995). 4-Hydroxymethylphenobarbitone (p
hydroxymethylphenobarbitone) forms and is excreted in urine mainly as its 
glucuronide conjugate. This, predominantly as the (R)-enantiomer, accounts 
for some 35% of an oral dose of (R,S)-methylphenobarbitone (HOOPER et a1. 
1981 b). Some 4-hydroxymethylphenobarbitone is probably further metabo
lized to dihydrodiol (HARVEY et a1. 1972) and O-methyl catechol derivatives 
(TRESTON et a1. 1987). As welL a small amount of (R)-methylphenobarbitone 
is oxidatively dealkylated to phenobarbitone. In contrast, (S)
methylphenobarbitone does not undergo aromatic hydroxylation, but is 
oxidatively dealkylated to phenobarbitone. some of which is further metabo
lized along the biotransformation pathways for that substance, described 
above. Between 8% and 25% of a dose of (R,S)-methylphenobarbitone ulti
mately appears in urine as phenobarbitone (EADIE et al. 1978). It is not known 
whether N-glucosides of either methylphenobarbitone enantiomer are 
formed. 

y) Primidone 

From 15% to 66% of a primidone dose appears in urine unmetabolized (KAUF
MANN et a!. 1977). In those not previously exposed to antiepileptic drugs, 64 % 
of a primidone dose appeared in urine unmetabolized; in those with prior 
antiepileptic drug exposure only 39.6% was excreted intact (ZAVADIL and 
GALLAGHER 1976). Primidone is oxidized at the 2-position on its heterocyclic 
ring, forming phenobarbitone, whose possible patterns of further metabolism 
are described above. Between 1 % and 8 % of a primidone dose is excreted in 
urine as phenobarbitone (KAUFMANN et al. 1977). The primidone molecule also 
undergoes heterocyclic ring opening, forming phenylethylmalonamide which, 
excreted as such in urine, accounts for 16%-65% of a primidone dose 
(KAUFMANN et a1. 1977). Unlike phenobarbitone, primidone undergoes very 
little aromatic hydroxylation (HOOPER et a!. 1983). Neonates and infants 
cannot oxidize primidone to phenobarbitone until they have been exposed to 
the drug for 3 or 4 months (POWELL et a!. 1984). 
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b) Elimination Parameters 

a) Phenobarbitone 
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The half-life of phenobarbitone varies with age. BATTINO et a1. (1995) and 
DODSON and RUST (1995) have tabulated the available data relating the drug's 
elimination to the ages of the individuals studied. In infants the half-life aver
aged 114.2 ± 40.3h in the first 10 postnatal days, 73.19 ± 24.17h on days 11-30, 
and 41.23 ± 13.95h from days 31 to 70 (ALONSO-GONZALEZ et a1. 1993). In 
childhood, the half-life is shorter than in adult life, e.g. 37 h compared to 73 h 
(GARRETTSON and DAYTON 1970). Other half-life values in adults include 4 days 
(BUCHTHAL and LENNOX-BUCHTHAL 1972),5 days (VAN DER KLEUN et a1.1975), 
5.8 days (NELSON et a1. 1982) and 75-126h (WILENSKY et al. 1982). The half
life may decrease with repeated administration of phenobarbitone, consistent 
with some auto induction of metabolism, though WILENSKY et a1. (1982) found 
no evidence of this. 

Phenobarbitone has a relatively low clearance (0.0053 ± 0.003811kg/h -
GUELEN et a1. 1975). The clearance decreases from 0.001211kg/h in young chil
dren to 0.00401/kglh by the age of 12-14 years, but after that does not 
alter much with age. Other published figures for the clearance in adults are 
O.OO3l/kg/h (NELSON et a1. 1982) and 0.0038 ± O.00077l/kg/h (WILENSKY et a1. 
1982). Most investigators have found that the apparent clearance of the drug 
increases during pregnancy (LANDER et a1. 1977; BARDY et a1. 1982; HOSOKOWA 
et a1. 1984; KAN et a1. 1984; LANDER and EADIE 1991), but there have been 
findings to the contrary (LEVY and YERBY 1985). 

f3) Methylphenobarbitone 

In adults, the half-life of (S)-methylphenobarbitone averaged 69.8 ± SD 
14.8h and that of (R)-methylphenobarbitone 7.5 ± SD 1.7h (LIM and HOOPER 
1989). The apparent clearances were, respectively, 0.017 ± SD O.OOll1kg/h and 
0.47 ± SD O.l811kg/h. Details of the effects of age and gender on the disposi
tion of the individual enantiomers of methyl phenobarbitone are available 
(HOOPER and QING 1990). The half-life of (R,S)-methylphenobarbitone in 
adults was 49.0 ± 18.8h (EADIE et a1. 1978). Its clearance is increased in preg
nancy (LANDER et a1. 1977). 

i> Primidone 

Tabulated data for the elimination parameters of primidone in various animal 
species are available (FREY 1985). In humans primidone has a half-life of 6-
12h (BOOKER et a!. 1970; GALLAGHER et a1.1972; KAUFMANN et a1.1977). In the 
neonate, the half-life is 23 ± 10h (NAU et a!. 1980). Phenylethylmalonamide, 
the metabolite of primidone, has a half-life of 15.7 ± 3.4h (PISANI and RICHENS 
1983). The clearance of primidone is 0.035511kg/h after the first dose of the 
drug (CLOYD et a1.1981), and may increase during long-term intake of the drug. 
The clearance of phenylethylmalonamide averaged 0.0313 ± 0.006611kg/h 
(PISANI and RICH ENS 1983). 
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4. Applied Pharmacokinetics 

a) Phenobarbitone 
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Because of phenobarbitone's relatively long half-life, steady-state conditions 
may not apply for 3 weeks after a dosage change in adults, and after 1.5 weeks 
in children (SVENSMARK and BUCHTHAL 1963). 

The generally accepted therapeutic range of plasma phenobarbitone con
centrations for treating epilepsy is 15-25 (LOISEAU et al. 1977) or 15-40mg/1 
(FELDMAN et al. 1975). Some have set the lower limit of the range at 10mg/1 
(BUCHTHAL and LENNOX-BUCHTHAL 1972; AIRD and WOODBURY 1974; FEELEY 
et al. 1980). Levels above 15 mg/I appear necessary to prevent benign febrile 
convulsions of infancy (FAERO et al. 1972; HoJO et al. 1979; HERRANZ et al. 
1984). During withdrawal of phenobarbitone (or primidone) over a 5-week 
period, seizures tended to recur when plasma phenobarbitone concentrations 
had declined to between 20 and 15 mg/I (THEODORE et al. 1987). SCHMIDT et al. 
(1986) noted that plasma phenobarbitone concentrations of 18mg/1 would 
control bilateral tonic-clonic seizures, whereas concentrations of 37 mg/l were 
needed for full control of simple or complex partial seizures, whether or not 
they became secondarily generalized. Patients often become drowsy with 
plasma phenobarbitone concentrations in the range 30-50mg/1 (LIVINGSTONE 
et al. 1975), but some tolerate higher concentrations without apparent ill 
effect. 

EADIE et al. (1977a) showed that, in the individual, steady-state plasma 
phenobarbitone concentrations tended to increase more than proportionately 
to dosage increase. 

Relative to body weight, children need higher phenobarbitone doses than 
adults to achieve the same steady-state plasma drug concentrations. Exclud
ing neonates, EADIE et al. (1976, 1977a) found that phenobarbitone doses of 
3.1, 2.3, 1.75 and 0.9mg/kg/day yielded an average plasma phenobarbitone 
concentration of lSmg/1 in persons up to 4 years, from 4 to 14 years, from 15 
to 40 years, and over 40 years of age, respectively. Females required lower phe
nobarbitone doses than males in the under 4 years age group only. 

Phenobarbitone clearance tends to rise during pregnancy, and increasing 
drug doses are needed to maintain plasma phenobarbitone concentrations at 
their pre-pregnancy value (LANDER and EADIE 1991). 

b) Methylphenobarbitone 

Steady-state conditions should occur sooner for (S)-methylphenobarbitone 
than for its (R)-counterpart when (R,S)-methylphenobarbitone is prescribed. 
However, the simultaneous plasma phenobarbitone concentrations are more 
relevant clinically. 

At steady state, plasma (R,S)-methylphenobarbitone concentrations are 
117th to 1/10th of the simultaneous phenobarbitone concentrations (EADIE 
et al. 1978). No therapeutic range of plasma methylphenobarbitone concen
trations has been suggested, plasma phenobarbitone concentrations providing 
a satisfactory alternative. In the individual, steady-state plasma phenobarbi-
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tone concentrations increase in direct proportion to methylphenobarbitone 
dose (EADIE et al. 1977a). To achieve an average plasma phenobarbitone 
concentration of 15 mg/l, a methylphenobarbitone dose of around 5 mg/kg/day 
is required in persons under 14 years of age, a dose of 4mg/kg/day in persons 
15-40 years, and a dose of around 2mg/kg/day in older persons. Methylphe
nobarbitone doses need to be increased to maintain previous steady
state plasma phenobarbitone concentrations during pregnancy (LANDER et al. 
1977). 

c) Primidone 

The phenobarbitone derived from primidone has a much longer half-life than 
the parent drug, and under steady-state conditions achieves plasma concen
trations 2 or 3 times those of primidone. The phenobarbitone levels show much 
less interdosage fluctuation than steady-state primidone levels (BOOKER et al. 
1970; GALLAGHER et al. 1972). Therefore plasma phenobarbitone concentra
tions are often preferred to plasma primidone ones in managing human 
epilepsy, though therapeutic ranges of primidone concentrations are quoted, 
e.g. 8-12mg/1 (VAN DER KLEIJN et al. 1975). Because of primidone's relatively 
short half-life, its steady-state plasma concentrations can vary from measure
ment to measurement simply because of inconsistent timing of blood collec
tions in relation to drug intake. 

In treated populations, plasma phenobarbitone concentrations tend to 
increase in proportion to increasing primidone doses (EADIE et al. 1977a). 
Steady-state plasma phenobarbitone to primidone concentration ratios are 
lower in children than adults, and plasma concentrations of both substances, 
relative to primidone dose, increase with age (BATIINO et al. 1983). Primidone 
apparent clearance may increase in pregnancy (NAU et al. 1982; RATING et al. 
1982; OTANI et al. 1984), necessitating higher primidone dosages to maintain 
previous plasma phenobarbitone concentrations (LANDER et al. 1977). Plasma 
primidone to phenobarbitone concentration ratios tend to increase in preg
nancy (BATTINO et al. 1984). 

IV. Interactions 

Derived phenobarbitone mediates much of the effect of methylphenobarbi
tone and primidone, so that interactions involving phenobarbitone are likely 
when its congeners are prescribed. 

1. Pharmacodynamic Interactions 

Combining phenobarbitone with other sedative drugs, including other 
antiepileptic drugs and alcohol, may cause increased sedation. Prescribing phe
nobarbitone with anticonvulsants which act through mechanisms other than 
blocking postsynaptic Cl- channels might be expected to yield additional 
anti epileptic effects. Combining carbamazepine (a voltage-dependent Na+ 
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channel blocker) with phenobarbitone has yielded improved seizure control 
(CEREGHINO et aI.1973). 

2. Pharmacokinetic Interactions 

Interactions involving phenobarbitone are referenced below only when not 
listed in EADIE and TYRER (1989) or PATSALOS and DUNCAN (1993). 

a) Phenobarbitone Affecting Other Substances 

Phenobarbitone is a classical inducer of various cytochrome P450 isoenzymes 
(CONNEY 1967), e.g. CYP3A4 (BoLT 1994). This induction increases the body's 
capacity to eliminate certain endogenous substances and numerous drugs. It 
increases the clearances of bile salts, biotin (KRAUSE et al. 1985), cholesterol, 
lipids, bilirubin, cortisol, folate, renin, unconjugated oestriol and vitamin E. It 
also increases the clearances (or reduces the plasma concentrations) of various 
co-administered drugs, e.g. aminopyrine, amitriptyline (PERUCCA et al. 1984), 
antipyrine (phenazone), bishydroxycoumarin, carbamazepine, chlorampheni
col, chlorpromazine, cimetidine, clobazam, clonazepam (KHOO et al. 1980), 
cyclosporin, cyproheptadine, cyclophosphamide (JAO et al. 1972), diazepam, 
dicophane, dicoumaroL digitoxin, dipyrone, doxycycline, ethinylestradiol, 
felodipine, flunarazine, glyceryl trinitrate (BOGAERT et al. 1971), griseofulvin, 
haloperidol, isoniazid (LEVI et al. 1968), itraconazole (BONAY et al. 1993), lig
nocaine, mesoridazine. methadone, methsuximide, metoprolol (HAGLAND et al. 
1979). nimodipine, nortriptyline, oral contraceptives, paracetamol (aceta
minophen), pethidine (meperidine), phenylbutazole, phenytoin (however, its 
plasma levels are sometimes raised), prednisolone (BROOKS et al. 1976), pro
pranolol (ROWLAND 1970). quinidine (DATA et al. 1976), theophylline, thiori
dazine, valproate and warfarin. Whether phenobarbitone administration 
lowers plasma folate levels is uncertain. Impaired absorption from the ali
mentary tract possibly contributes to the interactions involving cyclosporin, 
cimetidine and griseofulvin (PATSALOS and DUNCAN 1993). 

b) Other Substances Affecting Phenobarbitone 

Plasma phenobarbitone concentrations may be raised by intake of acetazo
lamide. chloramphenicol, dicoumarol (HANSEN et al. 1966), felbamate (GIDAL 
and ZUPANC 1994; REIDENBERG et al. 1995), frusemide, methylphenidate. meth
suximide, phenylacetylurea, phenytoin (LAMBIE and JOHNSON 1981). though 
this interaction is not consistent (EADIE and TYRER 1989), phenothiazines 
(HAIDUKEWYCH and RODIN 1985), propoxyphene, quinine (AMABEOKU et al. 
1993), stiripentol (FAREWELL et al. 1990), and valproate (BRUNI et al. 1980; 
PATEL et al. 1980), the latter due to impaired formation of phenobarbitone-N
glucoside (BERNUS et al. 1994b). Co-administration of folate, pyridoxine, chlo
ramphenicol, dicoumarol and phenylbutazole lowers plasma phenobarbitone 
concentrations. 
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Alkalinizing the urine, e.g. by giving ammonium chloride, increases phe
nobarbitone excretion, thus lowering its plasma concentrations (PATSALOS and 
DUNCAN 1993). Activated charcoal ingestion impairs phenobarbitone absorp
tion from the alimentary tract (NEUVONEN et al. 1980; MODI et al. 1994). 

a) Methylphenobarbitone 

Reports of interactions affecting plasma methylphenobarbitone concentra
tions have not been found. The drug competitively inhibits the metabolism of 
mephenytoin (methoin), as explained above. 

f3) Primidone 

FINCHAM and SCHOTTELIUS (1995) tabulated many reported primidone inter
actions. As well as interactions involving phenobarbitone formed from it, prim
idone enhances the clearance of dexamethasone (YOUNG and HUGHES 1991) 
and raises plasma concentrations of urate (FICHSEL et al. 1993) and total and 
HDL cholesterol (REDDY 1985). Phenytoin (SATO et al. 1992) and carba
mazepine (BATTINO et al. 1983; PIPPENGER 1987) increase the conversion of 
primidone to phenobarbitone. Acetazolamide sometimes decreases primidone 
absorption (SYVERSEN et al. 1977). Clonazepam raises plasma primidone con
centrations (WINDORFER and SAUER 1977) and isoniazid inhibits primidone oxi
dation to phenobarbitone (SUTTON and KUPFERBERG 1975). 

v. Adverse Effects 

Phenobarbitone appears within a few hours of initial intake of methylpheno
barbitone or primidone. Therefore whether or not the latter substances have 
adverse effects in their own rights, they exhibit similar unwanted effects to 
phenobarbitone. 

1. Idiosyncratic Effects 

Phenobarbitone may cause various uncommon, presumably idiosyncratic, 
unwanted effects involving (1) the skin, with rashes ranging from fine punc
tate erythema through large erythematous macules, erythroderma (SAKAI et 
a1.1993) and localized subepidermal bullae (HAROUN et a1.1987) to major der
matoses such as erythema multiforme (SALOMON and SAURAT 1990), exfolia
tive dermatitis (MCGEACHY and BLOOMER 1953) and epidermal necrolysis 
(BOURGALT et al. 1991); (2) the connective tissues, resulting in fibromyalgia 
(GOLDMAN and KRINGS 1995), the shoulder-hand syndrome (TAYLOR and 
POSNER 1989) and certain other disorders (MATTSON et al. 1989) including 
lupus erythematosus; (3) nervous system, resulting in bucca-lingual dyskine
sia (SECHI et al. 1988), Tourette's syndrome (SANDUK 1986), tics (BURD et al. 
1987) and reflex sympathetic dystrophy (FASCALA et al. 1994); (4) bone 
marrow, causing agranulocytosis and aplastic anaemia; (5) the liver, causing 
hepatitis and jaundice (JEAVONS 1983; GRAM and BENTSEN 1985; ROBERTS et al. 
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1990; SAWAISHI et al. 1992); and (6) kidneys, producing nephritis (SAWAISHl 
et al. 1992). In those predisposed, phenobarbitone may precipitate attacks of 
porphyria. 

2. Dose-Determined Effects 

Phenobarbitone and its congeners cause sedation, though some tolerance to 
the sedation appears to develop, especially when the drug's dose is increased 
gradually. It is not certain that true pharmacological tolerance occurs. Before 
sedation becomes overt, phenobarbitone may impair concentration and 
slow intellectual processes. At higher dosages drowsiness becomes obvious, 
dysequilibrium, ataxia of gait and nystagmus develop, and consciousness is 
increasingly impaired. Paradoxically, low plasma phenobarbitone concentra
tions in children may be associated with hyperactivity and disordered behav
iour, and higher concentrations with depression (HERRANZ et al. 1988). 
This does not recur when the same individuals are re-exposed to the drug in 
adult life. 

The various sedative type adverse effects of phenobarbitone may develop 
insidiously, and go unnoticed. At therapeutic dosage, there may be impaired 
learning performance in children, and reversible deterioration in the results 
of intelligence testing (VINING et al. 1987; CALANDRE et al. 1990; FARWELL et 
al. 1990; DE SILVA et al. 1996). Prenatal exposure to phenobarbitone has been 
associated with lowered verbal IQ scores in adult males (REINISCH et al.1995). 
In studies of comparative drug efficacy, these various sedative effects make 
phenobarbitone and primidone more likely to be ceased than other major anti
convulsants (SMITH et al. 1987; HELLER et al. 1995). Rarely, the initial dose of 
primidone may cause severe and prolonged drowsiness. 

A cross-over study failed to support anecdotal evidence that methylphe
nobarbitone is less sedating than phenobarbitone in equally effective anti
convulsant doses (YOUNG et al. 1986). MAITSON et al. (1985) considered 
primidone to be more likely than phenobarbitone to cause intolerable adverse 
effects in potentially equi-effective anticonvulsant doses. Primidone is more 
likely than other anticonvulsants to cause impotence, though phenobarbitone 
may cause it (CRAMER and MATTSON 1995). 

Phenobarbitone may cause subclinical peripheral neuropathy, detectable 
electrophysiologically (BALDINI et al. 1991), folate depletion and a subacute 
combined degeneration-like syndrome (RAVAKHAH and WEST 1995) and 
macrocytic anaemia (CHANARIN et al. 1958; DAVIS and WOODLIFF 1971). 

Long continued intake of phenobarbitone (and presumably its congeners) 
can cause radiological and clinical osteomalacia. Bone mineral density may be 
measurably decreased in children after 3 years' intake of the drug (CHUNG and 
AHN 1994). Heel-pad thickening (SCHMIDT 1983), Dupuytren's contracture 
(CRITCHLEY et al. 1976), and a peculiar thickening of facial features may 
develop insidiously. 

Plasma primidone concentrations over 80 mg!l may be associated with 
crystalluria (LEHMANN 1987). 
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3. Effects on the Foetus and Neonate 

Over 20 years ago, an association was reported between maternal phenobar
bitone intake during pregnancy and various malformations in the offspring 
(MEADOW 1970; SPEIDEL and MEADOW 1972). Unfortunately, data on the mal
formation rate from a control population of pregnant women with untreated 
epilepsy of equal severity are not yet available. SHAPIRO et al. (1976) reported 
no increase in the foetal malformation rate in non-epileptic Finnish women 
who took phenobarbitone as a sedative during pregnancy; however, the inci
dence of foetal malformations was increased when pregnant American women 
used the drug mainly as an anticonvulsant. The risk of malformation in the off
spring appears greater if phenobarbitone is taken together with phenytoin 
during pregnancy (LINDHOUT et al. 1982; MAJEWSKI et al. 1980), but the drug 
combinations may have been used because of more severe maternal epilepsy. 
Certain Japanese data suggest that phenobarbitone is the least teratogenic of 
the commonly used anticonvulsants (KANEKO and KONDO 1995). Curiously, 
KANEKO et al. (1992) found that the risk of teratogenesis was related to the 
dose of methylphenobarbitone, but not to the dose of other anticonvulsants. 
In addition to the malformations, exposure to phenobarbitone during preg
nancy may be associated with smaller head circumferences in the offspring, 
and decreased cognitive development (VAN DER POL et al. 1991). 

Maternal phenobarbitone intake during pregnancy can also be associated 
with coagulation factor deficiency in the newborn, which may be manifested 
as subependymal, intraventricular or intracerebral haemorrhages (KUBAN et 
al. 1986). Intra-partum administration of vitamin K can prevent these phe
nomena (MOUNTAIN et al. 1970). Infants born to mothers who were treated 
with phenobarbitone during pregnancy may be hypotonic and irritable during 
their first 3 postnatal days, possibly as the result of drug withdrawal (ERITH 
1975). If low birth weight infants receive phenobarbitone there is an increased 
risk that they will develop pneumothorax or interstitial pulmonary oedema 
(KUBAN et al. 1987). 

c. Succinimides 
Since 1951, three succinimide anticonvulsants have become available. Of these 
phensuximide and methsuximide are now virtually superseded drugs. Etho
suximide provides satisfactory treatment for absence (petit mal) seizures in 
humans, and remains in clinical use. There has been relatively little advance 
in knowledge of its pharmacology in recent years. 

I. Chemistry and Use 

1. Chemistry 

Ethosuximide (2-ethyl-2-methylsuccinimide), a weak acid (pKa 9.3), is a 
water-soluble white crystalline material (MW 141.2). Phensuximide 
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(N-methyl-2-phenylsuccinimide; MW 189.21) and methsuximide (N,2-
dimethyl-2-phenylsuccinimide; MW 203.23) are poorly water-soluble crys
talline materials. 

All three succinimides contain a chiral C atom at the 2-position of the suc
cinimide ring. 

Phensuximide Methsuximide Ethosuximide 

2. Use 

Ethosuximide is as effective as valproate for pure absence seizures (CHADWICK 
1988) but has no other use in human medicine. It is efficacious in 85% of 
patients who have absence seizures only (COVANIS et al. 1992). but is less suc
cessful if bilateral tonic-clonic seizures also occur. when a drug effective 
against this type of seizure must be co-prescribed, or valproate substituted. 
Ethosuximide appeared potentially useful in an animal model of Parkinson
ian tremor, but failed in the human disease (GOMEZ-MANCILLA et al. 1992; 
POURCHER et al. 1992). Phensuximide is less effective than ethosuximide in sup
pressing absence seizures, but methsuximide has been reported useful for both 
absence seizures and, added to other anticonvulsants, for refractory partial 
seizures (BROWN et al. 1983; TENNISON et al. 1991). Pharmacokinetic interac
tions may have contributed to the latter outcome. 

II. Pharmacodynamics 

1. Animal Models of Epilepsy 

Earlier studies on the animal pharmacology of ethosuximide were reviewed 
by TESCHENDORF and KRETZSCHMAR (1985). The drug protects against gener
alized convulsive seizures induced by systemically administered convulsants, 
e.g. pentylenetetrazole (CHEN et al. 1963; BECKER et al. 1995) and penicillin 
(GUBERMAN et al. 1975) but not against photomyoclonic seizures in the baboon 
Papio papio (MELDRUM et al. 1975). It inhibits absence-like seizures in the 
double-mutant spontaneously epileptic rat (SASA et al. 1988). in the homozy
gous tremor rat (HAYANA et al. 1995), the Wistar rats of MICHELETTI et al. (1985) 
and the tottering mutant mouse (HELLER et al. 1983). It offers relatively little 
protection against maximum electroshock seizures in mice (ANONYMOUS 1976) 
but reduces their severity and does not raise the threshold for their electrical 
or chemical provocation (PIREDDA et al. 1985). 
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2. Electrophysiological Studies 

The thalamo-cortical circuits involved in the genesis of generalized spike-wave 
activity have now been defined (SNEAD 1995). Ethosuximide inhibits burst 
firing in populations of reciprocally interconnected relay and thalamic reticu
lar nuclear neurons. It thus de synchronizes the circuits which generate the 
3Hz spike-wave phenomenon (HUGUENARD and PRINCE 1994). In the 
pentylenetetrazole rat model, ethosuximide is ineffective after intercollicular 
brain stem transection, so that the drug's action is at least influenced by 
more caudal levels of the brain stem (MARES et al. 1994). Other evidence 
(PELLEGRINI et al. 1989) is consistent with the drug's having an anti-inhibitory 
action in the cortex and thalamus and activating the mid-brain reticular for
mation or, alternatively, depressing reticular inhibitory pathways (FROMM 
1985). The drug's overall effect alters the activity of the spontaneous thalamic 
synchronizing mechanisms, thus ablating spike-wave activity. 

3. Biochemical Effects 

A number of biochemical effects of ethosuximide were described prior to 
1989, though they did not explain the drug's anti-absence effects adequately 
(EADIE and TYRER 1989). Since 1989 it has been increasingly accepted that 
ethosuximide, at the concentrations at which it has an anti-absence effect in 
humans, reduces low threshold Ca2+ currents in thalamic neurons (COULTER et 
al. 1989a,b). These neurons include the generators of normal thalamo-cortical 
rhythms. At relevant concentrations the drug appears to function as an antag
onist at "T" but not at "L" type Ca2+ channels (MACDONALD 1989; MACDONALD 
and KELLY 1993; 1994) in thalamic ventro-basal complex (COULTER et al.1989a) 
and dorsal root ganglia neurons (KOSTYUK et al. 1992). It does not block Ca2+ 

currents in isolated neocortical neurons (SAYER et al. 1993). This action on thal
amic "T" type Ca2+ channels appears to explain the anti-absence action of the 
drug. 

Little information is available concerning the mechanisms of action of the 
other succinimides. 

III. Pharmacokinetics 

Pharmacokinetic data for ethosuximide in various animal species are summa
rized by BAILER et al. (1995). 

1. Absorption 

Ethosuximide has an oral T max of between 1 and 4 h (WECHSELBERG and HUBEL 
1967; GLAZKO 1975; EADIE et al. 1977b). No data for its absolute bioavailabil
ity in humans are available. Peak plasma phensuximide levels occur 0.5-1.5 h 
after oral intake (KINKEL 1971). 
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2. Distribution 

The apparent volume of distribution of ethosuximide in adults is approxi
mately 501 (BUCHANAN et a1. 1973), or from 0.67 to O.72l1kg (EADIE et a1.1977; 
BAUER et a1. 1982). In humans, ethosuximide is not bound to plasma proteins 
(LbsCHER 1979; LEVY and SCHMIDT 1985). Cerebrospinal fluid and serum levels 
of the drug are similar (WECHSELBERG and HUBEL 1967; PIREDDA and MONACO 
1981), as are salivary and whole plasma levels (HORNING et a1. 1977; Mc 
AULIFFE et al. 1977). CORADELLO (1973) found no ethosuximide in the milk of 
mothers taking the drug but KANEKO et al. (1984) reported a milk/plasma ratio 
of 0.7832 ± 0.1038:1.0, and KUHNZ et al. (1984) a ratio of 0.86 ± 0.08:1.0. Koup 
et al. (1978) stated that milk and plasma ethosuximide concentrations were 
equal. In rats, brain and plasma ethosuximide concentrations were reasonably 
similar (DILL et al. 1965; PATEL et al. 1977). 

3. Elimination 

The elimination of the succinimide anticonvulsants occurs mainly through 
metabolism. 

a) Metabolism 

Some 17%-38% (GLAZKO 1975) or 20% (GOULET et al. 1976) of an ethosux
imide dose is excreted in urine unmetabolized. MILLERSHIP et al. (1993) 
reviewed earlier studies of the metabolism of ethosuximide in animals and 
humans. The known biotransformation pathways for ethosuximide in humans 
are shown in Fig. 2. Ethosuximide contains a chiral C atom at the 2-position 
of the succinimide ring. The main metabolites in urine are the enantiomers of 
2-(I-hydroxyethyl)-2-methylsuccinimide, present chiefly as glucuronide con
jugates. Oxidation of the ethyl group adds a further centre of chirality, at the 
I-position on the 2-ethyl side chain. In a subsequent study in rats, MILLERSHIP 
et al. (1995) found in urine (1) both enantiomers of ethosuximide, (2) all 
four stereoisomers of 2-( I-hydroxyethyl)-2-methylsuccinimide and (3) one 
stereoisomer of 2-ethyl-3-hydroxy-2-methylsuccinimide (derived from (R)
ethosuximide). At least in rats, (R)-ethosuximide yields the two diasteromers 
of 2-(1-hydroxyethyl)-2-methylsuccinimide in equal proportions, but the cor
responding oxidation products of (S)-ethosuximide appear in unequal pro
portions. The various 2-(I-hydroxy ethyl) oxidation products, the 3-hydroxy 
derivatives, 2-hydroxyethyl-2-methylsuccinimide and 2-carboxymethyl-2-
methylsuccinimide have been found in human urine, but two previously 
identified metabolites prohahly are not genuine (2-ethyl-2-hydroxy methyl
succinimide and 2-acetyl-2-methylsuccinimide). In rats, the oxidations of etho
suximide are catalysed by CYP 3 A and CYP 2 E (BACHMANN et a1. 1992). 

Phensuximide is N-desmethylated in humans, while methsuximide under
goes oxidative N-desmethylation in both animals and man (MUNI et al. 1973), 
a reaction catalysed by CYP 2C19 (BACHMANN et a\. 1992). 
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Fig. 2. Major metabolic pathways for ethosuximide. 1, 2-ethyl-3-hydroxy-2-
methylsuccinimide; 2, 2-(1-hydroxyethyl)-2-methylsuccinimide; 3, ethosuximide (2-
ethyl-2-methylsuccinimide); 4, 2-carboxymethyl-2-methylsuccinimide; 5, 2-
hydroxymethyl-2-methylsuccinimide 

b) Elimination Parameters 

Mean half-life values for ethosuximide in adults range from 30 or 36h 
(BUCHANAN et al.1969) to 56h (GLAZKO 1975). BROWNE et al. (1975) found the 
half-life was shorter in patients taking lower drug doses and did not change 
during 8 weeks of ethosuximide intake. The half-life is shorter in children 
(mean values 33.4h for capsules and 29.7h for a solution - BUCHANAN et al. 
1969). Koup et al. (1978) found a mean ethosuximide half-life of 41.3h in 
neonates. 

Plasma ethosuximide clearance values were: 0.016 and O.013l/kg/h in two 
children (BUCHANAN et al. 1969), and in adults 0.010 ± 0.00411kg/h (EADIE et 
al. 1977),0.0131 ± .004311kg/h (BAUER et al. 1982) and 0.0091 ± O.002311kg/h 
(BACHMANN et al. 1986). 

In man, phensuximide forms an N-desmethyl metabolite whose half-life 
is similar to that of the parent drug (average 7.8h; range 4.5-12.0h - PORTER 
et al. 1977), raising the possibility that the metabolite has a shorter half-life, 
and its formation half-life has been interpreted as its elimination one. Meth-
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suximide has a half-life of 1.0-2.6h (PORTER et al. 1979; STRONG et al. 1974), 
but its N-desmethyl metabolite is more slowly eliminated (half-life 34-80h). 

4. Applied Pharmacokinetics 

Steady-state conditions take more than 7 or 10-12 days to develop after com
mencement of ethosuximide therapy (BUCHANAN and SMITH 1972). Similar 
mean daily ethosuximide doses (20.7,20.6 and 21.7 mg/kg) yield, respectively, 
mean steady-state plasma concentrations of 40 ± 14.9, 63.2 and 63.5mg/1 
(HAERER et al. 1970; SOLOW and GREEN 1971; PENRY et al. 1972). Steady-state 
plasma ethosuximide concentrations vary widely in individual patients rela
tive to the ethosuximide dose (BATTINO et al. 1982). 

BROWNE et al. (1975) and BATTINO et al. (1982) noted that plasma etho
suximide concentrations increased more rapidly relative to dose in adults than 
in children. Also relative to dose, steady-state plasma ethosuximide levels in 
females increase more rapidly than in males (EADIE and TYRER 1989). 

In individual patients given increasing doses of ethosuximide, EADIE 
(1976), SMITH et al. (1979) and BAUER et al. (1982) all noted that steady
state plasma concentrations of the drug increase more than proportionately 
relative to an increased dose of ethosuximide. This non-linearity is 
unexplained. 

PENRY et al. (1972) stated that ethosuximide plasma levels of 40-60mg/1 
were associated with complete control of absence seizures. SHERWIN and ROBB 
(1972) quoted a therapeutic range of 40-120mg/l, BROWNE et al. (1975) one of 
40-100mg/l, WINEK (1976) one of 25-75 mg/l, and CALLAGHAN et al. (1982) one 
of 15-88 mg/1. STEAD et al. (1983) found that 50% of the specimens referred to 
their laboratory from patients with controlled absence seizures had plasma 
ethosuximide levels below 44 mg/l, with 90% having levels below 71 mg/1. 

Phensuximide is less effective than ethosuximide against human absence 
seizures. At a dose of 3000mg/day, its steady-state plasma level averages 
5.7 mg/l, and levels of its N-desmethyl metabolite 1.7 mg/1. 

Steady-state plasma levels of N-desmethyl methsuximide are 73-2800 
times those of methsuximide itself (STRONG et al. 1974). Suggested provisional 
therapeutic ranges for the metabolite are 10-40mg/1 (STRONG et al. 1974) or 
1O-30mg/1 (BROWN et al. 1983). 

IV. Interactions 

1. Pharmacodynamic Interactions 

Ethosuximide and valproate share a common molecular mechanism of action 
against absence seizures, viz. blocking low threshold thalamic "T" type Ca2+ 

channels, and the two agents used together can control absence seizures refrac
tory to either agent used alone (PERUCCA \995). 

Adding ethosuximide to phenobarbitone therapy may exacerbate absence 
seizures (TODOROV et al. 1978). 
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2. Pharmacokinetic Interactions 

Ethosuximide does not alter the plasma protein binding of phenytoin 
(PATSALOS and LASCELLES 1977), carbamazepine (HOOPER et al. 1975) or phe
nobarbitone (PATSALOS and LASCELLES 1982). 

Ethosuximide does not induce the liver mono-oxygenase enzyme system 
in humans. FRANTZEN et al. (1967), but not RICHENS and HOUGHTON (1975), 
found that the drug caused raised plasma phenytoin levels in humans. Etho
suximide did not alter the conversion of primidone to phenobarbitone 
(SCHMIDT 1975). Serum pyridoxal phosphate levels fell in persons taking etho
suximide long-term (REIN KEN 1973). 

Carbamazepine (PIPPENGER 1987; DUNCAN et al. 1991), phenobarbitone 
(BACHMANN and JAUREGUI 1993), primidone (BATTINO et al. 1982) and 
rifampicin (BACHMANN and JAUREGUI 1993) increase the clearance of etho
suximide while methylphenobarbitone (SMITH et al. 1979) and isoniazid (VAN 
WIERINGEN and VRITLAND 1983) reduce it. Valproate intake may increase 
(BATTINO et al. 1982; MATTSON and CRAMER 1980) or not alter ethosuximide 
plasma levels (BAUER et al. 1982). 

Methsuximide interacts with phenytoin, phenobarbitone and primidone, 
raising plasma phenytoin and phenobarbitone concentrations (RAMBECK 
1979). It lowers plasma carbamazepine levels (BROWNE et al. 1983). Felbamate 
alters the pharmacokinetics of methsuximide (WAGNER 1994). 

V. Adverse Effects 

Ethosuximide, particularly large individual doses (DOOLEY et al. 1990), may 
irritate the stomach, causing gastric discomfort, anorexia, nausea and vomit
ing. Other dose-related unwanted effects include tiredness, headache and feel
ings of dysequilibrium. Ethosuximide use may precipitate episodes of acute 
intermittent porphyria (REYNOLDS and MISKA 1981). Occasionally it appears 
to precipitate bilateral tonic-clonic seizures when used alone for absence 
seizures, though this may only be coincidence (DREIFUSS 1995). 

The idiosyncratic unwanted effects of ethosuximide mainly involve the skin 
(PELEKANOS et al.1991). It may cause systemic lupus erythematosus and related 
syndromes (ANSELL 1993; DRORY and KORCZYN 1993) and rarely leucopenia, 
pancytopenia and aplastic anaemia (KIORBOE et al. 1964; COHN 1968; SEIP 1983; 
MASSEY et al.1994). There is little evidence of teratogenicity in humans. 

BROWNE (1995) has tabulated the reported adverse effects of methsux
imide and their incidences in humans. Phensuximide may cause haemorrhagic 
cystitis and mild nephrotoxicity (RANKIN et al. 1992). 

D. SuIthiame 

I. Chemistry and Use 

Sulthiame (tetrahydro-2-(p-sulphamoylphenyl)-1,2-thiazine l,l-dioxide), a 
sulphonamide derivative, is a non-competitive inhibitor of carbonic anhydrase 
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(MATSUMOTO et al. 1989) lacking antibacterial activity. It is an acidic white 
crystalline substance (molecular weight 290.37). Sulthiame came into use 
as an anticonvulsant, principally for partial epilepsies, over 30 years ago 
(SUTHERLAND and BOWMAN 1963) but began to fall from favour after GREEN 
et al. (1974) showed that it was less satisfactory than phenytoin in a head to 
head comparison. In most centres the drug is now largely ignored, but it has 
recently been suggested to be the agent of choice for all types of benign partial 
epilepsy in childhood (GROSS-SELBECK 1995). It may also have some efficacy 
in otherwise refractory juvenile myoclonic epilepsy (LERMAN and NUSSBAUM 
1975). FEELY et al. (1982) showed that sulthiame monotherapy fully controlled 
generalized and partial seizures in 8 of 14 newly diagnosed epileptics. 

II. Pharmacodynamics 

Sulthiame protects rats and mice against pentylenetetrazole-induced seizures 
and maximum electroshock seizures, but not against strychnine-provoked 
seizures (WIRTH et al. 1960). Despite its anticonvulsant efficacy, sulthiame is 
only about 1!16th as potent as acetazolamide as a carbonic anhydrase inhibitor 
(WIRTH et al. 1961). Its mechanism of anticonvulsant action is inadequately 
understood. GEETS and PINON (1971) correlated successful treatment with 
sulthiame correlated with a lowering of plasma pH while GRAY and RAUH 
(1967) showed that the presence of noradrenaline was required for carbonic 
anhydrase inhibitors to have anticonvulsant effects. 

III. Pharmacokinetics 

Relatively little pharmacokinetic information is available for sulthiame in 
humans and animals. Over 90% of the dose is absorbed in humans (DIAMOND 
and LEVY 1963). In rats, sulthiame concentrations were reasonably similar in 
brain and serum, but higher in tissues and red blood cells than in serum (DUHM 
et al. 1963). Sulthiame displaced phenytoin from serum albumin, raising the 
possibility that it may bind to plasma proteins (HOOPER et al. 1973). The mean 
half-life of sulthiame in humans is 8.65 ± 3.1 h (MAY et al. 1994). It is elimi
nated more quickly in children (half-life 7 ± 2h) than in adults (half-life 12 ± 
2h). DIAMOND and LEVY (1963) found that 60%-70% of a sulthiame dose is 
excreted in human urine unmetabolized, some 25%-50% being present as 
metabolites, including a 2-hydroxylated derivative lacking in anticonvulsant 
activity (DUHM et al. 1963). OLESEN (1968) found 32% of a sulthiame dose was 
excreted unchanged in human urine over the 24 h following intake. 
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Adequate data are not available to define a "therapeutic" or "toxic" range 
of plasma sulthiame concentrations (FEELY et al. 1982). STEAD et al. (1983) 
reported that, of those whose seizures were controlled by the drug, plasma 
sulthiame levels below 2.8mg/1 were associated with control in only 10%, while 
levels below 9.2mg/1 were associated with control in 90%. 

IV. Interactions 

No reports of pharmacodynamic interactions involving sulthiame have been 
traced. Sulthiame intake increases plasma phenytoin concentrations (NATION 
et al. 1990; PISANI et al. 1990). In rats sulthiame inhibits the p-hydroxylation 
of phenytoin (PATSALOS and LASCELLES 1984). It also raises plasma phenobar
bitone and primidone levels (PERUCCA 1982). 

V. Adverse Effects 

Sulthiame taken by mouth may cause upper abdominal distress and nausea. 
In many patients, once a sufficient dose is taken, hyperpnoea with dyspnoea, 
and paraesthesiae of the extremities develop (SUTHERLAND and BOWMAN 
1963). These symptoms may limit the sulthiame dosage that can be tolerated. 
Sulthiame may sometimes produce headache, drowsiness, ataxia, anorexia and 
occasionally mental changes (e.g. hallucinations). Transient catatonia has been 
reported (MYKYTA 1968) and increased salivation has occurred occasionally. 
Other probably idiosyncratic unwanted effects are known, e.g. acute renal 
tubular necrosis (AVIRAM et al. 1965). 

There do not appear to be reports of dysmorphogenesis associated with 
sulthiame. 

E. Acetazolamide 
Although more commonly used for other disorders, acetazolamide is occa
sionally prescribed as an anticonvulsant. 

I. Chemistry and Use 

Acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulphonamide; MW 222; pKa 
7.4) is a potent non-competitive inhibitor of carbonic anhydrase II. Details of 
the X-ray crystallographic structure of the drug-enzyme complex have been 
published (VIDGREN et al. 1990). Acetazolamide is used to treat various disor
ders, e.g. glaucoma, macular oedema, periodic paralysis syndromes and peri
odic cerebellar ataxia, and is a diuretic. It has been employed for various types 
of epilepsy, though it tends to lose its efficacy in the patient as its duration of 
use increases. It probably is most effective for absence epilepsy, though it is 
sometimes helpful in preventing convulsive seizures in juvenile myoclonic 
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(RESOR and RESOR 1990) and other epilepsies and in treating refractory partial 
epilepsy (OLES et a1. 1989). It has often been used as add-on therapy, in which 
case possible pharmacokinetic interactions may have complicated the inter
pretation of its efficacy. RESOR et a1. (1995) have reviewed data for its efficacy 
in human epilepsy. 

o 
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II. Pharmacodynamics 

Carbonic anhydrase-deficient mutant mice are less susceptible to induced 
seizures than their normal littermates (VELISEK et a1. 1993). Acetazolamide 
elevates the electroshock seizure threshold in mice (ANDERSON et a1. 1986), 
the elevation correlating with inhibition of carbonic anhydrase activity in 
myelin. The drug also inhibits carbonic anhydrase in glia and, at higher con
centrations, in red blood cells. The inhibition causes CO2 accumulation in 
neurons, and decreased pH and HC03 concentrations in glia. The inhibition 
seems to mediate the antiepileptic effect of the drug. The exact molecular 
mechanisms involved are unclear. 

III. Pharmacokinetics 

At usual doses, acetazolamide is reasonably fully absorbed from the alimen
tary tract, but at higher doses its absorption may be incomplete (MAREN and 
ROBINSON 1960). Its disposition parameters in humans and various animal 
species have been tabulated by RESOR et a1. (1995). The apparent volume of 
distribution in humans is O.211kg. Much of the drug in the body is bound to 
tissue (mainly red blood cell) carbonic anhydrase. In plasma 90%-95% of the 
drug is protein bound; the amount bound falls as the plasma acetazolamide 
concentration rises. The binding is less in the elderly (CHAPRON et a1. 1985). 
Acetazolamide has a mean phase a half-life of 1.6 h, and a .B phase one of 10-
12 h. It is eliminated by renal excretion, unmetabolized. 

Over 1-2 months from the commencement of intake, plasma acetazo
lamide concentrations fall relative to drug dose (INUI et a!. 1982), due to 
increased synthesis of carbonic anhydrase which results in transfer of the drug 
from extracellular fluid to binding sites in the tissues. This contributes to the 
tolerance which develops to the drug. 

Very preliminary data suggest that the therapeutic range of plasma aceta
zolamide concentrations may be around 8-14 mg/l in plasma, and 49-53 mg/l 
in red blood cells (INUI et a1. 1982). 
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IV. Interactions 

Probenicid co-administration raises plasma acetazolamide concentrations. Sal
icylate causes increased plasma unbound concentrations of acetazolamide 
(SWEENEY et al. 1989) and inhibits its renal tubular secretion (SWEENEY et al. 
1986). Acetazolamide impairs primidone absorption (SYVERSEN et al. 1977), 
and increases the renal excretion of phenobarbitone by alkalizing the urine 
(KELLEY et al. 1966). It may raise plasma concentrations of phenytoin (NORELL 
et al. 1975) and carbamazepine (FORSYTHE et al. 1980). 

V. Adverse Effects 

Very occasionally hypersensitivity reactions to acetazolamide occur, and there 
have been rare instances of renal failure, agranulocytosis, thrombocytopenia 
and aplastic anaemia (KEISU et al. 1990). Dysgeusia is very common and facial 
and peripheral paraesthesiae are frequent (GRABER and KELLEHER 1988), 
while some patients experience intermittent dyspnoea. There is an increased 
risk of renal calculus formation in those taking the drug (KASS et al. 1981; 
RESOR and RESOR 1990). Some patients complain of tiredness, malaise and 
anorexia (EpSTEIN and GRANT 1977). High dosages may cause metabolic aci
dosis, particularly in the elderly (CHAPRON et al. 1989). 

F. Bromides 
Bromide salts (mainly potassium bromide) were the first effective antiepilep
tic agents found. LOCOCK (1857) originally described their efficacy but it seems 
clear that WILKS (1878) recognized their effectiveness independently, and 
probably played a more influential part in popularizing their use. With the 
advent of newer anticonvulsants, and recognition of their toxicity, bromides 
had largely faded from use in humans by the middle of the present century. 
In recent years there has been some interest in resurrecting them for patients 
whose epilepsies prove resistant to all other appropriate therapies (SCHNEBLE 
1993). 

I. Chemistry and Use 

Given alone or, more often, as "add-on" therapy, bromides appear most suc
cessful for bilateral tonic-clonic seizures, irrespective of the underlying epilep
tic syndrome. They have been used mainly in therapeutically-refractory 
childhood epilepsies with bilateral tonic-clonic seizures as well as other epilep
tic manifestations (ERNST et al. 1988; WOODY 1990; STEINHOFF and KRUSE 1992; 
OGUNI et al. 1994). Adverse effects have occurred, but have not proved 
prohibitive. 
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II. Pharmacodynamics 

SUZUKI et al. (1994) showed that therapeutic concentrations of Br (10-
20mM), substituted for CI , potentiate GABA-activated currents at GABAA 

receptors, thus increasing postsynaptic membrane hyperpolarization. This 
finding correlates with the old observation that chloride loading reversed the 
adverse effects of bromides, but also their anticonvulsant effects (SHAW et al. 
1996). Bromides thus resemble barbiturates in their probable mechanism of 
anticonvulsant action. However, bromides at anticonvulsant concentrations 
are also carbonic anhydrase inhibitors (MAREN 1967). 

III. Pharmacokinetics 

Bromides (potassium, sodium) have an oral bioavailability of 0.75-1.18 
(VAISEMAN et al. 1986); Br- is distributed throughout body water (similarly to 
Cl-). The anion is not bound to plasma proteins and is eliminated from the 
body by renal excretion unmetabolized, with a half-life of around 12 days 
(SOREMARK et al. 1960). 

WOODY (1990) reported a mean therapeutic serum Br- concentration of 
14.1 mmol/l (range 4-30.5 mmolll). Toxicity is unusual at levels below 2 gil 
(27 mmol/I). 

IV. Interactions 

Chloride competitively displaces Br- from body fluids, thus enhancing its 
excretion and reducing its effects. 

V. Adverse Effects 

Bromides are sedatives and may cause hallucinations and pseudo-dementia 
but also restlessness, headache and insomnia. They produce skin rashes, com
monly resembling acne, but also other dermatoses such as bromoderma 
tuberosum (PFEIFLE et al. 1992) and necrotizing panniCUlitis (DIENER et al. 
1993). There is little contemporary information concerning their teratogenic 
potential. 
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CHAPTER 9 

Phenytoin and Congeners 

H. KUTT and c.L. HARDEN 

A. Phenytoin 
I. Introduction 

The synthesis of 5,5-diphenylhydantoin was reported by BILTZ in 1908. In 
1937 PUTNAM and MERRITT reported that it elevated the threshold to electri
cally induced seizures in cats. In 1938 MERRITT and PUTNAM reported that 
it provided effective treatment for chronic seizures, without sedation, in 
patients with convulsive disorders. Since then phenytoin has been one of the 
mainstays of seizure therapy. In 1968 WALLIS et al. reported success in the 
treatment of status epilepticus with high doses of phenytoin given in
travenously. A water-soluble prodrug was developed in the 1980s to simplify 
the parenteral administration of phenytoin (see Sect. B on fosphenytoin, 
below). 

In the early 1950s, WOODBURY recognized the importance of Na+ gradients 
in the mechanism of action of phenytoin (WOODBURY 1955. 1980). Stereose
lective arene oxidation was reported by BUTLER et al. in 1976 to be the initial 
step in phenytoin metabolism and this was elaborated on by McLANAHAN and 
MAGUIRE (1986). Of the cytochrome P450 isoenzymes. CYP2C9 has been 
identified as the major (VERONESE et al. 1991) and CYP2C19 as the minor 
(LEVY and BAJPAI 1995) one involved in phenytoin metabolism. SPIELBERG et 
al. (1981) and KIM and WELLS (1995) have shown that toxic effects with tissue 
damage may be produced by the arene oxide and free radical intermediates 
that occur during phenytoin metabolism. 

II. Chemistry and Use 

1. Chemistry 

Phenytoin, 5,5-diphenylhydantoin. is a white crystalline material with a mole
cular weight of 252.3. A poorly water-soluble weak acid, it has a pKa value of 
8.3. Its sodium salt has a molecular weight of 274.3, so that 100 mg of it is equiv
alent to 91.8mg acid phenytoin on a molar basis. For parenteral use. the salt 
is dissolved in a mixture of propylene glycol, ethanol and water, and the pH 
is adjusted to 12.0 with sodium hydroxide. The conversion factor from mg/l 
to flmolll is 3.96. 
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2. Indications and Use 

Phenytoin is available for oral administration in the form of capsules (usually 
100 or 30mg of the sodium salt), tablets (usually 50mg acid phenytoin) and 
suspension (6 or 25 mg/ml acid phenytoin). There are various absorption char
acteristics of the products from different manufacturers. The strength of the 
parenteral preparation is usually 50 mg of the sodium salt (46 mg acid pheny
toin) per millilitre. Phenytoin is used to prevent generalized tonic-clonic 
seizures and partial seizures with or without generalization and is also 
beneficial in the treatment of tic douloureux. The recommended starting dose 
is 300 mg daily for adults and 5 mg/kg daily for children. The usually effective 
daily dosages are 300-500 mg in adults and 5-7 mg/kg in children. Increases of 
dose in the higher dosage range should be made in small instalments because 
of a non-linear response of plasma phenytoin levels to dose increases. Moni
toring of plasma phenytoin levels is helpful in dosage regulation. In the treat
ment of status epilepticus 1000mg (18mg/kg) or more is given intravenously 
at a rate up to 50mg/min, while monitoring the blood pressure, ECG, pulse 
and respiration. The administration rate may be reduced, if indicated. If a rapid 
effect is desired from oral phenytoin administration, 300mg may be given 
every 4h to a total of 1000-1200mg. 

III. Pharmacodynamics 

Phenytoin has been classified as a type I anticonvulsant which modifies 
maximal electroshock seizures, blocks sustained repetitive firing and 
prevents tonic-clonic and some partial seizures but is ineffective against 
pentylenetetrazole-induced convulsions and does not modify GABAergic 
synaptic transmission or the T-type calcium currents in thalamic relay (pace
maker) nuclei (MACDONALD 1989). 

Of the numerous clinical effects of phenytoin, the most useful is its ability 
to attenuate or control chronic seizures at non-sedative drug concentrations, 
and to stop ongoing seizures at the high drug concentrations achieved by 
giving large doses of the drug rapidly. It has this effect mainly by preventing 
or reducing the propagation of seizure activity from its area of origin rather 
than by abolishing it in situ. Thus in a patient having partial clonic seizures, 
phenytoin given intravenously in 250mg instalments up to a total of 1250mg 
gradually decreased and then stopped the clonic movements of the arm while 
spike activity in the EEG continued unchanged (WALLIS et a1. 1968). In the 
laboratory, in cats rendered epileptic with intra cortical penicillin deposits, 
repeated instalments of phenytoin reduced and finally abolished clonic limb 
movements, but even very large amounts of phenytoin had little effect on cor
tical spike activity (LOUIS et aI1964). 

The best understood mechanism in the prevention of seizure spread by 
phenytoin is the drug's ability to reduce post-tetanic potentiation (ESPLIN 
1955; RAINES and STANDAERT 1966). Post-tetanic potentiation is a physiologi-
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cal synaptic mechanism that enhances the channeling of nerve impulses of 
normal activity. It is in a heightened state of activity at the synapses sur
rounding a seizure focus and at the corresponding active synapses along 
pathways traversed by impulses from the focus. Reducing the post-tetanic 
potentiation at each synaptic site in a highly active polysynaptic pathway 
results in compound attenuation of the impulses. Thus phenytoin can prevent 
the spread of seizure activity yet has little or no effect on normal functions, 
which elicit little post-tetanic potentiation activity compared with that which 
develops near a seizure focus and in its efferent pathways. Exactly how this 
effect comes about is not yet clear but it is thought to be related to pheny
toin's ability to modify ion transport across the cell membrane, particularly 
that of Na+ and Ca2+, and to modify transmitter release (WOODBURY 1980). A 
direct effect of phenytoin on the membranes of neurons and axons is also 
demonstrable in cultures of cortical and spinal cord neurons (MACDONALD 
1989). In these experiments sustained high-frequency repetitive firing elicited 
by depolarizing pulses applied against a negative membrane potential was 
markedly reduced by phenytoin at concentrations in the range seen in the 
drug's clinical usage. 

The role of Na+ in the mechanism of action of phenytoin was first pointed 
out by WOODBURY in 1955. Subsequent research revealed that phenytoin stim
ulates Na-K-ATPases in synaptosomes if the Na+/K+ ratio is high (near 10), as 
occurs at sites of heightened activity. Conversely and more importantly, pheny
toin also reduces Na+ entry into neurons (MACDONALD 1989; TUNNICLIFF 1996). 
In voltage clamp experiments, phenytoin reduced N a+ currents, suggesting that 
there was blockage of Nat channels. The blockage was shown to be time-, 
use-, and voltage-dependent. According to the modified receptor hypothesis 
(COURTNEY and ETTER 1983), the sequence of events would be that use or stim
ulation would change the resting state (R) of the Na+ channel, in which it can 
be activated, to the open state (0), in which the channel conducts Na+ and 
allows phenytoin to enter. This, however. turns the channel into an inactive 
state (1), in which it cannot be activated. The phenytoin within the channel 
now binds to the inactivatable (I state) channel receptor and prolongs the 
channel's recovery time. While the channel ordinarily recovers in few mil
liseconds, in the presence of phenytoin, which dissociates slowly from it, the 
recovery is extended to 60 or more milliseconds. Thus phenytoin causes time
dependent channel blockage. Repeated depolarization increases the number 
of channels with phenytoin bound to them and which are therefore incapable 
of conducting Na+. Thus the block is also use-dependent. Phenytoin is 
most effective at sites of high neuronal activity such as at a seizure focus 
and its emerging pathways, but it has little effect on normal activity. 
Recovery is enhanced by hyperpolarization, making the ion channel blockage 
voltage-dependent. 

Phenytoin at high concentrations also blocks depolarization-dependent 
Ca2+ uptake in preparations of presynaptic nerve terminals or in intact neuro
muscular junctions (MACDONALD 1989; DELORENZO 1995). Similarly, phenytoin 
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blocks sequestration of Ca2+ by presynaptic organelles and mitochondria in 
synaptosome preparations. While the blocking of Ca2+ entry has a stabilizing 
effect on the cell membrane, blocking Ca2+ entry into the organelles and alter
ing the intracellular redistribution of Ca2+may increase excitability temporar
ily. This may account for the increase in seizures which is seen in some patients 
with high phenytoin plasma levels (WOODBURY 1980). It is of interest that 
phenytoin has little or no effect on T-type Ca2+ channels which are present in 
the thalamic relay nuclei which serve as the pacemaker for the 3 Hz rhythm 
of absence seizures (MACDONALD 1989). Phenytoin inhibits Ca2+-calmodulin
dependent protein phosphorylation and regulates some neurotransmitter 
release at relatively high concentrations: this may be a factor in the genesis of 
some unwanted effects of the drug (DELoRENZO 1995). The mechanism of cell 
damage caused by phenytoin metabolites produced by the cytochrome P450 
and tissue peroxidase systems is discussed in the Adverse Effects section 
below. 

lV. Pharmacokinetics 

1. Absorption 

The absorption rate of phenytoin varies somewhat with different formulations, 
the peak plasma level usually appearing 4-8 h from oral intake. Generally, the 
bioavailability of oral phenytoin is about 90%. Calcium sulphate in the for
mulation and the administration of antacids together with phenytoin retard 
the drug's absorption. Phenytoin absorption is diminished in enteral feeding, 
particularly feeding through a nasogastric tube. Little if any phenytoin is 
absorbed from the rectum, and the drug's absorption from intramuscular injec
tion sites is delayed and erratic. 

2. Distribution 

The distribution of phenytoin to various tissues is fairly rapid after the drug's 
intravenous administration and maximum concentrations in the brain are 
reached in 15 min. Phenytoin passes the placenta, and the umbilical cord 
plasma concentration of the drug equals that of the mother's plasma (EADIE 
1984). Phenytoin concentrations in the CSF usually equal the unbound con
centration of the drug in plasma (10% of the concentration in whole plasma), 
while those in saliva can be somewhat higher (WOODBURY 1988; BROWNE and 
LE Duc 1995). 

The apparent volume of distribution ranges from 0.5 to 0.811kg in adults 
and from 0.8 to 1.2l1kg in children. About 90% of the phenytoin in plasma is 
protein bound. The percentage bound is lower in patients with poor renal func
tion (due mainly to displacement of the drug at its protein binding sites by 
uraemic products), in patients with chronic liver disease and other conditions 
which cause reduced serum albumin levels, and in pregnancy. Other drugs such 
as salicylates and valproate reduce phenytoin binding to plasma proteins by 
competing for binding sites (EADIE 1984; YERBY et al. 1992). 
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3. Elimination 

Phenytoin is eliminated almost exclusively by metabolism. 

a) Metabolism 

The metabolism of the symmetrical (prochiral) molecule of phenytoin involves 
extensive hydroxylation, mostly at one of its phenyl substitutes via an arene 
oxidation which renders the reaction product asymmetrical, resulting in (S)
and (R)-metabolites. There is evidence that the para-( 4)-hydroxylation of the 
drug is mediated largely by cytochrome P450C2 subfamily isoenzymes, 
CYP2C9 handling the major portion (90%) of the dose (VERON ESE et al. 1991, 
1993) and CYP2C19 a minor portion (10% - LEVY and BAJPAI 1995; IEIRI et 
al. 1997). Epoxide hydrolases and glutathione transferases are involved in the 
drug's later metabolic steps. The putative sequence of events is that the initial 
step of arene oxidation produces a transient intermediary arene oxide of 
phenytoin which converts spontaneously (NIH shift) into the major metabo
lite, 5-phenyl-5'-p-hydroxy-phenylhydantion (PHPPH), which accounts for 
about 60%-80% of the dose. A smaller portion of the arene-oxide becomes 
phenytoin-epoxide (about 10% of the dose) and this is usually quickly con
verted to a dihydrodiol (OHD) of phenytoin by epoxide hydrolase activity 
(McLANAHAN and MAGUIRE 1986; MAGUIRE et aI1987). Several minor metabo
lites appear in urine: meta-hydroxy, dihydroxy- and catechol-compounds 
(mostly as glucuronides), and there is some unmetabolized phenytoin, 
together usually accounting for less than 1 % of the dose (BROWNE and LE Duc 
1995; Fig. 1). 

In the majority of patients, 75%-95% of the pHPPH appears in the (S)
enantiomeric form and 5%-25% in the (R)-form, resulting in an SIR ratio 
ranging from 20 to 4. The dihydrodiol appears as 75% in the S- and 25% in 
the R-form with an SIR ratio of about 3 (MAGUIRE et al. 1987). This suggests 
product selectivity of the isoenzymes involved in the drug's metabolism. The 
CYP2C9 isoform, which in vitro has proved the most efficient of the CYP2 C 
subfamily isoenzymes in phenytoin metabolism (VERONESE et al. 1993), is the 
likely producer of (S)-p HPPH. The role of CYP2C19 in the production of (R)
pHPPH is indicated by the findings of FRITZ et al. (1987) and IEIRI et al. (1997), 
which showed that subjects possessing mutant ineffective CYP2C19 (poor 
mephenytoin metabolizers) produced virtually no (R)-pHPPH while their 
output of (S)-pHPPH equaled that of members of the general population. 
This distinction is relevant in explaining genetic differences in phenytoin 
metabolism. 

The capacity to metabolize phenytoin varies widely among individuals, in 
part because of their genetic backgrounds, and in part because of environ
mental factors. The CYP2C isoenzymes are inducible but the extent of induc
tion varies considerably among individuals. Autoinduction takes place in some 
patients to a modest degree (EDEKI and BRASE 1995) and is relatively greater 
for CYP2C19 than for CYP2C9, since (R )-p HPPH as a percentage of the total 
pHPPH increased during chronic phenytoin administration (FRITZ et al. 1987). 
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Fig. 1. The major pathways and major enantiomeric [(S)- and (R)-pHPPH] and 
diastereomeric [(S)- and (R)-dihydrodiol] products of phenytoin metabolism in 
average normal subjects. Based on FRITH et al. (1987), MAGUIRE et al. (1987), VERONESE 
et al. (1993), LEVY and BAJPAI (1995), BROWN and LE Due (1995) and IEIRI et al. (1997) 

Induction by some other drugs, alcohol and some foods occurs_ On the other 
hand, some other drugs inhibit the enzymes (see Sect. A.V, "Interactions"). In 
general, the efficiency of phenytoin metabolism (the V max) is low in neonates, 
increases considerably in children, in adolescents and in pregnancy, and 
decreases again with advancing age. 

The first step of phenytoin parahydroxylation, i.e. arene oxidation, exhibits 
non-linear enzyme kinetics and follows a Michaelis-Menten model. This 
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becomes significant because clinically effective concentrations of phenytoin 
are often higher than its Km in the individual. This results in a non-linear 
(faster/higher) rise of plasma phenytoin level on increasing the dose. It also 
has an effect on the phenytoin plasma half-life and clearance: the higher the 
initial phenytoin level the longer it takes to decline after a decrease in the 
dose, or to decline by 50% after discontinuation of the drug. The clearance 
value has an inverse relation to the plasma concentration (BROWNE and LE 
Due 1995). 

The extrahepatic bioactivation of the phenytoin molecule has been 
studied extensively in search for causes of phenytoin toxicity. Tissue per
oxidases such as prostaglandin H synthetase and the lipoxygenases, using 
phenytoin as a source of reducing equivalents, convert it to a free radical inter
mediate, which if not neutralized by glutathionations, may bind covalently to 
tissue proteins or initiate formation of reactive oxygen species including the 
hydroxyl (.OH) radical (MIRANDA et al. 1995). In neutrophils activated with 
hydroperoxidases and incubated with phenytoin, there is production of reac
tive phenytoin intermediates as well as para-, meta- and ortho-HPPH, imply
ing that arene oxidation had taken place (MAYS et al. 1995). 

a) Pharmacogenetics 

The wide variations in the dose:plasma level relationships of phenytoin are in 
part caused by genetic factors. With intake of an average dose of the drug, 
intoxication due to insufficient parahydroxylation of phenytoin occurred in a 
patient and several members of his family (Kurr et al. 1964). Since then, 
several similar patient and family studies have been reported and it appears 
that deficient phenytoin metabolism occurs as an autosomal recessive trait. 
IN ABA (1990) reviewed the reported cases and calculated that the incidence of 
homozygous slow metabolizers could be about 1 in 500, according to the 
Hardy-Weinberg law. The pHPPH:phenytoin ratio in urine and the pheny
toin:pHPPH ratio in plasma have been used as criteria of the efficiency of 
phenytoin metabolism; the urinary SIR enantiomeric ratio of pHPPH also 
would be useful. Laboratory evidence for polymorphism in phenytoin metab
olism is beginning to emerge: in patients with the I1e/Leu359 mutation in 
CYP2C9, the Vmax for phenytoin was 40% lower than average (HASHIMOTO et 
al. 1996). Other small changes in the amino acid sequence in CYP2C9 have 
also been found to affect pHPPH production significantly (VERONESE et al. 
1993; LE Due et al. 1997). Mutations in CYP2C19, however, which is a minor 
enzyme in phenytoin metabolism but the major one in mephenytoin hydrox
ylation, have been identified in poor mephenytoin metabolizers by DE 
MORAISE et al. (1994). These mutations involve changes from guanine to 
adenine at positions 681 and 636 in exons 5 and 4 of CYP2C19, producing 
a truncated non-functional protein. Importantly, the heterozygotes, al
though considered efficient metabolizers, also have a reduced capacity to 
parahydroxylate, compared with homozygotes who have two intact genes 
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(BERTILSSON 1995). Analogous mutation(s) in CYP2C9 might explain the 
major genetic defect in phenytoin metabolism. Along these lines, it may be 
postulated that the initial patient of KUTT et al. (1964) probably had inefficient 
(mutant) CYP2C9 genes, as he was incapable of handling 300mg of phenytoin 
daily but had efficient CYP2C19 so that he could handle 100mg/day of pheny
toin to produce 69mg pHPPH (probably all as the R-enantiomer). This is 
likely in view of the fact that he tolerated easily a daily dose of 300 mg 
methylphenobarbitone (mephobarbitone), a drug metabolized by CYP2C19 
(KUPFER and BRANCH 1985). 

b) Elimination Parameters 

Clearance values for phenytoin show wide variations, ranging from 0.015 to 
0.0651/kg/h, the higher values being observed in children. Ethnic differences 
in clearance may exist (EDEKI and BRASE 1995). Published values for the Km 
have ranged from 3 to 30 mg/l (average 6.2 mg/l); and those for the V max from 
6 to 16mg/kg/day. The V max values increase in pregnancy and are usually higher 
in children than in adults (EADIE 1984; WOODBURY 1989). The plasma half-life 
of phenytoin depends upon the drug dose and the drug's preexisting plasma 
concentration. A 100mg test-dose yielded half-life values of 8-15h and a 250 
mg dose values of about 20 h. In patients following large overdoses, phenytoin 
half-lives of several days have been observed. The often quoted half-life value 
of 20 h is usually found in adults receiving average phenytoin doses. 

4. Clinical Pharmacokinetics 

a) Dose-Plasma Level Relationships 

The maximum plasma phenytoin level produced by doses of 300-400mg/day 
is usually achieved in 5-14 days. The delay is longer with higher drug doses, 
and the level may reach steady-state values of 10-15 mg/l in compliant adult 
patients. Wide variations in the dose/plasma level relationship usually indicate 
unusual rates of phenytoin metabolism or absorption or unreliable drug intake 
(see also the sections on "Metabolism" and "Interactions"). A phenytoin dose 
of 500mg/day usually produces a steady-state plasma level above 20mg/1 
(KuTT and McDOWELL 1968). In general, plasma phenytoin level increases 
become disproportional to dosage in the higher dosage range because of the 
saturation elimination kinetics of the drug. 

b) Plasma Level-Effects Relationships 

a) Beneficial Effects 

In the majority of patients, improved seizure control is usually seen when the 
plasma phenytoin level approaches 10mg/1. In a prospective study of 32 
patients, the average seizure frequency declined from 6 to 1.5 when the pheny
toin level was increased from less than 10 to near 15mg/1 (LUND 1974). Of 
course, there are as many "therapeutic levels" as there are individual patients 
and a universally applicable therapeutic level is not to be expected. The indi-
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vidual's effective level depends mainly on the severity and nature of his seizure 
process, and this may change from time to time (KurT and PENRY 1974). 
Seizure control has been observed with plasma phenytoin levels as low as 3 
mg/I in some patients, but there has also been little improvement in others 
with levels over 25 mg/1. 

[3) Acute Toxic Effects 

When plasma phenytoin levels approach 20mg/l, side-effects may start to 
appear in the form of blurred vision and nystagmus. These become accen
tuated and associated with disturbances of equilibrium and coordination 
when the levels approach 30 mg/I; somnolence may be seen with levels near 
40mg/ml (KuTT and McDOWELL 1968). Coma occurred with a dose of 4g daily 
(ROTHENBERG and PUTNAM 1937). The above sequence of events usually takes 
place when the level increases rapidly. In many patients tolerance develops to 
these side effects and relatively high plasma phenytoin levels cause little if any 
discomfort. In disease states with low plasma protein levels and therefore a 
reduced phenytoin binding capacity, overdosage effects may occur with 
average total phenytoin plasma levels; in these cases monitoring of the 
unbound drug level is helpful. 

y) Initial Target Range Concentration (1O-20mg/l) 

The use of the term "initial target range" in preference to "therapeutic range" 
was suggested by Dr. Dixon M. Woodbury in discussions with the first author 
as a way of avoiding illogical statements such as: "the patient" (with a plasma 
phenytoin level of 19 mg/I) continued to have seizures despite having a "ther
apeutic plasma level". Logically, a patient will continue to have seizures until 
his or her therapeutic level is reached. Aiming to achieve a plasma phenytoin 
level of 10 mg/l in a patient, whose individual therapeutic level is not yet 
known, is safe since such a level is usually free of side-effects and is often ther
apeutically effective. "Limiting" the upper extent of the initial target at the 
usually trouble-free concentration of 20 mg/l is a policy that can be revised, if 
indicated clinically. 

v. Interactions 

Numerous interactions between phenytoin and other drugs have been 
reported and reviewed periodically (EADIE and TYRER 1980; NATION et al. 1990; 
KUTT 1995; LEVY and BAJPAI 1995) and are also discussed in Chap. 22 of this 
book. The most frequently reported interactions involve phenytoin accumu
lation caused by the intake of another drug; reports of the reduction of the 
plasma levels of other drugs by phenytoin are somewhat less frequent, while 
lowering of phenytoin levels or increased levels of other drugs are reported 
relatively infrequently. In general, there can be wide variations in the extent 
and incidence, and even in the direction, of an interaction among individual 
patients receiving the same drugs in combination. This may be somewhat con-
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fusing and has led some authors to conclude that the evidence for a given inter
action is conflicting. The reasons for the individual variation in the interactions 
include differences in genetic make-up with regards to the capacity for pheny
toin metabolism (mutations in CYP2C9 or CYP2C19 rendering homozygotes 
impaired and heterozygotes somewhat impaired) or in the genetics of the 
metabolic handling of the other drug involved, for instance slow isoniazid 
acetylation. The patient's genetically determined ability to induce microsomal 
oxidative enzymes also varies (VESELL 1971). The determining factors for clin
ically evident and significant interactions include the pre-existing state of 
induction of the enzymes involved as well as the dosages and the pre-existing 
concentrations of phenytoin and the interacting drug. Not all interactions are 
detrimental: a modest rise of phenytoin level may improve seizure control; 
a reduced phenytoin dosage lowers its cost during the use of a drug which 
inhibits its metabolism. Nearly all reported interacting drugs can still be 
used with phenytoin, guided by clinical judgement and therapeutic drug 
monitoring. 

LEVY (1995) has suggested that knowing the role of CYP2C9 and 
CYP2C19 in phenytoin metabolism helps to anticipate the extent and inten
sity of its interactions. Inhibitors/co-substrates of CYP2C9 (see Table 1A), 
which catalyze the biotransformation of the larger part of a phenytoin dose, 
may cause extensive rises in plasma phenytoin levels. Inhibitors/co-substrates 
of CYP2C19 (Table lB), which handle a relatively small portion of the pheny
toin dose, might be expected to cause smaller and less frequent changes. This 
hypothesis will apply if the concentration of the inhibitor/co-substrate is high 
enough when it is used clinically. It is also important to realize that an inhibitor 
of phenytoin metabolism, which is not itself a substrate for the enzyme it 
inhibits, is likely to cause a continuing rise in plasma phenytoin level. However, 
co-substrates which act as competitive inhibitors raise the phenytoin level to 
a new plateau. Since a co-substrate also often induces the enzymes involved, 
it may even lower the phenytoin level in subjects who are genetically efficient 
inducers. Table 1C lists the drugs whose mechanism of inhibiting phenytoin 
metabolism is not yet established. 

Induction of phenytoin metabolism, interference with its absorption or 
displacement of the drug from its plasma protein binding sites will lower 
plasma phenytoin levels (see Table 1D). Phenytoin affects other drugs mostly 
by lowering their plasma levels, primarily by altering their metabolism, and 
rarely by altering their absorptions (Table 1E). Whatever the mechanism of 
the interaction, dosage adjustments, if needed, usually solve any clinical 
problem that develops. 

VI. Adverse Effects 

1. Acute Toxicity 

The acute systemic toxicity of phenytoin is characterized by central nervous 
system effects and results from a direct action of phenytoin at its receptor site. 



Phenytoin and Congeners 239 

Table 1. Drug-drug interactions involving phenytoin (data compiled from the 
literature) 

Drugs reported to elevate phenytoin levels 
A. Inhibitors/cosubstrates of CYP2C9: amiodarone, azapropazone, cotrimoxazole, 

disulphiram, fluconazole, metronidazole, miconazole, phenylbutazone, 
propoxyphene, stiripentol, sulphaphenazole, tolbutamide, S-warfarin 

B. Inhibitors/co-substrates of CYP2C19: diazepam, nordiazepam, felbamate, 
fluoxetine, imipramine, mephenytoin, methylphenobarbitone (mephobarbital), 
phenobarbitone, proguanyl, propranolol 

C. Mechanism not yet established but likely to be inhibition of CYP2 C isoenzymes: 
chloramphenicol, dicoumarol, diltiazem, ethanol (acute intake), isoniazid, 
methsuximide, nafimidone, phenylbutazone, progabide, propoxyphene, sulthiame, 
trazodone, viloxazine 

Drugs reported to lower phenytoin levels 
D. Interference with phenytoin absorption (abs), protein binding (pb), induction of 

metabolism (met) or combination mechanisms: antacids in high doses, 
antineoplastics, calcium sulphate (abs); dexamethazone, ethanol - chronic intake 
- (met), folic acid, phenobarbitone, rifampicin, salicylates (pb) 

Drugs reported to be affected by phenytoin 
E. Phenytoin reduces the level of the following drugs, probably by inducing P450 

isoenzymes involved in their metabolism: carbamazepine, clobazam, clonazepam, 
cyclosporin, dexamethasone, dicoumarol, digitalis, disopyramide, doxycycline, folic 
acid, haloperidol, lamotrigine. methadone, nortriptyline, oral contraceptives. 
pethidine (meperidine), praziquantel, prednisolone, primidone, quinidine. 
theophylline, thyroxine, valproate, vitamins D and K, zonisamide 

F. Phenytoin may increase the level of the following drugs: chloramphenicol, nor
methsuximide, phenobarbitone. warfarin 

The reversible acute toxicity of the drug is predictable in terms of the drug 
dose and the drug's plasma concentration. Cerebello-vestibular effects, such 
as nausea, ataxia, coordination difficulties and dysarthria, occur with mild tox
icity. A single oral loading phenytoin dose of 18 mg/kg in a medically super
vised setting produced only mild cere bello-vestibular toxicity and some nausea 
and vomiting; mean serum phenytoin levels of 12.3 mg/l were reached in 6-10 
h, and of IS.Img/1 in 16-24h (OSBORNE et al. 1987). As the drug levels rise, 
toxicity worsens, the mental status is affected and extrapyramidal abnormali
ties, such as dystonic posturing and choreoathetoid movements, can appear. 
Seizures may be exacerbated at high plasma phenytoin levels. Extremely high 
doses cause coma. 

Acute prolonged phenytoin intoxication has been reported to produce 
permanent cerebellar atrophy and ataxia in some patients; this has been 
clearly documented by pre- and postphenytoin intoxication imaging studies in 
a report by KURUVILLA and BHARUCHA (1997). Although cerebellar degenera
tion has occurred in epileptics who never took phenytoin, it has also been seen 
in non-epileptic patients taking phenytoin; hence cerebellar atrophy cannot be 
confidently attributed to an effect of repeated seizures alone (RAPPORT and 
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SHAW 1977). Generally the risk of developing permanent cerebellar ataxia and 
cerebellar atrophy from phenytoin intoxication is not high: the abnormality 
apparently occurs in subjects who have an individual-specific vulnerability. 

The acute local unwanted effects which occur with either intravenous or 
intramuscular injection of phenytoin include severe irritation, inflammatory 
and haemorrhagic changes and phlebitis. 

2. Idiosyncratic Adverse Effects 

Allergic skin rashes are the most frequent idiosyncratic effects of phenytoin, 
and occur in 5%-10% of patients. Phenytoin infrequently produces a usually 
reversible, benign lymphadenopathy associated with fever, rash, and 
hepatosplenomegaly. The mechanism of this form of acute hypersensitivity 
possibly involves immunogenic metabolites of phenytoin. The evidence for 
this is the presence of IgG antibodies directed toward a 53-kDa microsomal 
protein found in the sera of patients taking phenytoin or other aromatic 
anticonvulsants who develop a hypersensitivity such as a serum sickness-like 
syndrome (LEEDER et a1. 1992). This antigen was also overexpressed in the 
microsomes of a patient with a fatal hepatotoxic reaction to phenytoin, 
suggesting that it may be important in the pathogenesis of severe idiosyncratic 
hypersensitivity to the drug. Hepatic necrosis rarely occurs, nearly always 
as part of widespread hypersensitivity syndrome, and can be fatal in 
one-quarter of affected patients. Exfoliative dermatitis, erythema multiforme, 
toxic epidermal necrolysis, and systemic lupus occur, but are extremely 
rare. 

Decreased immunological function may be the cause of a rare reversible 
pseudolymphoma syndrome which may occur during phenytoin treatment and 
which may express depressed cellular and humoral immunity. This idiosyn
cratic reaction may be confused with Hodgkin's lymphoma. As well, malignant 
Hodgkin's and non-Hodgkin's lymphomas which do not resolve with discon
tinuation of phenytoin intake and require chemotherapeutic treatment have 
been reported in phenytoin-treated patients. A case of Epstein-Barr virus
positive non-Hodgkin's lymphoma was recently reported in a patient who had 
taken phenytoin for 20 years (GARCIA-SUARES et a1.1996). This report provides 
clinical evidence for linking a neoplasm with a viral infection possibly facili
tated by phenytoin-associated immunodeficiency. 

Toxic effects of phenytoin on the haematopoietic systems are not fre
quent. A modest decline in the white blood cell count has been observed, but 
agranulocytosis and aplastic anaemia are extremely rare. 

3. Teratogenicity 

The overall incidence of cleft lip and palate is 2% in the general population, 
4% in the offspring of untreated epileptic women and 6% in the offspring of 
epileptic women treated with average dosages of antiseizure medications. 
Polypharmacy increases the risk of these major malformations to over 10%. 
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Cardiac abnormalities such as septal defects can also occur at an increased 
frequency compared with that in the general population. The foetal hydantoin 
syndrome differs little from the foetal carbamazepine and phenobarbitone 
syndromes, and is not clearly distinguished from the foetal alcohol, nicotine 
and other syndromes. There are several known factors, perhaps genetically reg
ulated, which are involved in teratogenesis. These include a low availability of 
epoxide hydrolase, glutathione-S transferase and other antioxidants, and of 
folate (YERBY et al. 1992; FINNELL et al. 1995). In susceptible individuals, 
these factors may act either singly or in various combinations. They are 
discussed further below under "Mechanisms of Idiosyncratic Toxicity and 
Teratogenicity" . 

a) Folate, Anaemia, Teratogenesis 

Phenytoin intake usually causes a modest decline of folate levels in serum and 
red cells, possibly due to interference with folate absorption and biotransfor
mation. Megaloblastic anaemia is quite infrequent during phenytoin therapy 
and responds to folate administration. Low folate diets and the use of antifo
lates have caused foetal abnormalities in experimental animals. In clinical eval
uations, folate supplementations have not prevented birth defects consistently. 
However, it may be concluded that folate supplementation helps achieve an 
optimum outcome to pregnancy (DANSKY et al 1992). 

b) Mechanisms of Idiosyncratic Toxicity and Teratogenicity 

An untoward idiosyncratic or teratogenic reaction to phenytoin probably indi
cates the presence of an individual vulnerability caused by a genetically deter
mined low capacity of the drug's detoxification pathways. A low metabolic 
capacity may not be apparent unless the relevant pathways are saturated, as 
is more likely to occur in the setting of polypharmacy. These pathways involve 
substrate specific epoxide hydrolases, glutathione systems and folate systems. 
Attempts to develop predictive tests to identify high risk subjects are under
way. The most advanced of these tests is the identification of subjects with low 
epoxide hydrolase activities, a test based on finding very low values of epoxide 
hydrolase activity in fibroblasts and amniocytes from babies exhibiting dys
morphic features, values comparable to those at the lower end of the general 
population distribution (BUEHLER et al. 1990, FINNELL et al. 1992). A genetic 
pattern of epoxide hydrolase deficiency was suggested in these studies, but the 
sample was too small to establish it clearly (LINDHOUT 1992). Another poten
tially predictive test could be the demonstration of the biotransformation of 
aspirin to 2,3-dihydroxybenzoic acid by phenytoin-induced hydroxyl radicals; 
the formation would be increased in the presence of insufficient glutathione 
activity (KIM and WELLS 1995). 

The best studied mechanisms leading to cell and tissue injury are the for
mations of (1) electrophilic intermediates from CYP2C cytochrome P450 
isoenzyme-mediated arene oxidation and (2) the free radical intermediates 
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from tissue perioxidase bioactivation of phenytoin. The arene epoxide inter
mediate will accumulate in the setting of epoxide hydrolase deficiency and is 
then available to bind covalently with macromolecules including embryonic 
nucleic acids, thereby interfering with normal embryogenesis. Support for this 
theory has been provided experimentally by showing that damage occurs in 
P450 and phenytoin-containing systems in vivo and in vitro. Cell injury and 
teratogenesis were increased by epoxide hydrolase inhibitors, and reduced by 
inhibition of the P450 system (SPIELBERG et a1. 1987; FINNELL et a1. 1992). Fur
thermore, in the All mouse strain, which is prone to phenytoin teratogenicity, 
epoxide hydrolase activity is low compared with that in the C57BLll6 strain, 
which is relatively resistant to phenytoin teratogenicity. The resistant strain 
was also capable of greater enzyme induction than the teratogenicity-prone 
All strain (HARTSFIELD et a1. 1995). 

The free radical intermediates resulting from the bioactivation of pheny
toin by prostaglandin H synthetase or lipoxygenesis will bind covalently to 
form hydroxyl radicals, which if not neutralized by glutathione and other 
antioxidants will initiate the oxidation of macromolecules (MIRANDA et a1. 
1994; MAYS et a1. 1995). The evidence for the role of free radicals in toxicity is 
experimental, there being reduced damage from the use of prostaglandin H 
synthetase inhibitors as well as free radical trapping agents, whilst inhibitors 
of glutathione transferase increase the damage (KIM and WELLS 1996). The 
final step to cell injury by the free radical derivatives, which was demonstrated 
in the hepatic maternal and embryonic nuclei of phenytoin-exposed mice, is 
oxidation of DNA to form 8-hydroxy-2-deoxyguanosine, thus influencing 
DNA regeneration (LIU and WELLS 1995). Recently, alterations of gene 
expression by phenytoin were documented by in situ transcription and anti
sense RNA amplification techniques using phenytoin-exposed mouse embry
onic neural tubes (BENNETT et a1. 1997). 

4. Chronic Toxicity 

The chronic effects of phenytoin on connective tissue proliferation are trou
blesome, mainly because of their negative cosmetic impact. Gingival hyper
plasia occurs in up to 40% of patients taking the drug and, if present, is evident 
in the first few months of therapy. It occurs more often in children and ado
lescents. It may be averted or improved by careful oral hygiene and may be 
related to a deficiency in salivary IgA (AARLI 1976). Thickening of subcuta
neous facial tissue, resulting in a coarsening of facial features, occurs less often 
and may have a mechanism in common with that of gingival hyperplasia. The 
changes in facial features are generally more marked in subjects who receive 
higher phenytoin doses for longer times. 

Experimentally, in gingival fibroblast preparations phenytoin promotes 
tumor necrosis factor-induced production of interleukin-1f3 and prostaglandin 
E2• This effect was further enhanced by prostaglandin H synthetase inhibitors, 
suggesting that phenytoin rather than its metabolites is the stimulus (BRUNIUS 
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et a1. 1996). HAUCK et a1. (1972) found that phenytoin caused a decrease in 
collagen turnover in fibroblast cultures. 

Many of the other frequent chronic effects of phenytoin are of minor or 
minimal clinical significance, e.g. altered thyroid function tests and endoge
nous steroid levels, and slowing of nerve conduction velocities. 

a) Enzyme Induction 

Induction of vitamin 0 metabolism by phenytoin contributes to anticonvul
sant osteomalacia in susceptible individuals, such as those with a deficient diet 
and suboptimal exposure to sunlight (EADIE and TYRER 1980). 

B. Fosphenytoin 

I. Introduction 

Intravenous phenytoin is an effective treatment for status epilepticus, but the 
existing parenteral preparation is cumbersome, mainly due to phenytoin's low 
aqueous solubility. In order to make a parenteral formulation, phenytoin is 
dissolved in 40% propylene glycol and 10% alcohol, with sodium hydroxide 
added so that the final solution has a pH of 12. These additives and adjust
ments make phenytoin soluble. but also make the solution severely caustic to 
tissues should it be extravasated. and this limits the intramuscular use of the 
drug. Precipitated phenytoin crystals (WILENSKY and LOWDEN 1973) and tissue 
necrosis (SMITH et al. 1989) have been found at sites of intramuscular injec
tion of the drug. The propylene glycol vehicle is partly responsible for the 
hypotension and bradyarrhythmias which may occur during intravenous infu
sion of the drug (LOUIS et al. 1967). Additionally, the solubility of phenytoin 
in this formulation remains fragile; the drug precipitates readily when mixed 
into a crystalline solution such as glucose, and precipitates after 1-2 h in a 
saline solution. 

Because of these limitations, there had long been a search for a phenytoin 
"prodrug" which would be rapidly metabolized to phenytoin but would have 
more favorable solubility properties. Fosphenytoin. first synthesized by STELLA 
and HIGUCHI (1973), is rapidly and completely converted to phenytoin after 
parenteral delivery, and has less toxicity than phenytoin due to its better sol
ubility. The compound was synthesized by adding a "synthetic handle" in the 
form of disodium phosphate attached to a 3-(hydroxymethyl) phenytoin deriv
ative. These improvements over the original parenteral phenytoin formulation 
led to the eventual marketing of fosphenytoin. 

II. Chemistry and Use 

1. Chemistry 

Fosphenytoin is the disodium phosphate ester of 3-(hydroxymethyl)-phenytoin 
and has the chemical name 5,5'-diphenyl-3-f(phosphonooxy)methyl]-2,4-imi-
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dazolidinedione dis odium salt. Its molecular weight of 406.24 is greater than 
that of phenytoin, but the dose of commercially available fosphenytoin is 
expressed in terms of the number of milligrams of phenytoin contained in it, i.e. 
phenytoin equivalents, and will be expressed in this manner in the text that 
follows. Its solubility is 7S,000mg/l, which is several orders of magnitude greater 
than that of phenytoin (BROWNE et al. 1993). Fosphenytoin is an off-white 
agglomerated powder supplied in a premixed solution at a concentration of SO 
mg/ml. The solvents are water for injection (USP), and tromethamine (USP) 
(TRIS) buffer. The pH is adjusted to 8.6-9.0 with either hydrochloric acid or 
sodium hydroxide (CEREBYX 1996: package insert). 
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2. Indications and Use 

Intravenous fosphenytoin is indicated for the treatment of status epilepticus. 
Fosphenytoin may be given intramuscularly if other routes of phenytoin deliv
ery are not available. For clinical use, the dose in milligrams of fosphenytoin 
is the same as that for phenytoin. It can be substituted for oral phenytoin when 
deemed necessary, but its continuous use for more than S days has not been 
studied systematically (CEREBYX 1996: package insert). In order to obtain total 
and free plasma phenytoin levels as quickly as those resulting from phenytoin 
infusion at SOmg/min, fosphenytoin must be given at lS0mg/min (ELDON 
et al. 1993). At the maximal delivery rates used in treating status epileptic us, 
the time to infuse 1000 mg fosphenytoin is 7 min, whereas 20 min is required 
to infuse 1000mg phenytoin. An additional factor in achieving desired plasma 
levels of phenytoin rapidly during fosphenytoin infusion is the near-complete 
protein binding of fosphenytoin (9S%). The drug appears to be more avidly 
protein-bound than phenytoin. Therefore, at the high concentrations produced 
by rapid infusion, fosphenytoin will displace phenytoin from its binding 
sites and transiently raise the level of free phenytoin in plasma (ELDON et al. 
1993). 
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Due to potential adverse cardiovascular effects, fosphenytoin should be 
given intravenously no faster than at 150 mg/min. When given at this maximal 
rate, electrocardiographic, blood pressure and respiratory monitoring is 
needed (data on file: Parke-Davis, Morris Plains, NJ). When given at slower 
intravenous rates (below 100mg/min) or intramuscularly using the 50mg/ml 
solution, a therapeutic phenytoin level is reached in 30min (KUGLER et al. 
1996). High volumes (9-30ml) of intramuscular fosphenytoin given at a single 
injection site were reportedly tolerated well (RAMSAY et al. 1995). 

III. Pharmacodynamics 

Equimolar doses of fosphenytoin and phenytoin have equivalent anticonvul
sant activities against maximal electroshock-induced seizures in mice after 
intravenous, oral or intraperitoneal administration. The antiarrhythmic prop
erties, effects on blood pressure, acute toxicity and median lethal doses were 
similar using several animal models given equimolar fosphenytoin and pheny
toin doses by the intravenous, intramuscular or intraperitoneal routes. Fos
phenytoin produced only inflammation at the intramuscular injection site in 
five of eight study dogs, in contrast to the haemorrhages and necrosis caused 
by intramuscular phenytoin (SMITH et al. 1989). 

IV. Pharmacokinetics 

1. Absorption and Disposition 

In intravenous and intramuscular studies in drug-free volunteers and in intra
venous studies in patients with therapeutic phenytoin levels, the bioavailabil
ity of single doses of fosphenytoin was complete, with AUC ratios of 1.0 
(BROWNE et al. 1989, 1993). Since oral phenytoin is -90% bioavailable, substi
tuting intravenous or intramuscular fosphenytoin at the same dose as that for 
phenytoin may produce a slight increase in plasma phenytoin levels (CEREBYX 

1996: package insert). The apparent volume of distribution is -0.13I1kg fol
lowing a dose of 1200mg fosphenytoin given at the maximum advised rate of 
150mg/min. Fosphenytoin is a highly plasma-soluble molecule and the major
ity of the drug achieves rapid equilibria between plasma and associated tissues. 
The clearance of fosphenytoin is -250mllmin at low doses and infusion rates, 
and increases to -525 mllmin at higher doses and infusion rates; this increase 
is probably related to an increased free fraction of the drug at higher plasma 
concentrations (BROWNE et al. 1996). 

2. Metabolism 

A major consideration in using fosphenytoin in place of phenytoin in the 
treatment of status epilepticus is the time to cleave the molecule and convert 
fosphenytoin to phenytoin. The half-life of fosphenytoin conversion to pheny
toin is 8-15 min. It shows little variation among the subjects studied and is not 
affected by the fosphenytoin or the phenytoin concentration (BROWNE et al. 
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1996). This complete and rapid conversion is due to the ubiquitous and abun
dant availability of phosphatases which are present in the liver, red blood cells 
and other tissues (QUON and STAMPFLI 1987). Besides phenytoin and phos
phate, formaldehyde is also formed, but this substance is rapidly metabolized 
by folate systems. The conversion half-life of fosphenytoin is shorter in patients 
with hepatic and renal disease, probably due to decreased protein binding in 
these disease states (AWEEKA et al. 1989). The phenytoin resulting from fos
phenytoin infusion is metabolized and eliminated through the same routes as 
phenytoin normally is (BROWNE et al. 1996). The renal excretion of fospheny
toin is minimal and not significant clinically (BROWNE et al. 1993). 

3. Clinical Pharmacokinetics 

Whole plasma phenytoin levels of 10-20mg/l and free drug levels of 1-2mg/l 
are the usual goals of therapy. However, plasma phenytoin levels may be over
estimated if plasma samples are obtained within 2h of fosphenytoin infusion 
and immunoanalytical techniques are used for the measurements, including 
TDx TDxFLx (fluorescence polarization) and Emit 2000 (enzyme multiplied) 
methods. Consistent with the vigorous plasma protein-binding of fospheny
toin, the drug also binds to the antibody used in the assays and thus adds to 
the measured phenytoin level. Therefore, phenytoin levels should be obtained 
at least 2 h after fosphenytoin infusions, by which time the prod rug conversion 
has been completed. This problem does not occur with chromatographic ana
lytical methods. 

v. Adverse Effects 

In clinical trials of fosphenytoin, the most frequent side effects have been 
ataxia, dizziness, somnolence, nystagmus, headache, pruritus and paraesthesia. 
Except for pruritus and paraesthesia, these adverse events are probably due to 
phenytoin and are not specific for fosphenytoin. Pruritus and paraesthesia are 
seen with other phosphate prodrugs and are transient effects occurring with 
intravenous administration, and rarely with intramuscular administration. 
Notably, the paraesthesia have a predilection for the groin, back, head and 
neck. Compared with phenytoin, fosphenytoin infusion less often needs to be 
slowed or interrupted because of pain or discomfort at the infusion site, so that 
the average infusion time may be shorter. Hypotension is known to occur with 
phenytoin given intravenously, and also occurs with fosphenytoin infusion. 

c. Mephenytoin 

I. Introduction 

In 1933, French and Swiss patents were issued to Sandoz Pharmaceuticals for 
mephenytoin (MERCK INDEX 1974), in some countries officially named 
methoin. TAINTER et al. (1943) demonstrated that mephenytoin suppressed 
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electrically induced seizures in rabbits. Success in the use of this new agent to 
treat epilepsy was first reported by CLEIN (1945), and also by LOSCALZO (1945), 
who used a preparation consisting of mephenytoin and phenobarbitone. 
Beneficial effects in treating major motor seizures in particular were found, 
but frequent toxic reactions to the drug were subsequently reported by KOZOL 
(1950), LOSCALZO (1952) and ABBOTT and SCHWAB (1954), among others. 
BUTLER (1952) first described 5-ethyl-5-phenylhydantoin (N-desmethyl
mephenytoin or nor-mephenytoin) as the major metabolite of mepheny
toin. This metabolite was later shown to be formed only from the R( -)
mephenytoin, whilst the S( + )-enantiomer is parahydroxylated (KUPFER et al. 
1984). Nor-mephenytoin is the major active principle in the antiepileptic effect 
of mephenytoin and is identical to "Nirvanol". This latter drug had been used 
to produce nirvanol sickness as an intended cure for chorea in the 1920-1930 
decade (JONES et a1. 1932) but was eventually abandoned because of its high 
toxicity. The genetic polymorphism of mephenytoin metabolism was discov
ered in early 1 980s, and poor and extensive metabolizers of the drug have been 
found (KUPFER et al. 1984). This polymorphism was caused by mutations in the 
cytochrome P450 isoenzyme CYP2C19 (DE MORAISE et al. 1994). 

The current interest in me phenytoin lies mainly in its use as a convenient 
marker to identify individuals with defective CYP2C19. 

II. Chemistry and Use 

1. Chemistry 

Mephenytoin (methoin: 3-methyl-5-ethyl-5-phenylhydantoin) is a white crys
talline material with a molecular weight of 218.25 and a melting point of 
137-138°C. It dissolves poorly in water, and the dissociation constant (pKa) 
has not been calculated. The drug is moderately soluble in polar organic 
solvents. The commercially available preparation of the drug is a racemic 
mixture of its R( -) and S( +) enantiomers in approximate 50:50 proportions. 
The optical rotations of S( +)-mephenytoin are [a] l25D = + lOY and [a]125/365 
= +416° and those of R(-)-mephenytoin are [a]125/D = -104C and [a]125/365 
= -410°. 

Nirvanol, 5-ethyl-5-phenylhydantoin (identical with nor-mephenytoin, the 
active metabolite of mephenytoin), has a molecular weight of 204.2 and a 
melting point of 237°C. It is moderately soluble in organic solvents and rea
sonably soluble in water, with a pKa value of 8.4. The optical rotation of each 

[EflH 
~ /N"" 

H c_c C=O 
62

1 I 
O=C--N-CH3 



248 H. KUTT and c.L. HARDEN 

isomer is 115°. The multiplication factors to convert mephenytoin and nor
mephenytoin concentrations from mg/l to ,umolll are 4.58 and 4.90, respec
tively (MERCK INDEX 1974; KUPFERBERG 1982). 

2. Indications and Use 

Mephenytoin is most effective in the treatment of generalized convulsive 
seizures and partial seizures with or without generalization. It is of some 
benefit for myoclonic seizures (TRoUPIN 1992), whereas absence seizures do 
not respond to it, or may worsen (LOSCALZO 1952). Mephenytoin is available 
as 100mg tablets, whilst a tablet containing 100mg mephenytoin and 20mg 
phenobarbitone has been available in some countries. There are no parenteral 
preparations of the drug available at the present time. 

The recommended starting daily dosages of the drug range from 150mg 
in children to 300mg in adults, followed by upward dosage adjustment as 
needed (LIVINGSTON 1972). Once the dosage has been stabilized, the daily 
effective amount may be given as a single intake because of the long half-life 
of the main active principle, nor-mephenytoin. The dose is best taken at 
bedtime, when any sedation from it would be less of a problem (TROUPIN 1992) 

III. Pharmacodynamics 

Mephenytoin is effective against maximal electroshock seizures in mice with 
an EDso of 67 mg/kg. It is also effective against pentylenetetrazole seizures at 
a lower dose (EDso 40mg), and protects against bicuculline and picrotoxin
induced seizures with ED so values of 124 and 100mg/kg, respectively. The 
anti epileptic profile of the active metabolite, nor-mephenytoin, tested in the 
form of "Nirvanol", is similar to that of mephenytoin though the metabolite 
is slightly more potent, with an EDso of 40mg/kg for maximal electroshock 
seizures in mice (KUPFERBERG 1982). 

IV. Pharmacokinetics 

1. Absorption and Disposition 

Mephenytoin is absorbed rapidly and fairly completely. The time to peak 
plasma concentration following ingestion of a 400mg test dose was 45-120 
min. Only about 40% of the mephenytoin and 30% of the nor-mephenytoin 
in plasma is protein bound (TROUPIN et al. 1972). The plasma half-life of 
racemic mephenytoin is 11-22h, while that of nor-mephenytoin is 3-6 days 
(THEODORE et al. 1982). In the study of BURGEOIS et al. (1986), a very long elim
ination half-life (175 h) was found in a patient with poor renal function whose 
creatinine clearance was prolonged at 60Amllmin; for the entire group studied 
the elimination rate constant (kcl) for nor-mephenytoin correlated closely 
with the creatinine clearance. In the same study the renal clearance of nor
mephentoin ranged from 54 to 174mllkg/day, the total body clearance from 
83 to 198mllkg/day, and the apparent volume of distribution from 0.77 to 
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1.1l1kg. The nor-mephenytoin clearance is reduced in patients with impaired 
renal function due either to kidney disease or to old age: lower than average 
doses of mephenytoin are needed in these circumstances. 

2. Metabolism 

The oxidative biotransformation of 50:50 racemic commercial mephenytoin is 
mediated by cytochrome P450 isoenzymes of the CYP2C family. Due to stere
ospecificity, S( + )-mephenytoin is hydroxylated at the 4-, i.e. para, position of 
the phenyl ring to produce S( + )-4-hydroxy-mephenytoin, and the R( -)
mephenytoin is N-demethylated to produce R(-)-nor-mephenytoin (KUPFER 
et al. 1982, 1984a). It has now been confirmed that the major catalyst for the 
metabolism of mephenytoin is the isoenzyme CYP2C19 (WRIGHTON et al. 
1993), while the CYP2C8, CYP2C9 and CYP2C18 isoforms may contribute at 
a 100 times lesser rate (GOLDSTEIN et al. 1994). In the formation of S(+)-4-
hydroxy-mephenytoin the arene oxidation pathway is thought to yield an 
initial arene oxide intermediate, of which the majority (over 80%) quickly 
rearranges spontaneously (NIH-shift) to (S+ )-4-hydroxy-mephenytoin. A 
minor portion becomes an epoxide which is then converted to a dihydrodiol 
by epoxide hydrolase activity (KUPFER et al 1984b). This latter enzyme is rel
evant in the genesis of some mephenytoin side effects. In cases of epoxide 
hydrolase deficiency, prolonged exposure of tissues to the epoxide occurs, and 
teratogenicity from the hydantoins has been documented (BUEHLER et al. 
1990). Experimentally SPIELBERG et al. (1987) have shown in an in vitro system 
that inhibitors of epoxide hydrolase increased lymphocyte damage caused by 
mephenytoin metabolite(s). In the majority of subjects receiving racemic 
mephenytoin, however, the formation of (S+ )-4-hydroxy-mephenytoin and the 
dihydrodiol is rapid and most of the ingested S( + )-mephenytoin portion of the 
dose appears in urine as glucuronide conjugates. 

R( - )-mephenytoin is demethylated soon after ingestion, but the resulting 
R( - )-nor-mephenytoin is eliminated slowly, largely (80%-90%) in metaboli
cally unchanged form (KUPFER et al. 1984a). This finding is in accordance with 
the fact that when R(-)-Nirvanol was given to subjects, 86% of the dose was 
recovered metabolically unchanged (BURGEOlS et al. 1986). In the average 
patient receiving racemic mephenytoin, both the S( + )-4-hydroxy and the R( -)
N-desmethyl metabolites were recovered in urine in amounts that accounted 
for about 45% of the dose of the racemate, together with very small amounts 
of unmetabolized enantiomers (KUPFER et al. 1982, 1984a). The ratio of (S+)
to (R-)-metabolites in the urine can vary, according to the amount of intact 
isoenzyme CYP2Cl9 that is present in the individual, and this is genetically 
regulated (KUPFER and PREISIG 1984; WARD et al. 1987). 

a) Pharmacogenetics 

Two defects in the CYP2C19 gene have been demonstrated using polymerase 
chain reaction techniques (DE MORAISE et al. 1994). The mutant m1 results 
from a guanine to adenine mutation at position 681 (G681 to A) in exon 5 and 
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is seen in Caucasians, blacks and orientals. The mutant m2 (G636 to A) in exon 
4 is seen in orientals only. These mutations produce aberrant splice site and 
truncated non-functional protein which lacks a heme-binding site. Individuals 
with mutation(s) in CYP2C19, often called poor metabolizers, have a limited 
capacity to 4-hydroxylate (S+ )-mephenytoin, which causes a backup of un
metabolized S( + )-mephenytoin resulting in its eventual shunting into the 
de methylation pathway, causing an increase in the slowly excreted nor
mephenytoin (KUPFER et al. 1984a). This accumulation of non-mephenytoin 
leads to intoxication from the high total concentration of active substances. 
The enzyme deficiency is inherited via a Mendelian autosomal recessive trait 
controlled by two alleles at a single autosomal gene location (WARD et al. 1987; 
BERTILSSON 1995). Individuals with very low hydroxylation capacities, the poor 
metabolizers, represent the homozygous recessive genotype, whereas the 
efficient metabolizers traditionally include the heterozygous average efficient 
and the highly efficient homozygous dominant genotypes (WARD et al. 1987; 
BERTILSSON 1995). The phenotype of an individual subject can be determined 
by two techniques. In one, the hydroxylation index is calculated by dividing 
the S( + )-mephenytoin dose (one-half of the amount of the racemate) by the 
amount of S(+)-OH-mephenytoin recovered in the urine. This gives values of 
1-10 in efficient hydroxylators and 50-200 in poor hydroxylators (WEDLUND 
et al. 1984). The other method is to calculate the SIR ratio from the values of 
unmetabolized S(+)- and R(-)-mephenytoin recovered from urine 8h after a 
test dose of the racemic drug. This yields values of 0.1-0.8 in efficient and 
0.9-1.2 in poor hydroxylators (TYBRING and BERTILSSON 1992). 

The apparent polymorphism of mephenytoin metabolism shows marked 
variations among ethnic groups, poor (S+ )-hydroxylators ranging from 1 % to 
5% in Caucasians and from 10% to 22% in orientals. The lowest rate (1.3%) 
was seen in a group of over 300 Spanish Caucasians (REVIRIEGO et al. 1993). 
Incidences of 3%-6% were reported from Swiss (KUPFER and PREISIG 1984), 
Estonian (KnvET et al. 1993), Swedish (BERTILSSON et al. 1992), French (JACQZ 
et al. 1988) and United States (POLLOCK et al. 1991) Caucasian populations. In 
a Korean population the incidence was 12.6% (SOHN et aI.1992), in a Chinese 
one 14.3% and in a Japanese one 23% (BERTILSSON 1992). The incidence of 
mephenytoin poor hydroxylators in African Americans was 18.5% (POLLOCK 
et aI1991), but it was only 4% in Zimbabweans (MASIMIREMBWA et al. 1995) 
and 4%-5% in Nigerians and Tanzanians (SKJELBE at a1.1996). The incidence 
in Jordanians was 4.6% (HAIDI et a1. 1995). BERTILSSON (1995) has suggested 
that the two mutants occurring in orientals might account for their overall high 
incidence of poor and intermediate (heterozygous) hydroxylators. 

3. Clinical Pharmacokinetics 

a) Dose-Plasma Level Relationships 

At stable dosage a steady state plasma concentration of me phenytoin is 
reached in 48-72h, and that of nor-mephenytoin after nearly 2 weeks. The 
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plasma concentration of nor-mephenytoin at steady state can be 5-8 times that 
of mephenytoin (TROUPIN et al. 1972; THEODORE et a1. 1984), and varies with 
the phenotype. The dose-plasma level relationships are less predictable than 
for phenytoin. In average (S+ )-mephenytoin hydroxylators receiving 400mg 
of the drug daily, plasma mephenytoin levels ranged from I to 2 mg/I and 
those of nor-mephenytoin from 17 to 28mg/l (THEODORE et al. 1984). This 
relationship becomes complex in poor S( + )-hydroxylators, in whom S( +)
mephenytoin accumulates and is shunted into a demethylation pathway. In 
such patients the mephenytoin dose has to be titrated individually. 

b) Plasma Level-Effect Relationships 

a) Beneficial Effects 

To evaluate the plasma level/clinical effects relationship, TROUPIN (1992) has 
suggested adding the values of the plasma concentrations of the parent com
pound and the metabolite to obtain a "total mephenytoin" level. A reduction 
in seizures has occurred with such levels below 5 mg/I (THEODORE et a1. 1984), 
but generally 10-35 mg/I is the useful plasma concentration range, and is 
obtained with a mephenytoin dose of 5-7 mg/kg daily (TROUPIN 1992). 

13) Acute Toxic Effects 

Overdosage effects begin to appear with plasma mephenytoin levels over 40 
mg/! and are first manifested by drowsiness. Patients may accommodate to this 
effect and it may lessen with time (TROUPIN 1992). 

V. Interactions 

The concomitant use of carbamazepine and various barbiturates lowered the 
plasma levels of mephenytoin metabolic products, while elevations in level 
were produced by succinimides, phenacemide and nordiazepam (TROUPIN 
1992). It is important to point out that the CYP2C19 isoenzyme involved in 
mephenytoin biotransformation is also utilized in. or contributes to, the bio
transformation of chloroguanyl (SKJELBO et a1. 1996), cimetidine (LEVY 1995), 
diazepam (ANDERSSON et a1. 1994), fluoxetine, imipramine (MADSEN et a1. 
1995), methylphenobarbitone (mephobarbitone) (KUPFER and BRANCH 1985), 
omeprazole (CHANG et a1. 1995), proguanyl and propranolol (BERTlLSSON 
1995) among other drugs. These drugs, when used together with mephenytoin, 
would be expected to compete for the available CYP2C19 and to cause accu
mulation of mephenytoin products in subjects with a marginal supply of 
efficient enzyme. 

VI. Adverse Effects 

The early signs and symptoms related to high mephenytoin and non
mephenytoin concentrations are sedation and confusion; with further increase 



252 H. KUTT and c.L. HARDEN 

in their plasma levels, disturbances of equilibrium and coordination occur. 
Double vision and nystagmus are less of a problem than with phenytoin 
(TRoUPIN et al. 1972, 1973). One advantage of mephenytoin over phenytoin is 
that it rarely causes hirsutism and gum hypertrophy. Nausea may be present 
at the onset of therapy with the drug (LIVINGSTON 1972). 

It has been pointed out that many of the serious and/or fatal effects of 
mephenytoin therapy have occurred in the setting of polypharmacy and that 
the real culprit may not have always been identified. The most alarming event 
is depression of the haematopoietic system. It may start with leucopenia and 
thrombocytopenia and may progress to pancytopenia and aplastic anaemia 
(ENGLAND and McEACHERN 1962; ROBINS 1962). Haematological toxicity may 
appear within 6-8 months of the onset of therapy but may occur at any time 
subsequently. The precise incidence of aplastic anaemia from mephenytoin is 
not known but LIVINGSTON (1972) traced from the world literature 32 cases of 
aplastic anaemia in patients whose medication included mephenytoin; 20 had 
a fatal outcome. We have observed two patients who had received mepheny
to in for over 10 years uneventfully but then developed thrombocytopenia after 
reaching their early seventies. The complication subsided upon changing the 
medication. 

Dermatological complications of mephenytoin occur relatively frequently. 
Simple morbilliform rashes may occur in about 8%-12% of patients, usually 
appearing 10-14 days after the initiation of therapy. They may become asso
ciated with a serum sickness-like syndrome including lymphadenopathy, fever, 
leucopenia and eosinophilia. In most cases this "Nirvanol-sickness" like 
picture subsides after discontinuation of the drug (SHICK et al. 1933; KOZOL 
1950; ABBOTT and SCHWAB 1954). The rash, particularly if of a purpuric variety, 
may proceed to exfoliative dermatitis or a Stevens-Johnson syndrome 
(LIVINGSTON 1972). These disorders were potentially fatal before the advent 
of steroid therapy. Renal toxicity from the drug is not common and liver 
damage occurs during severe allergic involvement. Insufficient data are on 
hand to evaluate the teratogenicity of me phenytoin, but LOSCALZO (1952) 
observed no complications in the baby or the mother in 15 pregnancies. 

D. Ethotoin 

I. Introduction 

The synthesis of ethotoin was first reported by PINNER (1888); a commercial 
patent to manufacture ethotoin in the United States was issued to Abbott Lab
oratories in 1957 (MERCK INDEX 1974). SCHWADE et al. (1956) and LIVINGSTON 
(1956) first reported the effectiveness and low toxicity of ethotoin in the treat
ment of various types of seizures, including absences. Maintenance of seizure 
control, however, was difficult because of the low potency and the short half
life of the drug. More recent knowledge of ethotoin kinetics has enhanced its 
effectiveness clinically (CARTER et al. 1984; RITTER 1992). 
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Ethotoin (3-ethyl-5-phenylhydantoin) is a white crystalline material. Its mol
ecular weight is 204.22 and its melting point is 94°C. Ethotoin is insoluble in 
cold water but dissolves in polar organic solvents. The optical rotation of R( -)
ethotoin is 88° (MERCK INDEX 1974). The conversion factor from mg/l to pmo!!l 
for the drug is 4.9. 

2. Indications and Use 

Like phenytoin, ethotoin is effective against generalized tonic-clonic and 
partial seizures, but unlike phenytoin, it also has had some effectiveness in the 
treatment of absence and myoclonic seizures (SCHWADE et al. 1956). It is avail
able only in tablets of 250 and 500 mg. The commonly recommended daily 
doses for adults range from 2000 to 4000mg (LIVINGSTON 1972). Recently 
RITTER (1992) has pointed out that for some refractory seizures, up to 6000 mg 
a day are needed. In children, daily doses of 20-50mg/kg have been effective 
(CARTER et al. 1984; RITTER 1992). Ethotoin therapy should be started at the 
low dose of 10-20 mg/kg, and the dose should be increased slowly every 5-7 
days. High initial loading doses cause unacceptable side effects. The adminis
tration of the daily dose in three to four instalments is generally recommended 
and in some patients the bedtime dose needs to be higher to maintain seizure 
control until morning (RITTER 1992). 

III. Pharmacodynamics 

The antiepileptic profile of ethotoin resembles more closely that of mepheny
toin than that of phenytoin. The EDso, administered intra peritoneally, against 
electrically induced seizures was 85 mg/kg and that against seizures elicited 
with pentylenetetrazole was 48 mg/kg. The duration of the protective effects 
was shorter than that of mephenytoin (KUPFERBERG 1982). 

IV. Pharmacokinetics 

1. Absorption and Disposition 

The absorption of ethotoin is adequate at lower oral doses of the drug but 
with higher single doses the plasma levels of the drug have been lower than 
expected. The time to peak plasma level following ingestion of 250 mg was 1-
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2h, while following 2500mg the peak was reached in 4-6h (MEYER et a1.1983). 
About 50% of the ethotoin in plasma is protein bound (ThOUPIN et al. 1979). 
The plasma half-life of ethotoin generally is short (4-7 h), but longer half-lives 
have been observed following higher single doses of the drug. In volunteers 
HOOPER et al. (1992) found that after a 1000mg test-dose the AVCs and half
lives of the S( +)- and R( - )-enantiomers were about equal, but the half-life of 
the de-ethylated metabolite was 30% longer than that of the parent com
pound. Non-linear ethotoin kinetics have been observed in several studies, and 
these may explain disproportionate changes in plasma ethotoin levels relative 
to the size of dosage changes (NAESTROFT et al. 1976; MEYER et al. 1983; CARTER 
et al. 1984). In a group of patients receiving 15-40mg/kg ethotoin daily, the Krn 
ranged from 9 to 43 mm/l and the V max from 50 to 90 mg/kg/day (CARTER et al. 
1984). Plasma ethotoin levels may stabilize after a few days of intake at stable 
dosage, but may then decline, which suggests that auto induction of ethotoin 
metabolism occurs (TROUPIN et al. 1979). 

2. Metabolism 

A portion of the ethotoin dose, like that of mephenytoin, undergoes arene oxi
dation while another portion is N-dealkylated. Over ten metabolites of ethotoin 
have been identified (NAESTROFT and LARSEN 1977; Bms et a1.1980;KuPFERBERG 
1982). The arene oxide pathway yields mainly parahydroxy-ethotoin, in 
amounts of 14%-32% of the dose, along with small amounts (5%) of dihydro
diol and catechol metabolites (NAESTROFT and LARSEN 1977). The hypothetical 
transient epoxide intermediates are likely to be formed in this pathway, and sub
jects deficient in epoxide hydrolase may be at risk of toxicity. 

In the de alkylation pathway, the ethyl group is removed to yield 5-phenyl
hydantoin, which is then hydroxylated at the 5 position of the hydantoin ring 
to form 5-hydroxy-5-phenylhydantoin which is the major product of metabo
lism, accounting for about 30% of the dose (NAESTROFT and LARSEN 1977). A 
portion of the 5-phenylhydantoin undergoes opening of the hydantoin ring 
and appears in the urine as R( - )-2-phenylhydantoic acid, which accounts for 
about 10% of the dose (KUPFERBERG 1982). Thus there is stereo selectivity of 
the biotransformation of the drug in that only the R( - )-emintiomers appear 
in the dealkylation pathway. Less than 10% of the dose appears in urine as 
unchanged ethotoin. 

3. Clinical Pharmacokinetics 

a) Dose-Plasma Level Relationships 

With a given dose of ethotoin, the plasma level of the drug stabilizes within 
2-5 days, the delay being longer if higher drug doses are used. The dose and 
plasma level relationships are less predictable than in the case of phenytoin 
and are subject to fluctuation with variation in the time between the last dose 
and the plasma sampling time. Stable doses of about 30mg/kg have produced 
levels from 15 to 20mg/l, whilst doses of 40mg/kg have yielded levels of 20-
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30 mg/I in samples collected 2 h following the last dose. Samples taken 6 h after 
dosing (20-30mg/kg) contained 3-13mg/1 ethotoin (CARTER et al. 1984). 

b) Plasma Level-Effects Relationships 

a) Beneficial Effects 

Improved seizure control has been seen with plasma ethotoin levels between 6 
and 59 mg/l (BnoN et al. 1990) and between 14 and 34mlll (CARTER et al. 1984). 

[3) Acute Toxic Effects 

Drowsiness and ataxia, together with nausea and vomiting, occur predictably 
in the majority of patients at relatively low plasma ethotoin levels during 
attempts to build up the levels quickly by using high loading doses of the drug. 
On the other hand, patients receiving chronic medication with ethotoin may 
feel well yet have plasma ethotoin levels above 50mg/1. In general, ethotoin 
levels have been found to be of little clinical usefulness in dosage adjustment 
or in the evaluation of the side effects of the drug (RITTER 1992). 

V. Interactions 

Ethotoin intake reduces plasma carbamazepine levels and increases plasma 
phenytoin levels (BrToN et al. 1990). Ethotoin plasma levels were lower in 
patients also receiving barbiturates or carbamazepine than in those taking 
ethotoin monotherapy (CARTER et al. 1984). 

VI. Adverse Effects 

Signs and symptoms related to high ethotoin doses and concentrations include 
drowsiness, ataxia, gastrointestinal upsets and photophobia. Adverse cosmetic 
effects of the drug are rare. Remarkably, gum hypertrophy has been observed 
to resolve when phenytoin was replaced with ethotoin. Skin rashes occur in 
5% of cases, but haematological complications and lymphadenopathies are 
quite rare (LIVINGSTON 1972; TROUPIN et al. 1979). 

No specific adverse effects of the drug on pregnant women have been 
described. In teratogenic potential ethotoin resembles phenytoin. Dysmorphic 
features of the foetal hydantoin syndrome were observed in three children 
(FINNELL et al. 1983) and one baby had a cleft lip (ZAHLEN and BRAND 1977) 
in the offspring of mothers who took the drug during pregnancy. 

E. Phenacetamide 

I. Introduction 

The synthesis of phenacemide was first described by BASTERFIELD et al. in 1933 
(MERCK INDEX 1974) and also reported by SPIELMAN et al. (1948). The 
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antiepileptic activity of phenacemide in animals was described by EVERETT and 
SCHWAB (1949). In clinical trials phenacemide was found to be effective, most 
notably against partial complex seizures even in patients who did not respond 
to phenytoin and barbiturates (GIBBS et al. 1949; LIVINGSTON and PAULI 1957). 
Toxic effects of the drug were frequent, however, and included numerous fatal
ities from liver damage, so that the drug was recommended and used infre
quently. Renewed interest developed when COKER et al. (1987) reported the 
successful use of phenacemide mono therapy in children, without serious com
plications. SPIELBERG et al. (1981) have shown that phenacemide metabolites 
cause cell damage in vitro. 

II. Chemistry and Use 

1. Chemistry 

Phenacemide (phenylacetylurea) is a white crystalline material with a molec
ular weight of 178.19. Its solubility in water is no more than fair but it dissolves 
in polar organic solvents. The molecule has been considered a hydantoin ring 
broken between the 5-C and the N atoms. In three-dimensional crystal X-ray 
diffraction views of the substance, the straight chain assumes a pseudo-cyclic 
hydantoin-like formation (CAMERMAN and CAMERMAN 1977). The conversion 
factor for converting its concentrations from mg/l to pmol/l is 5.6. 

2. Indications and Use 

Phenacemide has proved effective against complex partial and generalized 
tonic-clonic seizures; absence seizures have responded in some patients. It is 
available as 500mg, and in some countries also as 300 and 250mg, tablets. The 
effective doses have ranged from 1000 to 2000mg daily in children and from 
1500 to 3000mg daily in adults. The recommended starting dose in children is 
30mg/kg, which is increased to 50mg/kg or more if needed. Adults can start 
treatment with 1500mg in divided doses followed by a gradual increase, as 
necessary. It is important to monitor the plasma biochemistry profile, includ
ing liver function tests and haematological parameters (LIVINGSTON 1972; 
COKER 1992). The occasionally observed elevation of serum creatinine level 
when the drug is used does not indicate renal insufficiency (RICHARDS et al. 
1978); it is thought to be caused by inhibition of creatinine transport and a 
decrease in its volume of distribution (CAHEN et al. 1994). 

III. Pharmacodynamics 

Phenacemide is effective against electrically induced seizures in animals and 
also protects against pentylenetetrazole and picrotoxin seizures with a rela
tively high protective index (EVERETT and RICHARDS 1952). 
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IV. Pharmacokinetics 

1. Absorption and Disposition 

Phenacemide is reasonably well absorbed, peak plasma levels occurring within 
1-2 h of ingestion. The plasma half-life has ranged from 22 to 25 h. Following 
a 1000mg test-dose the apparent volume of distribution was 1.511kg, the 
plasma clearance 41 mllh/kg and the elimination rate constant 0.0027 /h (COKER 
et al. 1987). The extent of binding of phenacemide to plasma proteins ranged 
from 28% to 36% (KUTT 1992). 

2. Metabolism 

Information about phenacemide's biotransformation in man is scarce. Several 
additional "drug" peaks have been observed in chromatographic assays of 
phenacemide plasma levels. Some of these peaks appear to be more polar than 
the parent compound, suggesting the possibility of hydroxylated metabolites 
(KUTT 1992). In rabbits TATSUMI et al. (1967) found that the major pathway of 
biotransformation seemed to be parahydroxylation of the phenol ring fol
lowed by methylation; the ureide group may also be removed. Only a small 
portion of the drug was recovered unchanged. In this hydroxylation (arene 
oxide) pathway, generation of toxic epoxide intermediaries is likely to occur. 
This might be relevant in view of toxic metabolites of phenacemide generated 
in vitro, which caused destruction of lymphocytes; the damage was enhanced 
by adding epoxide hydrolase inhibitors (SPIELBERG et al. 1981). 

3. Clinical Pharmacokinetics 

a) Dose, Plasma Level and Effect Relationships 

In phenacemide monotherapy. following stabilization of dosage, steady-state 
plasma levels are reached in 5-10 days. Phenacemide doses of 30-40mg/kg 
have produced plasma phenacemide levels of 30-50mg/l, and 50-90mg/kg 
daily doses levels of 50-70mg/l. Beneficial effects may be seen with plasma 
levels over 40 mg/l, whilst for good seizure control levels over 50 mg/I usually 
are needed. High concentration-related symptoms and signs begin to occur 
with plasma phenacetamide levels over 70mg/1 (COKER et al. 1987; COKER 
1992). Poly therapy. particularly if enzyme inducing drugs are used, may 
increase the incidence of cell-toxic reactions. 

V. Interactions 

No reports of pharmacokinetic interactions of phenacemide are available but 
its ethylated derivative, pheneturide, has caused elevation of phenytoin levels. 
Microsomal oxidation-inducing drugs would be expected to reduce 
phenacemide level-to-dose ratios. A pharmacodynamic interaction in the form 
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of a severe psychotic reaction occurred in a patient receiving phenacemide 
with ethotoin (LIVINGSTON 1972). 

VI. Adverse Effects 

Manifestations related to high phenacemide concentrations include drowsi
ness, ataxia and nystagmus. Personality changes such as irritability and aggres
sion, as well as depression, suicidal tendencies and paranoid and delusional 
reactions have been observed (LIVINGSTON 1972). 

The most serious complication of phenacemide therapy is liver damage. 
If the drug is stopped in time, the patient may recover, although some have 
developed residual cirrhosis. The clinical incidence of hepatitis has been about 
6%; ten fatalities have been reported (LIVINGSTON 1972; COKER et al. 1987). 
Aplastic anaemia has also been of concern, as several fatalities have been 
reported. Leucopenia has been observed in up to 6% of patients (ROBINS 
1962). Skin rashes may occur in 5%-8% of patients, usually appearing soon 
after the onset of therapy. They will subside when the drug is discontinued 
(LIVINGSTON and PAULI 1957). Insufficient data are available concerning the 
effects of phenacemide in pregnancy. 

F. Albutoin 

I. Introduction 

The synthesis of albutoin was reported by Oba et al. in 1952 (MERCK INDEX 
1974). DAVIS and SCHWADE (1959) first described its successful use in the treat
ment of patients with various types of seizure. Subsequent reports emphasized 
its low toxicity, but it had a variable effectiveness seen mostly in generalized 
tonic-clonic and partial seizures (GREEN et al.1969; MILLICHAP and ORTIZ 1969; 
CARTER 1971). Since the mid 1970s, interest in albutoin has waned. 

II. Chemistry and Use 

Albutoin, 3-allyl-5-isobutyl-2-thiohydantoin, is a crystalline material with a 
molecular weight of 212.33 and a melting point of 210-211 °C (MERCK INDEX 
1974). The factor to convert its concentrations from mg/l to .umolll is 4.7. Alb
utoin was available in 50, 100, and 200mg tablets. 

III. Pharmacology 

1. Animal Pharmacology 

In mice the ED so of albutoin given intraperitoneally against electrically 
induced seizures was 50-60mg/kg and that against pentylenetetrazole seizures 
was 11mg/kg (GESLER et al. 1961). 
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2. Human Use 

In a random series of patients, MILLICHAP and ORTIZ used 5 mg/kg albutoin as 
a starting dose to be increased slowly to 7.5 mg/kg. They found that in equal 
doses albutoin and phenytoin were equally effective but that there were fewer 
side effects with albutoin in the higher dosage range. In drug-resistant insti
tutionalized patients, 1200mg/day albutoin compared poorly with 300mg 
phenytoin or 750mg primidone as an anticonvulsant. Albutoin plasma levels 
up to 4mg/1 were recorded in these patients (CEREGHINO et al. 1972). Even 
1600 mg/day albutoin was not particularly successful (GREEN et al. 1969). 
Nausea, vomiting and anorexia were the common side effects in all studies, 
while one instance of skin rash was observed. No characteristic laboratory 
abnormalities occurred. 
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CHAPTER 10 

Carbamazepine 

R.G. DICKINSON, MJ. EADIE and FJ.E. VAJDA 

A. Introduction 

The history of the development of carbamazepine was outlined in an earlier 
volume in this series (SCHMUTZ 1985). By that time, the drug had already been 
in clinical use for two decades and was a well established anti epileptic agent, 
with certain other uses in human medicine. Its animal pharmacology and tox
icology were reasonably adequately documented and some information on its 
human pharmacokinetics was available, though the drug's essential mecha
nism of action at the molecular level was unclear. The latter has now been elu
cidated, and considerable additional information has become available 
concerning the disposition, interactions and toxicity of the drug, mainly in 
humans, whilst its range of therapeutic uses has expanded. The present chapter 
deals chiefly with this newer information. 

B. Chemistry and Use 

I. Chemistry 

Carbamazepine (5H-dibenz[b,f]azepine-5-carboxamide) is a white neutral 
lipophilic material (MW 236.3) which is virtually insoluble in water, though 
more easily dissolved in certain organic solvents. For human use the drug is 
supplied either in tablet form (some preparations having modified release 
characteristics) or as a syrup. No parenteral preparation has been marketed, 
though one has been used in experimental studies (L6sCHER et al. 1995; 
L6sCHER and H6NACK 1997), and the drug has been administered rectally in 
solution in certain pharmacokinetic investigations (GRAvES et al. 1985; 
NEUVONEN and TOKOLA 1987; ARVIDSSON et al. 1995). 

Carbamazepine is biotransformed to a biologically active metabolite. 
carbamazepine-lO,1 l-epoxide. whose pharmacological properties have un
dergone some study in their own right (KERR and LEVY 1995). These pro
perties will be mentioned in the following account. where appropriate. 
At concentrations likely to be encountered in human therapeutics, no other 
known metabolite of the drug appears to possess significant pharmacological 
activity. 
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II. Use 

In clinical practice, carbamazepine is used mainly in the treatment of epilepsy. 
It is effective in preventing simple and complex partial seizures, and in pre
venting their generalization into secondarily generalized seizures. It is also 
effective in preventing the bilateral tonic, clonic and tonic-clonic seizures of 
generalized epilepsy, but is not useful in treating absence, atonic and myoclonic 
seizures or juvenile myoclonic epilepsy (JOHNSEN et al. 1984). Recently it has 
been shown effective in managing neonatal seizures (SINGH et al. 1996). It is 
ineffective in the prophylaxis of simple febrile seizures in infancy (ANTONY 
and HAWKE 1983). 

The first reported successful clinical use of carbamazepine was in pre
venting attacks of trigeminal neuralgia (BLOM 1962), and it remains the treat
ment of choice for this disorder (GREEN and SELMAN 1991; SIDEBOTTOM and 
MAXWELL 1995). The drug will also prevent attacks of glossopharyngeal neu
ralgia (KING 1987). It decreases the severity of symptoms in certain painful 
peripheral neuropathies, including those of diabetes (CALISSI and JABER 1995) 
and Fabry's disease (FILLING et al. 1989) and it relieves the lightning pains of 
tabes (EKBOM 1972). The drug is of little value in postherpetic neuralgia 
(KILLIAN and FROMM 1968). It has been reported useful in managing various 
involuntary movement disorders, e.g. chorea (RoIG et al. 1988), paroxysmal 
choreoathetosis (JAN et al. 1995; WEIN et al. 1996), dystonia (FAHN 1987), 
restless legs (ZUCCONI et al. 1989; O'KEEFE 1996), diaphragmatic flutter 
(VANTRAPPEN et al. 1992), palatal myoclonus (LAPRESLE 1986), and myotonia 
(SECHI et al. 1983; TOPALOGLU et al. 1993; SQUIRES and PRANGLEY 1996) and 
neuromyotonia, both generalized (KUKOWSKI and FELDMANN 1992) and ocular 
(EzRA et al. 1996; YEE et al. 1996), as well as Isaac's syndrome of continuous 
muscle fibre activity (THOMAS et al. 1994), myokymia (AUGER et al. 1984), and 
superior oblique myokymia (BRAZIS et al. 1994). However, in the latter disor
der the response may be temporary (ROSENBERG and GLASER 1983). Cerebel
lar tremor (SECHI et al. 1989 a,b), familial rectal pain (SCHUBERET and CRACCO 
1992) and cataplexy (VAUGHN and D'CRuz 1996) have also been reported to 
benefit from use of the drug. 

In psychiatry, carbamazepine has found a major use in the prophylaxis of 
bipolar affective disorder (manic-depressive psychosis) (DENICOFF et al. 1994; 
EMILIEN et al. 1996), where it is sometimes used in combination with lithium. 
In clinical trials it has proved useful in managing benzodiazepine (GALPERN et 
al. 1991; GARCIA-BoRREGUERO et al.1991) and alcohol withdrawal (BUTLER and 
MESSIHA 1986). 

The drug is also used to manage milder degrees of neurogenic diabetes 
insipidus, though not more severe instances of the disorder (WALES 1975). 

c. Pharmacodynamics 

In the following account, particular attention has been paid to studies carried 
out at carbamazepine concentrations similar to those encountered in human 
therapeutics. 
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I. Biochemical Effects 

1. Ion Channels and Receptors 

a) Na+ Channels 
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The molecular basis of the antiepileptic action of carbamazepine is now widely 
accepted to be the blockade of voltage-gated (voltage-dependent, frequency
dependent and use-dependent) Na+ channels in cell membranes. This effect 
occurs in a concentration-dependent manner at therapeutically relevant drug 
concentrations and in a variety of experimental preparations (WILLOW et al. 
1984, 1985; SCHWARTZ and GRIGAT 1989; LANG et al. 1993). Carbamazepine 
binds selectively to the inactive form of nerve and skeletal muscle cell mem
branes Na+ channels whilst they are closed after depolarization (COURTNEY and 
ETTER 1983). The drug interacts with the site on the Na+ channel to which lig
nocaine (ZIMANYI et al. 1989) and batrachotoxin (WORLEY and BARABAN 1987) 
bind. Carbamazepine has a mechanism of action on Na+ channels in com
mon with those of phenytoin, lamotrigine (WORLEY and BARABAN 1987: 
MACDONALD and KELLY 1995) and probably valproate (MACDONALD and 
KELLY 1995). The action of carbamazepine on Na+ channels described above 
will tend to selectively impede the passage along axons of higher frequency 
impulse traffic, such as occurs during an epileptic seizure, but will leave axon 
traffic at more physiological frequency largely unaltered. 

Several other receptor or ion channel actions of carbamazepine, as 
described immediately below, are known to occur at drug concentrations 
similar to those which apply in humans when the drug is used in therapeutics. 
However, the extent to which these particular actions contribute to the phar
macological effects of the drug is unclear. 

b) Benzodiazepine Receptors 

Carbamazepine inhibits benzodiazepine binding to, and displaces bound ben
zodiazepines from, the peripheral type of benzodiazepine receptor (BENDER 
and HERTZ 1988; WEISS and POST 1991) present on astrocytes and human 
lymphocytes (FERRARESE et al. 1995). An experimental agent which blocks 
the peripheral type of benzodiazepine receptor antagonizes the anti epileptic 
effect of carbamazepine against amygdaloid-kindled seizures (WEISS et al. 
1985), suggesting that this class of receptor may be involved in the anticon
vulsant actions of the drug. Carbamazepine binds to GABA A receptors to 
potentiate CI currents (GRANGER et al. 1995) and also prevents upregulation 
of cortical and hypothalamic GABAA receptors (GALPERN et al. 1991). SPECT 
studies in a patient with temporal lobe epilepsy showed that numbers of 
central nervous system benzodiazepine receptors were increased after 2 
months intake of the drug (STAEDT et al. 1995). 

c) Ca2+ Channels 

Carbamazepine acts as an antagonist at cell membrane Ca2+ channels. It 
appears to block Ca2+ currents in rat dorsal root ganglion neurons, probably 
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by acting at "L" type channels (SCHIRRMACHER et al. 1993, 1995). However, in 
therapeutic concentrations it fails to alter Ca2+ currents in acutely isolated 
human neocortical neurons (SAYER et al. 1993) but, at therapeutic concentra
tions, it blocks Ca2+ entry into rat cerebellar granule cells which have been acti
vated by N-methyl-D-aspartate (HOUGH et al. 1996). Carbamazepine also 
blocks "N" type voltage dependent Ca2+ channels in cultured bovine adrenal 
medullary cells (YOSHIMURA et al. 1995). It has little effect on Ca2+ conductance 
in thalamic neurons (COULTER et al. 1989). 

d) Adenosine Receptors 

Carbamazepine is an antagonist at AI type adenosine receptors (MARANGOS 
et al. 1987; GASSER et al. 1988; BIBER et al. 1996), and its binding to this class 
of receptor leads to receptor upregulation (WEIR et al. 1990; VAN CALKER et 
al. 1991). Experimental studies suggest that carbamazepine binding to Al 
receptors is not responsible for the antiepileptic actions of the drug (WEISS et 
al. 1985a; CZUCZWAR et al. 1991). At least one study has shown that carba
mazepine also binds to A2 receptors (FUJIWARA et al. 1986). 

Chronic exposure to carbamazepine also leads to decreased sensitivity of 
rat brain presynaptic dopamine receptors (ELPHICK 1989). 

2. Effects on Neurotransmitters 

a) GABA 

Contrary to the findings of some earlier studies (LUST (;;t al. 1978), chronic 
exposure to carbamazepine appears to lead to a dose-related increase in 
GABA concentrations, in the rat substantia nigra (MITSUSHIO et al. 1988), in 
the temporal cortex (HIGUCHI et al. 1986), and in the brain more generally 
(BATTISTIN et al. 1984), though there is decreased GABA release in the pre
optic areas (WOLF et al. 1993). 

b) Catecholamines 

Following exposure to carbamazepine, dopamine concentrations were raised 
in the intact rat brain (KOWALIK et al. 1984) and in the hippocampus (SUDHA 
et al. 1995), but were reduced in the motor cortex and cerebellum. In contrast, 
noradrenaline concentrations were increased in the latter two brain regions 
(BAF et al. 1994). Brain catecholamine turnover was decreased in the presence 
of the drug (WALDMEIER et al. 1984). 

c) Serotonin 

Carbamazepine intake results in increased serotonin concentrations in the 
mouse brain (PRATT et al. 1985) and in the hippocampus (SUDHA et al. 1995), 
striatum-accumbens area and brainstem of rats but not in the motor cortex or 
hypothalamus (BAF et al. 1994). 
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d) Acetylcholine 

In rats carbamazepine causes increased acetylcholine concentrations in the 
striatum (CONSOLO et a1. 1976). 

e) Substance P 

Increased substance P concentrations were found in the striatum and sub
stantia nigra of rats treated with carbamazepine (MITSUSHIO et al. 1988). 

f) Glutamate 

Glutamate release in brain slices is reduced in the presence of carbamazepine 
(WALDMEIER et a1. 1995). 

g) Somatostatin 

Carbamazepine exposure did not alter rat brain somatostatin concentrations 
(WEISS et a1. 1987), but produced a dose-dependent inhibition in the release 
of this substance from cultured neurons of rats (REICHLIN and MOTRON 1991; 
RICHARDSON and TWENTE 1992). 

3. Other Biochemical Changes 

Carbamazepine has been reported to cause some rather diverse biochemical 
changes, e.g. decreased brain glucose metabolisn in humans, demonstrated in 
PET studies (THEODORE et al. 1989), inhibited Ca2+ calmodulin regulated 
protein phosphorylation (DE LORENZO 1984) and decreased generation of 
cyclic AMP in the cerebral cortex of rats (CHEN et a1. 1996). release of cGMP 
from human lymphocytes (SCHUBERT et a1. 1991), and of corticotrophin
releasing hormone from cultured hypothalamic neurons (WEISS et a1. 1992), 
and increased plasma aspirin esterase activity in patients (PUCHE et al. 1989), 
prolactin release after tryptophan injection and growth hormone release after 
apomorphine administration in humans (ELPHICK et a1. 1990). It is unclear 
whether any of these biochemical changes plays a role in the therapeutic or 
toxic effects of the drug, but the decreased arginine vasopressin response to 
osmotic stimulation together with an increased renal responsiveness to avail
able arginine vasopressin which has been found to develop in the presence of 
carbamazepine (GOLD et a1. 1983) may be relevant to the drug's effect in non
nephrogenic diabetes insipidus. 

II. Electrophysiological Effects 

1. Effects at the Cellular Level 

Earlier investigations, outlined in lURNA (1985), showed relatively few clear
cut effects of clinically relevant concentrations of carbamazepine on as
pects of axon conduction. More recent studies have demonstrated that 
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carbamazepine stabilizes nerve cell membranes (L6sCHER 1987), reduces the 
amplitude of Ca2+ spikes in neurons (CROWDER and BRADFORD 1987; ELLIOTT 
1990), diminishes spontaneous discharging of saphenous neuromas (BURCHIEL 
1988), decreases the ability of mouse cultured neurons to sustain high fre
quency repetitive action potential firing (McLEAN and MACDONALD 1986; 
MACDONALD 1989) and, in a dose-dependent fashion, blocks N-methyl-D
aspartate activated currents in cultured spinal cord neurons (LAMPE and 
BIGALKE 1990). The spontaneous burst firing of neurons in the CAl region of 
rat hypothalamic slices maintained in a low Cal+, high Mgl+ environment is 
lessened in the presence of 1-15.uM carbamazepine (HEINEMANN et al. 1985). 

2. Effects on Neuronal Pools 

JULIEN and HOLLISTER (1975) showed that carbamazepine concentrations of 
3.5-10 mg/l did not alter post -tetanic potentiation. At a concentration of 5 mg/l, 
the drug facilitated previously induced long-term potentiation of population 
spikes (with enhanced synaptic inhibition) and also postsynaptic excitatory 
potentials in rabbit hippocampal neurons; at a concentration of 15 mg/l (at 
which some mild clinically apparent toxicity might be expected in humans), it 
inhibited the long-term potentiation (KUBOTA et al. 1992). Carbamazepine 
blocked long-term potentiation in the perforant path-dentate gyrus pathway 
in a chronic rabbit preparation (KUBOTA et al.1994), suppressed thalamic relay 
mechanisms in cats (SHOUSE et al. 1988) and blocked spontaneous complex 
thalamo-cortical rhythms in rodents (ZHANG and COULTER 1996). In the 
trigeminal nuclear complex it decreased afferent excitation and facilitated seg
mental inhibition (FROMM 1985). In the rat cerebral cortex the drug failed to 
suppress the afterdischarges which develop following stimulation of the sen
sorimotor cortex (KUBOVA et al. 1996), though it suppressed penicillin-induced 
afterdischarging in the immature rat hippocampus (SMITH and SWANN 1987). 
It did not suppress spiking in penicillin induced cortical foci in cats (JULIEN 
and HOLLISTER 1975) or in an amygdala-kindled rat preparation (GIGLI and 
GOTMAN 1991). In this preparation the drug seemed to accelerate the devel
opment of kindling as assessed by the rate at which afterdischarges developed 
(SCHMUTZ et al. 1988). 

Earlier HERNANDEZ-PEON (1964) had shown in cats that carbamazepine 
suppressed electrically evoked afterdischarges in the amygdala and hip
pocampus. However, the drug failed to suppress focal seizure activity evoked 
by stimulating the amygdaloid with locally applied alumina, though it did 
inhibit the propagation of spike activity from an alumina-induced focus in the 
sensorimotor cortex in the rhesus monkey (DAVID and GREWAL 1976), and 
diminished seizure activity at a penicillin-induced focus in the rat cerebral 
cortex (JULIEN and HOLLISTER 1975). 

Whilst in a general way the electrophysiological actions of carbamazepine 
on single neurons can be regarded as being potentially antiepileptic, those 
effects demonstrated in neuronal collections sometimes appear more ambigu-
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ous in relation to the drug's action in preventing epileptic seizures. However, 
the effects of the drug within the trigeminal nuclear complex do seem rele
vant to the drug's efficacy in reducing the severity of trigeminal neuralgia. 

III. Effects in Animal Models of Epilepsy 

1. Models of Generalized Epilepsy 

The efficacy of carbamazepine in preventing maximum electroshock seizures 
in rodents was well established at a relatively early, stage of the drugs devel
opment (SCHMUTZ 1985), and has been confirmed since (PALMER et al. 1992). 
By 1985, it was also known that the drug possessed some efficacy against 
pentylenetetrazole-induced seizures in mice. It was later found that the drug 
was more effective in this seizure model than in bicuculline-induced seizures 
(DE FEO et al. 1991) and that it was the tonic but not the clonic phase of the 
pentylenetetrazole seizure that was inhibited (KUBOVA and MARES 1993). 
SCHMUTZ (1985) also described studies done carried out in certain other animal 
models of epilepsy, including the photosensitive baboon Papio papio, in which 
species carbamazepine at clinically relevant concentrations was of equivocal 
efficacy. 

2. Models of Partial Epilepsy 

Carbamazepine proved effective against hippocampal (e.g. SCHMUTZ et al. 
1981) and cortical epileptogenesis (e.g. HERNANDEZ-PEON 1964) in experi
mental animals and against cortical and limbic kindled seizures in cats, 
baboons and rabbits, but not rats (SCHMUTZ 1985). Subsequently there have 
been further reports of the ability of carbamazepine to suppress seizures and 
afterdischarges, or to shorten their duration, in kindled (usually amygdaloid
kindled) experimental animals (MAJKOWSKI et al. 1994; VOlTS and FREY 1994; 
EBERT et al. 1995). Unlike the situation for other antiepileptic drugs, the pro
tective effect of carbamazepine against kindled seizures is lost after bilateral 
destruction of the substantia nigra, though protection against maximum elec
troshock seizures persists (WAHNSCHAFFE and LbsCHER 1990). If carba
mazepine intake is begun before kindling is commenced, tolerance to that 
phenomenon occurs (WEISS et al. 1993). 

In recent years, the drug has been investigated in numerous additional 
animal models of epilepsy, though the emphasis in these studies has been 
rather more on the ability of the models studied to predict therapeutic respon
siveness of human epilepsies to new agents than simply to know the efficacy 
of carbamazepine in these models. It has been shown that carbamazepine pro
tects against, or reduces, the severity of seizures initiated by: hyperoxia in rats 
(RESHEF et al. 1991); 4-aminopyridine (FUETA and AVOLI 1992); intraventricu
lar administration of the K+ blocking agent dendrotoxin (COLEMAN et al. 1992); 
the glutamate agonist ATPA (a-amino-3-hydroxy-5-terbutyl-4-isoxazolepro
pionate), but not by the glutamate agonists kainate and N-methyl-D-aspartate 
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(STEPPUHN and TURSKI 1993); cobalt, in rats (CRAIG and COLASANTI 1992); 
direct electrical stimulation of the rat cerebral cortex (HOOGERKAMP et al. 
1994), in which preparation the drug raised the threshold for evoking a gen
eralized seizure, but probably not the threshold for initiating the preliminary 
partial seizure; tetanus toxoid, which induced chronic limbic epilepsy 
(HAWKINS et al. 1985); and seizures in the rat genetic epilepsy model (DAILEY 
and lOBE 1985). However, carbamazepine has failed to protect against pilo
carpine induced limbic seizures in rats (LEITE and CAVALHEIRO 1995) and 
against seizures induced by an "L" type Ca2+ channel agonist in a mouse strain 
with genetic epilepsy (DE SARRO et al. 1992). It also failed to prevent seizures 
in a Wistar mouse line with spontaneous petit mal-like seizures (MICHELETTI 
et al. 1985). 

Carbamazepine-10,1l-epoxide has been proven effective against amyg
daloid kindled seizures in rodents (ALBRIGHT and BRUNI 1984). 

It thus appears that carbamazepine is effective in many animal models of 
human partial epilepsy, in particular limiting the propagation and generaliza
tion of seizure discharges, and in models of generalized epilepsy with bilateral 
tonic-clonic seizures. It is inactive in models of generalized epilepsy with 
absence seizures. In these regards, the therapeutic response in the animal 
models correlates with responsiveness in human epilepsies. However, carba
mazepine may have efficacy in a model which seems to resemble human 
myoclonic epilepsy clinically, even though the drug is not regarded as partic
ularly useful in this situation in patients. 

IV. Human Studies 

The patterns of usefulness in human epilepsies mentioned immediately above 
have been derived from accumulated clinical experience and are now fairly 
widely accepted. In one large clinical trial in adult patients with partial epilep
sies and generalized epilepsy resulting in bilateral tonic-clonic seizures, car
bamazepine was as effective as phenytoin and phenobarbitone, and was less 
toxic than the latter (MATTSON et al.1985), and in another trial proved as effec
tive as valproate for secondarily generalized seizures and more effective for 
partial seizures (MATTSON et al. 1992). It was also as effective as phenobarbi
tone, phenytoin and valproate in newly diagnosed childhood partial and gen
eralized epilepsy with convulsive seizures (DE SILVA et al. 1996). In other 
studies it was as effective as vigabatrin (TANGANELLI and REGESTA 1996) and 
lamotrigine (BRODIE et al. 1995). A meta-analysis of all recently published 
large scale trials suggested that carbamazepine probably has an efficacy similar 
to those of gabapentin, topiramate and tiagabine (MARSON et al. 1997). 

D. Pharmacokinetics 
The pharmacokinetics of carbamazepine have been reviewed by BERTILSSON 
(1978), PYNNONEN (1979), BERTILSSON and TOMSON (1986) and MORSELLI 
(1995). 
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I. Absorption 

Carbamazepine is marketed only for oral use, in various solid dosage forms 
and as a syrup. In retrospect, it appears possible that drug preparations with 
different absorption rates (perhaps dependent on different drug particle sizes 
in different preparations - DAM et al. 1981), and sometimes with incomplete 
oral bioavailabilities, may have been used in earlier pharmacokinetic studies 
on the drug. As well, the bioavailability of a given manufacturer's carba
mazepine preparation may not have always remained constant over the years 
(EADIE and HOOPER 1987). At one stage NEUVONEN et al. (1985) studied five 
generic carbamazepine preparations that were available in Europe. Whilst the 
overall extent of carbamazepine absorption from these preparations did not 
differ, there was a 50% difference in the peak plasma drug concentration 
which they produced after a single oral dose. In another study the oral 
bioavailability range of the drug was 60%-113 % (MEYER et al. 1992). There 
have been reports of loss of seizure control when one brand of carbamazepine 
was substituted for another (WELTY et al. 1992). 

Peak plasma carbamazepine concentrations have been found to occur 
around 4h (MACPHEE et al. 1987), between 6 and 8h (MORSELLI et al. 
1975), or between 4 and 24h (POPOVIC et al. 1995) after administration of 
a single oral dose of the drug given in tablet form. However, under steady
state conditions the Tmax should occur earlier, because of consequences of 
the auto induction of the drug's metabolism which will have occurred by then 
(see "Elimination"), and because of the effects on the drug's elimination 
rate from the higher plasma drug concentrations which are then present. 
Values for the absorption half-time of the drug are likely to vary with the 
absorption characteristics of the drug preparation studied. Carbamazepine is 
absorbed more rapidly from an oral solution than from tablets (COTTER et al. 
1977). 

Because of the lack of a suitable intravenous preparation, there appear 
to be no published data for the absolute oral bioavailability of carbamazepine 
in solid dosage form, though the absolute bioavailability of a carbamazepine 
suspension was said to be 1.0 (GERARDIN et al. 1990), and did not differ 
from the bioavailability of the drug in tablet form (GRAVES et al. 1985; HOOPER 
et al. 1985). The bioavailability of the drug from a rectal suppository 
was 0.8 (ARVlDSSON et al. 1995), or around 1.0 (GRAVES et al. 1985; NEUVONEN 
and TOKOLA 1987), providing it could be retained in the rectum for at least 
2h. 

In recent years several carbamazepine solid dose preparations with 
modified release profiles have been marketed for use in humans, to try to avert 
the occurrence of toxic effects that may occur at the time of peak plasma con
centrations of the drug when certain conventional tablet forms of the drug are 
used, and to reduce plasma carbamazepine concentration fluctuations across 
the dosage interval (WOLF et al. 1992). Some of these modified release prepa
rations have similar oral bioavailabilities to conventional tablets of the drug 
(THAKKER et al. 1992), but others differ in the extent of the amount of drug 
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absorbed by up to a mean of 22% (CANGER et a1. 1990; EEG-OLOFSSON et a1. 
1990; REUNANEN et a1. 1992). It seems that it is difficult to manufacture a car
bamazepine solid dosage form which can achieve full oral bioavailability for 
the drug without simultaneously producing a preparation which may 
sometimes yield clinically troublesome fluctuations in its steady-state plasma 
concentrations. 

Carbamazepine-lO,ll-epoxide has been administered orally to humans. 
Since it is unstable in an acid environment it must be given together with 
antacids, or in an enteric coated preparation (TOMSON et a1. 1983). 

II. Distribution 

1. Apparent Volume of Distribution 

Values of the apparent volume of distribution of carbamazepine in humans 
have been around 0.74-1.31/kg (EADIE and TYRER 1989). However, these 
figures are really the value of the parameter VIP. Under steady-state condi
tions carbamazepine is probably distributed fairly uniformly throughout body 
water, with little differential regional concentration. This is in keeping with the 
results of radioautographic studies in experimental animals (MORSELLI et a1. 
1971). 

The apparent volume of distribution of carbamazepine-lO,ll-epoxide 
is 0.741/kg (BERTILSSON and TOMSON 1986). 

2. Plasma Protein Binding 

In human plasma both carbamazepine and its 10,11-epoxide are bound to 
aracid glycoprotein and to albumin. Some 72.1 ± 1.2% (RAWLINS et a1. 1975) 
to 81 ± 3% (ELYAS et a1. 1986) of the carbamazepine in plasma is protein 
bound, a typical figure for the free fraction of the drug being 0.255 (BACKMAN 
et a1. 1987). The binding is concentration independent, at least up to carba
mazepine concentrations of 50mg/1. About 50% of the carbamazepine-10,1l
epoxide in plasma is protein bound (VREE et a1. 1986), though a figure for 
this parameter as high as 63 ± 9% has been published (ELYAS et a1. 1986). 
Some 70% of the carbamazepine-1O,11-trans-diol in plasma is protein bound 
(VREE et a1. 1986). Published values for the apparent association constants for 
carbamazepine binding to aI-acid glycoprotein include: 0.053, 0.071 and 0.096 
l/,umol of the drug, the latter value applying to children, and for carba
mazepine-lO,ll-epoxide binding 0.013,0.016 and 0.0231/,umol (KODAMA et a1. 
1993a,b, 1994). In human neonatal plasma, a mean of 29.8% of carbamazepine, 
at low drug concentrations, and of 30.6% at high concentrations, is unbound; 
the corresponding figures for the epoxide are 47.5% and 52.0%, respectively 
(GROCE et a1. 1985). The unbound fractions of carbamazepine and 
carbamazepine-10,1l-epoxide increase slightly throughout pregnancy (YERBY 
et a1. 1990). 
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3. Body Fluid and Tissue Distribution 

a) Blood 
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Red blood cell carbamazepine concentrations are 38.3 ± 17.9% of whole 
plasma ones (HOOPER et a1. 1975). 

b) Cerebrospinal Fluid 

The carbamazepine concentration in CSF is similar to that in plasma water, 
e.g. 19%-25% (MORSELLI et a1. 1975) or 31 % (POST et al. 1983) of the whole 
plasma concentration. In anaesthetized dogs, the drug's mean entry time into 
CSF was 12-18 min (U:iSCHER and FREY 1984). 

c) Saliva 

Salivary carbamazepine concentrations in humans are similar to simultaneous 
plasma water ones, e.g. 27% of whole plasma carbamazepine concentrations 
(KNOTT and REYNOLDS 1984). Some authors have reported wide fluctuations 
in salivary carbamazepine concentrations (PAXTON et a1.1983), or quite deviant 
values (PAXTON 1983). However, DICKINSON et a1. (1985) noted that, for 
2 h after swallowing a carbamazepine tablet, detectable amounts of drug 
remained in the mouth and could invalidate salivary carbamazepine concen
tration measurements carried out during this period. Lack of attention to this 
factor may explain some of the aberrant values recorded. 

d) Milk 

The human milk to whole plasma carbamazepine concentration ratio is 
0.433 ± 0.017 (KANEKO et a1. 1984), 0.32-0.80 (MEYER et a1. 1988), 0.364 
(FROESCHER et a1. 1984) or 0.39 ± 0.22 [1902/1983] KUHNZ et a1. 1983). The last
mentioned workers showed that the corresponding figure for carbamazepine
lO,ll-epoxide was 0.49 ± 0.28. 

e) Foetal Blood and Amniotic Fluid 

Carbamazepine concentrations in human umbilical cord serum averaged 
0.73 (TAKEDA et a1. 1992),0.845 (FROSCHER et a!. 1991) or 0.60-0.76 (MEYER 
et a1. 1988) of simultaneous whole maternal plasma ones. Carbamazepine 
and carbamazepine-l0,l l-epoxide concentrations in amniotic fluid also 
correlated with those in maternal plasma (OMTZIGT et a1. 1993), though 
they were higher than the simultaneous plasma water concentrations of these 
substances. 

f) Body Tissues 

Carbamazepine concentrations in postmortem human cerebral cortex have 
averaged 1.1 (MORSELLI et a1.1977), 1.4 (RAMBECK et a!. 1993) or 1.4-1.6 times 
(FRIIS et a1. 1978) those simultaneously present in serum. Carbamazepine 
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concentrations between 1.2 and 57.4mg/kg were found in hair from patients 
taking the drug (KINTZ et al. 1995). 

III. Elimination 

Carbamazepine is eliminated mainly by biotransformation. 

1. Metabolism 

Most carbamazepine metabolic studies in humans have been carried out under 
steady-state conditions, and therefore describe the situation in which the 
drug's metabolism has already been autoinduced. Carbamazepine metabolism 
appears to occur mainly in the liver, though in rats it has been calculated that 
5% of a carbamazepine dose is biotransformed in the lungs (WED LUND et al. 
1983). Only 1 %-2% of an oral carbamazepine dose in humans is excreted in 
urine as the intact molecule (FAIGLE and FELDMANN 1975), and at least half the 
dose cannot be accounted for as identified excretion products (FAIGLE and 
FELDMANN 1995). The outstanding portion of the dose is probably either 
excreted in the form of as yet unidentified, probably polar, biotransformation 
products in urine, or is lost in the faeces, in which FAIGLE and FELDMANN (1995) 
could trace 28% of a dose of radioactive drug. 

The main pathway of carbamazepine biotransformation (FAIGLE and 
FELDMANN 1995) is the so-called epoxide-diol one, in which the drug is first 
oxidized to the chemically stable carbamazepine-10,1l-epoxide in a reaction 
catalysed by the microsomal cytochrome P450 isoenzymes CYP3A4 and, to a 
lesser extent, CYP2C8 (KERR et al. 1994). Except for a small portion excreted 
in urine, the epoxide undergoes hydration catalysed by microsomal epoxide 
hydrolase (KITTERINGHAM et al. 1996) to form carbamazepine-lO,ll-trans
diol (10,1l-dihydro-10,1l-dihydroxycarbamazepine). The trans-diol, which is 
present in human plasma mainly as its S,S-enantiomer (ETO et al. 1996), is then 
conjugated to form a 10-hydroxy-O-glucuronide (BEYER and SPITELLER 1992) 
in a reaction catalysed by UDP-glucuronosyl transferase. The diol and its con
jugate are then excreted in urine where they account for some 35% of a car
bamazepine dose (BOURGEOIS and WAD 1984). 

Phenolic excretion products of the drug, arising from oxidations at the 2-
and 3-positions (equivalent to the 7- and 8-positions) of the molecule, pos
sibly via transient arene oxide intermediate stages (LILLIBRIDGE et al. 1996; 
MADDEN et al. 1996), and their O-glucuronide and O-sulphate conjugates, 
have been identified in urine. The microsomal P450 isoenzymes involved in 
these aromatic oxidations are not those responsible for the formation of 
carbamazepine-10,11-epoxide (FAIGLE and FELDMANN 1995). Evidence for the 
excretion of other monohydroxy (phenol) and dihydroxy (catechol) metabo
lites has been presented, though these pathways appear to be quantitatively 
minor (LYNN et al. 1978; LERTRATANANGKOON and HORNING 1982; MAGGS et al. 
1997). The azepine moiety of the carbamazepine molecule may undergo a 
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condensation reaction to form 9-hydroxymethyl-1O-carbamoyl acridan, which 
occurs in measurable quantity in plasma (ETO et al. 1995) and is excreted in 
urine mainly as its glucuronide conjugate. In humans, this acridan appears to 
be formed mainly from carbamazepine itself, rather than from carbamazepine-
1O,1l-epoxide (EICHELBAUM et al. 1985; FAIGLE and FELDMANN 1995). A 9-
acridine carboxaldehyde derivative, formed as result of oxidation by the 
myeloperoxidase system in leucocytes, has also been identified (FURST and 
UETRECHT 1993). Indeed, there has been considerable recent interest in ascer
taining whether and which reactive metabolites of carbamazepine are respon
sible for idiosyncratic responses to the drug (FURST et al. 1995; MADDEN et al. 
1996). A direct N-glucuronide conjugate of the drug also forms. It accounts for 
some 10% of a carbamazepine dose (FAIGLE and FELDMANN 1995) and is gen
erally regarded as the third most important pathway (quantitatively) of the 
drug's metabolism. In the rat, however, N-glucuronidation of carbamazepine 
(and of its 10, ll-epoxide metabolite) is the major pathway of metabolism 
(MADDEN et al. 1996). Pathway details are shown in Fig. 1. 

CONH2 

J 
HO OH 

H' r H 
'c-c/ 

OCwM 
I 5 
CONH2 

j 
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Fig. 1. Carbamazepine metabolic pathways. J, carbamazepine; 2,3, phenolic metabo
lites; 4, carbamazepine-lO, ll-epoxide; 5, carbamazepinc-lO-ll-trans-diol; 6, 9-acridine 
carboxaldehyde; 7, 9-hydroxymethyl-l0-carbamoyl acridan 
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As already mentioned, the metabolism of carbamazepine is autoinducible 
in humans and in certain animal species (FREY and LbsCHER 1980). This autoin
duction chiefly involves the epoxide-diol pathway at the consecutive stages of 
epoxide and diol formation (EICHELBAUM et al. 1985). The subsequent glu
curonidation of the diol does not appear to be auto inducible (BERNUS et al. 
1996) in humans, though RIVA et al. (1996) stated that carbamazepine was a 
potent inducer of UDP glucuronosyl transferase. EICHELBAUM et al. (1985) 
found some evidence in humans that formation of 9-hydroxymethyl-10-
carbamoyl acridan also underwent autoinduction, but BERNUS et al. (1994, 1996) 
failed to confirm this, though they showed some auto induction of the formation 
of the phenolic derivatives of the drug. There is evidence that the process of 
autoinduction is complete within 1 week of initial exposure to the drug (KUDRI
AKOVA et al. 1992) or within 1 month (BERTILSSON et al. 1986) of a dosage 
increase. There is also evidence that the process of autoinduction commences 
within 24h of first exposure to the drug (BERNUS et al. 1994). At least in rats, 
autoinduction seems to have a finite capacity, reaching its maximum at a carba
mazepine dose of 60mg/kg in this species (REGNAUD et al.1988). 

2. Elimination Parameters 

The values of the elimination parameters of carbamazepine depend on 
whether the drug has been studied after its first dose, or after there has been 
time for autoinduction to occur, and on whether any co-administered drug 
which interacts pharmacokinetically is present, a situation to be considered in 
the following section of this chapter. 

a) Half-life 

Carbamazepine is much more rapidly eliminated in most experimental animal 
species than in humans (FAIGLE and FELDMANN 1995). The first dose half-life 
of the drug in humans averages around 36h. POPOVIC et al. (1997) cited a half
life range of 22.19-39.61 h. The half-life is shorter in young children (BATTINO 
et al. 1995; LEPPIK 1992) than in adults. GERARDIN et al. (1976) and COTTER 
et al. (1977) noted that the elimination rate constant of carbamazepine 
appeared to increase when increasing doses of the drug were given on sepa
rate occasions. 

Relatively few measurements of the half-life at steady state are available, 
though it appears to be in the range 12-18h (e.g. 14.5 ± 5.3h - WESTEN BERG et 
al.1978; 12.3 ± 0.8h - EICHELBAUM et al.1982). EICHELBAUM et al. (1975) found 
that a first dose carbamazepine half-life of 35.6 ± 15.3 h fell to 20.9 ± 5.0 h after 
continued intake of the drug. PITLICK et al. (1976) showed a similar shorten
ing from 33.9 ± 3.5h to 19.8 ± 4.0h after 3weeks of use of the drug. It is the 
auto induced half-life value which will determine the time to achieve new 
steady-state conditions after a carbamazepine dosage increase. 

Interactions with co-administered drugs may result in alterations in car
bamazepine's half-life and clearance (see "Interactions", below). 
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b) Clearance 

Because no intravenous preparation of carbamazepine has been available, 
published clearance values for carbamazepine are necessarily those for the 
parameter CLIP. Published values for this parameter after an initial dose of 
carbamazepine have been in the range 0.01l-0.02611h (MORSELLT 1975),0.0156 
± 0.00611kg/h (COTTER et al. 1977) or 1.05-2.0611h (POPOVIC et al. 1995). In the 
study of EICHELBAUM et al. (1985) the first dose clearance of the drug aver
aged 0.019811kg/h while, after chronic intake, the clearance rose to 0.0546 
lIkg/h. In children, the mean first dose clearance (0.028 ± O.003l1kg/h) doubled 
to 0.056 ± O.Olll/kg/h after 17-32 days of carbamazepine use (BERTILSSON et 
al. 1980). The value of CLiF is higher in males than females, though not to a 
statistically significant extent (SUMMERS and SUMMERS 1989). It diminishes with 
increasing body weight (Lm and DELGADO 1994a) and with age in childhood 
(ALBANI et al. 1992; YUKAWA et al. 1992; Lru and DELGARDO 1994b). The value 
of CLiF increases with increasing dosage of carbamazepine (SUMMERS and 
SUMMERS 1989: HARTLEY et al. 1990; BERNUS et al. 1996), and does so in a non
linear fashion (YUKAWA and AOYAMA 1996). 

The renal clearances of carbamazepine, carbamazepine-1 0, 11-epoxide 
and carbamazepine-lO.1 I-trans-diol are, respectively, 0.001, 0.008 and 
0.160-0.3501lh, the values being urine flow dependent (VREE et al. 1986). 

c) Carbamazepine-10,l1-epoxide 

In humans, carbamazepine-l0,1l-epoxide has a half-life of 6.1 ± 0.9 h (TOMSON 
et al.1983), 7.4 ± 1.8h (SPINA et al. 1988) or 6.9 ± 2.7h (HOOPER et al.1985), a 
plasma clearance of 0.105 ± 0.017l1kg/h (SPINA et al. 1988) or 0.0891/kg/h 
(TOMSON et al. 1983) and an apparent volume of distribution (V/F) of 
1.1 ± 0.211kg (SPINA et al. 1988). Some 90% of a carbamazepine-1O,11-epoxide 
dose is excreted in urine as carbamazepine-lO,ll-trans-diol and its O-glu
curonide conjugate (TOMSON et al. 1983). 

IV. Clinical Pharmacokinetics 

Under conditions of continuing carbamazepine intake, a new steady state 
should exist within 3 or 4 days of a carbamazepine dosage change. Steady-state 
plasma carbamazepine concentrations may show considerable interdosage 
fluctuations, e.g. by 79 ± 29% with twice daily administration (TOMSON 1984). 
The fluctuation is probably mainly due to the absorption characteristics of the 
carbamazepine dosage form in use. When carbamazepine is used as monother
apy, plasma carbamazepine-1O,11-epoxide concentrations average 18.9% (in 
children - SCHOEMAN et al. 1984), 19.6 ± 2.4% (ALfAFuLLAH et al. 1989) or 
20%-25% (McKAUGE et al. 1981) of simultaneous plasma carbamazepine 
ones. though the ratio between metabolite and parent substance increased 
with increasing plasma carbamazepine concentrations (FROSCHER et al. 1988; 
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THEODORE et al. 1989b) and was higher in adults than in children (McKAUGE 
et al. 1981). 

In individual patients receiving carbamazepine monotherapy, steady-state 
plasma carbamazepine concentrations rise less than proportionately in rela
tion to the magnitude of drug dosage increases (COTTER et al. 1977; TOMSON et 
al. 1989; BERNUS et al. 1996). This non-linearity is due to the ongoing dose
dependent auto induction which involves the drug's major elimination mech
anism (see above). In populations of treated patients there has been a wide 
scatter of steady-state carbamazepine concentrations relative to drug dose, so 
that in various studies there has (LANDER et al. 1977; KUMPS 1981) or has not 
(MORSELLI 1975; BOURGEOIS and WAD 1984) been a statistically significant cor
relation between the two. The dose-dependent clearance of carbamazepine 
contributes to this relative lack of correlation. 

The therapeutic range of plasma carbamazepine concentrations for treat
ing epilepsy in humans is generally regarded as 4-6 to 10-12mg/J when the 
drug is used in monotherapy (e.g. BERTILSSON and TOMSON 1986). SCHMIDT 
et a1. (1986) found that plasma carbamazepine concentrations above 5.5mg/1 
were required to prevent bilateral tonic-clonic seizures, but concentrations 
above 7 mg/l were needed to control partial seizures. EADIE (1994) noted that 
carbamazepine concentrations above 5 mg/l were needed to have a reasonable 
chance of achieving seizure control in epileptic patients under his care. 
No clear information is available regarding the contribution to the overall 
antiepileptic and toxic effect made by the carbamazepine-10,11-epoxide that 
is also present. When carbamazepine is used in combination with other micro
somal P450 inducing anticonvulsants, or with valproate, plasma carbamazepine 
concentrations tend to fall relative to plasma carbamazepine-1 0, ll-epoxide 
levels (also see "Interactions"). In such circumstances the limits of the thera
peutic range for carbamazepine prove to be lower than when the drug is used 
as the sole anti epileptic agent prescribed. These limits cannot be defined accu
rately, partly because the magnitude of the interaction probably varies with 
the dosage of the interacting drug from case to case, and there do not appear 
to be good data relating the sum of simultaneous carbamazepine and metabo
lite concentrations to the biological effects that are present. In treating neu
ralgia, plasma carbamazepine concentrations in the range 2-7 mg/l were 
associated with a 25%-75% decrease in pain (MOOSA et a1. 1993), while 
TOMSON et a1. (1980) quoted a plasma carbamazepine concentration range of 
5.7-10.1mg/1 as associated with control of trigeminal neuralgia. 

Epilepsy may worsen with plasma carbamazepine concentrations above 
20mg/l (ThOUPIN and OJEMANN 1976). In carbamazepine overdosage, plasma 
drug concentrations above 40mg/l have been associated with an increased risk 
of coma, seizures, respiratory failure and cardiac conduction defects (HOJER 
et a1. 1993). In the study of TIBBALLS (1992), patients in moderate coma after 
carbamazepine overdosage had a mean serum drug concentration of 28mg/l 
(112.uM) while those with mildly depressed or normal levels of consciousness 
had a mean plasma carbamazepine level of 18mg/1 (73.uM), though 53% of 
the latter subjects had ataxia, 38% had nystagmus and 17% experienced vom-
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iting. During recovery from carbamazepine overdosage, plasma carba
mazepine concentrations above 24 mg/l were associated with seizures and 
coma, levels of 15-25 mg/l with combativeness. hallucinations and choreiform 
dyskinesis, and levels in the range 11-15 mg/l with ataxia and drowsiness 
(WEAVER et al. 1988). 

a) Pregnancy 

There is some inconsistency in the literature as to whether plasma carba
mazepine concentrations fall relative to drug dose as pregnancy progresses, 
and whether the value of CLiF inceases. Plasma unbound concentrations of 
carbamazepine and carbamazepine-10,1l-epoxide averaged 25% and 50%, 
respectively, of whole plasma concentrations of these substances during preg
nancy, but 22 % and 43 % postpartum in the same women (YERBY et al. 1985). 
BATTINO et al. (1985) and YERBY et al. (1992) found that, during pregnancy, 
plasma carbamazepine concentrations fell relative to drug dose but plasma 
unbound concentrations of the drug did not. In contrast, BARDY et al. (1982), 
LEVY and YERBY (1985) and TOMSON et al. (1994) found no significant change 
in whole plasma carbamazepine concentrations during pregnancy, though the 
last mentioned authors showed that the value of CLiF for both the unbound 
drug and the total drug in plasma did increase in the final trimester. LANDER 
and EADIE (1991) noted that it had been necessary to increase carbamazepine 
dose in 70% of pregnancies in which the drug was used to maintain plasma 
carbamazepine concentrations throughout pregnancy at prepregnancy or early 
pregnancy values. However, they also noted that the dose increases were nec
essary mainly in women who took carbamazepine with antiepileptic co
medications. Subsequently, BERNUS et a1. (1995), in metabolic balance studies, 
showed that the oxidation of carbamazepine to carbamazepine-l0,11-epoxide 
increased during pregnancy, though to a greater extent in women taking car
bamazepine with phenytoin or phenobarbitone; conversion of the epoxide to 
the subsequent trans-diol derivative was less increased, and formation of 
9-hydroxymethyl acridan and probably 2-hydroxy carbamazepine was also 
increased. Glucuronidation of all the phase I metabolites of the drug was unal
tered. In the co-medicated women, the greater increase in epoxide formation 
caused an increase in the overall plasma clearance of the drug, whereas in the 
women receiving carbamazepine in monotherapy the lesser increase in flux 
through the earlier stage of the epoxide-diol pathway resulted in relatively 
little change in carbamazepine clearance. When this situation was recognized 
and previous reports were reviewed, it became apparent that earlier workers 
who had found increased carbamazepine clearances in pregnancy had studied 
mainly co-medicated women, and those who had not found increased clear
ances had studied mainly women receiving carbamazepine as monotherapy. 

b) Disease States 

Plasma carbamazepine concentrations show a temporary rise following 
epilepsy surgery, without change in the unbound fraction of the drug in plasma 
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(GIDAL et al. 1996). The value of VareaIF after a first dose of carbamazepine is 
higher (98.4 ± 26.9 vs. 60.7 ± 8.51), and the half-life longer (59.4 ± 14.7 vs. 31.0 
± 5.0h), in the obese than in the lean (CARACO et al. 1995). Following myocar
dial infarction, plasma aI-acid glycoprotein and total carbamazepine and car
bamazepine-10,1l-epoxide concentrations rise (CLOYD 1991), while in various 
disease states the carbamazepine unbound fraction in plasma is inversely 
related to the plasma concentration of this particular circulating protein. 
Plasma protein binding capacity for carbamazepine was unaltered in renal 
disease, but slightly increased in liver disease, in the study of HOOPER et al. 
(1975). The oral bioavailability of carbamazepine is decreased in children with 
protein-energy malnutrition (BANO et al. 1986). 

E. Interactions 

I. Pharmacodynamic Interactions 

Carbamazepine is sometimes prescribed with other antiepileptic drugs in the 
hope of achieving better control of epileptic seizures, and there is some evi
dence that this aim is sometimes realized (CEREGHINO et al. 1975). The ques
tion of rational combinations of antiepileptic drugs, in particular agents with 
different and therefore potentially additive mechanisms of anti epileptic 
action, has attracted some recent interest (EADIE 1997). However, pharmaco
kinetic interactions between the agents involved may confound the interpre
tation of the situation with such drug combinations. 

If carbamazepine is used together with other drugs which also have seda
tive properties, or with alcohol, increased overall sedation may occur. 

II. Pharmacokinetic Interactions 

The pharmacokinetic interactions in which carbamazepine is involved have 
been reviewed by LEVY and WURDEN (1995), RIVA et al. (1996) and SPINA 
et al. (1996). 

1. Interactions Which Lower Plasma Carbamazepine Concentrations 

Activated charcoal (NEUVONEN and OLKKOLA 1988; NEUVONEN et al. 1988; 
MONTOYA-CABRERA et al. 1996) and enteral feeding (BASS et al. 1989) lower 
plasma carbamazepine concentrations by interfering with the absorption of 
the drug from the alimentary tract. Salicylates displace carbamazepine from 
plasma proteins, thus lowering whole plasma carbamazepine concentrations 
rather than plasma water ones (DASGUPTA and THOMPSON 1995; DASGUPTA and 
YOLK 1996). 

Apart from these displacement type processes, the interactions which 
result in lowered plasma carbamazepine concentrations appear due to 
increased clearance of the drug, probably arising from hetero-induction of its 
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metabolism. The agents responsible for such interactions include antipyrine 
(WEITHOLTZ et a1. 1989); cyclosporin A (PICHARD et a1. 1990); felbamate 
(FUERST et a1.1988; GRAVES et a1. 1989; ALBANI et al. 1991). though simultane
ous carbamazepine-10,11-epoxide concentrations may rise (RAMBECK et al. 
1996); fluoxetine and fluvoxamine (NEMEROFF et al. 1996); nefazodone 
(NEMEROFF et al. 1996); phenobarbitone (LIU and DELGARDO 1995; YUKAWA 
and AOYAMA 1996); associated with a decreased clearance of carbamazepine-
1O.11-epoxide (SPINA et al. 1991); phenytoin (ZIELINSKI and HAIDUKEWYCH 
1987; RAMSAY et al. 1990; DUNCAN et al. 1991; LIU and DELGARDO 1994c. 1995); 
primidone (BENETELLO and FERLANUT 1987; LIU and DELGADO 1994c); pro
gabide (GRAVES et al. 1988); sertraline (NEMEROFF et a1. 1996); topiramate 
(BOURGEOIS 1996; SACHEDO et a1. 1996); zonisamide (MINAMI et al. 1994) and 
zopiclone (FERNANDEZ et a1. 1995). in this case associated with reduced plasma 
carbamazepine-lO.ll-epoxide concentrations (KUITUNEN et al. 1990). 

When valnoctamide is administered together with carbamazepine. 
plasma concentrations of the latter are unaltered but concentrations of 
carbamazepine-lO.ll-epoxide fall (PISANI et a1. 1993). 

2. Interactions Which Raise Plasma Carbamazepine Concentrations 

Interactions between carbamazepine and other drugs which lead to raised 
plasma carbamazepine concentrations (probably by inhibition of carba
mazepine metabolism) have been described. involving: alcohol. after a 
debauch (STERNEBRING et al. 1992); certain Ca2+ channel antagonists. viz. dilti
azem (MAOZ et al. 1992) and verapamil (MACPHEE et al. 1986; BEATTIE et al. 
1988; BAHLS et al. 1991). but not nifedipine (CHEYMOL and ENGEL 1989; BAHLS 
et al. 1991); cimetidine. but only at the commencement of therapy with the 
drug (DALTON et a1. 1985); danazol (ZIELIKSKI et al. 1987): dextropropoxyphene 
(OLES et al. 1989; ALLEN 1994); fluvoxamine (PERUCCA et a1. 1994; COTTENCIN 
et al. 1995; VAN HARTEN 1995): fluoxetine (NEMEROFF et al. 1996); imipramine 
(DANIEL and NETTER 1988); influenza vaccine (JANN and FIDONE 1986); isoni
azid (GARCIA et a1.1992); lithium (CHAUDRY and WATERS 1983): some macrolide 
antibiotics. including clarithromycin (ALBANI et al. 1993; O'CONNOR and 
FRIS 1994). erythromycin (MILES and TENNISON 1989). josamycin (VINCON 
et al. 1987); troleandeomycin (VON ROSENSTEIL and ADAM 1995) but not 
azithromycin and spiramycin (VON ROSENSTEIL and ADAM 1995); nafimidone 
(TREIMAN and BEN-MENACHEM 1987); naproxen (DASGUPTA and YOLK 1996); 
nicotinamide (BOURGEOIS et al. 1982); quinine (AMABEOKU et al. 1993); 
remacemide (LEACH et al. 1996); stiripentol (KERR et al. 1991; TRAN et al. 
1996); valproamide [399/1983] (MACPHEE et al. 1988); viloxazine (PISANI et al. 
1984. 1986) and zonisamide (MACPHEE et al. 1988). 

Co-administration of lamotrigine does not alter plasma carbamazepine 
concentrations but raises plasma carbamazepine-1O.11-epoxide concentra
tions (RAMBECK and WOLF 1993). Combining carbamazepine with valproate 
leads to increased concentrations of plasma unbound carbamazepine and 
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carbamazepine-10,1l-epoxide, and either to unaltered total plasma carba
mazepine and raised total plasma carbamazepine-lO,ll-epoxide concentra
tions (McKAUGE et al.1981; ROBBINS et al.1990; McKEE et al.1992) or to raised 
concentrations of both (LIU and DELGADO 1994d; Lru et al. 1995; SVINAROV 
and PIPPENGER 1995; BERNUS et al. 1997). Metabolic balance studies (BERNUS 
et al. 1997) suggest that valproate inhibits both epoxide hydrolase and UDP
glucuronosyl transferase activity. The drug loxepine also appears to inhibit car
bamazepine-10,1l-epoxide metabolism (COLLINS et al. 1993). 

3. Interactions in Which Carbamazepine Lowers the Plasma 
Concentrations, or Increases the Clearances, of Other Drugs 

Carbamazepine not only induces cartain CYP450 isoforms involved in its own 
metabolism. It also probably induces other P450 isoforms and thus enhances 
the biological oxidations of numerous co-administered drugs. It also increases 
epoxide hydrolase and UDP-glucuronosyl transferase activities. In rats it 
induces certain cytochrome P450 isoenzymes, principally CYP2B1 and 
CYP2B2 and, to a lesser extent CYP3 (PANESAR et al. 1996). Drugs whose 
clearances are increased by carbamazepine administration include: alprazolam 
(ARANA et al. 1988); antipyrine (PATSALOS et al. 1988); bupropion (KETTER et 
al. 1995); clobazam, but with a decreased clearance of desmethylclobazam 
(SENNOUNE et al. 1992); clozapine (JERLING et al. 1994; TUHONEN et al. 1995); 
various "conazoles" e.g. fluconazole, itraconazole and ketoconazole (TUCKER 
et al. 1992); coumarins (HARDER and THURMANN 1996); cyclosporin A (COONEY 
et al. 1995; CAMPANA et al. 1996), desipramine (SPINA et al. 1995); dexametha
sone (GUTHRIE 1991); doxepin (LEINONEN et al. 1991); doxycycline (NEUVONEN 
et al. 1975); erythromycin (WARREN et al. 1980); ethinyloestradiol and 
levonorgesterol (CRAWFORD et al. 1990); ethosuximide (DUNCAN et al. 1991); 
felbamate (WAGNER et al. 1993; RAMBECK et al. 1996); haloperidol (JANN et al. 
1985; KAHN et al. 1990); hydroxycarbazepine (McKEE et al. 1994); imipramine 
(BROWN et al. 1990); lamotrigine (BRODIE 1996); merbendazole (LUDER et al. 
1986); midazolam (BACKMAN et al. 1996); nimodipine (MUCK et al. 1995); 
nortriptyline (BROSEN and KRAGH-SORENSEN 1993); opiates (MAURER and 
BARTKOWSKI 1993); praziquantel (BITTENCOURT et al. 1992); prednisolone 
(OLIVESI 1986); primidone (BATTINO et al. 1983); remacemide (LEACH et al. 
1996); rifampicin (BACHMANN and JAUREGUI 1993); trazodone (OTANI et al. 
1996); theophylline (JONKMAN and UPTON 1984); thioridazine (TIIHONEN 
et al. 1995); valproate (DUNCAN et al. 1991; SUZUKI et al. 1991; BATTINO et al. 
1992), with increased plasma concentrations of 4-en-valproate (KONDO et al. 
1990; LEVY et al. 1990), vecuronium (ALLOUL et al. 1996) and warfarin (WELLS 
et al. 1994). 

4. Interactions Leading to Raised Concentrations of Other Drugs 

Although earlier studies suggested that carbamazepine administration caused 
plasma phenytoin concentrations to fall (RICHENS and HOUGHTON 1975; 
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WINDORFER and SAUER 1977), more recent data indicate that the drug causes 
raised plasma phenytoin concentrations (ZIELINSKI et al. 1985; ZIELINSKI and 
HAIDUKEWYCH 1987; BROWNE et al.1988; DUNCAN et al. 1991). In human foetal 
liver microsomes, carbamazepine inhibited the 2-hydroxylation of desipramine 
(SPINA et al. 1986), and in rats decreased imipramine demethylation (DANIEL 
and NETTER 1988). 

F. Adverse Effects 
The unwanted effects of carbamazepine were reviewed by SHAHAR and BEN 
ZE'EV (1989). They are dealt with below under the categories of (1) isolated 
(typically asymptomatic) biochemical abnormalities, (2) dose-determined 
abnormalities, (3) idiosyncratic abnormalities, and (4) foetal abnormalities. 

I. Biochemical Abnormalities 

Such abnormalities associated with carbamazepine intake include: raised 
serum concentrations of: alkaline phosphatase (OKESINA et al. 1991), oc
curring in 14% of treated subjects (ALDEN HOVEL 1988); apolipoprotein A 
(CALANDRE et al. 1991); total, HDL and LDL cholesterol (FRANZONI et al. 1992; 
ISOJARVI et al. 1993; EIRIS et al. 1995); copper (SOZUER et al. 1995); y-glutamyl 
transpeptidase (in 64% of treated subjects - ALDENHOVEL 1988); sex hormone 
binding globulin in females (ISOJARVI et al. 1995a) and males (ISOJARVI et al. 
1995b), and reduced serum or plasma levels of: bilirubin (GOUGH et al. 1989); 
carnitine (HUG et al. 1991); cortisol (PERINI et al. 1992); folate (REIZENSTEIN 
and LUND 1973), though BENTSEN et al. (1983) obtained a contrary result; 
immunoglobulin G2 but not GL G3 or G4 (GILHUS and LEA 1988); free 
luteinizing hormone, testosterone and dehydroepiandrosterone sulphate in 
females (ISOJARVI 1990); 17,a-oestradiol (ISOJARVI et al. 1995a): thyroxine and 
tri-iodothyronine (ISOJARVI et al. 1990); tryptophan (PRATT et aI.1984); uric acid 
(RING et al. 1991; FICHSEL et al. 1993) and 24-hydroxy-vitamin D (LAMBERG 
et al. 1990). 

Red blood cell folate concentrations may be reduced by carbamazepine 
intake (AL MUSAED et al. 1992; FROSCHER et al. 1995). whilst interleukin 2 
production by peripheral blood mononuclear cells is increased (PACIFIC I 
et al. 1995). There are increased excretion of cx1-microglobin in urine 
(KORINTHENBERG et al. 1994), increased levels of thyrotropin releasing 
hormone in affectively ill patients (MARANGELL et al. 1994) and decreased con
centrations of somatostatin in CSF (RICHARDSON and TWENTE 1992). 

II. Dose-Determined Adverse Effects 

Within the range of plasma carbamazepine concentrations which is usually 
considered "therapeutic" in treating epilepsy, the drug can cause measurable 
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effects on aspects of cognitive function, including memory and on behaviour 
(FORSYTHE et al. 1991; RONNBERG et al. 1992), together with a selective mea
surable decline in psychomotor performance (GILLHAM et al. 1990). These 
changes are usually mild enough to be regarded as acceptable by patients and 
their families: if not, carbamazepine dosage will probably be reduced. A 
number of studies have suggested that, when carbamazepine and phenytoin 
are compared, the latter drug has a less favourable neuropsychological profile 
(DODRILL and TROUPIN 1991), but more recent work has not confirmed this 
(MEADOR et al. 1991; VERMA et al. 1993; ALDENKAMP and VERMEULEN 1995; 
DEVINSKY 1995; PULLIAINEN and JOKELAINEN 1995). 

At higher plasma carbamazepine concentrations there may be a phase of 
temporary drug toxicity coinciding with the expected time of peak plasma drug 
concentration after each drug dose (HAEFELI et al. 1994; RIVA et al.1984), par
ticularly when rapidly absorbed carbamazepine preparations are used. The 
usual symptoms are sensations of dysequilibrium, ataxia of gait, nystagmus and 
sometimes diplopia. At still higher plasma carbamazepine concentrations such 
manifestations occupy increasing proportions of the dosage interval until they 
are present continuously. Fatigue and drowsiness develop as the drug concen
tration rises further, consciousness becomes impaired, and coma and ulti
mately death may follow. Prior to this stage seizures, dystonia and cardiac 
conduction defects may appear (BRIDGE et al. 1994; SCHMIDT and SCHMIDT
BURL 1995; STREMSKI et al.1995). Hyponatraemia was noted in 12% of the car
bamazepine overdosage cases described by SEYMOUR (1993). 

1. Hyponatraemia 

Serum Na+ concentrations tend to be reduced in patients taking long term 
carbamazepine therapy, and actual hyponatraemia sometimes develops 
(GLANDELMAN 1994; VAN AMELSVOORT et al. 1994). This is usually asympto
matic, but it can produce symptoms and, uncommonly, may worsen the 
epilepsy for which the drug has been prescribed (BALLARDIE and MUCKLOW 
1984). The severity of the disturbance appears to some extent related to the 
carbamazepine dose and the duration of therapy with the drug. The electrolyte 
disturbance is usually attributed to inappropriate antidiuretic hormone secre
tion induced by the drug, but the detailed mechanisms involved are not fully 
elucidated (see "Other Biochemical Effects"). 

III. Idiosyncratic Adverse Effects 

Many of the reported unwanted effects of carbamazepine appear to be idio
syncratic in nature. Their severity is not dose-proportional and they may affect 
various bodily organs and systems. Their pathogenesis is often poorly under
stood, with the exception of a pattern of hypersensitivity reaction which is 
described below, and which typically affects multiple tissues soon after carba
mazepine intake commences. 
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1. Aromatic Anticonvulsant Hypersensitivity Syndrome 

In its fully developed form, this syndrome (DE VRIESE et al. 1995) may affect 
multiple bodily organs and tissues. SHEAR and SPIELBERG (1988) found that 
fever occurred in 94% of cases, skin rashes in 87%, hepatitis in 51 % and 
haematological abnormalities (often eosinophilia) in 51 %. The kidneys, lym
phoid tissue (sometimes a pseudolymphoma reaction - DE VRIESE et al. 1995) 
and lungs are involved less frequently. Manifestations usually first appear in 
the 2nd or 3rd week of exposure to carbamazepine. If death occurs, it is usually 
due to liver failure. The syndrome occurs in 1: 1000 to 1: 10000 persons who 
receive carbamazepine (VITroRIO and MUGLIA 1995). Some affected individu
als show a similar pattern of adverse reaction after intake of other antiepilep
tic drugs which contain an aromatic moiety in their chemical structure. A good 
deal of work has been done on the pathogenesis of the syndrome (DAVIS 
et a1. 1995). There is some evidence that a reactive metabolite of carba
mazepine may be responsible, possibly 9-acridine carboxyaldehyde (FURST and 
UETRECHT 1995; FURST et a1. 1995) or an arene oxide derivative (PIRMOHAMED 
et a1.1992; GAEDIGK et a1. 1994). but not carbamazepine-l0.l1-epoxide. Altered 
immunological reactivity is present (HORNEFF et al. 1992; MAURI-HELLWEG 
et a1. 1995). with production of antibodies against carbamazepine (LEEDER 
et a1. 1992). The skin lesions have shown histological changes consistent with 
delayed-type allergy (GALL et a1. 1994) and an imune complex drug reaction 
(SCERRI et a1. 1993). 

It seems feasible that a number of idiosyncratic toxic reactions to the 
drug described below which involve single organs or tissues may depend on 
similar mechanisms, so that they are really formes fruste of the full syndrome 
which may not have had time to develop before carbamazepine intake was 
terminated. 

2. Skin 

A degree of alopecia occurs in 6% of persons taking carbamazepine 
(McKINNEY et al. 1996), and skin rashes in 12% (KRAMLINGER et a1. 1994) or 
16.6% (CHADWICK et a1. 1984). The usual pattern of rash begins as an erythe
matous macular one. which disappears if carbamazepine intake is ceased. 
Other patterns of skin reaction are known, e.g. erythroderma (OKUYWAMA et 
al. 1996), a psoriatiform (BRENNER et a1. 1994) or lichenoid eruption (YASUDA 
et a1. 1988; ATKIN et al. 1990), a nodular cutaneous Iymphoproliferative 
disorder (SIGAL-NAHUM et a1. 1992). a mycosis fungoides-like dermatosis 
(RIJLAARSDAM et al. 1991: FITZPATRICK 1992) and toxic epidermal necrolysis 
(SAKELLARIOU et al. 1991: FRIEDMANN et al. 1994; ROUJEAU et al. 1995). 

3. Nervous System 

Various uncommon. presumably idiosyncratic neurological complications of 
carbamazepine intake have been described, including: increased seizures 
(SNEAD and HOSEY 1985; HORN et al. 1986; NEuFELD 1993; MIYAMOTO et al. 
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1995); tics (NEGLIA et al.1984; ROBERTSON et al.1993); asterixis (NG et al.1991; 
RITTMANNSBERGER et al. 1991); dyskinesis (SCHWARTZMAN and LEPPIK 1990); 
non-epileptic myoclonus (AGUGLIA et al. 1987); external ophthalmoplegia 
(SCHWARTZMAN and LEPPIK 1990; RITTMANNSBERGER et al. 1991); the neurolep
tic malignant syndrome (O'GRIOFA and VORIS 1991); encephalomyelopathy 
(VESTERMARK and VESTERMARK 1991); oculogyric crisis (GORMAN and BARKLEY 
1995); psychosis (SCHMITZ and TRIMBLE 1995), sometimes following carba
mazepine withdrawal (DARBAR et al. 1996); aseptic meningitis (SIMON et al. 
1990; MAIGNEN et al. 1992) and (almost always asymptomatic) slowed periph
eral nerve conduction velocities (GERALDINI et al. 1984; KRAUSE and BERLIT 
1990). 

4. Haematological 

Leucopenia occurred in 2.1 % of 977 persons taking carbamazepine (TOHEN et 
al. 1995), though SOBOTKA et al. (1990) had earlier reported this abnormality 
in 12% of children and 7% of adults. Other reported abnormalities include: 
agranulocytosis (OLCAY et al. 1995; SPICKETT et al. 1996; KAUFMAN et al. 1996); 
aplastic anaemia (GERSON et al. 1983; FRANCESCHI et al. 1988; BETTICHER et al. 
1991; KAUFMAN et al. 1996); pure red cell aplasia (BUITENDAG 1990); haemolytic 
anaemia (STROINK et al. 1984); and thrombocytopenia (KANEKO et al. 1993; 
SHECHTER et al. 1993; KIMURA et al. 1995). 

There have also been reports of systemic lupus erythematosus due to 
carbamazepine (BOON et al. 1992; SCHMIDT et al. 1992; DVORY and KORCZYN 
1993). 

5. Cardiovascular 

Reported cardiovascular toxic effects of carbamazepine include: eosinophilic 
myocarditis (SALZMAN et al. 1997); arrhythmias (KENNEBACK et al. 1991); 
cardiac conduction abnormalities (BENASSI et al. 1987; HANTSON et al. 1993); 
bradycardia (KENNEBACK et al. 1992), which nearly always occurs in the elderly 
(KASARSKIS et al. 1992); tachycardia in the overdosed (KASARSKIS et al. 1992); 
syncope (STONE and LANGE 1986; JACOME 1987); vasculitis (HARATS and SHALIT 
1987); and granulomatous angiitis (IMAI et al. 1989). 

6. Respiratory 

Carbamazepine has been reported to cause pneumonitis (TAKAHASHI et al. 
1993; KING et al. 1994) and pulmonary eosinophilia (TOLMIE et al. 1983). 

7. Alimentary Tract 

Carbamazepine may cause intractable diarrhoea (lYER et al. 1992) and 
eosinophilic colitis (ANTTILA and VALTONEN 1992), whilst excessive appetite 
and weight gain have been reported (LAMPL et al. 1991; PUL and MEINDERS 
1996). 
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8. Liver 

As well as being part of the aromatic anticonvulsant hypersensitivity syn
drome, hepatitis may occur as a seemingly isolated and usually reversible man
ifestation of carbamazepine toxicity (HOROWITZ et al. 1988; MARTINEZ et al. 
1993). Cholangitis (LA SPINA et al.1994) and the vanishing bile duct syndrome 
(DE GALOSEY et al. 1994) have also been reported. 

9. Pancreas 

Pancreatitis may complicate carbamazepine use (SOMAN and SWENSON 1985; 
TSAO and WRIGHT 1993). 

10. Kidneys 

Carbamazepine has caused interstitial nephritis (LAMBERT and FOURNIER 1992; 
EUGENRAAM et al. 1997). 

11. Bone 

Used in continuing monotherapy, carbamazepine appears to produce no 
significant adverse effects on bone (TJELLERSEN et al. 1983). In confirmation 
of this, SHETH et al. (1995) found no changes in bone mineral density in chil
dren after at least 6 months intake of the drug. 

12. Porphyria 

Carbamazepine may precipitate attacks of porphyria (YEUNG-LAIWAH et al. 
1983), by inducing 5-aminolaevulinate synthase, secondary to an increased uti
lization of heme by tryprophan pyrrolase (MORGAN and BADAWY 1992). 

13. Thyroid 

Although carbamazepine intake is associated with measured alterations in 
concentration of circulating thyroid hormones (see above - "Biochemical 
Abnormalities"), there is no clinical evidence of associated thyroid disease. 
Some evidence exists that the abnormal biochemical findings may be conse
quences of carbamazepine displacing thyroid hormones from plasma protein 
binding sites (SURKS and DE FESI 1996) so that thyroid stimulating hormone 
concentrations (which are unaltered) provide more reliable measures of 
thyroid function in the presence of the drug. 

IV. Foetal Toxicity 

For some years, carbamazepine was regarded as the least foeto-toxic of the 
commonly used antiepileptic drugs in humans (STARREVELD-ZIMMERMAN et al. 
1973), but its use in pregnancy is now believed to be associated with a foetal 
carbamazepine syndrome (JONES et a1.1989; ORNOY and COHEN 1996; NULMAN 
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et al. 1997) comprising minor cranio-facial defects, fingernail hypoplasia and 
developmental delay, and with decreased foetal growth (BERTOLLINI et al. 
1987). More importantly, carbamazepine intake during pregnancy is associated 
with an increased incidence of spinal dysraphism in the offspring (KALLEN et 
al. 1989; ROSA 1991; LINDHOUT and OMTZIGT 1992; KALLEN 1994; SHURTLEFF 
and LEMIRE 1995). Hypospadias may also occur (LINDHOUT and OMTZIGT 
1992). HANSEN et al. (1996) have shown that carbamazepine, but not carba
mazepine-10,1l-epoxide, is embryotoxic to rodents, though of course the foetal 
tissue injury could depend on carbamazepine metabolites apart from the 
epoxide (FINNELL et al. 1995). 

The mutagenicity of carbamazepine in humans has been studied by 
SINUES et al. (1995). There was an increase in sister chromatid exchange fre
quencies and in proliferation indices, but not in other measures of mutagenic 
potential. 
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CHAPTER 11 

Oxcarbazepine 

S.c. SCHACHTER 

A. Introduction 
Oxcarbazepine (OXC) was first introduced in 1990, in Denmark, and is now 
registered in 31 countries worldwide for use as monotherapy and as add-on 
treatment for partial seizures, whether or not they became secondarily gener
alized, and for primary generalized tonic-clonic seizures. The estimated patient 
exposure to the drug currently exceeds 50,000 patient years. Oxcarbazepine is 
under active investigation in the United States. 

This chapter will discuss the mechanisms of action, metabolism, and phar
macokinetics of both oxcarbazepine and its pharmacologically active metabo
lite mono-hydroxycarbazepine, as well as the efficacy, safety, and tolerability 
profiles of the drug. Unless otherwise referenced, all study-related data are on 
file at Novartis Pharmaceuticals Corporation, BaseL Switzerland. 

B. Chemistry and Use 
Oxcarbazepine (1O,1l-dihydro-10-oxo-carbamazepine) is a neutral lipophilic 
compound (MW 252.28) with a very low solubility in water. Although oxcar
bazepine is chemically and structurally similar to carbamazepine (CBZ), 
its biotransformation pattern is completely different. Oxcarbazepine is rapidly 
metabolized by reduction to an active mono hydroxy derivative (lO-hydroxy
carbazepine), which is thought to be responsible for the anti epileptic effect of 
the drug (Fig. 1). 

C. Pharmacodynamics 

I. Biochemical Pharmacology 

Oxcarbazepine and mono-hydroxycarbazepine have demonstrable effects on 
neuronal ion channels. Firstly, at therapeutically relevant concentrations, both 
oxcarbazepine and mono-hydroxycarbazepine limit high-frequency, repeti
tive firing of cultured mouse spinal cord neurons by an effect on voltage
dependent Na+ channels (WAMIL et al. 1991; SCHMUTZ et al. 1994). Secondly, in 
the in vitro hippocampal slice modeL mono-hydroxycarbazepine reduces the 
frequency of penicillin-induced epileptiform spike discharges as recorded 
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Fig. 1. The main metabolic pathway of oxcarbazepine. Oxcarbazepine (1) is rapidly 
reduced to the pharmacologically active metabolite MHD (2), which is then 
glucuronidated (3) 

extracellularly over the CA3 area. This effect is reversed by the K+-channel 
blocker 4-aminopyridine, suggesting an effect on K+ channels (McLEAN et al. 
1994; SCHMUTZ et al. 1994). Thirdly, mono-hydroxycarbazepine produces a 
reversible, dose-dependent decrease in high-voltage-activated Ca2+ currents 
evoked by membrane depolarization in isolated striatal and cortical pyrami
dal cells. This effect is not antagonized by nifedipine (STEFANI et al. 1995). 

Neither oxcarbazepine nor mono-hydroxycarbazepine has an effect at 
r-aminobutyrate or other neurotransmitter receptor binding sites. 

II. Animal Models of Epilepsy 

In general, oxcarbazepine, mono-hydroxycarbazepine, and carbamazepine 
have similar spectra of anticonvulsant activity in animal models (McLEAN et 
al. 1994; SCHMUTZ et al. 1994; WAMIL et al. 1994). Mono-hydroxycarbazepine 
has therapeutic indices of more than 6 for sedation and 10 for motor impair
ment. There has been no evidence of tolerance or withdrawal seizures with 
either oxcarbazepine or mono-hydroxycarbazepine in monkeys or rats. 
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III. Human Epilepsies 

1. Monotherapy Trials 

a) Controlled Monotherapy Trials in Newly Diagnosed or 
Previously Untreated Patients 

321 

Oxcarbazepine and carbamazepine were compared in a blinded study of 235 
patients with newly diagnosed partial-onset or primary generalized seizures 
and were found to be equivalent in efficacy (DAM et al. 1989). Three other 
international, double-blind, mono therapy trials of oxcarbazepine in patients 
with newly diagnosed or previously untreated partial-onset or primary gener
alized seizures have been published and are described in detail below. One 
study compared oxcarbazepine with valproate (CHRISTE et al. 1997) and the 
other two, one in adults (BILL et al. 1997) and one in children and adolescents 
(GUERREIRO et al. 1997), compared oxcarbazepine with phenytoin. 

a) Study Designs 

Each of these studies was a multicentre, randomized, double-blind, parallel 
group trial with a retrospective baseline period. Equal numbers were ran
domized to each group. Blinded treatment was titrated over 8 weeks, based 
on the clinical response; antiepileptic drugs were administered 3 times daily. 
Their efficacy and tolerability were recorded during a 48-week maintenance 
period. The patients had to have at least two seizures separated by more than 
48 h in the preceding 6 months to qualify for entry to the trial. 

In the oxcarbazepine versus valproate study, the therapy of randomized 
patients was titrated to doses of between 900 and 2400mg daily for both 
antiepileptic drugs. In the other two studies, the oxcarbazepine and phenytoin 
dosages were 450-2400 mg daily and 150-800 mg daily, respectively. 

[3) Enrolment Information 

In the oxcarbazepine versus valproate study, 249 patients aged 15-65 years 
were randomized to the drugs. The groups were well matched with respect to 
age, gender, seizure type, and duration of epilepsy. Nearly 62% of the patients 
had partial seizures as their predominant seizure type; the others had gener
alized seizures without a focal onset. Though this was a study of newly 
diagnosed patients, the mean duration of epilepsy in the subjects was approx
imately 180 weeks. 

In the adult oxcarbazepine versus phenytoin study, 287 patients aged 
15-91 years were randomized to the therapies studied. The treatment groups 
were well matched. A majority of patients (63 %) had partial seizures as their 
main seizure type (59% of the oxcarbazepine- and 68% of the phenytoin
treated patients); the rest had generalized seizures without partial onset. The 
mean durations of epilepsy were 95 and 89 weeks for the oxcarbazepine- and 
phenytoin-treated patients, respectively. The patients' seizures were previously 
untreated. 
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In the paediatric oxcarbazepine versus phenytoin study, 193 patients aged 
5-17 years were randomized to the two groups, which proved to be well 
matched. A majority of the patients (78%) had partial seizures as their main 
seizure type; the rest had generalized seizures without a partial onset. The 
mean durations of epilepsy were 30 and 38 weeks for the oxcarbazepine- and 
phenytoin-treated patients, respectively. The patients' seizures were previously 
untreated. 

y) Results 

In each study, the primary efficacy variable was the proportion of seizure-free 
patients who had at least one seizure assessment during the maintenance 
period. 

In the oxcarbazepine versus valproate study, 212 patients (85% of those 
randomized) were included in the efficacy analysis. Slightly more than half of 
the patients in each treatment group remained seizure-free during the main
tenance period; there was no statistically significant treatment difference. Sim
ilarly, there was no treatment difference in the percentage of patients with 
partial-onset seizures who were seizure-free (46% and 48% for oxcarbazepine 
and valproate, respectively) or in the percentage of patients with primary 
generalized seizures who were seizure-free (72% and 62%, respectively). A 
greater proportion of the valproate-treated patients with secondarily general
ized seizures as their main seizure type were seizure-free compared with the 
oxcarbazepine-treated patients, though the number of patients in each treat
ment arm was low. Six patients in each treatment group discontinued treat
ment prematurely because of its lack of efficacy. 

In the adult oxcarbazepine versus phenytoin study, 237 patients (83 % of 
those randomized) were included in the efficacy analysis. Overall, nearly 60% 
of the patients in each treatment group were seizure-free during the mainte
nance period; there was no statistically significant difference between the 
treatments. Similarly, there was no treatment difference in the percentages of 
patients with partial-onset seizures who were seizure-free (56% and 53% for 
oxcarbazepine and phenytoin, respectively) or in the percentages of patients 
with primary generalized seizures who were seizure-free (64% and 68%, 
respectively). One patient in each treatment group discontinued treatment 
prematurely, because of its lack of efficacy. 

In the paediatric oxcarbazepine versus phenytoin study, 158 patients (82% 
of those randomized) were included in the efficacy analysis. Nearly 60% of 
patients in each treatment group were seizure-free during the maintenance 
period; there was no statistically significant difference between the treatments. 
Similarly, there was no difference in the percentages of patients with partial
onset seizures who were seizure-free (60% and 62% for oxcarbazepine and 
phenytoin, respectively) or in the percentages of patients with primary gener
alized seizures who were seizure-free (59% and 54%, respectively). Four 
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oxcarbazepine- and three phenytoin-treated patients discontinued treatment 
prematurely, because of a lack of efficacy of the therapy. 

8) Conclusions 

These comparative trials showed that oxcarbazepine had an efficacy in partial
onset and generalized tonic-clonic seizures similar to that of valproate in 
adults and to that of phenytoin in both children and adults. The comparative 
tolerability and safety of the drug will be discussed below. 

b) Pre-surgery Trials 

An impressive degree of seizure protection was seen in an open-label pilot 
trial of oxcarbazepine in pre-surgical patients (FISHER et al. 1996). To confirm 
these results, the first and only placebo-controlled trial of oxcarbazepine 
performed to date - a multicentre, double-blind, randomized, two-arm paral
lel monotherapy trial - compared oxcarbazepine 1200 mg twice daily with 
placebo in inpatients with refractory partial seizures who were undergoing 
pre-surgical evaluations (SCHACHTER et al. 1999). Patients exited the trial after 
completing the 10-day treatment period or after experiencing four partial 
seizures, two new-onset secondarily generalized seizures, serial seizures, 
or status epilepticus, whichever came first. The primary efficacy variable, the 
time to meeting one of the exit criteria, was statistically significant in favour 
of oxcarbazepine (p = 0.000l). The secondary efficacy variables, the percent
age of patients who met one of the exit criteria and the total partial seizure 
frequency from the 2nd to the 10th day of double-blind treatment, were also 
statistically significantly in favour of oxcarbazepine. Thirteen of the 51 oxcar
bazepine-treated patients (25%) remained seizure-free throughout the entire 
10-day treatment period. compared with only one placebo-treated patient 
(2%). 

2. Add-on and Open-label, Long-term Trials 

A double-blind, randomized, cross-over study compared oxcarbazepine 
to carbamazepine as add-on therapy in 48 patients with refractory epilepsy 
(HOUTKOOPER et al. 1987). The mean daily doses of oxcarbazepine and car
bamazepine were 2628 mg and 1302 mg. respectively. Patients with tonic
clonic or clonic seizures had significantly fewer seizures when treated 
with oxcarbazepine as compared with carbamazepine; no significant treat
ment differences were seen in the frequencies of partial or myoclonic 
seizures. 

VAN PARYS and MEINARDI (1994) treated 260 patients with open-label 
oxcarbazepine for a total exposure of 935 patient-years. In 89 patients, the 
treatment was changed to oxcarbazepine because carbamazepine therapy had 
been ineffective. Eight patients (9%) became seizure-free and 36 others (40%) 
showed substantial improvements in seizure frequency. 
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D. Pharmacokinetics 
I. Absorption, Bioavailability, and Distribution 

Oxcarbazepine is quickly and nearly completely absorbed after oral 
administration. When oxcarbazepine is taken with food, the area under 
the concentration-time curve (AUC) is increased by 16% (DEGEN et al. 
1994). In plasma, and at therapeutically meaningful concentrations, mono
hydroxycarbazepine is approximately 40% protein-bound. 

Oxcarbazepine and mono-hydroxycarbazepine cross the placenta and 
are excreted in breast milk, with a milk:plasma concentration ratio of 0.5 
(CIBA-GEIGY LIMITED 1996). 

II. Elimination 

Oxcarbazepine is eliminated almost entirely by metabolism. 

1. Metabolism 

Whereas carbamazepine initially undergoes hepatic oxidation to its 10,11-
epoxide (which then undergoes hydrolysis to form a diol derivative, fol
lowed by glucuronidation of this diol), oxcarbazepine is reduced to yield 10-
hydroxycarbazepine as its initial biotransformation product. This reduction is 
catalyzed by a cytosolic, non-microsomal, and non-inducible keto-reductase. 
The mono-hydroxy-carbazepine subsequently is either glucuronidated or oxi
dized to the same carbamazepine-l0,11-trans-diol metabolite that is formed 
from carbamazepine. While UDP-glucuronosyltransferase (the enzyme which 
glucuronidates mono-hydroxycarbazepine) is inducible, this induction is less 
pronounced than the carbamazepine-associated induction of the cytochrome 
P450 family of enzymes. Thus the metabolism of oxcarbazepine is independent 
of the cytochrome P450 system; induction or inhibition of this system by the 
presence of other antiepileptic drugs will have little effect on the metabolism 
of oxcarbazepine and mono-hydroxycarbazepine. 

The metabolites of oxcarbazepine are excreted predominantly by the 
kidneys. 

2. Elimination Parameters 

The plasma elimination half-life of oxcarbazepine is 1-2.5 h due to its rapid 
and almost complete conversion to mono-hydroxycarbazepine. The elimina
tion kinetics of mono-hydroxycarbazepine are first order. The plasma half-life 
of mono-hydroxycarbazepine averages 9 h and is stable over time. 

III. Clinical Pharmacokinetics 

Studies in volunteers and in patients with epilepsy show a linear, proportional 
relationship between daily dosages of oxcarbazepine and serum mono
hydroxycarbazepine concentrations (AUGUSTEIJN and VAN PARYS 1990). 
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1. Special Patient Groups 

a) Hepatic and Renal Impairment 

Hepatic impairment has no apparent effect on the pharmacokinetics of ox
carbazepine or mono-hydroxycarbazepine. However, because oxcarbazepine 
metabolites are cleared renally, mono-hydroxycarbazepine levels are 
significantly increased in patients with creatinine clearances under 30 mllmin; 
oxcarbazepine dosages in this group of patients should be reduced by 50% 
and the dosage titration phase should be prolonged (ROUAN et al. 1994). 

b) The Elderly and Children 

In volunteers aged 60-82 years, peak plasma mono-hydroxycarbazepine con
centrations and the Aue for mono-hydroxycarbazepine were significantly 
higher than in younger adults, probably due to the diminished creatinine clear
ance in older persons (VAN HEININGEN et al. 1991). 

Mono-hydroxycarbazepine concentrations in children aged from 6 to 18 
years are similar to those observed in adults (HOUTKOOPER et al. 1987), but 
those reported in children aged 2-5 years have been lower. 

E. Interactions 

I. Effects on Other Drugs 

Drug interaction trials showed that there was no auto-induction following 
oxcarbazepine use, and little or no hetero-induction of the metabolism of 
common co-medications such as cimetidine, erythromycin, and warfarin 
(KERANEN et al. 1992; KRAMER et al. 1992). These results permit the prediction 
that oxcarbazepine at clinically relevant doses should not interact pharmaco
kinetically with other drugs that are metabolized by any of the eight isoforms 
of the P450 system. 

Oxcarbazepine does not alter sex hormone binding globulin or androgen 
levels in men (ISOJARVI et al. 1994) but. like carbamazepine, does reduce 
ethinyloestradiol and levonorgestrel concentrations in non-epileptic women 
taking oral contraceptives (KLOSTERSKOV JENSEN et al. 1992). Breakthrough 
bleeding has been reported in patients with epilepsy taking oxcarbazepine and 
30l1g ethinyloestradiol daily (SONNEN 1990). 

II. Effects of Other Drugs on Oxcarbazepine 

Although they inhibit the metabolism of carbamazepine, erythromycin, cime
tidine and propoxyphene have no effects on the pharmacokinetics of oxcar
bazepine (KERANEN et al. 1992a,b; MOGENSEN et al. 1992). In one study, 
verapamil slightly reduced mono-hydroxycarbazepine plasma concentrations 
(KRAMER et al. 1991). 
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F. Adverse Effects 
I. Animal Studies 

1. Acute Exposure 

The LDso for a single oral administration of oxcarbazepine or mono
hydroxycarbazepine ranged between 1240mg/kg and greater than 6000mg/kg, 
depending on the species studied. 

2. Teratogenicity/CarcinogenicitylMutagenicity 

Oxcarbazepine doses of up to 150mg/kg had no effect on male and female rat 
fertility, or on the course of gestation in female rats. No teratogenicity was 
observed in mice and rabbits; one of two studies in rats showed dose-related 
teratogenicity at daily oxcarbazepine doses of 300 and 1000mg/kg. Mono
hydroxycarbazepine showed no teratogenic potential in rats and rabbits. 

Studies of long-term exposure to oxcarbazepine in rodents showed no evi
dence of carcinogenicity; no evidence of mutagenicity was found in any of the 
studies performed with oxcarbazepine or mono-hydroxycarbazepine. 

II. Human Studies 

1. Add-on, Open-label Trials 

In an open-label, retrospective study of 947 oxcarbazepine-treated patients, 
FRIIS et al. (1993) found that 33% of patients reported adverse events. Most 
of the adverse effects involved the central nervous system (dizziness 6%, seda
tion 6%, fatigue 6%). Rashes occurred in 6% of the patients, half of whom 
had experienced a rash previously when receiving carbamazepine. Because of 
their adverse effects, 18% of the patients discontinued oxcarbazepine therapy. 

VAN PARYS and MEINARDI (1994) used open-label oxcarbazepine to treat 
164 patients who had previously had adverse effects from, and/or intolerabil
ity to, carbamazepine. Thirty patients (18%) became free of adverse effects, 
and in 99 others (60%) the symptoms became tolerable. In addition to the 
improved tolerability of the therapy, the seizure control improved in 45 
patients, and 13 became seizure-free. 

2. Monotherapy Trials in Newly Diagnosed or 
Previously Untreated Patients 

In the three controlled monotherapy trials discussed above, the primary tol
erability criterion was the result of the log-rank test on the time to the pre
mature discontinuation of oxcarbazepine because of adverse experiences. 

In the oxcarbazepine versus valproate study, there was no difference in 
tolerability between the treatment groups (CHRISTE et al. 1997). Fifteen oxcar
bazepine-treated patients withdrew prematurely because of adverse effects, 
compared with ten valproate-treated patients (a difference that was not 
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statistically significant). The most frequent adverse effect from oxcarbazepine, 
which led to premature discontinuation of therapy, was skin allergy, which 
occurred in 5% of patients; in the study. hair loss was the most frequent reason 
for the premature discontinuation of valproate (3 %). Two oxcarbazepine
treated patients had plasma sodium concentrations of 130mmolll or less; both 
were asymptomatic. 

In the adult oxcarbazepine versus phenytoin study, the primary tolerability 
variable showed a statistically significant difference in favour of oxcar
bazepine: 5 oxcarbazepine-treated patients. compared with 16 phenytoin
treated patients (p = 0.02), withdrew prematurely from the study because of 
adverse effects (BILL et al. 1997). The most frequent adverse effects from 
phenytoin leading to premature discontinuation of therapy were rash (ten 
patients) and hirsutism/gum hypertrophy (five patients). One oxcarbazepine
treated patient withdrew because of a rash. No oxcarbazepine-treated patient 
became hyponatraemic. 

In the paediatric oxcarbazepine versus phenytoin study. the primary tol
erability variable showed a statistically significant difference (p = 0.002) in 
favour of oxcarbazepine: 2 oxcarbazepine-treated patients withdrew prema
turely because of adverse effects, compared with 14 phenytoin-treated patients 
(GUERREIRO et al. 1997). The most frequent adverse effects from phenytoin 
which led to premature discontinuation of therapy were hypertrichosis and/or 
gingival hypertrophy (ten patients). and rash (four patients). Two oxcar
bazepine-treated patients withdrew due to rashes. No oxcarbazepine-treated 
patient became hyponatraemic. 

III. Particular Adverse Effects in Humans 

1. Rashes 

Allergy in the form of skin reactions appears to occur less frequently with 
oxcarbazepine than with carbamazepine. 

In the study of DAM et al. (1989), 10% of oxcarbazepine-treated patients 
discontinued therapy prematurely because of allergic reactions, compared 
with 16% of carbamazepine-treated patients. Similarly, in the Novartis safety 
database for oxcarbazepine, which includes data on 2436 patients treated with 
the drug and 277 treated with carbamazepine, only 2.8% of oxcarbazepine
treated patients had hypersensitivity reactions. compared with 6.5% of those 
who received carbamazepine. 

In the study of VAN PARYS and MEl NARDI (1994). 46 of 55 patients (84 %) 
whose treatment was switched from carbamazepine to oxcarbazepine because 
of skin reactions of undetermined nature or 'evidently allergic reactions' did 
not experience a recurrence whilst taking oxcarbazepine. In an unpublished 
study, 51 patients with previous cutaneous hypersensitivity reactions to car
bamazepine were treated with oxcarbazepine. In 37 patients (73 %). no rash 
reappeared (JENSEN 1983). In 11 of the remaining 14 patients, a rash reoc
curred within the 1 st month of treatment. 
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2. Overdosage 

According to the international product information brochure, patients who 
take an overdose of oxcarbazepine should be treated symptomatically, and the 
drug removed by gastric lavage and/or inactivated by administering activated 
charcoal (CIBA-GEIGY LIMITED 1996). Admission to an intensive care unit is 
advisable, with careful monitoring for cardiac conduction disturbances, elec
trolyte abnormalities, and respiratory difficulties. 

IV, Laboratory Abnormalities 

Hyponatraemia occurs more commonly with oxcarbazepine than with carba
mazepine, but is rarely of clinical significance (VAN AMELSVOORT et a1. 1994). 
In a cross-sectional study of 41 oxcarbazepine-treated patients, 50% had a 
serum sodium concentration below 135 mmolll, but in no case was discontin
uation of oxcarbazepine clinically necessary (NIELSEN et a1. 1988). Patients 
treated with oxcarbazepine dosages above 30mg/kg/day had a significantly 
higher risk of becoming hyponatraemic than those taking lower dosages. In a 
retrospective study, plasma sodium concentration values before and during 
oxcarbazepine treatment were available for 350 patients (FRIIS et a1. 1993). 
Two-thirds of the patients had normal sodium concentrations before and 
during treatment. Approximately one-quarter of the patients had a shift to low 
sodium values with oxcarbazepine treatment, though only four patients (1 %) 
were withdrawn from oxcarbazepine because of hyponatraemia. 

No clinically relevant fluctuations of the white blood cell count have been 
observed in clinical studies of oxcarbazepine and clinically relevant elevations 
of liver function tests appear to occur less often than with carbamazepine. In 
a retrospective study, liver and bone marrow function tests became abnormal 
in 2% or fewer patients who received the drug (FRIIS et a1. 1993). 

V. Pregnancy 

In the presence of the developing foetus, the relative safety of oxcarbazepine 
and mono-hydroxycarbazepine, compared with that of other antiepileptic 
drugs, is unknown. 
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CHAPTER 12 

Lamotrigine 

M.e. WALKER and IW.A.S. SANDER 

A. Introduction 
In 1966, REYNOLDS et al. proposed that the anti epileptic actions of the then 
available antiepileptic drugs might be partially mediated through their antifo
late effects. This idea gained further credence when it was discovered that 
folate and its derivatives were pro convulsant when given in large doses sys
temically or applied directly onto the cortex (FISHER 1989). The hypothesis 
resulted in the development of a number of antifolate agents and their testing 
in animal models of epilepsy. These experiments revealed a poor correlation 
between antifolate properties and anticonvulsant effects, but a group of 
phenyltriazine compounds, which had weak antifolate properties, proved to be 
potent anticonvulsants. Lamotrigine was developed from these compounds, 
though neither short-term nor chronic lamotrigine therapy appears to be asso
ciated with significant changes in serum or red cell folate concentrations 
(SANDER and PATSALOS 1992). 

B. Chemistry and Use 

I. Chemistry 

Lamotrigine [3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine 1 is structurally 
distinct from the other anti epileptic drugs. The molecule consists of a phenyl 
group with two chloride substituents joined to a triazine structure with 
two amino substitutions. It is synthesized from thionyl chloride and 2,3-
dichlorobenzoic acid. These form the acid chloride which when reacted 
with cuprous cyanide is converted to the alpha-ketonitrile; this added to 
aminoguanidine in nitric acid gives the imine, which readily cyclizes in base to 
yield lamotrigine (MILLER et al. 1986a). Lamotrigine has a molecular weight 
of 256.09 and is a weak base with a pKa of 5.5 (MILLER et al. 1986a). It is poorly 
soluble in water, and is therefore either given parenterally as a suspension or 
as an isothionate or mesylate salt. 

1. Analytical Methods 

Methods using high performance liquid chromatography (HPLC), gas chro
matography, radioimmunoassay, immunofluorescence or spectroscopy have 
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been described for the determination of lamotrigine concentrations. Both 
reverse phase and normal HPLC have been used successfully and can distin
guish lamotrigine from other anti epileptic drugs with a lower limit of detec
tion of 0.1 to 0.5.ug/ml on a serum sample of 100-200.u1 (COCIGLIO et al. 1991; 
FAZIO et al. 1992; RAMACHANDRAN et al. 1994; FRASER et al. 1995; GEORGE et al. 
1995; YAMASHITA et al. 1995; BARTOLI et al. 1997b; HART et al. 1997; LENSMEYER 
et al. 1997; LONDERO and Lo GRECO 1997; SALLUSTIO and MORRIS 1997). A gas 
chromatographic technique using nitrogen phosphorus detection was similarly 
sensitive and precise (WATELLE et al. 1997), and techniques using gas chro
matography-mass spectroscopy have also been successful, with the reference 
spectrum for pure lamotrigine now being published (DASGUPTA and HART 
1997; HALLBACH et al. 1997). The use of thermospray liquid chromatography
mass spectrometry has permitted the structural elucidation of a number of 
urinary metabolites of lamotrigine, formed after administering the drug in man 
and in a number of laboratory animal species (DoIG and CLARE 1991 b). A 
precise and sensitive radioimmunoassay technique to determine human 
plasma lamotrigine concentrations has also been described (BIDDLECOMBE et 
al.1990). The method is a direct double antibody procedure employing a rabbit 
polyclonal antibody raised against a bovine serum albumin conjugate of lam
otrigine. The method was specific and showed a reasonable correlation with 
the results of HPLC. An immunofluorometric assay has also been developed 
for lamotrigine (SAILS TAD and FINDLAY 1991). This assay involves competition 
for a limited amount of polyclonallamotrigine antiserum between lamotrig
ine free in solution and bound to a bovine thyroglobulin conjugate. There was, 
however, some cross-reactivity with the drug's metabolites in both humans and 
rats. No significant interference was demonstrated in the analysis of plasma 
samples from clinical trials when comparing sample analysis by the 
immunofiuorometric assay and HPLC. 

II. Use 

In clinical trials, lamotrigine has been shown to be an effective add-on therapy 
in partial seizures, generalized tonic-clonic seizures, absences and the 
Lennox-Gastaut syndrome (GOA et al. 1993). It has also been found to be 
effective as monotherapy in patients with newly diagnosed epilepsy (BRODIE 
et al. 1995). 
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c. Pharmacodynamics 

I. Anticonvulsant Effects 

1. Animal Models of Epilepsy 

a) Maximal Electroshock Seizures 

333 

In the maximal electroshock test, the animals received a supramaximal stim
ulus via corneal electrodes; this induced a tonic extension, and the E050 for 
the suppression of the hindlimb extension phase was determined in mice and 
rats (MILLER et al. 1986b). This model is useful for detecting drugs that are 
likely to be effective against tonic-clonic seizures. To evaluate the latency of 
onset and the duration of action, drug-to-shock intervals from 0.25 to 24 h were 
used, and the E050 values of oral lamotrigine were compared with those of 
standard antiepileptic drugs given orally (MILLER et al. 1986b). Lamotrigine 
was the most potent drug tested, having a similar peak E050 to diazepam and 
phenytoin in mice (2.6mg/kg), and to carbamazepine in rats (1.9mg/kg). 
Lamotrigine had the longest duration of action with a similar E050 between 
1 and 8 h, whilst at 25 h the E050 was only 3-4 times the peak E050 (MILLER 

et a1. 1986b). 
No tolerance was noted to the anticonvulsant action of oral lamotrigine 

in the maximal electroshock model over 28 days in both mice and rats, and 
lamotrigine was equally effective given subcutaneously, intraperitoneally or 
intravenously (MILLER et a1. 1986a). 

b) Chemoconvulsant Tests 

Lamotrigine was tested in mice given pentylenetetrazole via a tail vein 
(MILLER et al. 1986b). In this model, the abolition of hindlimb extension is 
equivalent to the maximal electroshock test. and the latency to facial or fore
limb clonus has been useful in detecting drugs that are effective against 
absence seizures. Lamotrigine abolished the hindlimb extension with an E050 

of 7.2mg/kg; this was a similar potency to that of phenytoin and phenobarbi
tone, but lamotrigine was less potent than diazepam (MILLER et a1. 1986b). The 
clonus latency was not increased by carbamazepine, lamotrigine or phenytoin 
at many times their maximal electroshock E050 doses. Indeed, at very high 
doses, both lamotrigine (160 mg/kg) and phenytoin (640 mg/kg) reduced the 
clonus latency, indicating a proconvulsant action (MILLER et al. 1986b). In a 
study in rats aged 7-90 days (STANKOVA et al. 1992), lamotrigine 2.5-20mg/kg 
showed the same anticonvulsant activity in pentylenetetrazole-induced 
seizures regardless of the animals' ages (i.e. there was no effect of ontogene
sis on lamotrigine's anticonvulsant activity in this model); this study confirmed 
the efficacy of lamotrigine against hindlimb extension, but not against 
clonic (minimal) seizures in this model. This finding would seem to imply that 
lamotrigine would be ineffective in absence seizures. but this prediction 
has proved incorrect as the drug has been shown to be effective against 
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absences in humans and in other animal models of seizure disorders (see 
below). 

c) Afterdischarge Tests 

Lamotrigine has been tested against electrically evoked and visually evoked 
afterdischarges (MILLER et a1.1986a; WHEATLEY and MILLER 1989). Electrically 
evoked discharges in the limbic system have been used as a model for complex 
partial seizures. Intravenous lamotrigine, phenytoin and phenobarbitone were 
compared for their action on the durations of electrically induced afterdis
charges in the hippocampus in halothane-anaesthetized beagle dogs and rats. 
Lamotrigine reduced the afterdischarge duration in a dose-dependent manner 
and was approximately twofold more potent than phenytoin in the dog and 
three- to fourfold more potent than phenobarbitone in both the dog and 
the rat, in which species the intravenous lamotrigine ED so values were 4.5 and 
11.7 mg/kg, respectively (WHEATLEY and MILLER 1989). Phenytoin was ineffec
tive in the rat at sublethal doses. In limited studies in electrically induced cor
tical afterdischarges in marmosets, intravenous administration of both 
lamotrigine and phenytoin (both 5-15mg/kg) reduced or abolished the after
discharges (WHEATLEY and MILLER 1989). 

Visually evoked afterdischarges were elicited in conscious rats, and were 
dose dependently inhibited by lamotrigine with an EDso of 5.6mg/kg (MILLER 
et a1. 1986a). Phenobarbitone, diazepam and ethosuximide were also effective 
against visually evoked afterdischarges; phenytoin and carbamazepine were 
ineffective. 

d) Electrically Induced Kindling 

Kindling involves the repetitive application of stimuli (usually electrical ones) 
to a specific area of an animal's brain. The procedure initially evokes dis
charges but not seizures (McNAMARA et a1. 1993). Repetition of the same 
stimuli results in a gradual lengthening of the afterdischarges and eventually 
leads to progressively more severe seizures. Once an animal has been kindled, 
the heightened response to the stimulus seems to be permanent, and sponta
neous seizures may occur (McNAMARA et a1. 1993). A fully kindled animal is 
an animal with partial seizures, and is used as a model of partial seizures in 
which prospective antiepileptic compounds can be tested. The kindling process 
itself has been argued to represent the development of epilepsy, and it has 
therefore been proposed that compounds that inhibit the kindling process may 
also inhibit epileptogenesis (L6sCHER and SCHMIDT 1993; McNAMARA et a1. 
1993). In electrically induced cortical kindling in rats, lamotrigine (3-18mg/kg 
orally) was administered 2h before each stimulation (O'DONNELL and MILLER 
1991). Lamotrigine failed to prevent the kindling process, but 12 and 18mg/kg 
of the drug did reduce the number of kindled responses and their duration. 
Lamotrigine at all doses tested increased the number of nil responses (where 



Lamotrigine 335 

stimulation failed to evoke a behavioural clonus or afterdischarge) m a 
dose-dependent manner (O'DONNELL and MILLER 1991). 

e) Genetic Seizure Models 

Lamotrigine has been tested in the genetically epilepsy-prone rat, and in 
DBA/2 mice (SMITH et al. 1993; DALBY and NIELSEN 1997). Both species have 
seizures that can be induced by a sound stimulus. Lamotrigine was similarly 
effective in the two models, with an ED50 in the genetically epilepsy-prone 
rat of 4.8.umol/kg (1.2mg/kg), and in the DBA/2 mice one of 6.umol/kg 
(1.5 mg/kg). The relationship of these results to effectiveness in human 
epilepsy is unknown. Lamotrigine at intraperitoneal doses of 0.5 and 1.25 
mg/kg, which did not significantly affect the occurrence of audiogenic seizures 
in DBA/2 mice markedly potentiated the anticonvulsant activity of carba
mazepine, diazepam, phenytoin, phenobarbitone and valproate against sound
induced seizures in DBA/2 mice (DE SARRO et al. 1996). The potentiation by 
lamotrigine was greatest for diazepam and valproate, less for phenobarbitone, 
and least for phenytoin and carbamazepine. This interaction did not appear to 
be a pharmacokinetic one as lamotrigine did not significantly affect the plasma 
levels of the other anti epileptic drugs studied. This does not, however, exclude 
an effect of the drug on protein binding or brain penetration. 

Lamotrigine has also been tested in the lethargic (lh/lh) mouse, a genetic 
model of absence seizures (HOSFORD and WANG 1997). This model has cor
rectly predicted the efficacy of ethosuximide, valproate and benzodiazepines. 
and the lack of efficacy of carbamazepine and phenytoin, in absence seizures 
(HOSFORD and WANG 1997). In this model, lamotrigine decreased absence 
seizures: this effect was not seen with vigabatrin, tiagabine, gabapentin and 
topiramate (HOSFORD and WANG 1997). 

f) Models of Status Epilepticus 

Because of the anticonvulsant properties it shares with phenytoin. and the 
widespread use of the latter in the treatment of status epilepticus, there has 
been interest in the possible use of lamotrigine in this situation. This possibil
ity has been explored in an animal model in which status epilepticus is induced 
in rats with epileptogenic cortical cobalt lesions through the administration of 
homocysteine thiolactone (WALTON et al. 1996). In this model, phenytoin given 
after the second generalized tonic-clonic seizure prevented convulsive status 
epilepticus with an EDso of 100.5 mg/kg; when given 30 min prior to the homo
cysteine thiolactone. phenytoin (50mg/kg) prevented the onset of status 
epilepticus in half the animals. In contrast, lamotrigine, 10-100 mg/kg. had no 
effect given after the second generalized tonic-clonic seizure, whilst lamotrig
ine, 10-20mg/kg, had no effect given 0-120 min prior to the homocysteine thi
olactone (WALTON et al. 1996). In a model of refractory status epilepticus 
induced in rats by constant stimulation of the perforant path for 2 h. neither 
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phenytoin (50mg/kg) nor lamotrigine(20mg/kg), given during the status 
epilepticus, had any effect on the seizure or on the consequent neuronal 
damage (WALKER et al. 1996b). 

2. Mechanism of Action 

a) Neurochemical Actions 

Glutamate, being the major excitatory transmitter in the central nervous 
system, is proposed to playa critical role in the generation of epileptic seizures. 
Indeed, glutamate antagonists at a variety of glutamate receptors have 
anti epileptic properties. The effect of lamotrigine on the release of glutamate 
(and other neurotransmitters) is of great interest. This matter was initially 
explored in cortical slices in which neurotransmitter release was stimulated 
through depolarization either via the application of high extracellular potas
sium concentrations (55mM) or by veratrine (10,ug/ml) which specifically 
opens Na+ channels (LEACH et al. 1986). The veratrine-evoked neurotransmit
ter release was very sensitive to blockade by tetrodotoxin, a Na+ channel 
blocker. The K+-evoked glutamate release showed a marked Ca2+ dependence, 
suggesting that it was mainly vesicular release. Lamotrigine had no effect on 
K+-evoked neurotransmitter release at concentrations up to 300,uM. In con
trast, lamotrigine inhibited the veratrine-evoked release of glutamate, GABA, 
aspartate and acetylcholine with EDso values of 21, 44, 21 and 100,uM, respec
tively. These results strongly suggest that lamotrigine inhibits neurotransmit
ter release through its action on Na+ channels (see below). In the same study, 
the effects of phenytoin were investigated with similar results except that 
phenytoin was equipotent in inhibiting GABA and glutamate release (lamot
rigine was approximately twice as potent as an inhibitor of glutamate release). 
The selectivity of lamotrigine in inhibiting glutamate release led to its being 
considered as a neuroprotectant (see below). The relevance of lamotrigine's 
effect on veratrine-evoked glutamate release has been explored in rat brain 
slices in a comparison of the effects of carbamazepine, oxcarbazepine and lam
otrigine on the release of neurotransmitters elicited by veratrine or electrical 
stimulation. The three antiepileptic drugs inhibited veratrine-evoked release 
of endogenous glutamate, [3H]GABA, and [3H] dopamine, with ICso values 
between 23 and 150,uM, there being little difference between the compounds 
(WALDMEIER et al.1995). They were, however, 5-7 times less potent in inhibit
ing electrically evoked as compared with veratrine-evoked release of neuro
transmitters. Therefore it is uncertain whether lamotrigine's inhibition of 
glutamate release has any significance in relation to the treatment of epilepsy 
(WALDMEIER et al. 1995). Further evidence that these effects may not be rele
vant has come from in vivo experiments with veratrine-evoked glutamate 
release in rats (WALDMEIER et al. 1996). Microdialysis measurements of extra
cellular glutamate and aspartate concentrations were carried out in conscious 
rats, veratrine being applied via the perfusion medium to the cortex and 
the corpus striatum in the presence of the glutamate uptake inhibitor L-
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trans-pyrrolidine-2,4-dicarboxylic acid. Maximally effective anticonvulsant 
doses of carbamazepine (30 mg/kg) , oxcarbazepine (60mg/kg) and lamotrigine 
(15 mg/kg) were given orally. None of the anticonvulsant compounds affected 
the veratrine-evoked increases in extracellular glutamate or aspartate in the 
striatum or affected the rises in glutamate concentrations caused by the glu
tamate uptake inhibitor (WALDMEIER et al. 1996). In the cortex, these drugs 
reduced the veratrine-evoked increase in extracellular glutamate concentra
tions only by about 50% (WALDMEIER et al. 1996). 

The effects of lamotrigine on other neurotransmitter systems have also 
yielded results that are difficult to interpret. Local injection of lamotrigine 
(600 pM) into the hippocampus of freely moving rats prevented pilocarpine
induced seizures and resulted in a simultaneous rise in hippocampal extracel
lular dopamine concentrations (SMOLDERS et a!. 1997). The local concentration 
of lamotrigine was much higher than that achieved after oral ingestion of clin
ically relevant doses of the drug, and indeed, in the same publication, it was 
found that lamotrigine (10 mg/kg) had no effect on seizures or dopamine con
centrations (SMOLDERS et at. 1997). Furthermore, it has been demonstrated in 
mice that, at a dose that abolishes audiogenic seizures, lamotrigine inhibited 
the synthesis of dopamine in the striatum (VRIEND and ALEXlUK 1997). 

b) Ionic Conductances 

a) Na+ Channels 

The work on neurotransmitter release suggested that lamotrigine has an action 
upon Na+ channels (LEACH et at. 1986). Using cultures of fetal mouse spinal 
neurons, CHEUNG et al. (1992) investigated the effect of lamotrigine on the sus
tained repetitive firing of Na+-dependent action potentials, and on [,H]batra
chotoxin binding to rat synaptosomes. In a similar fashion to carbamazepine 
and phenytoin, lamotrigine blocked sustained repetitive firing in a concentra
tion-, voltage- and use-dependent manner (CHEUNG et al. 1992). Lamotrigine 
had no effect on the first action potential elicited by a depolarizing step, but 
it caused limitation of the firing of subsequent action potentials. The effect of 
lamotrigine could be reversed by hyperpolarization (CHEUNG et a!. 1992). The 
estimated ICso for lamotrigine was 20,uM. Lamotrigine inhibited the binding 
of [3H]batrachotoxin (which binds specifically to receptor site 2 on Na+ chan
nels) to rat synaptosomes with a KD of 114,uM (CHEUNG et al. 1992). The rel
atively high KD value represents a tonic blockade of Na+ channels, and not a 
frequency-dependent blockade (Na+ channels cannot be activated repetitively 
during binding experiments - CHEUNG et at. 1992). In further studies on the 
action of lamotrigine (10 or lOO ,11M) using primary rat neuroglial cultures, 
LEES and LEACH (1993) demonstrated that the drug did not significantly atten
uate fast Na+ spikes when these were evoked at low frequencies, but attenu
ated (at 10 pM) or abolished (at 100 pM) spike bursts induced by iontophoretic 
application of glutamate or potassium. To characterize further the mechanism 
of action of lamotrigine, its effect on voltage-sensitive Na+ channels present in 
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N4TG 1 mouse neuroblastoma clonal cells was compared with those of pheny
toin and carbamazepine (LANG et al. 1993). Lamotrigine, phenytoin and car
bamazepine produced a tonic inhibition of Na+ channels with ICso values of 
91,58 and 140,uM, respectively. At a concentration of 100,uM, all compounds 
shifted the voltage-dependency of steady-state inactivation toward the more 
negative, slowed the rate of recovery from inactivation and produced a use
dependent inhibition of Na+ channels (LANG et al. 1993). This demonstrated 
that lamotrigine, phenytoin and carbamazepine had similar effects on Na+ 
channels, and that they had an action on the inactive state of the Na+ channel. 
Furthermore, it demonstrated that at high concentrations lamotrigine can 
exhibit tonic inhibition of Na+ channels even at low frequencies; this is in con
trast to the findings of LEES and LEACH (1993). This discrepancy may be due 
to differing pharmacologies of Na+ channels in different cell types or to dif
ferent experimental techniques used. These findings have been confirmed in 
rat cerebellar granule cell cultures in which lamotrigine reduced the ampli
tude of the voltage-gated Na+ inward current and induced a negative shift of 
the steady-state inactivation curve (ZONA and AVOLI 1997). 

The effect of lamotrigine on the Na+ channel was characterized using 
recombinant rat brain type IIA Na+ channels expressed in hamster ovary cells 
and native Na+ channels in rat hippocampal pyramidal neurons, using whole
cell recording and intracellular recording techniques (XIE et a1.1995). The ICso 

of lamotrigine in inhibiting Na+ currents was approximately 500,uM at a 
holding potential of -90mV, compared with an ICso of 100,uM at a holding 
potential of -60 mY. Lamotrigine caused a negative shift in the slow, steady
state inactivation curve and delayed considerably the recovery from inactiva
tion. Lamotrigine had no significant effects on the voltage dependence of 
activation or fast inactivation. The authors suggested that lamotrigine thus acts 
mainly on the slow inactivated state of the Na+ channels. An alternative inter
pretation is that lamotrigine binds only slowly to the fast inactivated state of 
the Na+ channel. In the study discussed immediately above, the affinity for the 
inactivated channels was estimated at 12,uM. The tonic inhibition was aug
mented by a use-dependent action in which further inhibition by the drug 
could be induced by rapid repetitive stimulation. The differentiation between 
slow binding of lamotrigine to the fast inactivated state and selective binding 
of the drug to the slow inactivated state of Na+ channels was investigated by 
determining the affinity and kinetics of lamotrigine binding to the Na+ chan
nels in acutely dissociated hippocampal neurons of the rat (Kuo and Lu 1997). 
The apparent dissociation constant for lamotrigine was approximately 7,uM 
for binding to the inactivated channels, and was more than 200 times larger 
for binding to the resting channels, thus confirming previous studies. The 
recovery of lamotrigine-bound inactivated Na+ channels was faster than the 
recovery of slow inactivated channels, and the binding kinetics of lamotrigine 
onto the inactivated channels were faster than the development of the slow 
inactivated state (Kuo and Lu 1997). These data suggest that lamotrigine in 
therapeutic concentrations binds slowly to the fast inactivated state, rather 
than to the slow inactivated state (Kuo and Lu 1997). Thus the inactivated Na+ 
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channel is one of the primary targets for the action of lamotrigine at thera
peutic concentrations and the slow binding rates explain why lamotrigine 
inhibits seizure discharges, yet spares most normal neuronal activities. 

f3) Ca2+ Channels 

Calcium channels provide a second potential target for the action of lamot
rigine. LEES and LEACH (1993), using nystatin-perforated patches in the pres
ence of Na+ and K+ channel blockers, were able to demonstrate an inhibitory 
effect of lamotrigine (lOO.uM) on presumptive inward Ca2+ currents. In these 
experiments, the holding potential was cycled between -80 and --40 m V, as the 
Ca2+ currents showed a progressive tendency to fade with repeated pulsing 
which could be reversed by a brief period of hyperpolarization. From these 
experiments, it was difficult to determine whether the effect of lamotrigine 
as a Ca2+ channel blocker was a genuine phenomenon or promoted the phys
iological fade through interference with Ca2+ sequestration or binding (LEES 
and LEACH 1993). Lamotrigine had no effect on the nystatin-induced cation 
channels. There has been further characterization of the effect of lamotrigine 
on Ca2+ channels (STEFANI et al. 1996; WANG et al. 1996). The effects of lamot
rigine on Ca2+ channels were studied in rat amygdaloid slices using intracellu
lar recording and whole-cell patch clamp techniques (WANG et al. 1996). 
Lamotrigine (50 ,11M) reversibly suppressed stimulation-evoked excitatory 
postsynaptic potentials and currents, and this inhibition was characteristic of 
a presynaptic effect of the drug (WANG et al. 1996). The L-type Ca2+ channel 
blocker nifedipine had no effect on lamotrigine-induced presynaptic inhibi
tion. The inhibitory effect of lamotrigine was, however, markedly reduced by 
the N-type Ca2+ channel blocker, omega-conotoxin-GVIA and the broad spec
trum Ca2+ channel blocker, omega-conotoxin-MVIIC (WANG et al. 1996). Fur
thermore, in rat cortical neurons, lamotrigine inhibited high-voltage activated 
Ca2+ channels with an ICsll of 12.3.uM (STEFANI et al. 1996). Using specific Ca2+ 
channel blockers, it was determined that this effect occurred at N- and P-type 
Ca2+ channels (STEFANI et al. 1996). Thus lamotrigine at therapeutic con
centrations significantly inhibits presynaptic N-type and P-type Ca2+ channels. 
resulting in decreased glutamate release. The potency of lamotrigine against 
high-voltage activated Ca2+ channels is in contrast to the relative ineffective
ness of phenytoin (STEFANI et al. 1997), and presents one of the major differ
ences between the action of lamotrigine and phenytoin. 

y) K+ Channels 

Lamotrigine exhibited no effect on K' channels (LEES and LEACH 1993). 

c) Ligand Binding to Receptors 

From the above. it is apparent that lamotrigine exhibits binding to some Ca2+ 
channels, and predominantly to inactivated Na+ channels. Using a variety of 
ligands, lamotrigine has been shown not to bind significantly to Al adenosine, 
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GABAB or K-opioid receptors, all of which have a role in anti epileptic activ
ity. Furthermore, lamotrigine was found not to bind significantly to adrener
gic, dopaminergic, adenosine A2, histamine H j , muscarinic, AMP A or NMDA 
receptors. Lamotrigine did, however, inhibit [3H]BRL23694 binding to 5-HT3 
receptors (pKi = 4.75) and [3H]ditoylguanidine to sigma receptors (pKi = 3.86). 
The significance of these findings is as yet unknown. 

II. Other Central Nervous System Effects 

1. Effects on the EEG and Sleep 

Lamotrigine's lack of effect on background EEG activity in healthy adults and 
in adults with epilepsy is in keeping with its effect upon sustained repetitive 
neuronal firing but not on physiological processes (VAN WIERINGEN et al. 1989; 
MARCIANI et al. 1996). Furthermore, in healthy adults, central conduction as 
studied in cortical (visual) and brainstem (auditory) event-related potentials 
was not influenced either by lamotrigine or by phenytoin; peripheral nerve 
conduction of the brainstem event-related potential (latency of wave I in the 
brainstem auditory-evoked response) was delayed by phenytoin, but not by 
lamotrigine (VAN WIERINGEN et al. 1989). Using EEG activity to stage sleep 
and wakefulness in rats for 6h after dosage, lamotrigine (3-30mg/kg) 
increased wakefulness in the light phase (BERTORELLI et al. 1996), and during 
the dark phase, at 30mg/kg, reduced REM sleep, but had no effect on the total 
amount of sleep. These effects were similar to those of carbamazepine, but 
contrasted with the effects of phenobarbitone, which increased the total 
amount of sleep (BERTORELLI et al. 1996). 

2. Memory and Long-Term Potentiation 

NMDA antagonists are known to inhibit memory (LEACH et al. 1991) and 
long-term potentiation (a neurophysiological correlate). Lamotrigine, despite 
its modulatory effect upon the glutamatergic system, in oral doses up to 
160mg/kg which produced signs of ataxia and sedation, caused no impairment 
of memory in rats, as assessed using the T-maze test (LEACH et al. 1991). Sim
ilarly, lamotrigine at this dose had no effects on memory in rats trained to dis
criminate phencyclidine from saline (LEACH et al. 1991). 

Long-term potentiation has been proposed as a mechanism involved in 
synaptic memory. Lamotrigine (15 mg/kg given intraperitoneally) had no 
effect upon the induction of long-term potentiation induced by tetanic stimu
lation in the hippocampus of urethane-anaesthetized rats (XIONG and 
STRINGER 1997). Long-term potentiation in rat amygdala brain slices resulting 
from the application of tetraethylammonium, a K+ antagonist, was, however, 
inhibited by perfusion with 50,uM lamotrigine (WANG et al. 1997). This poten
tiation is dissimilar to tetanic potentiation, in that it is not NMDA receptor 
mediated, and its applicability to physiological processes is unknown (WANG 
et al. 1997). It is dependent upon postsynaptic voltage-dependent Ca2+ channel 
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activation; lamotrigine's effect upon this process thus provides further evi
dence for the action of the drug on these channels. 

3. Excitotoxic and Ischaemic Neuronal Injury 

Lamotrigine has been shown to be neuroprotective in a variety of models 
of excitotoxicity and ischaemia. Pretreatment of rats with lamotrigine (8-
16 mg/kg) protected against lesions produced by microinj ections of kainate 
into the rat striatum (MCGEER and ZHU 1990). Lamotrigine, however, did not 
protect against the toxicity of intrastriatal injections of quinolinic acid, an 
NMDA agonist (MCGEER and ZHU 1990), even at doses as high as 50mg/kg 
(MARY et al. 1995). Similar results have been obtained in hippocampal slices 
in which lamotrigine (100 pM) protected against amplitude reduction of CAl 
synaptic responses caused by kainic acid, but did not protect against ampli
tude reduction of CAl synaptic responses caused by NMDA or AMPA (LONGO 
et al. 1995). These results suggest that lamotrigine specifically inhibits neuro
toxicity induced by kainic acid, perhaps by an effect on glutamate release, but 
has no direct effect on inhibiting neurotoxicity resulting from direct stimula
tion of glutamate receptors. 

Excessive glutamate release has been proposed as one of the mechanisms 
of neurotoxicity resulting from ischaemia, and thus lamotrigine has been 
suggested as a potential neuroprotectant in this condition. Lamotrigine at 
20mg/kg given intravenously before, and 1 h after, or lamotrigine at 50mg/kg 
given intraperitoneally 0.5 and 24.5 h after middle cerebral artery occlusion, 
reduced the volume of cortical infarcts (RATAUD et al. 1994; SMITH and 
MELDRUM 1995). Similarly, lamotrigine had neuroprotective effects in a gerbil 
model of global cerebral ischaemia involving bilateral occlusion of the 
common carotid arteries when given orally 2 h before and again immediately 
after reperfusion (2030mg/kg or 2050mg/kg doses) or as a single oral dose 
(100mg/kg) given immediately after reperfusion (WIARD et a1. 1995). Lamot
rigine protected gerbils against behavioural deficits resulting from 15 min of 
carotid occlusion and also prevented histological damage resulting from 5 and 
15 min of global cerebral ischaemia (WIARD et a1. 1995). Lamotrigine has also 
been tested in cardiac arrest-induced global cerebral ischaemia with reperfu
sion in rats (CRUMRINE et al. 1997). Lamotrigine (lOOmg/kg) was administered 
orally before the induction of ischaemia, or 10mg/kg was given intravenously 
15 min after ischaemia and a second intravenous dose (also 10 mg/kg) was 
given 5 h later. Both these treatment protocols were significantly neuropro
tective (CRUMRINE et al. 1997). Thus lamotrigine may be effective in prevent
ing brain damage after recovery from cardiac arrest. 

The mechanism underlying the neuroprotective properties of lamotrigine 
in ischaemia is unknown, but may involve (1) maintenance of cellular ATP 
levels, (2) effects on calcium homeostasis, (3) effects on hypoxic depolariza
tion, and (4) reduced ischaemic glutamate release (TAYLOR and MELDRUM 
1995). The effects of lamotrigine on extracellular glutamate were studied by 
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BACHER and ZORNOW (1997). These workers used microdialysis techniques in 
rabbits with cerebral ischaemia induced by two inflations of a neck tourniquet 
(each of lOmin duration with 90min between the inflations) and gave 20 or 
50mg/kg lamotrigine intravenously 90 min prior to the insult. During the first 
ischaemic period, the glutamate concentration increased only slightly from 
its baseline value. A significant increase was observed during the second 
ischaemic period, sixfold for the control and threefold for the intravenous lam
otrigine (20mg/kg) groups. Glutamate concentrations in the lamotrigine 
(50mg/kg) group were significantly lower than in the other two groups and 
remained at the baseline level during the entire experiment. How these 
findings related to neuronal damage was not studied (BACHER and ZORNOW 
1997). In a further micro dialysis study of glutamate release during ischaemia, 
lamotrigine (50mg/kg) was administered to gerbils 30min before the 
ischaemic insult (SHUAIB et al. 1995). Histology and behavioural testing 
demonstrated the neuroprotective effect of the drug. Lamotrigine significantly 
attenuated the ischaemia-induced glutamate surge when compared with 
saline-treated animals. In the same experiments, lamotrigine given 30 min after 
the insult still resulted in significant neuroprotection, even though it would not 
have prevented the glutamate surge (SHUAIB et al. 1995). Mechanisms other 
than inhibition of glutamate release thus have to be invoked to explain neu
roprotection produced by postischaemic lamotrigine administration. 

In addition to the mechanisms mentioned above, in rat forebrain slices 
lamotrigine also attenuates rises in nitric oxide and cGMP concentrations 
without inhibiting nitric oxide synthase activity in veratrine-induced neuro
transmitter release (LIZASOAIN et al. 1995), and similarly inhibits rises in nitric 
oxide and cGMP concentrations in focal cerebral ischaemia in rats (BALKAN 
et al. 1997). 

Lamotrigine has been shown to be neuroprotective in a number of other 
circumstances. The drug rescued motoneurons from cell death induced by 
axotomy of the neonatal rat facial nerve (CASANOVAS et al. 1996). Local infu
sions of malonate, an inhibitor of mitochondrial function, into the nucleus 
basalis magnocellularis result in a dose-related depletion in ipsilateral cortical 
and amygdaloid choline acetyltransferase activity (CONNOP et al. 1997). This 
depletion was attenuated by pretreatment with lamotrigine (CONNOP et al. 
1997). Other studies have confirmed the existence of a neuroprotective role 
for lamotrigine pretreatment in lesions created by mitochondrial toxins 
(SCHULZ et al. 1996). Lamotrigine (25 mg/kg) given 20min after brain irradia
tion (2.5 Gy) has been shown to be neuroprotective in rats (ALAOUI et al. 
1995). 

4. Effects on Involuntary Movement Disorders 

Glutamatergic pathways are integral to the physiology of the basal ganglia, 
and indeed, both NMDA and non-NMDA antagonists have had anti
Parkinsonian effects in a variety of animal models. Excitotoxicity has been 
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proposed as a mechanism by which depletion of dopaminergic neurons occurs 
within the basal ganglia in Parkinson's disease; excitotoxicity has also been pro
posed as the mechanism underlying Huntington's disease. Thus there has been 
interest in drugs that affect glutamatergic transmission, not only from the point 
of view of the symptomatic treatment of such disorders, but also in terms of neu
roprotection and the possible prevention of these disease processes. 

Lamotrigine failed to exert anti-Parkinsonian activity in reserpinized 
rats when administered alone or in combination with the dopamine receptor 
agonist apomorphine (LOSCHMANN et al. 1995). In rats with 6-hydroxy
dopamine lesions of the substantia nigra, lamotrigine did not induce rotations 
when given alone, and did not modify rotations induced by apomorphine or 
the preferential dopamine O2 receptor agonist lisuride (LOSCHMANN et a!. 
1995). Lamotrigine, however, did appear to potentiate the prokinetic effects 
of a D2 receptor agonist and L-dopa in reserpinized mice, but was ineffective 
alone and did not potentiate the effects of a OJ receptor agonist (KAUR and 
STARR 1996). Furthermore, lamotrigine appears to decrease striatal dopamine 
synthesis by decreasing the activity of tyrosine hydroxylase (VRIEND and 
ALEXlUK 1997). 

From the neuroprotective viewpoint, lamotrigine prevented MPTP
induced dopamine depletion in mice (JONES-HuMBLE et a!. 1994), but was inef
fective (albeit at much smaller doses) in methamphetamine-induced dopamine 
depletion in mice. 

Certain conclusions can be drawn from these studies; lamotrigine appears 
likely to be ineffective as a lone agent in the symptomatic treatment of Parkin
son's disease; it does have an effect upon potentiating O2 agonists in some 
models of the disease, but has no activity in potentiating OJ agonists, so that 
its overall effects in potentiating other agents are difficult to predict. In addi
tion, its neuroprotective effect in preventing dopamine depletion is possibly 
model-related, and requires high doses of the drug. 

In a further study, the effects of lamotrigine on generalized dystonia were 
examined in a genetic hamster model (RICHTER et al. 1994). Despite the effec
tiveness of glutamate antagonists in inhibiting dystonia in this model, lamot
rigine (5-30mg/kg) had a prodystonic effect at all doses tested (RICHTER et al. 
1994). 

5. Morphine Withdrawal 

The effects of lamotrigine on naloxone-precipitated morphine withdrawal 
were studied in mice (LIZASOAIN et a1. 1996). This withdrawal is manifested by 
micturition, diarrhoea, stereotypical movements, tremor, jumping off and 
shaking. Pretreatment with subcutaneous lamotrigine (5-100 mg/kg) reduced 
the number of escape jumps and at the higher doses also reduced the diar
rhoea, stereotypical movements and tremor (LIZASOAIN et al. 1996). The drug 
reversed the increase in cerebellar calcium-dependent nitric oxide synthase 
activity during morphine withdrawal, which is proposed to be one of the 
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mechanisms underlying the withdrawal syndrome (LIZASOAIN et al.1996). The 
actions of lamotrigine on the effects of morphine withdrawal were dose depen
dent; this contrasted with the lack of dose dependence of the effects of MK 
SOl, an NMDA antagonist, the use of which was also associated with greater 
side effects. 

6. Increased Atmospheric Pressure 

Exposure to increased atmospheric pressure results in a syndrome character
ized by tremor, myoclonus and seizures in rats, primates and humans (PEARCE 
et al. 1994). This syndrome responds poorly to anti epileptic drugs, but does 
respond to glutamate receptor antagonists. In a study in baboons and rats, lam
otrigine had minimal effects upon the high pressure neurological syndrome 
resulting from the effects of increasing the atmospheric pressure achieved by 
the addition of helium (PEARCE et al. 1994). 

7. Anxiolytic Effects 

In the Vogel conflict model of anxiety in rats, orallamotrigine (20-40mg/kg) 
produced a dose-dependent increase in punished drinking responses 
(CRITCHLEY 1994). This effect of lamotrigine was not prevented by the benzo
diazepine antagonist flumazenil, suggesting that this effect is not due to an 
action of the drug on benzodiazepine receptors (CRITCHLEY 1994). 

III. Effects Outside the Central Nervous System 

1. Effects on Peripheral Nerves and Analgesic Effects 

Glutamate is a potent hyperalgesic, and drugs that affect the glutamatergic 
system have been proposed as analgesics. Similar to its effects in the central 
nervous system, lamotrigine has been shown to decrease electrically evoked 
glutamate release from isolated rat spine dorsal horn slices twice as potently 
as it inhibits GABA release (TEOH et al. 1995). Indeed lamotrigine, given intra
venously or applied iontophoretically to dorsal horn neurons, selectively 
decreases the activation of these neurons by noxious as compared with innocu
ous stimuli (BLACKBURN-MuNRO and FLEETWOOD-WALKER 1997). Lamotrigine 
had analgesic effects in a rat acute model of prostaglandin E2 (PGE2)-induced 
hyperalgesia when given before or after the subplantar injection of PGE2 in 
the rat (NAKAMURA-CRAIG and FOLLENFANT 1995). The drug also inhibited the 
development of sustained hyperalgesia induced by mUltiple subplantar injec
tions of PGE2 (NAKAMURA-CRAIG and FOLLENFANT 1995). Furthermore, lam
otrigine had an analgesic effect in a rat model of diabetic neuropathic pain 
(NAKAMURA-CRAIG and FOLLENFANT 1995). HUNTER et al. (1997) showed that 
lamotrigine also reversed cold allodynia in a rat experimental model (with an 
ED so of 2Smg/kg when given subcutaneously), but had no effect on tactile 
allodynia (modelled by spinal nerve ligation) at subcutaneous doses of up to 
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100mg/kg. Phenytoin and carbamazepine had no effect in either of these 
models (HUNTER et al. 1997). Lamotrigine's analgesic effect was studied in a 
separate model using stimulation of C-fibres (pain carrying fibres) to assess 
acute effects of the drug, and also its effects upon "wind up", the phenome
non of repeat stimulations leading to enhanced C-fibre evoked responses in 
dorsal horn neurones (CHAPMAN et al. 1997). Lamotrigine given spinally (SO
l 000 pg/ pi) was ineffective on both the acute C-fibre evoked responses and on 
"wind up"; this contrasted with the effectiveness of spinal bupivicaine 
(CHAPMAN et al. 1997). Such a result may be due to the mode of administra
tion of lamotrigine. Additionally, the authors hypothesized that lamotrigine 
may have specific effectiveness in different pain states, depending upon the 
role of GABA in their pathogenesis. Thus pain states with high levels of 
GABA release, such as chronic inflammatory conditions, may be exacerbated 
by lamotrigine (which inhibits GABA release), whilst pain states in which 
GABA release is reduced, such as neuropathic pain, may be relieved by the 
drug (CHAPMAN et al. 1997). 

2. Other Effects 

Lamotrigine is a weak inhibitor of dihydrofolate reductase. No haematologi
cal consequences of this inhibition have been observed in humans, and serum 
and red blood cell folate concentrations were unaffected by lamotrigine 
both in the short-term and in patients observed for up to 5 years (SANDER and 
PATSALOS 1992). 

Lamotrigine has been found to have no effects on cardiovascular para
meters in anaesthetized dogs in doses up to 10 mg/kg (MILLER et al. 1986a). At 
higher doses (30-1 OOmg/kg), however, there was a dose-dependent depression 
of cardiac function. Lamotrigine at high concentrations (greater than 100 pM) 
reduced intestinal smooth muscle tone and peristaltic reflexes in in vivo and 
in vitro guinea-pig ileum studies (MILLER et al. J986a). 

D. Pharmacokinetics 

I. Absorption 

In all animals tested, lamotrigine has been well absorbed (PARSONS et al. 1995). 
However, in rats at high doses, there is a suggestion that there is a rodent
specific delay in absorption, with the gastric emptying half-life increasing up 
to 22.6 h after oral administration of 50 mg/kg lamotrigine (PARSONS et al. 
1995). This effect is also seen in mice, but not in other species or with lower 
doses (less than 25 mg/kg). Following oral, single dose administration to 
patients and healthy volunteers, maximum plasma concentrations of lamot
rigine were achieved after 1-3h (COHEN et al. 1987; RAMSAY et al. 1991). A 
second peak, however, was evident 4-6 h after an oral dose in patients (MIKATl 
et al. 1989). Similarly, after intravenous administration, multiple peaks were 
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apparent (YUEN and PECK 1988). This phenomenon may be due to salivary 
excretion of the drug, and subsequent reabsorption of the drug from the 
stomach. 

Both the maximum plasma concentration and the plasma AVC increase 
linearly with dose over the dosage range of 30-240mg in healthy volunteers 
(COHEN et al. 1987), and over the range of 100-300mg in patients (RAMSAY et 
al. 1991). This linearity has been reported with doses up to 450mg in healthy 
volunteers, and up to 700mg in patients (PECK 1991). 

In eight healthy volunteers the oral bioavailability of 75 mg lamotrigine 
was approximately 98% (YUEN and PECK 1988). The absorption of lamotrig
ine is unaffected by food (RICHENS 1992). 

II. Distribution 

As expected, because of its high lipophilicity, lamotrigine is well distributed 
throughout all tissues in all test animals (PARSONS et al. 1995). It has a partic
ular affinity for melanin in both the retina and, to a lesser extent, in the skin 
(PARSONS et a1. 1995). In addition, in male rats, there is considerable binding 
of the drug to the kidneys (kidney to plasma ratios of over 300 are seen); this 
may be due to the unique handling of az-microglobulin by the kidneys of male 
rats (PARSONS et a1. 1995). 

The volume of distribution of the drug varies from species to species. Mice 
have the highest volume of distribution, at 6.691/kg (PARSONS et al. 1995). In 
adult humans the volume of distribution is approximately 1.0-1.31/kg (COHEN 
et a1. 1987; RAMSAY et a1. 1991). Approximately 56% of the drug in human 
plasma is bound to plasma proteins, as calculated from in vitro equilibrium 
dialysis, and the protein-bound fraction is unaffected by the drug's concen
tration or the concomitant presence of other anti epileptic drugs (MILLER et al. 
1986a). In laboratory animals, values for the proportion protein bound in 
plasma were similar, varying from 40 to 62%. Salivary lamotrigine concentra
tions are approximately 46% of the total plasma concentration of the drug, 
and are directly correlated with its total plasma concentration in patients 
(COHEN et al. 1987; TRNAVSKA et al. 1991). 

Following intravenous or intraperitoneal administration of 50mg/kg to 
rats, the brain to serum concentration ratio rose over a period of approxi
mately 30min to a value of approximately 2 (WALTON et a1. 1996). Similar ratios 
have been found in a variety of laboratory animals at a variety of lamotrigine 
doses. In one human postsurgical specimen, the total brain concentration of 
lamotrigine (4.2 j.lg/g) was higher than the unbound plasma concentration of 
2.64j.lg/ml (REMMEL et a1. 1992). A comparison of the CSF and blood kinetics 
of the drug has been performed in the rat. Lamotrigine entered the CSF 
rapidly, with a time course similar to that seen for its entry into brain (WALKER 
et a1. 1996a; WALTON et a1. 1996). At steady state, the ratio of the CSF con
centration to the serum concentration was consistent with the free lamotrig
ine concentration in serum (WALKER et al. 1996a). Interestingly, there was a 
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rise in the CSF to serum concentration ratio for the drug during the period of 
the initial fall in serum concentration, which may be due to delay in the 
passage of lamotrigine from the CSF compartment to the vascular compart
ment (WALKER et al.1996a). Another explanation may be that during the acute 
phase the hypothesis is incorrect that the free serum drug concentration 
reflects the tissue exchangeable drug concentration. 

In studies in rats, lamotrigine was found to cross the placenta and its con
centrations in the foetus and placenta were comparable to those in maternal 
plasma (PARSONS et al. 1995). There is a low level of transfer of the drug to 
maternal milk in rats. In humans, RAMBECK et al. (1997) have studied the trans
fer of lamotrigine from a mother to her child in pregnancy and during lacta
tion. Lamotrigine concentrations were measured in umbilical cord serum, and 
maternal serum and milk. There was significant transfer of the drug from the 
mother to the child, not only after birth, but also during lactation. In the child, 
lamotrigine serum concentrations of up to 2.8,ug/ml occurred, but no adverse 
effects were seen. 

III. Elimination 

Lamotrigine is eliminated mainly by being metabolized. 

1. Elimination Parameters 

Because of variability in the metabolism of lamotrigine, there is a wide inter
species range of plasma elimination half-lives, ranging from 3 h in the beagle 
dog to over 20h in certain monkeys. In healthy human volunteers, the half-life 
lay between 23 and 36 h after a single dose (COHEN et al. 1987; POSNER et al. 
1989,1991; DEPOT et al. 1990). The pharmacokinetics for multiple dose regi
mens in humans are consistent with those predicted from the single dose data 
(COHEN et al. 1987). The kinetics of lamotrigine are linear, with doses up to 
450mg in volunteers (PECK 1991). Autoinduction has been reported during the 
early stages of treatment (RICHENS 1992). In patients the kinetics are depen
dent on the intake of any co-medication (see below), but are linear and ade
quately described by a one compartment pharmacokinetic model (RAMSAY et 
al. 1991). The population pharmacokinetics of lamotrigine monotherapy have 
been determined in 163 patients with newly diagnosed epilepsy (HUSSEIN and 
POSNER 1997); this study confirmed the phase I results. There was no significant 
effect of body weight, age (> 14 years), gender or dose on the oral clearance 
of lamotrigine (HUSSEIN and POSNER 1997). There was some auto-induction 
over the first 2 weeks of therapy that increased the clearance of the drug by 
17%, which is not clinically significant in view of the wide therapeutic margin 
of lamotrigine and the large interindividual variability of 32% (HUSSEIN 
and POSNER 1997). Autoinduction reduced the mean half-life of lamotrigine 
amongst Caucasians from 27.6 h to 23.5 h (HUSSEIN and POSNER 1997). 
There was also a small effect of race, Asians having a lower clearance, which 
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again probably would not be clinically significant (HUSSEIN and POSNER 
1997). 

2. Metabolism 

The metabolism of lamotrigine occurs primarily by an attack at the N-2 nitro
gen atom of the molecule either by glucuronidation (in most species), oxida
tion (predominant in the hamster and some rats) or methylation (predominant 
in beagle dogs). In humans, lamotrigine is eliminated in the urine mainly as 
the 2-N-glucuronide metabolite (SINZ and REMMEL 1991), with the 5-N
glucuronide accounting for about 10% of the urinary recovery, and the parent 
drug for about 7%-30% (DoIG and CLARE 1991a). The 2-N-glucuronide 
metabolite also predominates in the guinea pig (REMMEL and SINZ 1991). This 
provides a rare example of the efficient formation of a quaternary ammonium 
glucuronide in a lower animal species (this route of metabolism is usually 
confined to humans and some monkeys). In healthy volunteers, the total 
urinary recovery of the drug over 144h was 70% of the dose, approximately 
90% of the material recovered being in the form of the glucuronide conjugate 
(COHEN et a1. 1987). In patients, 43%-87% of the dose was recovered in the 
urine mainly as the glucuronide metabolite (MIKATI et a1. 1989). 

The metabolism of the anti epileptic drug lamotrigine was further charac
terized in human liver micro somes (MAGDALOU et a1. 1992). The reaction 
had an apparent V max of 0.65 nmol/min/mg protein and a Km of 2.56 mM 
(MAGDALOU et a1. 1992). The average value of lamotrigine glucuronidation in 
four human samples of transplantable liver demonstrated a large interindi
vidual variation (MAGDA LOU et a1. 1992). An interspecies comparison of 
hepatic lamotrigine glucuronidation in liver microsomes (human, rabbit, rat, 
monkey) confirmed the in vivo work (MAGDALOU et a1. 1992). Humans glu
curonidated the drug to the greatest extent, at a rate that was approximately 
twice that observed in rabbit liver microsomes (MAGDA LOU et a1. 1992). The 
rate was very slow in rhesus monkey liver microsomes (20-fold lower than 
humans), and the process was barely detectable in rat liver microsomes 
(MAGDA LOU et a1. 1992). Guinea pig liver microsomes metabolized lamotrig
ine at a rate similar to human liver microsomes with similar Km and V max values 
(REMMEL and SINZ 1991). 

IV. Clinical Pharmacokinetics 

Although the study of HUSSEIN and POSNER (1997) found no effect of increas
ing age on the pharmacokinetics of lamotrigine, this was not the case in a com
parative formal phase I study of the drug's pharmacokinetics in elderly and 
young healthy volunteers. In the elderly healthy volunteers, the clearance was 
lower and the Cmax,AUC and half-life were increased by approximately 27%, 
55% and 26% respectively (POSNER et a1. 1991). This reduction in clearance is 
perhaps due to decreased glucuronidation in the elderly, secondary to changes 
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in liver blood flow. The differences, however, are probably not clinically 
relevant. 

In children (aged 0.5-4.5 years) with epilepsy either receiving no comed
ication or taking comedication that does not affect the pharmacokinetics of 
lamotrigine, the mean half-life was 21.9 ± 6.8 h and thus was comparable to 
that in adults (VAUZELLE-KERVROEDAN et al. 1996). In children taking com
edication which does affect the pharmacokinetics of lamotrigine the quanti
tative effects of the comedication were different from those in adults 
(VAUZELLE-KERVROEDAN et al. 1996; BARTOLI et al. 1997a; BATTINO et al. 1997). 

Diseases that affect liver glucuronidation will affect lamotrigine metabo
lism. Patients with Gilbert's syndrome (unconjugated hyperbilirubinaemia) 
have lamotrigine clearances more than 30% lower and half-lives longer than 
those of healthy volunteers (POSNER et al. 1989). The differences, however, are 
probably of little clinical consequence. 

In chronic renal failure, there is a large interpatient variability in the phar
macokinetics of lamotrigine (FILLASTRE et a!. 1993; WOOTTON et a!. 1997). The 
half-life of lamotrigine tends to be increased by 50%-100% in patients with 
chronic renal failure (FILLASTRE et al. 1993; WOOTTON et al. 1997). The phar
macokinetics of the 2-N-glucuronide metabolite seem to be more significantly 
affected, as the clearance of this substance was reduced by a factor of 9 
(WOOTroN et a!. 1997). In those patients undergoing dialysis, however, the half
life appeared to be reduced to about 12 h (FILLASTRE et al. 1993). 

E. Interactions 

I. Pharmacodynamic Interactions 

Adding lamotrigine to the therapy of patients who are already receiving other 
drugs with sedative properties, or adding such drugs to the treatment of 
patients taking lamotrigine, may sometimes increase the patient's overall level 
of sedation, without evidence that a pharmacokinetic interaction is involved. 

II. Pharmacokinetic Interactions 

The effects of drugs that undergo quaternary ammonium glucuronidation on 
the metabolism of lamotrigine were studied in vitro, in human liver micro
somes (MAGDALOU et al. 1992). Chlorpromazine, but not to any extent 
imipramine, amitriptyline and cyproheptadine, inhibited the glucuronidation 
of lamotrigine (ICso of 5.0 x lOAM - MAGDALOU et al. 1992). Testosterone, 
ethynyl oestradiol and norethindrone were even more potent inhibitors (ICso 

values of 6.3 x 10-5 M to 3.1 X H)-" M - MAGDALOU et al. 1992). 
In humans, co-medication with antiepileptic drugs has a profound effect 

on the metabolism of lamotrigine. Enzyme-inducing antiepileptic drugs 
(phenytoin, phenobarbitone and carbamazepine) reduce the half-life of lam
otrigine to 13-15 h (BINNIE et al. 1986; JAWAD et al. 1987; RAMSAY et a!. 1991). 
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Co-medication with valproate prolonged the half-life of lamotrigine to 59h 
(BINNIE et al. 1986). The mechanism of the interaction with valproate is 
thought to be that valproate competes with lamotrigine for glucuronidation, 
rather than that there is an effect on renal clearance or on absorption (YUEN 
et al. 1992; ANDERSON et al. 1996). These interactions are quantitatively dif
ferent in children (BATTINO et al. 1997). In children, enzyme inducers reduce 
the half-life by a greater degree to 7.7 ± 1.8h (VAUZELLE-KERVROEDAN 
et al. 1996). Valproate increased the half-life to 44.7 ± 1O.2h in children 
(VAUZELLE-KERVROEDAN et al.1996). Lamotrigine concentration to dose ratios 
at steady state are lower in children taking enzyme inducers than in adults 
receiving enzyme inducers (BARTOLI et al. 1997a; BATTINO et al. 1997). The con
centration to dose ratio is probably also lower for children taking valproate 
than for adults receiving this drug (BARTOLI et al. 1997a; BATTINO et al. 1997). 

Lamotrigine itself has no clinically significant effect on the plasma con
centrations of other anti epileptic drugs. The addition of lamotrigine to therapy 
was associated with a 25% decrease in steady-state valproate plasma concen
trations with an increase in oral clearance of valproate (ANDERSON et al.1996). 
However, the formation and clearance of the hepatotoxic valproate metabo
lites were unaffected by lamotrigine administration (ANDERSON et al. 1996). 

Paracetamol (acetaminophen) would be expected to inhibit the metabo
lism of lamotrigine. Paradoxically it decreases the half-life and AUC by an 
undetermined mechanism (DEPOT et al. 1990). With intermittent use of parac
etamol, this interaction is of no clinical importance. 

In healthy voluHtt-ers, lamotrigine has no effect on the metabolism of the 
combined oral contraceptive pill (DEPOT et al. 1990). 

It has been suggested that there is an interaction of lamotrigine with car
bamazepine in which the incidence of carbamazepine toxicity appears to be 
increased. It has been proposed that this is either due to increased concen
trations of carbamazepine-epoxide (WARNER et al. 1992) or to a pharmacody
namic interaction (WOLF 1992). Further studies in both adults and children 
have failed to find an increase in carbamazepine-epoxide concentrations or 
any other change in carbamazepine pharmacokinetics with the addition of 
lamotrigine (ERIKSSON and BOREUS 1997; GIDAL et al. 1997). Indeed, a com
parison of the single dose pharmacokinetic of carbamazepine-epoxide in 
patients on lamotrigine, and in healthy volunteers, failed to detect an effect of 
lamotrigine on carbamazepine-epoxide disposition (PISANI et al. 1994). It is 
thus likely that lamotrigine does not have an effect upon the pharmacokinet
ics of carbamazepine or of carbamazepine-epoxide, and that the original anec
dotal report may have misrepresented the matter (WARNER et al. 1992). 

F. Adverse Effects 

I. Animal Toxicity 

The acute toxicity of intravenous and orallamotrigine has been studied in rats 
and mice (MILLER et al. 1986a). The LDso was 40-100 times the EDso for 
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maximal electroshock 2h postdosing, and was of the order of 100-300mg/kg 
(MILLER et al. 1986a). 

The acute behavioural toxic effects of lamotrigine have also been studied 
in mice and in genetically epilepsy-prone rats. The mice were observed for the 
grip reflex, ataxia and jitteriness (MILLER et al. 1986b). No important effects 
were seen following the administration of 80 mg/kg (28 times the EDso for 
maximal electro-shock). Higher lamotrigine doses did result in significant 
behavioural toxicity. In genetically epilepsy-prone rats, locomotor perfor
mance was assessed using a rotarod (SMITH et al. 1993). The peak EDso for a 
locomotor deficit was approximately 20 times that of the peak EDso for antag
onism of clonic seizures (SMITH et al. 1993). The peak motor deficit occurred 
0.5 h after intraperitoneal injection, at a lamotrigine concentration of 24,ug/ml. 

Subacute and chronic toxicity studies on the drug have also been under
taken (MILLER et al. 1986a). In rats and primates 30 day studies with oral doses 
up to 50mg/kg/day, and 3-,6- and 12-month studies in rats (oral doses up to 
25mg/kg/day) and primates (doses up to 20mg/kg/day). demonstrated no 
significant toxic effects (MILLER et al. 1986a). 

Lamotrigine was not teratogenic when given orally during the period 
of organogenesis to rats (doses up to 25 mg/kg/day), mice (doses up to 
125mg/kg/day) and rabbits (doses up to 30mg/kg/day) (MILLER et aJ. 1986a). 
The drug was non-mutagenic in both the Ames Salmonella test and in an in 
vitro study in cultured peripheral human lymphocytes (MILLER et aJ. 1986a). 

II. Human Toxicity 

The safety of lamotrigine in animal studies has been confirmed in humans. In 
healthy volunteers, carbamazepine (600 mg) impaired adaptive tracking, body 
sway, smooth pursuit movements and saccadic velocity. whilst lamotrigine 
(150 mg, 300 mg) had no adverse effect at mean plasma concentrations up to 
3.16,ug/ml (HAMILTON et aJ. 1993). In a study comparing lamotrigine (120mg, 
240mg) with phenytoin (0.5 g, 1 g) and diazepam (lOmg), diazepam impaired 
eye movements, adaptive tracking and body sway, phenytoin impaired adap
tive tracking, increased body sway and impaired smooth pursuit eye move
ment, whilst lamotrigine produced only a possible increase in body sway 
(COHEN et al. 1985). This last effect was possibly spurious, and resulted from 
multiple comparisons. 

In clinical practice, neurological side-effects of lamotrigine are infrequent 
and mild. In four randomized, double-blind, placebo-controlled crossover 
trials of lamotrigine (50-400mg/day) as add-on therapy in refractory epilepsy 
(n = 92), the incidence of adverse experiences did not differ significantly 
between lamotrigine and placebo (BETTS et al. 1991). In pooled data from open 
studies of 572 patients analysed in the same paper, the most commonly 
reported adverse experiences were dizziness. diplopia, somnolence, headache, 
ataxia. and asthenia (10%-14% incidence). 

Rash is the most common of the hypersensitivity reactions to lamotrigine, 
and occurs in about 10% of adult patients (YUEN 1992). The rash usually is 
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mild and rarely requires withdrawal of treatment (YUEN 1992). Stevens
Johnson syndromes and toxic epidermal necrolysis have, however, both been 
described in association with lamotrigine treatment (DOOLEY et al. 1996; 
CHAFFIN and DAVIS 1997; SACHS et al. 1997). In one patient with a Stevens
Johnson syndrome which developed 5 weeks after adding low-dose lamo
trigine co-medication to sodium valproate therapy, there was a positive 
lymphocyte transformation test to lamotrigine which confirmed the role of this 
drug in the aetiology of the syndrome (SACHS et al. 1997). Other serious pos
sible reactions to the drug have included isolated reports of leucopenia, dis
seminated intravascular coagulation and hepatic failure (MAKIN et al. 1995; 
NICHOLSON et al. 1995; CHATTERGOON et al. 1997). 
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CHAPTER 13 

Valproate 

D.D. SHEN and R.H. LEVY 

A. Introduction 
Valproate is a major and well established antiepileptic agent which is in con
temporary widespread use in the treatment of the disorder, especially the gen
eralized variety, for which it has become the drug of first choice. It also appears 
to be finding new uses in the management of a more extensive range of neu
rological and psychiatric disorders. 

B. Chemistry and Use 

I. Chemistry 

Valproate (n-propyl pentanoate; di-n-propyl acetate), a branched chain fatty 
acid, is commercially available as the corresponding free acid, the sodium salt 
and as divalproex sodium, which is a coordinated 1:1 complex of sodium val
proate and valproic acid. Valproic acid (molecular weight 166.2, pKa 4.95) is 
an oily liquid at room temperature and it and its sodium salt are quite water 
soluble and hygroscopic. 

II. Use 

Valproate is a major antiepileptic drug with a wide spectrum of activity. The 
major utility of valproate is in the treatment of primary generalized epilepsy 
syndromes with multiple seizure types. It is effective as monotherapy in the 
treatment of simple absences, in which it can be used in patients refractory to 
ethosuximide. In some patients the combination of both drugs may be more 
effective than either drug used in monotherapy.It is also effective in myoclonic 
seizures, particularly when they coexist with absence seizures or tonic-clonic 
seizures in the context of primary generalized epilepsy. Patients who have 
absence and generalized tonic-clonic seizures benefit most from valproate. The 
drug is also effective in complex partial seizures (but less so than carba
mazepine), particularly if the seizures become secondarily generalized tonic
clonic ones. A recent study showed that divalproex sodium was effective in 
patients with medically refractory complex partial seizures treated with 
phenytoin or carbamazepine (WILLMORE et al. 1996). The efficacy of valproate 
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in febrile seizures and in the Lennox-Gastaut syndrome is less well 
established. 

Initial valproate doses are 15 mg/kg/day and can be increased at the rate 
of 5-10mg/kg/day each week until60mg/kg/day is reached. Higher doses may 
be needed in children, particularly when they are also receiving enzyme
inducing drugs. If the desired clinical response is not obtained, plasma level 
monitoring can be used to evaluate possible poor compliance, lack of absorp
tion or unusually high clearances. The usually accepted therapeutic levels are 
in the range of 60-100 mg/l in serum or plasma. 

It is important to note that valproate has also been approved in certain 
countries for the treatment of manic episodes associated with bipolar dis
order and for the prophylaxis of migraine. Its use in these two indications 
appears to be increasing. 

c. Pharmacodynamics 

I. Experimental Animal Studies 

Valproate is highly effective in several animal species against pentylenetetra
zol-induced seizures (a model of cortico-reticular epilepsy) and less so against 
maximal electroshock seizures (a model of generalized tonic-clonic seizures). 
Valproate protects against generalized seizures induced by bicucuIline, glu
tamic acid, kainic acid, strychnine, ouabain, and nicotine (SWINYARD 1964), and 
is also effective against the feline model of corti co-reticular epilepsy induced 
by intramuscular injection of penicillin G (FARIELLO et al. 1995). 

In two models of simple partial seizures, the cortical cobalt and alumina 
lesion models, valproate suppresses the spread of seizure activity, but does not 
inhibit the focal discharges (FARIELLO et al. 1995). Likewise, val pro ate blocked 
the spread of epileptiform activity, while having no effect on the focal electri
cal after discharges and focal seizures in kindling models (LEVElL et al. 1977; 
LbsCHER et al. 1988). Thus, the neural system involved in the generalization of 
seizure is particularly susceptible to valproate's action. 

II. Biochemical Pharmacology 

The anti epileptic action of valproate is not fully understood and is likely to 
involve multiple mechanisms. The current evidence supports the hypotheses 
discussed below (FARIELLO et al. 1995). The most commonly ascribed 
anti epileptic mechanism of valproate relates to its elevation of brain 
GABAergic activity. Valproate increases the neuronal supply of r-aminobu
tyric acid (GABA) by direct inhibition of its primary degradative enzyme 
(GABA transaminase) or acts indirectly by inhibition of the next enzyme in 
the GABA degradative process, i.e. succinic semi aldehyde dehydrogenase. 
Inhibition of the latter enzyme results in accumulation of succinic semialde
hyde, which leads to product-inhibition of GABA transaminase (FARIELLO 
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et al. 1995). Valproate treatment has also been demonstrated to enhance the 
in vivo activity of glutamic acid decarboxylase, the key synthetic enzyme for 
GABA. WIKINSKI et al. (1996) recently showed that valproate does not directly 
activate adult rat brain glutamic acid decarboxylase in vitro, and surmised that 
the in vivo increase in glutamic acid decarboxylase activity associated with the 
drug may be the result of an increase in the firing of GABAergic neurons. 
Most importantly, in the rat brain a significant elevation of synaptosomal 
GABA content occurs in discrete regions that are critical in sustaining gener
alized epileptiform activity (LbsCHER and VETrER 1984). 

Furthermore, at therapeutic levels, val pro ate has a modest in vitro poten
tiating effect on GABA-mediated postsynaptic inhibition, possibly through 
the drug's action on the picrotoxin site of the GABA receptor-CI- ionophore 
complex (TICKU and DAVIS 1981; FARIELLO et al. 1995). 

Valproate has been shown to affect specific intracerebral circuitry impor
tant in the regulation of epileptiform activity (NOWACK et al. 1979; FARIELLO 
et al. 1995). Valproate decreases excitability of the cortex and hippocampus 
during stimulation of the caudate nucleus via its thalamo-cortical projections. 
There are ample data in support of the concept that valproate selectively 
increases tonic GABAergic inhibition of neurons in the substantia nigra pars 
reticulata, a region critical in the propagation of experimentally evoked 
seizures. This action effectively reduces the outflow of the dorsal striatum to 
the thalamus, colliculus and tegmentum (GALE 1988; ROHLFS et al. 1996). The 
increase in nigral GABAergic activity is thought to reflect an increase in input 
nerve terminal GABA (LbsCHER and VETTER 1984). Recently, ZHANG et al. 
(1996) showed that augmentation of GABAA -mediated inhibition is not 
involved in valproate's suppression of epileptiform activity in an in vitro 
rodent thalamo-cortical slice model. 

Elevation of neuronal GABA concentrations cannot account fully for the 
anti-epileptic actions of valproate. Firstly, substantive elevation of brain 
GABA occurs only at relatively high doses of valproate. Secondly, enhanced 
GABAergic tone is known to aggravate seizures in several models of bilater
ally synchronous spike-and-wave discharges. Moreover, some branched
chain valproate analogues (e.g. 2-ethylbutyric acid) showed anticonvulsant 
activity in the absence of a significant change in brain GABA (FARIELLO et al. 
1995). 

At therapeutically relevant levels, valproate has a direct action on NMDA 
receptors. Valproate has been reported to (1 ) block neuronal firing induced by 
NMDA receptor activation (LbsCHER 1993), (2) suppress NMDA-evoked, 
transient depolarization in rat neocortical pyramidal cells (ZEISE et al. 1991), 
(3) decrease NMDA receptor-mediated synaptic responses in rat amygdala 
slices (GEAN et al. 1994), and (4) decrease NMDA-induced excitatory postsy
naptic potentials in the rat hippocampus (Ko et al. 1997). 

As with several other anticonvulsants, valproate exerts effects on neuronal 
conductance when fibres and/or synapses are functioning abnormally. In vitro, 
valproate limits high frequency sustained repetitive firing of Na+-dependent 
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action potentials through blockade of voltage-dependent Na+ channels 
(McLEAN and MACDoNALD 1986). 

Valproate also suppresses spontaneous epileptiform activity in hippo
campal slices by activating Ca2+ -dependent K+ conductances (FRANCESCHEITI 
et al. 1986). 

D. Pharmacokinetics 

I. Absorption 

Three different chemical forms of valproate are in common use, viz. the free 
acid, sodium salt, and divalproex sodium, which is a coordinated 1: 1 complex 
of sodium val pro ate and valproic acid. Valproate has been available in a 
variety of commercial dosage forms: syrup (acid), tablets (acid or sodium salt), 
capsules (acid), sprinkle capsules (divalproex), enteric-coated tablets (sodium 
salt and divalproex), and controlled-release tablets (divalproex). An intra
venous formulation is also available for rapid loading of valproate. 

The gastrointestinal absorption of valproate from all these formulations 
appears to be complete and is not significantly affected by food. On the other 
hand, the onset and rate of absorption depend on the formulation and differ 
between the fasted and fed states (LEVY and SHEN 1995). 

Absorption from the syrup, conventional tablet formulations, or the soft
gelatine capsule of free acid (Depakane) is very rapid and is not affected by 
food; the peak plasma concentration is consistently reached in less than 2h. 
As expected, a time lag (-2-3 h) is observed in the onset of absorption from 
enteric-coated tablets (Depakote, Epilim EC), and this is further delayed and 
becomes more variable in the presence of food (LEVY et al. 1980; FISCHER 
et al. 1988; CARRIGAN et al. 1990; ROBERTS et al. 1996). The peak plasma con
centration after dosing with enteric-coated tablets is reached after about 3-5 
h. Diurnal variation (i.e. variation between morning and evening doses) in 
absorption from the enteric-coated formulations has been reported (LOISEAU 
et al. 1982; YOSHIYAMA et al. 1989). 

Depakote Sprinkle consists of coated divalproex particles in a pull-apart 
capsule, and is particularly suited to paediatric use. The onset of absorption 
from the sprinkle formulation is earlier than from the divalproex tablet 
(-1 h), but the rate of absorption is slightly slower; as a result, the peak-to
trough difference in valproate plasma concentration is smaller during chronic 
dosing. To permit once daily dosing, two controlled release divalproex formu
lations have recently become available in Europe and the United States 
(ROBERTS et al. 1996; SAMARA et al. 1997a). Both formulations were able to 
maintain a 50% fluctuation in plasma valproate concentration over the course 
of 24 h. Food does not appear to affect the absorption characteristics of the 
US controlled-release formulation (CAVANAUGH et al. 1997). 

Rectal administration of valproate syrup has been shown to be effective 
in the treatment of refractory status epilepticus in both adults and children 
(VAJDA et al. 1978; SNEAD and MILES 1985). The plasma valproate concentra-
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tion time course after rectal valproate syrup was comparable to that observed 
after the oral capsule (CLOYD and KRIEL 1981). 

II. Distribution 

Valproate has a relatively small apparent volume of distribution (-0.15-
0.20 lIkg); its extravascular distribution is limited by its high binding affinity 
for plasma albumin. Another important feature of valproate binding to plasma 
proteins is its dependence on its concentration over the therapeutic range 
(50-150 ,ug/ml); i.e. the drug's therapeutic concentrations are within the range 
of valproate's equilibrium dissociation constant for albumin binding. The 
average plasma free fraction of valproate (slightly below 10%) remains 
constant up to a plasma concentration of 75,ug/ml, and increases to 15% at 
100,ug/ml, 22% at 125,ug/ml, and 30% at 150,ug/ml (CRAMER et al.1986; LEVY 
and SHEN 1995). This concentration-dependent behaviour in plasma protein 
binding of valproate leads to an apparent increase in the clearance of total 
valproate in plasma (see later). It also gives rise to a greater fluctuation in the 
free drug concentration compared to the total concentration in plasma during 
a steady-state dosing interval. 

Diminished plasma valproate protein binding has been demonstrated in 
certain popUlations (women during late pregnancy, elderly patients) and 
pathophysiological states (liver disease, head trauma, end-stage renal diseases) 
that are characterized by significant hypoalbuminaemia (LEVY and SHEN 
1995). Reduced plasma protein binding has also been observed in situations 
where there is elevation in plasma bilirubin (e.g. in liver disease and in jaun
diced neonates), and in free fatty acids (e.g. insulin-dependent diabetes melli
tus), and in the presence of drug interactions involving plasma protein binding 
displacements (e.g. with salicylate - LEVY and SHEN 1995). In the absence of 
any change in intrinsic metabolic clearance, the decrease in plasma protein 
binding leads to an apparent lowering of the area under the total plasma val
proate concentration-time curve, but no change in the area under the free 
plasma valproate concentration curve. Assuming that the drug's antiepileptic 
effect is related to the free valproate concentration, changes in plasma protein 
binding alone should not alter the clinical response. 

Extensive data exist on the tissue distribution of valproate in animals, 
mostly in rodents. Owing to its moderately high lipophilicity, valproate readily 
moves into its extravascular sites of action. The uptake of val pro ate and its 
unsaturated metabolites into the liver, the extent of which depends on 
their plasma protein bindings, has been demonstrated in rodents (CRAMER 
et al. 1986; Li:iSCHER and NAU 1984). The teratogenicity of valproate has 
been attributed in part to its ease of crossing the placental barrier, and to its 
accumulation in the neuroepithelium of the mouse embryo due to the rela
tively high intracellular pH present during organogenesis (DENCKER et al. 
1990). 

Rapid entry of valproate into the brain was demonstrated in some of the 
early work in rodents and dogs (FREY and L6sCHER 1978; POLLACK and SHEN 
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1985), which is entirely consistent with the prompt appearance of an anticon
vulsant effect after a single administration of the drug. The problem associ
ated with the distribution of valproate to the brain is the unexpectedly low 
steady-state concentrations of valproate in the central nervous system relative 
to the free drug concentration in plasma. This was first reported some years 
ago in a study of the cerebrospinal fluid concentration of valproate in monkeys 
during intravenous infusion (LEVY 1980), and recently was confirmed in 
humans by a study of valproate concentration in cortical specimens obtained 
from patients undergoing epilepsy surgery (SHEN et al. 1992). The mean brain
to-free serum concentration ratio of valproate is about 0.5, which suggests 
asymmetrical transport of valproate (i.e. its efflux rate exceeds its influx rate). 

Recent animal studies have revealed that the bidirectional movement of 
valproate across the blood-brain barrier is mediated in part by carrier trans
port. The uptake of valproate from the blood into the brain is facilitated by a 
medium- and long-chain fatty acid selective anion exchanger at the brain cap
illary epithelium (ADKISON and SHEN 1996). The mechanism(s) governing the 
efficient transport of valproate in the reverse direction, i.e. from brain to blood, 
appear to involve a probenecid-sensitive, active transport system at the brain 
capillary endothelium (ADKISON et al. 1995; NAORA and SHEN 1995). Further, 
a recent brain micro dialysis study in rabbits suggests that, at neural cell 
membranes, another set of transporters exists that shuttles valproate between 
the extracellular fluid and intracellular compartments within the brain 
parenchyma (SCISM et al. 1996). The putative parenchymal cell transport 
system is able to concentrate valproate within the cellular compartment, which 
has important implications in our understanding of the pharmacological mech
anisms of action of valproate (i.e. membrane action versus intracellular mech
anisms). Moreover, the efflux component is inhibited by probenecid, which 
provides another mechanism by which probenecid co-treatment increases the 
steady-state brain-to-plasma distribution ratio of the drug. A full elucidation 
of the brain transport mechanisms of valproate may hold the key to the design 
of "second generation" alkanoic acid type antiepileptics that have improved 
brain delivery, reduced systemic burdens, and lower risks of organ toxicities 
(e.g. teratogenicity and hepatotoxicity). 

III. Elimination 

1. Clearance Parameters 

The intrinsic metabolic clearance and the plasma protein binding are the main 
determinants of the clearance of an extensively metabolized, low extraction 
ratio drug such as valproate. The following is a brief summary of how dose, 
age and pathophysiology modulate these two variables to jointly effect 
changes in the plasma clearance of valproate. 

The plasma clearance of valproate is dose-dependent. In single dose 
studies, the plasma clearance of the drug shows a progressive increase, as the 
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dose is incremented from 500mg to as high as 3000mg (BOWDLE et al. 1980; 
GOMEZ BELLVER 1993). The accelerated clearance at high doses is attributed 
to the increase in the average plasma free fraction. In contrast, clearance 
expressed in terms of plasma free valproate concentration, or intrinsic meta
bolic clearance, shows a downward trend with the increase in dose, which is 
consistent with the notion of saturation in f3-oxidation based on urinary 
metabolite studies (see the following section on "Metabolism"). The magni
tude of change in the plasma free fraction exceeded the partial saturation of 
intrinsic metabolic clearance, which explains the net increase in clearance of 
total drug in plasma with an increase in dose. 

There is a large collection of data on the pharmacokinetics of valproate 
in various age groups, which has been summarized (LEVY and SHEN 1995). In 
all age groups, the clearance of valproate was notably higher (on average, by 
-twofold) in patients receiving poly therapy that included the microsomal 
enzyme inducers (phenobarbitone, phenytoin and carbamazepine). 

A continuous change in valproate clearance occurs over the entire period 
of childhood. The clearance of total plasma valproate in neonates is compa
rable to that in adult patients (1O-14mllmin/kg) despite a higher plasma free 
fraction due to elevated plasma free fatty acids and bilirubin (13% vs. <10%). 
This is consistent with low and immature microsomal drug-metabolizing 
enzyme activities. The low intrinsic clearance is reflected in a prolonged elim
ination half-life (>17 h). Rapid maturation in microsomal enzyme function 
occurs over the first 2 years of life, such that val pro ate clearance in pre-school 
children is nearly twice as high as that in adults (14-36m1lmin/kg), and the 
drug's elimination half-life is shortened (-6-12h). From the pre-school years 
to adolescence, there is a gradual decline in total drug clearance and an 
increase in its elimination half-life towards adult values (9-18 mllmin/kg and 
8-15 h, respectively). The clearance of total valproate in plasma appears to 
remain stable during the adult years. However, hypoalbuminaemia occurs 
commonly in elderly patients. The intrinsic clearance of valproate is lower 
in elderly patients, by an average of 40%, than in young control subjects, 
which is consistent with the commonly recognized age-related decline in 
hepatic drug-metabolizing function, especially oxidative metabolism and 
glucuronidation. 

Only a small number of studies on valproate clearance in pregnant women 
have been reported (PLASSE et al. 1979; PHILBERT and DAM 1982). The avail
able data suggest that valproate clearance begins to rise late in the second 
trimester, and continues to increase through the mid-portion of the third 
trimester. Much of the increase in drug clearance can be attributed to an 
increase in plasma free fraction as a result of elevated free fatty acid concen
trations and low albumin level (NAU and KRAUER 1986). 

The clearance kinetics of valproate have been investigated in liver and 
renal diseases. Liver diseases lead to a decrease in the plasma protein binding 
and intrinsic metabolic clearance of valproate; the changes tend to be equal 
in magnitude resulting in there being no apparent change in the clearance of 
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total drug in plasma (KLOTZ et a1. 1978). The primary effect of end-stage renal 
disease appears to be a decrease in plasma protein binding (free fraction 
>20%) due to displacement by uraemic plasma constituents. No significant 
change in intrinsic metabolic clearance was noted. 

The pharmacokinetics of valproate have recently been investigated in 
head trauma patients as part of a clinical trial of valproate prophylaxis against 
post-traumatic seizures (ANDERSON et a1. 1994, 1998). Head trauma causes an 
acute and remarkable drop in plasma albumin levels, which is reflected in a 
variable and significant increase in the plasma free fraction of valproate. This 
is accompanied by an increase in the intrinsic clearance of valproate, reflecting 
an apparent induction of the drug's oxidative pathways. 

2. Metabolism 

Valproic acid is extensively metabolized; its primary metabolic pathways 
involve both phase I (oxidative) and phase 2 (conjugative) biotransformation 
reactions (BAILLIE and SHEFFELS 1995). 

Conjugation with D-glucuronic acid represents the major pathway of val
pro ate biotransformation in humans, accounting for about 30%-40% of the 
usual clinical dose. Valproylcarnitine has also been identified as a minor con
jugated metabolite in human urine. 

Analogously to the oxidation of endogenous straight-chain fatty acids, val
proate is activated to its coenzyme A thioester, which undergoes sequential 
mitochondrial f3-oxidation to yield A2-valproate (the E-isomer being the major 
form present in biological fluids), 3-hydroxy-valproate, and 3-oxo-valproate. 
E-A2-Valproate possesses a slightly more potent anticonvulsant activity than 
its saturated precursor (L6sCHER et al. 1991; SEMMES and SHEN 1991). 
Since the steady-state concentrations of A2-valproate in serum or brain cortex 
of epileptic patients are, on average, less than 10% those of val pro ate 
(RETTENMEIER et al. 1985; ABBOTT et al. 1986a; ADKISON et al. 1995), the con
tribution of this metabolite to the antiepileptic efficacy of valproate is prob
ably minimal. 3-0xo-valproate appears to be a terminal metabolite of 
f3-oxidation, and is largely excreted in urine. About 20%-35% of the valproate 
dose is recovered as 3-oxo-valproate in urine of patients receiving valproate 
monotherapy, an indication of the percentage contribution of f3-oxidation to 
valproate metabolic clearance. 

Aside from E-A2-valproate, two other mono-unsaturated metabolites, A3_ 

valproate and A4-valproate, are present in the serum and urine of epileptic 
patients. The mono-ene metabolites give rise to a series of diene metabolites, 
in particular (2E,3'E)-A2,3-valproate and (2E)-A2.4-valproate. (2E)_A2.4_ 
Valproate is thought to be a precursor to a reactive epoxide metabolite that 
may be involved in the hepatotoxicity of valproate. 

Other oxidative pathways include ill and Q}-1 oxidation to form 5-hydroxy
valproate and 4-hydroxy-valproate, respectively. 4-Hydroxy-valproate, which 
also exists in its y-Iactone form, is further oxidized to 4-oxo-valproate. Both 
hydroxy-acids are eventually oxidized to their dicarboxylic acid end products. 
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All the products of OJ and (0-1 oxidation are thought to be devoid of biologi
cal activity. 

The metabolic profile of valproate changes with an increase in dose. The 
proportion of the dose recovered in urine and which has undergone glu
curonidation increases with increasing valproate dose at the expense of the f3-
oxidation pathways. GRANNEMAN et al. (1984) showed that following a single 
oral dose of valproate the percentage of the dose excreted in urine as 3-
oxo-valproate decreased from 33.7% at 250mg to 20.7% at 1000mg, while 
valproate glucuronide increased from 4.5% of the dose at 250mg to 35.2% at 
1000 mg. These data are thought to reflect saturation of mitochondrial f3-
oxidation, and compensatory increase in microsomal glucuronidation.In addi
tion, a recent series of single dose studies in healthy volunteers (ANDERSON et 
al.1992) and clinical studies in adult and paediatric patients (KONDO et al.1992; 
SUGIMOTO et al. 1996) showed an increase in cytochrome P450-mediated for
mation of ~4-valproate and the OJ and (0-1 oxidative products with an increase 
in dose. 

SHEN et al. (1984) reported the average steady-state concentration ratio 
of various valproate metabolites to parent drug in 22 infants (4 months to 2 
years), children (2-15 years), and 12 adult patients. These concentration ratios 
increased as a function of age for 3-oxo-valproate, remained constant for 
E-~2-valproate, and decreased for ~4-valproate. The latter observation does 
suggest that young infants may be exposed to higher circulating concentra
tions of the potentially hepatotoxic ~4-metabolites. 

Carbamazepine induces the metabolism of valproate. A profile of urinary 
metabolites of valproate from patients receiving poly therapy with carba
mazepine indicated an increase in cytochrome P450-mediated OJ and (0-1 
oxidations (ABBOTT et al. 1986b). An increased urinary recovery of 3-oxo
valproate has also been observed, which may suggest induction of f3-oxidation, 
although an alternative explanation may be an increased formation of 3-
hydroxy-valproate and its conversion to 3-oxo-valproate. 

Salicylate decreases f3-oxidation of valproate by competitive inhibition in 
the formation of valproyl CoA (ABBOTT et al. 1986c). 

Inducers (phenytoin and carbamazepine) and inhibitors (stiripentol) of 
oxidative microsomal enzymes have been shown to increase and decrease, 
respectively. the formation of the hepatotoxic olefin ~4-valproate (KONDO et 
al. 1990; LEVY et al. 1990). 

Valproate is a potent competitive inhibitor of glucuronidation. A 
significant interaction between valproate and lamotrigine has been reported 
(YUEN et al. 1992; ANDERSON et al. 1996). 

E. Interactions 

I. Other Drugs Affecting Valproate 

Knowledge of the metabolic fate of valproic acid provides a basis to rationalize 
interactions in which valproate metabolic clearance is affected. A relatively 
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large fraction of the dose (40%) of valproic acid is eliminated by glucuronida
tion. Induction of the UDP glucuronosyltransferases involved in this pathway 
(UGTlA6, UGTlA8, UGT2B7) accounts primarily for the twofold increase in 
valproate clearance associated with co-administration of enzyme inducers such 
as phenytoin, phenobarbitone or carbamazepine. Val pro ate dosage adjustments 
are often required when these drugs are added to, or withdrawn from, a patient's 
treatment. Although enzyme inducers such as phenytoin and carbamazepine 
also affect the cytochrome P450-mediated pathways of val pro ate metabolism 
(LEVY et al. 1990), these oxidative pathways account for less than 10% of the 
dose and the impact of induction of those pathways on the total clearance is 
relatively minor. Another significant elimination pathway for valproate 
(20%-30%) is f3-oxidation, which leads to the urinary 3-keto metabolite of the 
drug. This pathway is probably involved in the dose-dependent inhibition of val
pro ate metabolism associated with felbamate co-administration (WAGNER et al. 
1994; HOOPER et al.I996). 

II. Valproate Affecting Other Drugs 

Interactions in which valproate affects the metabolic clearance of other drugs 
are related primarily to inhibition of four enzyme systems, viz. epoxide hydro
lase, CYP2C9, UDP glucuronyltransferases and UDP glucosyltransferases. 
Inhibition of the enzyme epoxide hydrolase by valproate was discovered 
several years ago and provides an explanation for the elevations which are 
found in the plasma levels of the metabolite of carbamazepine, carba
mazepine-l0,II-epoxide, when valproate is added to carbamazepine therapy 
(LEVY et al. 1984; KERR et al. 1989; PISANI et al. 1990; ROBBINS et al. 1990). It 
is not clear whether this interaction is clinically meaningful. Recently, the inhi
bition spectrum of valproate toward several cytochrome P450 enzymes has 
been elucidated; CYP2C9 was the only enzyme inhibited at valproate con
centrations consistent with therapeutic levels (HURST et al. 1997). Inhibition 
of CYP2C9 has been proposed to explain the elevations in phenytoin and phe
nobarbitone levels associated with valproate co-administration. Inhibition of 
the formation of phenobarbitone N-glucoside contributes also to the decrease 
in phenobarbitone clearance (BERNUS et al. 1994). 

Valproate decreases the metabolism of several drugs eliminated by glu
curonidation such as lorazepam (SAMARA 1997b), zidovudine (LERTORA 1994) 
and lamotrigine (YUEN et al. 1992). In the case of the latter, the effect is pro
nounced and may require dosage adjustments. In patients who are not con
comitantly treated with enzyme inducers (e.g. phenytoin or carbamazepine), 
the half-life of lamotrigine increases from 30 to 60h in the presence of val
proate, and in patients receiving enzyme inducers, the lamotrigine half-life 
increases from approximately 15 h to 30 h. This interaction is due to inhibition 
of formation of lamotrigine N-glucuronide by UGTlA4 (GREEN et al. 1995), 
but the inhibition spectrum of valproate toward the various UDP glucuronyl
transferases has not been completely characterized. 
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F. Adverse Effects 

A variety of side effects have been associated with valproate therapy. The most 
common include (1) gastrointestinal distress (nausea, vomiting, abdominal 
pain), (2) weight gain in up to 20% of patients, (3) hair loss in approximately 
10% of patients, and (4) tremor. Some of these side effects (weight gain and 
hair loss) may result in discontinuation of therapy. Side effects which are less 
frequent include sedation and drowsiness, especially at high plasma valproate 
concentrations, and encephalopathy and hyperammonaemia, particularly 
related to anti epileptic drug poly therapy. 

Another category of adverse effects is more rare and is idiosyncratic in 
nature. Thrombocytopenia with inhibition of platelet aggregation and other 
haematological side effects such as fibrinogen depletion have been reported. 
Hepatic reactions range from alterations in serum biochemistry unrelated to 
clinical symptoms to severe, rarely fatal, hepatotoxicity. In the cases which 
have been reported, hepatic failure occurred within the first 6 months of 
therapy with a variety of non-specific symptoms such as weakness, lethargy, 
vomiting and loss of seizure control. The patients at a high risk of a fatal 
outcome (1 in 600) are children under 2 years old receiving antiepileptic poly
therapy and who also have congenital metabolic disorders, organic brain 
disease or mental retardation. The risk decreases appreciably in older children 
(1 in 8300 in 3-10 years old) and in adults (1 in 35,000) receiving poly therapy. 
The risk also decreases when the drug is used in monotherapy. There have 
been a few reports of acute haemorrhagic pancreatitis which have been fatal. 

Like all other anti epileptic drugs, valproate use in women of childbearing 
age has been associated with teratogenicity. In addition to craniofacial and 
digital anomalies, val pro ate use during pregnancy has been associated with 
neural tube defects (spina bifid a) with an incidence of 1 %-2%. Based on the 
belief that this adverse effect may be related to high peak plasma concentra
tions, the recommendation has been made to divide the daily dosage if val
pro ate must be used during pregnancy. Also this risk should be weighed 
against the risk of substitution of another drug during the first trimester of 
pregnancy. 
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CHAPTER 14 

Vigabatrin 

E. BEN-MENACHEM 

A. Chemistry and Use 

I. Chemical Characteristics 

Vigabatrin (4-amino-5-hexenoic acid; gamma-vinyl GABA; GVG) is a ratio
nally designed, specific enzyme-activated irreversible inhibitor of GABA 
transaminase (LIPPERT et al. 1977; SCHECHTER et al. 1979). It is a molecular 
structural analogue of GABA with a vinyl appendage (Fig. 1) and is highly 
soluble in water but only slightly soluble in ethanol and methanol and is insol
uble in hexane and toluene. It is a white to off-white crystalline solid with a 
melting point of 171°-177°C. Its molecular weight is 129.16 and the conver
sion factor (CF) is 7.75 (mg/l x CF == ,umolll). 

1. Enantiomers 

Vigabatrin is a racemic mixture of R( -) and S( +) isomers in equal proportions 
and with no optical activity. The pharmacological activity and the toxic effects 
of vigabatrin are associated with the S( +) enantiomer only, while the R( -) 
enantiomer is entirely inactive (HAEGELE and SCHECHTER 1986; REY et al. 
1990). No chiral inversion exists in man. Importantly, because GABA transam
inase, which is the target enzyme, has a much longer half-life than vigabatrin 
itself, the major pharmacological effects of the drug are determined by the 
half-life of the enzyme rather than by that of the drug (JUNG et al. 1977; 
BEN-MENACHEM et al. 1988). 

II. Use 

At the present time, vigabatrin is used clinically only as an anticonvulsant. 

B. Pharmacodynamics 

I. Biochemical Pharmacology 

1. Effects on GABA and Other Amino Acids 

Vigabatrin is a very specific GABA transaminase inhibitor and causes highly 
specific effects in the brain which are probably related to its anticonvulsant 
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Vigabatrin 

GABA 

Fig. 1. Formulae of vigabatrin and GABA 

activity. No other explanation has been proposed in spite of intensive research 
efforts in this area. The first experiments were by JUNG et al. (1977), who 
injected 1500mg/kg of the compound intraperitoneally into mice and mea
sured the brain content of GABA, GABA transaminase and glutamic acid 
decarboxylase over time. By 4 h a fivefold increase of whole brain GABA with 
a corresponding decline in GABA transaminase activity was observed. GABA 
transaminase concentrations recovered to 60% of their baseline levels after 5 
days. A 30% decrease in glutamic acid decarboxylase was observed, but only 
at a very high dose of vigabatrin (1500mg/kg). This was probably the result of 
a feedback mechanism following the sudden sharp increase in GABA con
centration. Other studies (PALFREYMAN et al. 1980) have shown that free and 
total GABA and homocarnosine levels in both the brain and the CSF are 
increased in parallel with increasing doses of vigabatrin. 

II. Animal Models 

1. Anticonvulsive Effects 

Vigabatrin is effective in some, but not all, experimental animal seizure 
models. It is inactive in such fundamental models as maximal electroshock, 
bicuculline (GABA antagonist) and pentylenetetrazol-induced seizures, 
unless injected directly into the midbrain of rats (GALE et al. 1986). After an 
intravenous injection of vigabatrin, seizure protection was observed after 
bicuculline-induced myoclonic activity (KENDALL et al. 1981), strychnine
induced tonic seizures (SCHECHTER et al. 1979), isoniazid-induced generalized 
seizures (SCHECHTER et al. 1979), audiogenic seizures in mice (SCHECHTER et al. 
1977), photic-induced seizures in the baboon (MELDRUM and HORTON 1978) 
and amygdala-kindled seizures in the rat (PIREDDA et al. 1985; STEVENS et al. 
1988). 

Stereotaxic injections of small amounts of vigabatrin into certain specific 
areas of the rat brain gave seizure protection that was related to the locally 
increased GABA levels (GALE 1986). Protection against maximal electroshock 
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seizures was most prominent when local GABA concentration increases were 
produced in the midbrain tegmentum, including the substantia nigra and the 
midbrain reticular formation. Injections of vigabatrin into the thalamus, hip
pocampus and cortex did not protect against seizures in this model. The dura
tion of seizure protection was as long as 72 h after a single injection into the 
substantia nigra. Only by the 5th day did the rats again respond normally to 
maximal electroshock. This finding supports the observations that the rate of 
recovery of GABA transaminase is 5 days (luNG et al. 1977) and suggests that 
the anticonvulsant effect of vigabatrin is due to the local increase in GABA 
levels instead of being a direct effect of vigabatrin itself. 

2. Prevention of Epileptogenesis 

There is some indication that vigabatrin may prevent epileptogenesis. Support 
for this comes from the study by SHIN et al. (1986), who treated rats with either 
saline or vigabatrin and then proceeded to give repeated subconvulsive stim
ulation to the amygdala to try to produce epileptogenesis. During 16 stimula
tions, the saline-treated rats developed mild to fully developed generalized 
seizures, while the vigabatrin-treated rats remained seizure free. After a 10 day 
rest period, the rats which were previously treated with vigabatrin had to go 
through the entire kindling procedure to develop fully kindled seizures while 
the saline-treated rats exhibited fully developed seizures immediately. 

3. Neuroprotective Effects 

Stimulation of the perforant pathway is a model of status epilepticus. In a study 
from Finland (YUNEN et al. 1991), rats were pretreated with vigabatrin and 
compared with rats pretreated with saline. Stimulation of the perforant 
pathway caused status epilepticus in all animals. Postmortem examination of 
the hippocampi from the animals revealed that the saline-treated rats had evi
dence of cell damage and loss of somatostatin-containing interneurons in the 
dentate gyrus. The vigabatrin-treated rats had histologically normal hip
pocampi. The authors suggested that this is evidence that vigabatrin has a neu
roprotective effect on the hippocampal structures during status epilepticus. In 
another study using the same methodology. the efficacies of carbamazepine 
and vigabatrin alone and in combination were assessed to determine if there 
was a difference between the two drugs in their capacities to prevent cell loss 
in the hippocampi. It was found that vigabatrin. both alone and in combina
tion with carbamazepine. was more effective in preventing neuronal cell loss 
than carbamazepine monotherapy was (PITKANEN and HALONEN 1995). 

III. Humans 

1. CSF and Brain Concentrations of GABA and Other Amino Acids 

The effects of vigabatrin on the human brain have been studied indirectly by 
measuring CSF concentrations of GABA and other neurotransmitters and 
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amino acids. Early studies investigated the short-term relationship between 
vigabatrin and GABA in the CSF (GROVE et al. 1981). Patients with various 
neurological conditions were given 0.5, 1,2, or 6g vigabatrin daily for 3 days. 
Free and total GABA, beta-alanine, homo carnosine and vigabatrin increased 
in a dose-responsive manner. In another study (SCHECHTER et al. 1984), ten 
patients were given 0.5 g vigabatrin twice daily followed by 1 g twice daily for 
2 weeks and then spent 2 weeks receiving placebo. No changes from baseline 
values were found in the concentrations of homovanillic acid (the metabolite 
of dopamine) and 5-hydroxyindoleacetic acid (the metabolite of serotonin), 
but dose-related increases were seen in free and total GABA concentrations. 
By the end of the placebo period the levels of GABA had declined to base
line values. 

No consistent changes in the concentrations of acetylcholine, somato
statin, beta-endorphins, prolactin, c-AMP, or c-GMP, amino acids, homovanil
lic acid or 5-hydroxyindoleacetic acid were observed in both brain tissue and 
CSF during chronic treatment with doses of vigabatrin up to 50mg/kg/day for 
3 years (PITKANEN et al.1987;SIVENIUS et al.1987;BEN-MENACHEM et al.1991). 
In a single dose study, however, homovanillic acid and 5-hydroxyindoleacetic 
acid concentrations initially increased up to 100%, but returned to the 
baseline level or slightly below the baseline level after 1 month of treatment 
(BEN-MENACHEM et al. 1988). 

At a dose of 50mg/kg/day, vigabatrin caused a 200%-300% increase in 
GABA in the CSF and brain tissue (BEN-MENACHEM et al. 1993). A reduction 
of vigabatrin dose from 3 g/day to 1.5 g/day resulted in a proportional decrease 
of GABA levels in the CSF (SIVENIUS et al. 1987). The vigabatrin dose and the 
percentage increase in CSF GABA concentrations show a linear relationship, 
but the relationship between the dose and the efficacy appears more complex 
and may depend on the nature of the epilepsy that is present. KALVIAINEN et 
al. (1993) have suggested that responders to vigabatrin monotherapy have 
higher glutamate levels (increased 14 % ) in the CSF before receiving the drug 
than the patients who do not respond. 

2. Magnetic Resonance Spectroscopy 

Recently lH-magnetic resonance spectroscopy in patients treated with 
vigabatrin in addition to conventional antiepileptic drugs has confirmed the 
observations of the CSF studies. PETROFF et al. (1996) found that after a single 
50mg/kg dose of vigabatrin, GABA levels, as determined by magnetic reso
nance spectroscopy, were increased by 40% after 2h and by 65% after 24h. 
By 5 days the GABA levels had declined, but were slightly above their initial 
values at 8 days. In another magnetic resonance spectroscopy study, GABA 
levels increased in a dose-dependent way during chronic intake of vigabatrin 
at 2 g and 3 g/day, but there was no further increase when the dose was 
increased to 6 g/day (PETROFF et al. 1996). These authors also found increased 
levels of glutamine and corresponding decreased levels of glutamate (by 9%) 
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in vigabatrin-treated patients compared with other patients who received 
conventional antiepileptic drug therapy alone (PETROFF et al. 1995). The 
significance of this is unclear. 

3. Effects on Platelets 

Administration of therapeutic doses of vigabatrin causes a marked reduction 
in platelet GABA transaminase. Doses of 2 g/day will inhibit platelet GABA 
transaminase maximally, with a mean enzyme inhibition of approximately 
70% (RrcHENs 1991). The concentration of plasma vigabatrin is almost 10 
times that seen in the CSF; since platelets cannot regenerate GABA transam
inase, the effect of vigabatrin on this test system will also be influenced by 
platelet replacement rates. 

4. Human Epilepsy 

aJ Adults with Partial Seizures 

Many studies have been conducted during the 16 years of clinical investiga
tion of vigabatrin confirming the efficacy of the drug, especially for partial 
seizures and infantile spasms. Consistently, patients in these studies have expe
rienced a 50% or greater reduction in their seizure rates. 

a) Major Single-Blind Studies 

Meta-analysis of the first 10 single-blind studies testing the clinical efficacy of 
vigabatrin in 352 patients with intractable partial seizures demonstrated that 
55.8% had experienced a greater than 50% seizure reduction (GRAM et al. 
1983; SCHECHTER et al. 1984; BROWNE et al. 1987; BESSER and KRAMER 1989; 
COCITO et al. 1989; FAEDDA et al. 1989; MUMFORD and DAM, 1989; ZACCARA et 
al. 1990; MICHELUCCI et al. 1991; OTTO and EGLI 1991; RIED et al. 1991). All the 
patients in these studies had epilepsy that was highly intractable to standard 
antiepileptic drugs. One study has been carried out in patients with less 
severely intractable epilepsy (DE BrfTENCOURT et al. 1994). Here vigabatrin was 
given in a single-blind design to 19 patients with 4 partial seizures monthly. 
All participants had to be socially integrated and active outpatients. In this 
group, 14 of 19 patients had a greater than 50% seizure reduction and 10 
patients (52%) had a greater than 70% seizure reduction. Two patients devel
oped myoclonic jerks, whereas none has been reported previously. No delete
rious effects on cognitive function were noted. 

f3) Major Double-Blind Studies 

Six double-blind placebo-controlled cross-over studies, all of which were con
ducted in Europe, were published in the late 1980s. Two of the studies included 
some patients with generalized tonic-clonic seizures (REMY et al. 1986; 
TASSINARI et al. 1987). The initial efficacy analysis, which included these par-
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ticular patients, showed that the vigabatrin treatment groups did not differ 
significantly from the placebo groups. However, when the patients with 
generalized tonic-clonic seizures without partial seizures were omitted, both 
studies showed highly significant effects of vigabatrin, as did the other four 
studies which included only patients with partial seizures. In all six studies, 
the vigabatrin dose range was 2-3 glday, given as add-on therapy to other 
standard anti epileptic drugs. Between 0% and 7% of patients became seizure
free, and the percent of patients with a greater than 50% seizure reduction 
varied between 33% and 64% (RIMMER and RICHENS 1984; GRAM et al. 
1985; LOISEAU et al. 1986; REMY et al. 1986; TARTARA et al. 1986; TASSINARI 
et al. 1987). 

In the United States, two large double-blind placebo-controlled studies 
with parallel rather than cross-over design were completed recently. These two 
trials were multicentre ones (PENRY et al.1993; FRENCH et al.1996). All patients 
(n = 356) had complex partial seizures with or without secondary generaliza
tion. The dosing arms were 1, 3, and 6 g/day. Both trials demonstrated a sta
tistically significant reduction in seizures when vigabatrin was compared with 
placebo. In the FRENCH et al. study evaluating 3 g/day, 43% of patients achieved 
a >50% reduction in seizures (p < 0.001 vs. placebo), with 5 % of patients 
becoming seizure-free. In the Penry study, which compared 1, 3, and 6 g/day 
with placebo, a greater than 50% reduction in seizures was seen in 24%,51 % 
and 54 % of patients respectively (p < 0.0001 for the 3 and 6 g doses versus 
placebo). Freedom from seizures occurred in 9.3% of the 3 g/day and 7.3% of 
the 6 g/day patients. 

Very similar results were obtained in another placebo-controlled, double
blind, cross-over study from Australia which evaluated vigabatrin doses of 2 
g/day and 3 g/day compared with placebo as add-on therapy in 97 patients with 
uncontrolled partial seizures (BERAN et al. 1996; Table 1). 

Recently a study in France (ARZIMANOGLOU et al. 1997) has been com
pleted in which vigabatrin was given to a group of patients with partial seizures 
who were usually seen in a broad routine clinical practice. Although this was 
not a double-blind study, it is of interest because it is a large study which 
reflects the type of results obtained with patients in ordinary clinical practice. 
These patients had less frequent seizures «8 seizures/month) than patients 
who participated in the previous controlled clinical trials. A total of 397 
patients between 12 and 74 years of age participated. After a 3 month base
line period, the patients were given 2 g vigabatrin/day as add-on therapy. The 
dose could be increased as required up to 4 g/day; the mean dose proved to 
be 2.2 g/day. Patients were followed for 4 months with regards to the efficacy 
and the tolerability of the treatment. There were 13.5% of patients who 
remained seizure-free for the entire 4 months and 39.8% who were seizure
free during the last month of the study. A further 17.4% experienced a 50% 
or greater seizure reduction. In the 77 patients with secondarily generalized 
seizures, 56.7% were seizure-free. Drowsiness and sleep disturbances were the 
most commonly reported adverse events. The drug was stopped in 8 %, and 
the dose reduced in 6%, due to adverse events. 
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Table 1. Efficacy in single-blind and double-blind studies with vigabatrin (FRENCH and 
BEN-MENACHEM 1996) 

Author Year of Number Percent Type of Type of 
pUblication of of patients study epilepsy 

patients with 50% 
seIzure 
reduction 

GRAM et al. 1983 15 Not Single-blind Partial 
available 

SCHECHTER 1984 10 70 Single-blind Partial 
et al. 

BROWNE et al. 1987 89 51 Single-blind Complex 
partial 

COCITO et al. 1989 ]9 63 Single-blind Partial 

BITTENCOURT 1994 ]9 73 Single-blind Partial 
et al. 

RIMMER and 1984 22 64 Double-blind Partial 
RICH ENS 

GRAM et al. 1985 18 44 Double-blind Partial 

LOISEAU et al. 1986 17 53 Double-blind PartiaL but 
some 
generalized 

TARTARA et al. 1986 23 59 Double-blind Partial but 
some with 
absence/ 
atonic 

REMY et al. 1986 23 7 Double-blind Partial but 
some 
generalized 

TASSINARI et al. 1987 30 33 Double-blind PartiaL 
myoclonus, 
unspecified 

RING et a1. 1990 33 60 Double-blind Partial 

FRENCH et al. 1996 182 44 Double-blind Complex 
partial 

PENRY et al. 1993 172 54 Double-blind Complex 
partial 

BERAN et a1. 1997 97 Not Double-blind Complex 
available partial 

KALVIANEN 1995 100: 50- Percent Monotherapy, All seizure 
et al. CBZ, seizure- double-blind types 

50-VGB free: 50% 
CBZ, 42% 
VGB 

TANGANELLI 1996 51 Percent Monotherapy, Complex 
et al. seizure- double-blind partial 

free: 51J°/c) 
CBZ,45.9% 
VGB 

VGB, vigabatrin; CBZ, carbamazepine. 
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y) Monotherapy Studies 

Two single-centre trials are now completed and another large double-blind 
multi centre trial is currently being analysed. The single-centre open label ran
domized studies from Finland and Italy (KALVIANEN et al. 1995; TANGANELLI 
and REGESTRA 1996) compared carbamazepine and vigabatrin when used as 
the first drug for new onset seizures. Patients were included independent of 
the seizure type in the Finnish study, but only patients with partial seizures 
were included in the Italian study. The efficacies of the drugs during 1 year 
follow-up were the same in both groups for patients who had partial seizures. 
Twenty-one of 50 patients in the vigabatrin group and 25 of 50 in the carba
mazepine group remained seizure-free in the Finnish study while 45.9% of the 
vigabatrin group and 51.3% of the carbamazepine group in the Italian study 
were seizure-free. There were more drop-outs in the carbamazepine group, 
due to adverse events (12 for the carbamazepine group and none in the viga
batrin group) and more drop-outs in the vigabatrin group because of lack of 
efficacy (14 in the vigabatrin group and 4 in the carbamazepine group) in the 
Finnish study. In the Italian study 41 % of the carbamazepine group reported 
adverse events, while 21.6% did so in the vigabatrin group. 

0) Long-term Studies 

There have been numerous long-term follow-up studies published. Some 
studies have reported follow-up for periods of more than 7 years. It is unusual 
for any anti epileptic drug to have such long-term results reported. For patients 
who were initially responders, the efficacy was maintained in about 60%. 
Breakthrough seizures did occur, but it is not clear if any other concomitant 
anti epileptic drug had had its dose reduced or had been withdrawn (REMY and 
BEAUMONT 1989; BROWNE et al. 1991; SIVENIUS et al. 1991; TARTARA et al. 1992; 
COCITO et al. 1993; MICHELUCCI et al. 1994). Tolerance is not thought to be a 
problem when vigabatrin is used, especially when its efficacy has been demon
strated to be maintained over so many years of follow-up. 

b) Children with Partial Seizures 

In an open trial in 135 children with various types of seizures (LIVINGSTON et 
al.1989), vigabatrin was administered at doses of between 40 and 80mg/kg/day. 
Eleven patients became seizure-free and another 37% had a greater than 50% 
reduction in seizures, a result very similar to those seen in the adult studies. 
Patients with partial seizures showed the best responses. In another study, 16 
children with refractory epilepsy were given vigabatrin; again the patients with 
partial seizures responded most favourably. Myoclonic epilepsy tended to be 
aggravated (LUNA et al. 1989). One long term follow-up study reported that 
after 5 years 7 of 12 children continued to have a greater than 50% reduction 
in seizures. The drug lost efficacy in four children (33 %). One child went on 
to surgery, though vigabatrin was still effective at the time of surgery (ULDALL 
et the al. 1995). 
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c) Children with Infantile Spasms 

Infantile spasms are extremely difficult to treat. Most therapies either are not 
very effective or cause unacceptable side effects. Infantile spasms are included 
in the category of catastrophic seizure syndromes. The first report that viga
batrin could be effective in this seizure type was by CHIRON et a1. (1991). These 
investigators found in this single uncontrolled study of 70 children that 37 had 
a significant reduction in spasms. The response was most impressive in the 
group of patients with symptomatic infantile spasms, especially those with 
tuberous sclerosis, of whom 71 % achieved short term freedom from seizures. 
In the long-term follow-up, 55% continued to be seizure-free, including all 
those with tuberous sclerosis. ApPLETON et a1. (1995) reported the results from 
a 2 year follow-up of infantile spasms in the United Kingdom. At the time of 
the report 20 patients aged 3-11 months (14 with symptomatic infantile 
spasms) had been treated with vigabatrin as their initial drug. The drug was 
given at a starting dose of 50-80mg/kg/day and increased to a maximum 
dose of 150mg/kg/day. In these children, 13 of 20 patients were seizure-free 
for 30 months. Four children showed no response at all to vigabatrin: the other 
3 had a greater than 75% seizure reduction, but were not seizure-free. The 
response to vigabatrin occurred within 72h of starting the drug. No adverse 
side effects were seen in the 20 patients. Since then a retrospective analysis of 
25 infants with infantile spasms treated with vigabatrin has been reported 
(AICARDI et a1. 1995) and a double-blind comparison of vigabatrin with 
placebo for infantile spasms has just been completed and will soon be pub
lished. In the retrospective study, infants with tuberous sclerosis and those 
younger than 3 months at the onset of seizures did best (96% and 90% ini
tially seizure-free, respectively). By the end of the study 96 of 192 infants who 
could be evaluated long term remained seizure-free. The most recent pub
lished report is a randomized comparative trial of vigabatrin or hydrocorti
sone in infantile spasms due to tuberous sclerosis (CHI RON et a1. 1997). All 
patients initially treated with vigabatrin (n = 11) became seizure-free, com
pared with 5 of 11 patients treated with hydrocortisone. All the patients given 
hydrocortisone who were not seizure-free or who had adverse events (n = 7) 
became symptom free when treated with vigabatrin. The mean time to disap
pearance of infantile spasms in the vigabatrin group was 3.5 days, but 13 days 
in the responders to hydrocortisone. 

d) Children with the Lennox-Gastaut Syndrome 

There have only been a few published reports on the use of vigabatrin in treat
ing the Lennox-Gastaut syndrome. Some have reported an increase in seizure 
frequency after vigabatrin therapy in patients with the syndrome and with 
myoclonic epilepsy (MICHELUCCI et a1. 1989; LORTIE et a1.1993), whereas others 
have reported significant improvement (HERRANZ et al. 1991; FEUCHT et a1. 
1994). One factor in this discrepancy could be the dose of vigabatrin given. 
Patients with the Lennox-Gastaut syndrome often require lower doses than 
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patients with other seizure types. Rarely, myoclonic jerks may develop during 
the course of vigabatrin treatment, necessitating withdrawal of the drug 
(DE BnTENcoURT et al. 1994). 

C. Pharmacokinetics 

I. Absorption and Bioavailability 

Oral vigabatrin absorption is rapid with the peak plasma concentrations of the 
drug being reached within the first 2h after dosing (HAEGELE et al. 1986, 1988; 
SALETU et al. 1986). The absorption half-life ranges from 0.18 to 0.59h. The 
oral bioavailability is at least 60%-80%. There are no vigabatrin metabolites 
found in human urine; probably the amount of a vigabatrin dose that is not 
recovered in the urine simply disappears as the drug is tightly bound to GABA 
transaminase, which undergoes degradation within the body. 

Food does not affect the extent of vigabatrin absorption. The plasma AVe 
for fasted and for fed volunteers did not differ significantly. Therefore the time 
of administration, and what and when a person eats, does not influence the 
clinical response to vigabatrin (FRISK-HoLMBERG et al.1989; HOKE et al.1991). 

II. Distribution 

1. Body Tissues and Fluids 

The distribution of vigabatrin in the body is very wide. This is due to its water 
solubility and because vigabatrin does not bind to plasma proteins. The appar
ent volume of distribution is 0.81/kg (total body water is 0.61/kg) in volunteers 
and its half-life of distribution is 1-2h. It is estimated that between 50% and 
75% of the drug in the body is outside the central blood compartment at 
steady state (SCHECHTER 1986). 

The concentration of vigabatrin in the eSF in patients with epilepsy 
treated with other concomitant antiepileptic drugs was approximately 10% of 
the blood vigabatrin level (BEN-MENACHEM et al. 1988). The highest concen
trations of vigabatrin were found in the eSF after a sampling point at 6h. By 
24h only a trace was detectable in the eSF, while no vigabatrin was found at 
72h or thereafter. The peak vigabatrin concentration in the blood was reached 
by 1 h and thereafter decreased, with only small amounts being detectable by 
72h. After chronic treatment with vigabatrin at 50mg/kg/day for 3 years, the 
levels of eSF vigabatrin were not significantly increased when compared with 
the concentration of vigabatrin found at 6 months (BEN-MENACHEM et al. 
1991). 

2. Placental Transfer 

The transfer of vigabatrin from maternal to foetal blood across the placenta 
is low and comparable to that of other a-amino acids. The clearance for both 
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the S( +) and R(-) enantiomers is about 27 % of that of phenazone (CHALLIER 
et al. 1992). 

III. Elimination 

1. Metabolism 

As mentioned above, vigabatrin is not metabolized in humans. The amount 
absorbed is excreted unchanged in the urine. Vigabatrin does not induce 
hepatic cytochrome P-450 dependent enzymes (MUMFORD 1988; RICHENS 
1991). 

2. Elimination Parameters 

The elimination half-life of vigabatrin is 5-8h. and the total clearance about 
1.7-1.9mllmin/kg, with renal clearance accounting for 70% of the total clear
ance. The drug's elimination is not influenced by its dose or by the duration 
of treatment (GRANT et al. 1991). It should be stressed that the biological half
life of the drug is of the order of days, not hours. 

IV. Clinical Pharmacokinetics 

The elimination of vigabatrin is slower in elderly volunteers because of their 
lower creatinine clearances and smaller distribution volumes. There is a direct 
correlation between the renal clearance of vigabatrin and the creatinine clear
ance. A reduced renal clearance causes an increase of the AUC/body weight 
ratio. Renally impaired patients therefore have higher plasma concentrations 
of vigabatrin and it has a longer terminal half-life. The half-life in the elderly 
with reduced creatinine clearances is approximately twice that in normal 
healthy volunteers and the AUC is 7 times higher than in the young. Analysis 
of AUCIbody weight versus clearance shows a non-linear increase in AUCI 
body weight ratio as creatinine clearance falls below 60mg/min. In patients 
with lower renal clearances, the extrarenal clearance may compensate to some 
extent (HAEGELE et al. 1988). 

In children the renal clearance is the same as in adults, but the plasma 
concentration AUC is smaller. In other words, the bioavailability is somewhat 
lower in children. This explains why proportionately higher doses of vigaba
trin are needed to achieve the same effect in children as in adults. 

D. Interactions 

Because vigabatrin is not metabolized, almost the whole ingested dose being 
excreted unchanged in the urine, the drug does not interact significantly with 
other drugs except for phenytoin. Plasma phenytoin concentrations have been 
reported as being lower by up to 20% in two placebo controlled clinical trials 
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(RIMMER and RICHENS 1984; BROWNE et a1. 1987). This lowering has not been 
a consistent observation. There is still no clear explanation of the observed 
reductions since no changes have been found in phenytoin protein binding, 
absorption, metabolism or clearance (RIMMER and RICHENS 1989; RICHENS 
1991). There is no evidence that there is any loss of anticonvulsant efficacy due 
to these lowered concentrations. The phenytoin dosage therefore does not 
need to be adjusted. 

E. Adverse Effects 

I. General Effects 

The first trials of vigabatrin were reported in 1981. Therefore reports of 
adverse events of the drug are based on 16 years of clinical trials as well as on 
vigabatrin's availability to the popUlation with epilepsy over 8 years as a 
marketed drug. In clinical trials (data on file at Hoechst Marion Roussel), 
sedation and fatigue have been the most commonly reported side effects. 
In clinical trials about 2% of subjects withdrew due to drug intolerability 
alone. 

Studies have been published on the cognitive effects of treatment with 
vigabatrin. While all confirm that vigabatrin does not cause deterioration of 
cognitive performances, some even demonstrate that an improvement perfor
mance in certain test performances can occur (DIJKSTRA et a1. 1992; DODRILL 
et a1. 1993; DE BITTENCOURT et a1. 1994; GRUENEWALD et a1. 1994; KALVIAINEN 
et a1. 1995; PROVINCIALI et a1. 1995). 

Although more than 140,000 patients are estimated to have been treated 
with vigabatrin with an exposure of more than 200,000 patient years, no idio
syncratic adverse events have yet been associated with the use of the drug 
(Table 2). 

II. Psychosis 

The possibility that vigabatrin may elicit a psychosis has been discussed exten
sively. This issue became pertinent when the first reports were published, 
describing 14 of 210 patients who experienced severe psychiatric reactions 
while taking vigabatrin (SANDER et a1. 1990, 1991). Subsequently others have 
published case reports and issued warnings that vigabatrin can cause psychosis. 
The two United States multicentre, placebo-controlled double-blind studies 
discussed above (PENRY et a1. 1993; FRENCH et a1. 1996) included a careful 
analysis of psychiatric side effects to try to address the questions raised by the 
various anecdotal reports in the literature. The two studies did not, however, 
include patients with severe brain damage or severe psychiatric disorders, 
which the case reports did. The results of the two studies revealed that 2.2 % 
in the 1 g/day treatment group (n = 45), 6.6% in the 3 g/day group (n = 135), 
and 7.3% in the 6g/day group (n = 41) dropped out because of psychiatric 
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Table 2. Most frequently reported treatment-related adverse events for vigabatrin 
(>3% reporting) (derived from data on file MMD) 

Adverse event Multicentre Multicentre All studies when 
placebo-controlled placebo-controlled treatment causality 
parallel designed parallel designed is assessed. 
studies. Placebo studies. Vigabatrin N = 1175; N (%) 
(N = 135); N (%) (N = 222): N (%) 

Whole body 
Weight increase 5 (3.7) 16 (7.2) 76 (6.5) 
Asthenia 3 (2.2) 11 (5.0) 30 (2.6) 
Pain 3 (3.0) 7 (3.2) 16 (1.4) 

Dermatological 
Rash 6 (4.4) 7 (3.2) 16 (1.4) 

Gastrointestinal 
Abdominal pain 5 (3.7) 7 (3.2) 26 (2.2) 
Constipation 4 (3.0) 8 (3.6) 34 (2.9) 
Diarrhoea 5 (3.7) 16 (7.2) 23 (2.0) 
Dyspepsia 5 (3.7) 11 (5.0) 25 (2.1) 
Nausea 8 (5.9) 15 (6.8) 31 (2.6) 

CNS related 
Ataxia 9 (6.7) 20 (9.0) 51 (4.3) 
Concentration 2 (1.5) 11 (5.0) 29 (2.5) 

impaired 
Confusion 2 (1.5) 12 (6.4) 27 (2.3) 
Coordination 4 (3.0) 14 (6.3) 22 (1.9) 

abnormal 
Dizziness 18 (13.3) 46 (20.1) 95 (8.1) 
Drowsiness 24 (17.8) 61 (27.5) 180 (15.3) 
Fatigue 21 (15.6) 61 (27.5) 167(14.2) 
Headache 21 (15.6) 39 (17.6) 89 (7.6) 
Hypoasthesia 2 (1.5) 8 (3.6) 16(1.4) 
Hyporeflexia 1 (0.7) 9 (4.1) 9 (0.8) 
Nystagmus 11 (8.1) 33 (14.9) 47 (4.0) 
Paresthesia 3 (2.2) 19 (8.6) 28 (2.4) 
Speech disorder 1 (0.7) 7 (3.2) 22 (1.9) 
Vertigo 2 (1.6) 8 (3.6) 33 (2.8) 

Psychiatric 
Agitation 10 (7.4) 25 (11.3) 60 (5.1) 
Depression 4 (3.0) 22 (9.9) 41 (3.5) 
Thinking abnormal 1 (0.7) 11 (5.0) 16(1.4) 

Visual 
Diplopia o (0.0) 12 (5.4) 40 (3.4) 
Vision abnormal 8 (5.9) 25 (11.3) 55 (4.7) 

adverse events. This supports the contention that significant psychiatric 
adverse events will appear in about 5 % of patients treated with vigabatrin who 
have not previously had psychiatric disease. In the study of ARZIMANOGLOU et 
a1. (1997) in which 397 patients participated, 7.1 % reported irritability as 
an adverse event, but only 1.5% reported mood disorders and 0.7% psychic 
disorders. 
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A large postmarketing surveillance study of vigabatrin from the Drug 
Safety Research Unit at the University of Southampton, involving over 6000 
patients, was done to try to clarify whether vigabatrin causes psychosis more 
often than other antiepileptic drugs. In this database, psychosis-like reactions 
such as manifest psychosis, hallucinations, paranoia or delusions were reported 
in only 88 cases, i.e. 0.64% (Data on file at Hoescht Marion Roussel), which 
is not greater than the rate of reported severe psychiatric adverse events seen 
in treatment with other antiepileptic drugs (MATSUO et al. 1993; WOLF et al. 
1993; COC:KERELL et al. 1996). Therefore the data do not suggest that vigaba
trin causes psychosis more often than any other anti epileptic drug. However, 
as a precaution, patients who have a history of severe psychiatric disturbances 
or very severe brain damage should be given low doses of vigabatrin initially, 
and the dose should be titrated upwards with caution. This recommendation 
in fact also applies to any other antiepileptic drug, especially the newer ones. 
Sudden withdrawal of vigabatrin can lead to postictal psychosis, so that it is 
important to taper vigabatrin dosage slowly, by about 500mg every 5 days. 

III. Visual Field Defects 

Recently there have been reports that vigabatrin may cause visual field defects 
in patients who have used the drug for several years. So far only anecdotal 
reports have been published. EKE et al. (1997) reported visual abnormalities 
in 3 patients who received vigabatrin as add-on therapy but none of the cases 
had ever had baseline perimetry done. It is most unclear if the patients had 
these visual field deficits before treatment, or if other antiepileptic drugs can 
cause the same changes. Vigabatrin is often given as add-on therapy to severely 
resistant patients and is seldom given as monotherapy. This issue needs to be 
addressed promptly. Hoescht Marion Roussel is currently conducting further 
studies to attempt to determine if visual field defects are caused by vigabatrin 
and if other patients with partial epilepsy who have not been treated with viga
batrin have defects in their visual fields. A draft report of a pilot study (on file 
at Hoescht Marion Roussel) investigating the prevalence of visual field defects 
in patients treated with anti epileptic drugs other than vigabatrin found that 3 
of 15 patients (20%) showed visual field defects of unknown origin which were 
mild to moderate in severity. A larger study is currently in progress. 

IV. Teratogenicity 

No severe teratogenic effects in animals have been reported except for an 
increased incidence of cleft palate in the group of rabbits receiving a very 
high dose of vigabatrin. Like all anti epileptic drugs, vigabatrin has a class 
warning against use in pregnancy, because of inadequate evidence for or 
against teratogenic effects. Information exists on over 100 pregnancies treated 
with vigabatrin, with almost all patients having taken at least one other 
antiepileptic drug. There do not appear to be data which suggest that vigaba-
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trin has any specific teratogenetic effect. The results are, however, clearly 
inconclusive. 

F. Use in Clinical Practice 

I. Dosage 

In clinical trials most researchers have used vigabatrin doses varying between 
2 and 3 g daily or up to SOmg/kg/day in adults and IS0mg/kg/day in children 
(BEN-MENACHEM et al. 1989; CHIRON et al. 1997). In the United States double
blind placebo-controlled study (PENRY et al. 1993) where a 6 g/day dose was 
used, the results showed that there was a somewhat higher rate of seizure-free 
patients, but at the cost of more side effects. The consensus today is that 3 g is 
an average effective daily dose in adults. At this dose the CSF GABA level 
will increase by 200%-300%. If this dose is not effective, the drug dosage 
should be tapered down at a rate of about SOOmg every S days. This enables 
the GABA concentrations to stabilize at a new level before reducing the viga
batrin further. Hopefully this slow taper will prevent status epilepticus or the 
psychosis which can be elicited by rapid cessation of vigabatrin. 

Vigabatrin may be given once or twice daily. The tablet is tasteless and 
dissolves completely in fluids and therefore can be given to infants or children 
in water or juice or milk. Sachets are available, which simplifies dosing in 
children. 

II. Dose Titration 

In the initial studies with vigabatrin, the full dose was given immediately. Today 
the practice is to increase it gradually to minimize side effects, since it has been 
suggested that a gradual dosage increase might reduce the frequency of 
reported psychiatric or behavioural side effects such as confusion or depres
sion. In addition, some patients with milder epilepsy might respond to lower 
doses of vigabatrin, thereby decreasing the need to titrate the dose up to its 
full value. 

For patients with severe brain damage, as in those with the Lennox
Gastaut syndrome, it is wise to start treatment with only one SOOmg vigaba
trin tablet/day and to increase the dose no faster than by SOOmg weekly. 

III. Laboratory Monitoring 

The concentration of vigabatrin in the blood and CSF can be measured using 
several different methodologies. One of the easiest is a single-step protein pre
cipitation with subsequent pre column derivatization with o-phthaldialdehyde 
and direct injection into a Microsorb C18 column, as described by TSANCLIS 
et al. (1991). Other antiepileptic drugs were found not to interfere with the 
assay. Compared with previous methodologies for vigabatrin determination, 
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this HPLC method requires only a small volume (50,u1) of sample for analy
sis and is faster and easier to use. Enantiospecific assays for the drug are men
tioned in Chap. 7. 

There is, however, no necessity to monitor blood vigabatrin levels in 
patients. Since the drug is effective only by virtue of its irreversible inhibition 
of GABA transaminase, the concentration of vigabatrin in the blood is not 
closely related to its biological effect and hence the measurement is not rele
vant clinically. Even when assessing compliance, measuring the blood levels of 
the drug is not appropriate. If the patient takes just one full dose of vigaba
trin in the morning before the blood sample is collected, the blood level is 
likely to appear clinically acceptable. 
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CHAPTER 15 

Benzodiazepines 

C. KILPATRICK 

A. Introduction 

Chlordiazepoxide, the first benzodiazepine to be used in clinical practice, was 
synthesized in 1955, tested in animal models and found to have hypnotic, seda
tive and antiepileptic activity and received marketing approval in 1960 
(RANDALL et al. 1960). Although effective, the drug was noted to have 
significant toxicity and chemists then turned to synthesizing structural ana
logues in the hope of finding compounds with enhanced pharmacological 
activity and reduced toxicity. 

Diazepam was synthesized in 1959 and its pharmacology described in 1961 
(RANDALL et al. 1961). Lorazepam was synthesized by BELL et al. in 1963 and 
nitrazepam in the same year by STERNBACH et al. (1963). Subsequently clon
azepam, a derivative of nitrazepam, was approved for use as an antiepileptic 
drug in 1975, and has become established as an important agent in the treat
ment of convulsive status epilepticus. 

Clobazam was synthesized in 1972 by modification of the 1,4-
benzodiazepine structure. The resultant L5-benzodiazepine, although intro
duced as an anxiolytic agent, was later found to have major antiepileptic effect 
in animal studies and in man (GASTAUT and Low 1979). Midazolam, although 
initially used as an anaesthesia inducing agent, has more recently been used 
in the treatment of status epilepticus. 

Over the years many benzodiazepines have been synthesized and intro
duced into clinical practice, most as anxiolytic and sedative drugs. Although 
most have antiepileptic properties, the benzodiazepines used primarily in the 
management of seizure disorders are diazepam, clonazepam and clobazam, 
and to a lesser extent nitrazepam, lorazepam and midazolam. These particu
lar benzodiazepines will therefore be discussed individually in this chapter, fol
lowing a consideration of some general properties of this group of drugs. 
Particular attention will be paid to aspects of their pharmacology relevant to 
their use in epilepsy. 

B. Pharmacodynamics of Benzodiazepines in General 

I. Animal Models of Epilepsy 

Various benzodiazepines have been shown to have antiepileptic actlVlty 
in a wide range of animal seizure models. Clonazepam, nitrazepam and 
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diazepam are particularly sensitive in elevating the threshold for pentyl
enetetrazol-induced seizures (ZBINDEN and RANDALL 1967; STRAW et al. 
1968), often regarded as a laboratory model for absence seizures (SWINYARD 
1969). 

Diazepam is effective in suppressing epileptiform activity in the animal 
model of the EEG pattern of 3 Hz spike-wave activity induced by thalamic 
stimulation of the cat (GUERRERO-FIGUEROA et al. 1969b). Its anti epileptic 
effects have also been demonstrated against spike-wave activity in seizures 
secondary to picrotoxin and parenterally administered local anaesthetics 
(BARRADA and OFTEDAL 1970; FEINSTEIN et aI.1970). The benzodiazepines also 
inhibit photosensitivity, either occurring spontaneously as in the baboon 
(Stark et al. 1970), or induced by pentylenetetrazol. Nitrazepam and diazepam 
raise the threshold for producing spike-wave discharges by electrical stimula
tion of the mesencephalic reticular activating formation in the cat (GOGOLAK 
and PILLAT 1965). 

The benzodiazepines have been shown to have various degrees of effec
tiveness against maximal electroshock seizures in mice (SWINYARD 1969), an 
animal model of tonic-clonic seizures. They are also effective against minimal 
electroshock seizures in mice (RANDALL and SCHALLEK 1968; RANDALL et al. 
1970). In animal models of focal or partial epilepsy involving cortical lesions 
induced by various irritants such as strychnine and penicillin, the benzodi
azepines are effective in suppressing the spread of electrical discharges but are 
less effective in abolishing the focal activity at the lesion site (BROWNE and 
PENRY 1973). The benzodiazepines prevent the spread of epileptogenic activ
ity from the hippocampus and amygdala, as well as from cortical epileptogenic 
lesions, but they are less effective in suppressing the seizure focus itself 
(GUERRERO-FIGUEROA et al. 1969a). 

In summary, there is considerable experimental evidence for the 
antiepileptic effect of the benzodiazepines, with their ability to suppress gen
eralized EEG discharges and epileptiform activity in several animal models of 
generalized seizures and, with less efficacy, in animal models of focal seizure 
activity. 

II. Biochemical Pharmacology 

Benzodiazepine actions are closely associated with the effects of the inhibitory 
neurotransmitter y-aminobutyric acid (GABA) (SQUIRES and BRAESTRUP 
1977). The pharmacological effects of the benzodiazepines are the result of 
these drugs acting to facilitate the synaptic action of GABA, thus enhancing 
inhibitory neurotransmission. Benzodiazepines have no effect on synapses 
where GABA does not act. 

The molecular basis for the functional connection between benzodi
azepines and GABA neurotransmission has been identified in recent years 
(DE LOREY and OLSEN 1992). The GABAA receptor, the main type of GABA 
receptor in the central nervous system, is a macromolecular complex. The 
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complex consists of five major binding domains, including sites for: benzodi
azepines, barbiturates, picrotoxin and the anaesthetic steroids. These domains 
modulate the GABAA receptor's response to activation by GABA. A Cl-ion 
channel is an integral part of the complex. The GABA receptor is composed 
of protein subunits with multiple subtypes. There are five families of subunits 
(lX, /3, 0, yand p). It has been shown that the y2 subunit is essential for the 
receptor to carry a benzodiazepine binding site (PRITCHETT et al. 1989). The 
physiology and pharmacology of the GABAA receptor depends on the par
ticular subunits that constitute the receptor, with numerous possible combi
nations being assembled to form the receptors. Although the exact details are 
not known, it is thought that the molecular structure of the GABAA receptor
ion channel complex is that of a heteropentameric glycoprotein of about 
275 kDa, composed of a combination of five polypeptide subunits which form 
a ring structure around an ion channel, each subunit contributing to the wall 
of the channel (DE LOREY and OLSEN 1992). 

Benzodiazepines bind to the GABAA receptor at the so-called benzodi
azepine receptor, which is in fact a modulatory site on the GABAA receptor. 
This binding results in an increase in the frequency of opening of the Cl
channel and a consequent increase in GABA-mediated inhibitory neuro
transmission. 

Although the primary action of the benzodiazepines is to enhance GABA 
transmission, other actions of these drugs have been described. The benzodi
azepines have been demonstrated to modify Na+channel function in a manner 
similar to phenytoin, carbamazepine and sodium valproate (MACDONALD and 
KELLY 1994). The benzodiazepines have also been demonstrated to reduce 
voltage-dependent Ca2+ currents. This effect, however, was produced at 
supratherapeutic concentrations of diazepam and is therefore unlikely to 
be clinically relevant (MACDONALD 1995). In support for the existence of 
other mechanisms of action of the benzodiazepines, in vivo studies in rats, 
which assessed the relationship between benzodiazepine concentration and 
antiepileptic effect, suggested that the efficacy of the benzodiazepines against 
seizure-induced cortical stimulation could not be fully explained by an inter
action at the GABAA-benzodiazepine receptor complex (HOOGERKAMP et al. 
1996). 

C. Benzodiazepine Adverse Effects and 
Their Mechanisms 

It is now well recognized that use of the benzodiazepines is frequently asso
ciated with central nervous system and psychiatric adverse effects, as well as 
with tolerance and withdrawal effects. The common adverse reactions include 
daytime sedation, memory impairment, tolerance, hyperexcitability mani
fested as early morning insomnia and daytime anxiety, withdrawal effects, 
drug-taking behaviour and drug dependence. 
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The adverse effect profiles of the various benzodiazepines differ some
what. It is postulated that this is in part due to differences in the pharmaco
kinetic parameters of the drugs, such as their elimination half-lives, in their 
routes of administration and in certain of their pharmacodynamic properties 
such as their receptor binding affinities and potencies, as well as in their 
benzodiazepine drug structures and in their effects on the locus coeruleus
noradrenaline and hypothalamic-pituitary-adrenal axes. 

Central nervous system depressant effects such as daytime drowsiness are 
more common with drugs with long elimination half-lives (HINDMARCH 1979; 
JOHNSON and CHERNIK 1982). Memory-impairing effects relate to the route of 
administration and the drug's potency. For example, diazepam given intra
venously is associated with memory impairment, but this rarely occurs when 
the drug is used orally, whereas highly potent benzodiazepines are associated 
with amnesia after oral administration. Receptor binding affinity is also rele
vant. Drugs with low affinities are infrequently associated with memory 
impairment, as compared with drugs with high affinities (BIXLER et al. 1979; 
V GONTZAS et al. 1995). Although it has been hypothesized that increased seda
tion associated with increased benzodiazepine potency accounts for memory 
loss following use of these drugs, studies suggest that the effect of benzodi
azepines on memory is specific (LISTER et al. 1988). It is also suggested that 
the memory-impairing effects of the benzodiazepines relate both to suppres
sion and to activation of the locus coeruleus-noradrenaline system (V GONTZAS 
et al. 1995). 

The development of tolerance appears to be quicker for rapidly elimi
nated benzodiazepines such as temazepam (BIXLER et al. 1978) and triazolam 
(KALES et al. 1986b) than for more slowly eliminated congeners such as 
diazepam and clonazepam (KALES et al. 1986a). Tolerance is also thought to 
be related to the receptor affinities of the drugs and to their effects on the 
noradrenaline- and hypothalamic-pituitary-adrenal systems. Studies have 
shown that downregulation of benzodiazepine receptor binding and decreased 
GABAA receptor function are closely associated with tolerance to benzodi
azepines (MILLER et al. 1988), and withdrawal effects are associated with 
upregulation of GABAA receptor function (GALPERN et al. 1991). 

Similarly, development of hyperexcitability is more common with rapidly 
eliminated benzodiazepines such as triazolam and midazolam (KALES et al. 
1983a) and with drugs with high receptor affinities. There is evidence to suggest 
that it is in part related to alternating activation and suppression of the nora
drenaline- and hypothalamic-pituitary-adrenal systems. Hyperexcitability 
following regular nocturnal use of benzodiazepines as hypnotics can lead 
to drug-taking behaviour and drug dependence (MARTINEZ-CANO and 
VELA-BUENO 1993). 

It has been postulated that rebound insomnia resulting from the abrupt 
withdrawal of benzodiazepine drugs may be due to a lag in the production and 
replacement of endogenous benzodiazepine-like compounds (KALES et al. 
1983b). Withdrawal effects are more common with benzodiazepines which 
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have short elimination half-lives and high receptor binding affinities 
(VGONTZAS et al. 1995). 

The triazolo benzodiazepines are associated with more severe and 
frequent central nervous system and psychiatric reactions than the other 
benzodiazepines, probably due to a direct effect on the locus coeruleus
noradrenaline system and the hypothalamic-pituitary-adrenal aXIS 
(KALOGERAS et al. 1990). 

Thus rapid eliminations, high receptor binding affinities and effects on the 
locus coeruleus-noradrenaline and hypothalamic-pituitary-adrenal axes 
together with the possession of a triazolo structure influence the severity and 
frequency of central nervous system and psychiatric adverse reactions associ
ated with use of the benzodiazepines. 

D. Diazepam 

I. Chemistry 

Diazepam (7-chloro-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepine-
2-one) is insoluble in water. Because of this insolubility, the drug is dissolved 
in a mixture of 40% propylene glycol, 10% ethyl alcohol and an aqueous 
sodium benzoate/benzoic acid buffer to provide a parenteral preparation 
(SCHMIDT 1995). The chemical structure of diazepam is shown below. 

II. Pharmacodynamics 

1. Humans 

Diazepam was the first benzodiazepine to be used in the treatment of epilepsy, 
NAQUET et al. (1965) and GASTAUT et al. (1965) reporting its effects in status 
epilepticus. Diazepam's role in the acute treatment of seizures is based on the 
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drug's rapidity of absorption and brain penetration and brain receptor binding 
(BOREA and BONORA 1983). Due to diazepam's sedative effects, the difficulty 
in maintaining its plasma concentrations at effective values, and the develop
ment of tolerance to it, the drug has no role in the chronic management of 
seizure disorders. 

III. Pharmacokinetics 

1. Absorption 

Diazepam is rapidly and almost completely absorbed following oral adminis
tration, with mean peak plasma levels being achieved within 30-90min of 
intake (SCHWARTZ et al. 1965; GARATTINI et al. 1973a; KAPLAN et al. 1973; 
HILLSTAD et al. 1974; GAMBLE et al. 1975; FRIEDMAN et al. 1992). The patient's 
age influences the drug's absorption, an earlier peak being seen in children 
and a delayed and lower peak in the elderly (GARATTINI et al. 1973a). Peak 
plasma diazepam concentrations increase in proportion to the drug dose, but 
the time to the peak is dose-independent (FRIEDMAN et al. 1992). Peak plasma 
levels following oral diazepam are significantly lower than those achieved 
following intravenous use of the drug (BOOKER and CELESIA 1973). 

Lower, delayed and more erratic absorption of diazepam is to be expected 
with rectal suppository use as compared with oral administration of the drug. 
Therefore diazepam suppositories should not be used in the acute treatment 
of seizures (AGURELL et al. 1975; KNUDSEN 1977; MILLIGAN et al. 1982). Simi
larly, poor and irregular diazepam absorption is seen after intramuscular 
administration, the drug's plasma levels being approximately 60% of those 
attained when it is given orally (HILLSTAD et al. 1974; GAMBLE et al. 1975). The 
drug is rapidly and well absorbed rectally when given in solution, with peak 
plasma concentrations in adults being reached within 60min of the adminis
tration of 10mg diazepam and with a significant reduction in spike frequency 
in the EEG appearing within 15 min, associated with a mean plasma diazepam 
level of 210 (range 80-410) ng/ml (MILLIGAN et al. 1982). 

2. Distribution 

Studies in the dog, mouse and rat have shown diazepam to be rapidly and 
widely distributed in all tissues following both oral and parenteral adminis
tration (COUTINHO et al.1970; GARATTINI et al. 1970; MARCUCCI et al.I970). The 
drug enters adipose tissue quickly and crosses the blood-brain barrier rapidly. 

The apparent volume of distribution of diazepam in humans ranges from 
1 to 2l!kg (KLOTZ et al.1975; HVIDBERG and DAM 1976; GREENBLATT et al.1989; 
SCHMIDT 1995) and has been shown to be influenced by age and sex, being 
larger in females and in the elderly (GREENBLATT et al. 1980). 

a) Cerebrospinal Fluid 

The concentration of diazepam in cerebrospinal fluid has been shown to cor
respond to that of the drug's free (unbound) fraction in plasma (KANTO et al. 
1975). 
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b) Brain 

Following parenteral administration, diazepam enters the brain rapidly, with 
its maximum concentration being reached within minutes (GARATTINI et al. 
1973b). Studies in cats have shown that maximum drug concentrations occur 
initially in the grey matter, and that there is a longer accumulation phase for 
diazepam and its metabolites in the white matter (MORSELLI et al. 1973). 
The rapid attaining of peak diazepam brain levels correlates with the rapid 
antiepileptic effect of the drug noted in humans (GASTAUT et al. 1965). This 
correlates with the rapid response of the EEG following intravenous injection 
of diazepam, with suppression of spike-wave activity and the onset of benzo
diazepine-induced fast rhythms (LOMBROSO 1966; GREENBLATT et al. 1989) and 
by the timing of the EEG changes following oral diazepam administration 
(FRIEDMAN et al. 1992). 

c) Plasma Protein Binding 

Diazepam is highly bound to plasma proteins (range 96%-99%, according to 
KLOTZ et al. 1975, 1976a,b; GREENBLATT et al. 1980). The binding is indepen
dent of the drug's total concentration (THIESSEN et al. 1976). A lower per
centage for the drug's plasma protein binding has been reported in the 
newborn (KANTO et al. 1974), in chronic liver disease (KLOTZ et a1.1975; KOBER 
et al 1978) and in uraemia (KOBER et al. 1979). The apparent association con
stant (Kapp) is 1.3 M- i 10-4 for normal serum and 0.9 M-1 10-4 for liver disease 
and uraemic serum (KOBER 1978, 1979). A similar extent of binding has been 
reported for the diazepam metabolite desmethyldiazepam (KLOTZ et al. 
1976a). 

3. Elimination 

Diazepam is eliminated predominantly by biotransformation. 

a) Metabolism 

Diazepam undergoes biotransformation in the liver. The major steps in 
the metabolism of the drug are demethylation at N1 to form N
desmethyldiazepam, and oxidation at C3 to yield N-methyloxazepam. In man, 
the main intermediate product of biotransformation is the N-demethylated 
derivative N-desmethyldiazepam (SCHWARTZ et al. 1965). Both metabolites are 
eventually degraded to the N-demethylated C3-hydroxylated product, 
oxazepam, which is conjugated with glucuronic acid before being excreted 
(SCHWARTZ et al. 1965; SCHWARTZ and POSTMA 1968). 

There are significant species differences in the metabolism of diazepam 
(MARCUCCI et aJ. 1970). Oxidations of diazepam and N-desmethyldiazepam, 
N-methyloxazepam and oxazepam at C4 have been described in different 
animal species (SCHWARTZ et al. 1965). Whereas the N-demethylation is rela
tively rapid, the oxidation steps are slower. The rapid antiepileptic effect 
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achieved after intravenous administration of diazepam, before appreciable 
concentrations of N-desmethyldiazepam are achieved, indicates that diazepam 
per se possesses anti epileptic activity. N-desmethyldiazepam is, however, a 
pharmacologically significant metabolite with sedative, anxiolytic and anti
epileptic properties (RANDALL et al. 1965). In mice, N-desmethyldiazepam, 
oxazepam and N-methyloxazepam have anti-pentylenetetrazol activities com
parable to that of diazepam (MARCUCCI et al. 1971). Because of the low plasma 
concentrations of oxazepam and N-methyloxazepam that occur, these metabo
lites do not contribute significantly to the antiepileptic effect of diazepam in 
humans. 

b) Elimination Parameters 

A two compartment model is often used to describe the elimination 
kinetics of the benzodiazepines, including diazepam. Diazepam administered 
intravenously enters the central compartment of the model (blood and 
extracellular fluid) directly. The drug then distributes rapidly to the 
peripheral compartment (in particular fat and muscle) with a distribution 
half-life (t1l2a) of approximately 1 h. The value of this parameter increases with 
chronic treatment due to changes in the distribution rate constant ratio 
k121k2J, reflecting a change in the rate of transfer of the drug from the central 
compartment to the peripheral compartment as the peripheral compart
ment becomes relatively saturated by the drug (KLOTZ et al. 1976b; Fig. 1). 
Diazepam is eliminated from the central compartment by hepatic metabo
lism and renal excretion at a rate quantified by the elimination half-life 
(t1l2/l)' For diazepam the value of this elimination half-life is 20-50h (KLOTZ et 
al. 1975, 1976a,b). It is independent of the drug's mode of administration 
(KAPLAN et al. 1973), and is shorter in patients treated with microsomal 
enzyme-inducing drugs (HEPNER et al. 1977). It increases with increasing age 
(KLOTZ et al. 1975), and is increased in chronic liver disease (KLOTZ et al. 
1975) and following long term treatment with the drug, probably due to an 

K12 
Central '> Peripheral 

Compartment 1 -.:::,----- Compartment 2 

Elimination 

Fig. 1. Diagram of the two compartment model, showing the intercompartmental rate 
constants referred to in the text 
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inhibitory effect of the metabolite desmethyldiazepam on diazepam 
metabolism (KLOTZ et al. 1976b). The increase in the elimination half-life of 
diazepam in chronic liver disease is due to a reduction in the total plasma 
clearance of the drug, resulting from the algebraic sum of the effects of an 
increase in the drug's free fraction in plasma, a reduction in its intrinsic clear
ance, and an increase in its volume of distribution (KLOTZ et al. 1975). 
Because of the length of its half-life, diazepam is classed as a long acting 
benzodiazepine. 

The total plasma clearance of diazepam in volunteers is approximately 26 
mllmin and is proportional to the drug's plasma protein binding, suggesting 
that diazepam is cleared restrictively, i.e. that its clearance is altered by changes 
in the percentage of the unbound drug in plasma (KLOTZ et al.1976a). Hypoal
buminaemic states are associated with reduced protein binding of the drug 
and hence with an increase in its free fraction. This results in an increased total 
plasma clearance of the drug and a reduced elimination half-life (KLOTZ et al. 
1976a; THIESSEN et al. 1976). 

The elimination half-life of desmethyldiazepam is longer than that of 
diazepam, being 50-120 h (KAPLAN et al. 1973; MAHON et al. 1976; KLOTZ et al. 
1977), but its volume of distribution (TOGNONI et al. 1975; MAN DELLI et al. 
1978) and plasma protein binding (KLOTZ et al. 1976b) are similar in value to 
those of its parent substance. 

The pharmacokinetic properties of diazepam are summarized in Table 1. 

c) Excretion 

The excretion of diazepam in humans takes place primarily in the kidneys, and 
to a lesser extent in the faeces (SCHWARTZ et al. 1965). In humans, dogs and 
mice, little unchanged diazepam is found in the urine, because the majority of 
a dose of the drug is metabolized to N-desmethyldiazepam and oxazepam and 
these are then excreted after conjugation with glucuronic acid (SCHWARTZ 
et al. 1965; KAPLAN et al. 1973). In humans diazepam is not excreted in bile 
(KLOTZ et al. 1976b). 

4. Clinical Pharmacokinetics 

Plasma diazepam concentrations differ widely following a single oral dose of 
the drug (GAMBLE et al. 1975; MANDELLI et al. 1978; REIDENBERG et al. 1978). 
A similar variation in plasma levels is seen following intramuscular (GAMBLE 
et al. 1975), intravenous and rectal administrations (AGURELL et at. 1975; 
MILLIGAN et al. 1982). Intravenous injection of 10mg and 20mg diazepam 
results in plasma concentrations of 700-800 ng/ml and 1100-1607 ng/ml respec
tively, occurring within 3-15 min (HILLESTAD et al. 1974). A plasma diazepam 
concentration of greater than 500ng/ml, the level which has been suggested as 
needed to suppress seizure activity (BOOKER and CELESIA 1973). can be 
achieved within 1 min with an intravenous 30mg dose of the drug (HARAM 
et al. 1978). 
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Table 1. Pharmacokinetic parameters for diazepam 

Plasma protein binding (%) 
Volunteers 96-98 KLOTZ et a1. (1975, 1976a, 1976b) 
Newborns 84 KANTO et al. (1974) 
Chronic liver disease 95 KLOTZ et a1. (1975) 
Uraemia 92 KOBER et a1. (1979) 
Volunteers 99.1-96.3 GREENBLATT et al. (1980) 

Clearance (ml/min) 
Enzyme inducing drugs 18.7 ± 2.3 HEPNER et a1. (1977) 
Volunteers (single i.v. dose) 26.6 ± 4.1 KLOTZ et al. (1975) 
Volunteers (single i.v. dose) 15.1 ± 1.8 HEPNER et al. (1977) 
Chronic liver disease 13.8 ± 204 KLOTZ et al. (1975) 
Chronic liver disease 9.8 ± 1.8 HEPNER et al. (1977) 

Volume of distribution (l/kg) 
Volunteers 1.13 ± 0.28 KLOTZ et a1. (1975) 
Volunteers 0.7-4.66 GREENBLATT et a1. (1980) 
Chronic liver disease 1.74 ± 0.21 HEPNER et al. (1977) 

Distribution half-life (t ll2a) (h) 
Volunteers (single i. v. dose) 0.82 ± 0.23 KLOTZ et al. (1975) 
Volunteers (single i. v. dose) 1.1 ± 0.3 KLOTZ et al. (1976b) 
Single i.v. dose 0.95-3.1 KAPLAN et al. (1973) 
Volunteers (single i. v. dose) 0.96 ± 0.34 KLOTZ et al. (1976a) 
Volunteers (subchronic 4.2 ± 2.3 KLOTZ et al. (1976b) 

treatment) 

Elimination half-life (t1/2/3) (h) 
Volunteers (single i.v. dose) 53.1 ± 5.6 HEPNER et al. (1977) 
Single i.v. dose 26.7-36.5 KAPLAN et al. (1973) 
Volunteers (single i.v. dose) 36.0 ± 11.8 KLOTZ et al. (1976b) 
Volunteers (single i.v. dose) 32.9 ± 8.8 KLOTZ et al. (1976a) 
Volunteers (single i.v. dose) 46.6 ± 14.2 KLOTZ et a1. (1975) 
Single oral dose 21.0-46.2 KAPLAN et al. (1973) 
Volunteers (subchronic 53.0 ± 1704 KLOTZ et al. (1976b) 

treatment) 
Subchronic treatment and 107.6 ± 25.1 KLOTZ et al. (1977) 

chronic liver disease 
Young age (20 years) (single i.v. 20 KLOTZ et al. (1975) 

dose) 
Old age (80 years) (single i.v. 90 KLOTZ et al. (1975) 

dose) 
Chronic liver disease (single i.v. 99.2 ± 23.3 KLOTZ et al. (1977) 

dose) 
Chronic liver disease (single i.v. 105.6 ± 15.2 KLOTZ et al. (1975) 

dose) 
Chronic liver disease (single i.v. 116 ± 9.8 HEPNER et a1. (1977) 

dose) 
Enzyme inducing drugs (single 3604 ± 4.9 HEPNER et a1. (1977) 

i.v. dose) 
Single i.v. dose 2004-198 GREENBLATT et al. (1980) 

Young males 36 (mean) GREENBLATT et al. (1980) 
Elderly males 98.5 (mean) GREENBLATT et al. (1980) 
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a) Plasma Concentration: Clinical Effect Relationships 

A correlation between plasma levels of diazepam and desmethyldiazepam and 
the drug's clinical effects has not been found, although it has been shown that 
diazepam has antiepileptic effects at a peak plasma level of 400-S00ng/ml 
(HVIDBERG and DAM 1976), while plasma diazepam levels from 600-2000ng/ml 
suppress interictal generalized paroxysmal discharges (BOOKER and CELESIA 
1973). As mentioned above, these authors suggested that plasma diazepam 
levels of SOOng/ml or greater were needed to achieve a therapeutic effect in 
epilepsy. However, MILLIGAN et al. (1982) found no correlation between serum 
diazepam concentrations and the percentage reduction in the spike count in 
the interictal EEG. A relationship between plasma diazepam concentration 
and benzodiazepine type EEG changes has been reported (GREENBLATT et al. 
1989). A recent study reviewing the literature on the plasma concentration
effect relationships for the benzodiazepines in humans and experimental 
animals reported a relationship for a wide range of benzodiazepine effects, 
but a model allowing prediction of the effects has not yet been established 
(LAURIJSSENS and GREENBLATT 1996). 

b) Treatment of Status Epilepticus 

The management of status epilepticus requires rapid attainment of a thera
peutically adequate brain concentration of the antiepileptic drug used. This 
necessitates the administration of a drug which is highly lipid soluble and 
which therefore crosses the blood-brain barrier readily. Benzodiazepines are 
highly lipophilic and do enter the brain rapidly. It has been estimated that 
plasma diazepam levels of at least SOOng/ml are needed to achieve initial 
seizure control, and levels of at least 200ng/ml to maintain the control 
(BOOKER and CELESIA 1973). Intravenous administration of diazepam results 
in the drug entering the central pharmacokinetic compartment (blood and 
extracellular fluid) directly and then being distributed into the brain rapidly. 
Due to the drug's lipophilic nature it will also be distributed rapidly to the 
peripheral compartment, in particular fat and muscle. This pattern of distrib
ution leads to a fall in the plasma drug concentration, following the peak 
plasma level. Thus following a single intravenous injection of 1O-20mg of 
diazepam in adults, and of 0.2-0.3 mg/kg in children, given at a rate of 
2-Smg/min, a brain concentration of the drug may be achieved which is 
responsible for an acute antiepileptic effect, but this effect may then be lost 
rapidly following redistribution of the drug to the peripheral compartment. 
Repeated bolus doses or infusions of diazepam may therefore be needed to 
maintain the drug's plasma levels and brain concentrations, and thus to allow 
its anti epileptic effects to persist. 

However, with repeated administration of diazepam there will be an accu
mulation of the drug within the peripheral compartment, which increasingly 
becomes saturated with it. When this happens, the drug no longer redistrib
utes from the central compartment to the peripheral compartment and its 
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clearance from the central compartment becomes dependent solely on the 
drug's elimination half-life. In this situation the administration of further 
boluses, or of an infusion of diazepam, may result in a significant increase in 
its plasma and brain levels. Adverse effects, with hypotension and respiratory 
depression, may then occur. This pharmacokinetic prediction of events is con
sistent with the finding of significantly higher plasma levels of diazepam fol
lowing chronic administration of the drug as compared with those found after 
a single dose of the drug. This is consistent with saturation of tissue stores 
having occurred (DE SILVA et al. 1966). Once the diazepam infusion is stopped, 
the drug will redistribute back from the peripheral compartment (which will 
then act as a reservior) to the central compartment. This may lead to a late 
increase in plasma diazepam concentration. Hence, because of these redistri
bution effects, after stopping a diazepam infusion a patient may remain drowsy 
for a much longer period than expected from the value of the elimination half
life of the drug. 

Several studies have documented the effectiveness of diazepam in the 
treatment of status epilepticus and the drug has become the agent of choice 
in this clinical situation (LEPPIK et al.1983). Given the potential danger in using 
multiple boluses or an infusion of diazepam, an intravenous load of phenytoin 
following the initial use of diazepam has been suggested: only if seizures persist 
is a diazepam infusion recommended (DELGADO-ESCUETO and ENRILE-BACSAL 
1983). 

Although intravenous therapy for the treatment of status epilepticus is 
preferred, this is not always possible. Rectal administration of diazepam can 
achieve therapeutic plasma levels of the drug within minutes. HOPPER and 
SANTAVOURI (1981) reported the use of rectal diazepam solutions in ten chil
dren, 80% of whose convulsions were stopped within 15 min. A more recent 
study reported success in 85% of patients treated at home with rectal 
diazepam, and with a low rate of adverse effects (KRIEL et al. 1991). The 
recommended dose of rectal diazepam is 30mg in adults and 0.5mg/kg in 
children. 

IV. Interactions 

There are no significant interactions between diazepam and other drugs. 

V. Adverse Effects 

There is a reasonable correlation between plasma diazepam concentrations 
and the sedative effects of the drug (HILLSTAD et al. 1974; KANTO 1975), with 
most patients becoming drowsy with levels of 200ng/ml or greater. The major 
risks of intravenous administration of diazepam in the management of status 
epilepticus are apnoea, hypotension and obtundation. Similar concern relates 
to the use of rectal diazepam. 



Benzodiazepines 407 

E. Clobazam 

I. Chemistry 

Clobazam is a l,5-benzodiazepine derivative and differs from the 1,4-
benzodiazepines in that the nitrogen atoms in its 7-membered heterocyclic 
ring are located at positions 1 and 5, rather than at positions 1 and 4, and 
an oxo- substituent is present on the carbon atom at position 4. Chemically 
clobazam is 7-chloro-l-methyl-5-phenyl-l ,5-benzodiazepine-2,4-dione. It is 
relatively insoluble in water and no preparation for its intravenous or 
intramuscular injection is available. The chemical structure of clobazam is 
shown below. 
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II. Pharmacodynamics 

1. Mechanism of Action 
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CACCIA et al. (1980) studied brain concentrations of clobazam and 
N-desmethylclobazam and antileptazol (anti-pentylenetetrazole) activity 
in the mouse and rat. Their findings suggested that the antileptazol effect of 
the drug in mice is mediated by both clobazam and its metabolite N
desmethylclobazam. MELDRUM and CROUCHER (1982) demonstrated that N
desmethylclobazam had antiepileptic activity in DBA/2 mice with audiogenic 
seizures and in the photosensitive epilepsy of the Papio papio baboon. More 
recently, NAKAMURA et al. (1996) showed that both clobazam and desmethyl
clobazam enhance GABAA activated currents in a dose-dependent manner 
in rat cerebral neurons in culture. Flumazenil, a selective antagonist at the 
benzodiazepine receptor, inhibited both clobazam and desmethylclobazam 
enhancement of GABA currents. It was therefore assumed that, like the 1,4-
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benzodiazepines, clobazam and N-desmethylclobazam bind to the 
benzodiazepine receptor to increase the frequency of Cl- currents. In this study 
N-desmethylclobazam exhibited the identical dose-dependent enhancement 
that clobazam did. Because the metabolite N-desmethylclobazam is pharma
cologically active and maintains a serum concentration 10-20 times higher 
than that of clobazam during chronic therapy (KOEPPEN et al. 1987), it is 
generally believed that the anti epileptic effect of clobazam in long-term 
therapy is predominantly due to its metabolite N-desmethylclobazam 
(SHORVON 1995). 

2. Animal Models 

Clobazam has been studied in several animal models and has been demon
strated to have a potent broad-spectrum anti epileptic effect. FIELDING and 
HOFFMAN (1979) showed that in mice clobazam was active against seizures 
induced by pentylenetetrazol and maximal electroshock. It has also been 
shown to have a similar potency to diazepam in suppressing sound-induced 
seizures in mice and photically induced seizures in the baboon (CHAPMAN 
et al. 1978; MELDRUM et al. 1979). In animal models of chemically induced 
seizures, clobazam is a more potent anti epileptic drug than phenytoin, carba
mazepine, phenobarbitone, diazepam and valproate (SHENOY et al. 1982; 
KRUSE 1985). 

3. Human Studies 

Clobazam has been shown to be an effective anti epileptic drug in both double
blind placebo-controlled trials and open studies (GASTAUT and Low 1979; 
CRITCHLEY et al. 1981; FEELY et al. 1982, 1984; ALLEN et al. 1983; DELLAPORTAS 
et al. 1984; AUCAMP 1985; WILSON et al. 1985; ROBERTSON 1986; SCHMIDT et al. 
1986; KILPATRICK et al. 1987; KOEPPEN et al. 1987; BARDY et al. 1991). Most of 
the studies assessing the effectiveness of clobazam as adjunctive therapy have 
used doses ranging from 10 to 80mg/day. In a recent large Canadian study, 
40% of patients with a single seizure type achieved a 50% or greater reduc
tion in seizure frequency (CANADIAN 1991). Although some authors have 
reported a better response of certain seizure types than others to the drug 
(ALLEN et al. 1983; AUCAMP 1985; BARDY et al. 1991), this has not been a con
sistent finding. 

Although epilepsy in a high proportion of patients responds to clobazam, 
at least initially, the frequent development of tolerance limits the drug's long 
term use (SCHMIDT et al. 1986; KILPATRICK et al. 1987; BARDY et al. 1991). The 
time of onset of tolerance varies, but in many patients it develops within weeks 
of the initial exposure to the drug (KILPATRICK et al. 1987). Intermittent or 
occasional treatment, as in the use of clobazam in catamenial epilepsy, may 
limit the development of tolerance (FEELY et al. 1982,1984). In one study the 
use of a moderate to low dose of clobazam did not reduce the development 
of tolerance (KILPATRICK et al. 1987). 
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III. Pharmacokinetics 

1. Absorption 

409 

At least 87% of an oral dose of clobazam is absorbed, as indicated by urinary 
recovery of labelled material (Rupp et al.1979). Following oral administration, 
peak plasma clobazam levels are reached within 0.5-4h (VALLNER et al. 1978, 
1980; Rupp et al. 1979; TEDESCHI et al. 1981; GREENBLATT et al. 1981; JAWAD et 
al. 1984). Absorption of the drug is not influenced by the patient's age but its 
peak plasma levels are lower in males than in females (GREENBLATT et al. 
1981). Rectal administration of the drug in solution results in rapid absorption 
with peak plasma levels equivalent to those after oral administration. Absorp
tion of the drug from a suppository is slow (SHORVON 1995). 

2. Distribution 

The apparent volume of distribution of clobazam (O.87-1.83I1kg) increases 
with age and is greater in women than in men (GREENBLATT et al. 1981). 
Clobazam and N-desmethylclobazam concentrations in saliva correlate rea
sonably well with the serum concentrations of these substances (BARDY et al. 
1991). 

a) Protein Binding 

In humans, 85%-91 % of the clobazam in plasma is bound to plasma proteins 
(VOLZ et al. 1979; GREENBLATT et al. 1981). The extent of the protein binding 
is independent of the plasma concentration of clobazam, but decreases with 
increasing age of the patient (GREENBLATT et al. 1981). 

3. Elimination 

Clobazam is eliminated mainly by virtue of metabolism. 

a) Metabolism 

The metabolism of clobazam has been studied in humans and in other species 
(VOLZ et al. 1979). In humans, clobazam's main metabolic pathways involve 
demethylation to N-desmethylclobazam, and hydroxylation at the 4'-position 
to 4' -hydroxy-N-desmethylclobazam. Clobazam, unlike the 1,4-benzodi
azepines, does not undergo hydroxylation at the 3-position of the heterocyclic 
ring (VOLZ et al. 1979). In dogs, hydroxylation occurs at the 9-position, result
ing in the formation of the metabolite 9-hydroxy-N-desmethylclobazam, a 
pattern of biotransformation by which this species is distinguished from 
humans, rats and monkeys. Other clobazam metabolites found in human 
urine are the dihydriols of clobazam (clobazam-3',4'-dihydriol) and N
desmethylclobazam (N-desmethylclobazam-3'A' -dihydriol) and phenolic 
derivatives of clobazam and N-desmethylclobazam. 
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b) Elimination Parameters 

The distribution half-life of clobazam is OA5-1.17h (TEDESCHI et al.I981), and 
its elimination half-life is 10-37h (mean 18h) (Rupp et al.1979; VALLNER et al. 
1980; TEDESCHI et al. 1981). The half-life is longer in the elderly (GREENBLATI 
et al. 1981), and in young patients is longer (30.7h vs. 16.6h) in women than 
in men (GREENBLATI et al. 1981). 

In men, GREENBLATI et al. (1981) showed that the total plasma clearance 
of the drug was lower in the elderly (0.36 mllmin/kg) than in the young 
(0.63 mllmin/kg). 

AUCAMP (1982) found that the elimination half-life of clobazam's princi
pal metabolite N-desmethylclobazam (mean 42 h) was longer than that of the 
parent drug substance (mean 18h). N-desmethylclobazam reaches higher 
serum levels (approximately tenfold higher) than those of clobazam itself, 
especially in long term use (Rupp et al. 1979). 

The pharmacokinetic properties of clobazam are summarized in Table 2. 

4. Clinical Pharmacokinetics 

Rupp et al. (1979) and TEDESCHI et al. (1981) have demonstrated in adults that 
there is a correlation between plasma concentrations of clobazam and the 
clobazam dose. Others, however, could not confirm this finding, but did report 
a linear relationship between the clobazam dose and the plasma concentra-

Table 2. Pharmacokinetics of clobazam 

Protein binding (% bound) 
Volunteers 
Volunteers 

Clearance (ml/min per kg) 
Volunteers (single oral dose) 

Elderly males 

Young males 

Volume of distribution (l/kg) 
Volunteers (single oral dose) 

Distribution half-life (t 1l2,,) (h) 
Volunteers (single oral dose) 

Elimination half-life (tl/2/3) (h) 
Volunteers (single oral dose) 
Epilepsy patients (chronic treatment) 
Volunteers (single oral dose) 
Volunteers (single oral dose) 

Volunteers (single oral dose) 
Young males 

Elderly males 

85 ± 3 
85-91.4 

0.22-0.64 
(mean 0.36) 

0.40-0.76 
(mean 0.63) 

0.7-2.2 

0.45-1.17 

10.2-37.9 
10.2-57.9 
9.7-20.3 
7.7-30.9 

(mean 18.0) 
11-72 
11-23 

(mean 16.6) 
29-77 

(mean 47.7) 

VOLZ et a1. (1979) 
GREENBLATT et a1. (1981) 

GREENBLATT et a1. (1981) 

GREENBLATT et a1. (1981) 

TEDESCHI et al. (1981) 

TEDESCHI et al. (1981) 
TEDESCHI et al. (1981) 
Rupp et al. (1979) 
VALLNER et al. (1980) 

GREENBLATT et a1. (1981) 
GREENBLATT et al. (1981) 

GREENBLATT et a1. (1981) 
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tion of the main metabolite, N-desmethylclobazam (KILPATRICK et al. 1987). 
GOGGIN and CALLAGHAN (1985) reported a good correlation between 
clobazam plasma concentration and the dose of the drug in individual patients. 
However, due to large interindividual variations, it has been suggested that the 
plasma levels cannot be used to predict the daily dosage of the drug (VALLNER 
et al. 1980). 

Studies have found no clear correlation between the efficacy of the drug 
and plasma clobazam concentrations (HAIGH et al. 1984; KILPATRICK et al. 1987; 
BARDY et al. 1991). This is not surprising given that both clobazam and its 
metabolite N-desmethylclobazam have antiepileptic effects and their phar
macokinetic interrelationship is complex. A correlation between plasma 
desmethylclobazam concentration and toxic effects of the drug has been 
reported (HAIGH et al. 1984; GOGGIN and CALLAGHAN 1985; KILPATRICK et al. 
1987; BARDY et al. 1991). 

IV. Interactions 

Clobazam intake may increase the plasma concentrations of phenytoin, 
valproate and phenobarbitone (GOGGIN and CALLAGHAN 1985). The plasma 
N-desmethylclobazam/clobazam ratio increased when patients were co
medicated with the liver enzyme-inducing drugs carbamazepine, phenytoin or 
phenobarbitone (BARDY et al. 1991; SENNOUNE et al.1991). 

V. Adverse Effects 

Adverse effects of treatment with clobazam are common, but overall are rel
atively mild. The most frequent are neurotoxic ones such as drowsiness, dizzi
ness and fatigue. KOEPPEN et al. (1985) reviewed 23 open studies of clobazam 
in the treatment of epilepsy and noted an incidence of adverse effects of 33 %. 
The drug has no effect on haematological and biochemical parameters 
(KOEPPEN et al. 1981, 1985). Withdrawal of clobazam, like other benzodi
azepines, may precipitate seizures. Therefore withdrawal of the drug should 
always be done slowly (CRITCHLEY et al. 1981). 

Tolerance to the drug is common. as mentioned above. and limits the 
drug's use in the treatment of chronic seizure disorders. 

F. Clonazepam 

I. Chemistry and Use 

1. Chemistry 

Clonazepam is a l,4-benzodiazepine with a nitro substituent at the 7-
position of ring A and a chlorine atom at the ortho position of ring C. Chem
ically, it is 5-(2-chlorophenol)-1,3-dihydro-7-nitro-2H-1 ,4-benzodiazepin-2-
one. The chemical structure of clonazepam is shown below. 
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2. Use 
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Clonazepam is used as adjunctive therapy in the management of chronic 
seizure disorders, or as acute treatment of serial seizures or status epilepticus, 
but rarely as a primary antiepileptic drug. The drug's major role is in the treat
ment of status epilepticus, both convulsive and non-convulsive, and either 
partial or generalized. Clonazepam has been shown to be useful as adjunctive 
therapy in intractable absence seizures and tonic-clonic seizures (MIRELES and 
LEPPIK 1985). It has also been shown to provide useful alternative therapy in 
the treatment of the Lennox-Gastaut syndrome (RouSSOUNIS and RUDOLF 
1977) and in the therapy of myoclonic seizures (MIKKELSON et al. 1976). The 
drug is less effective for treating partial seizures. 

II. Pharmacodynamics 

1. Tolerance 

As is the case for other benzodiazepines, tolerance to the effects of clon
azepam limits its use in the chronic treatment of seizure disorders. In a study 
of the ability of benzodiazepines to raise the threshold for pentylenetetrazol
induced seizures in mice (GENT et al. 1985), tolerance was slower to develop 
than with clobazam, which is consistent with clinical observations. Similar dif
ferences in tolerance to benzodiazepines have been reported in the amygdala
kindled rat (ROSENBERG et al. 1989) and in the genetically epilepsy prone rat 
(DE SARRO et al. 1992). Whether or not the drug's high-affinity binding to ben
zodiazepine receptors, relative to that of other benzodiazepines, is relevant to 
the development to tolerance is uncertain (GREENBLATT et al. 1987). Devel
opment of tolerance to the effects of clonazepam has also been studied clini
cally (SPECHT et al. 1989). A reduced tolerance when using an alternate day 
clonazepam dosage regimen has been reported in both an animal model 
(SUZUKI et al. 1993) and in clinical use (SHER 1985). 
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III. Pharmacokinetics 

1. Absorption 
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Clonazepam is well absorbed (at least 80% of the dose) following oral admin
istration, with its peak plasma concentration usually being achieved within 1-
4h of intake (BERLIN and DAHLSTROM 1975), though the peak may occur as 
late as 8 h from dosage (SATO 1989). 

2. Distribution 

Because of clonazepam's high lipid solubility, its distribution within the body 
is rapid. Its apparent volume of distribution ranges from 1.5 to 4.4 IIkg (BERLIN 
and DAHLSTROM 1975). Clonazepam in plasma is 86% protein bound (BENET 
and SHEINER 1985). 

3. Elimination 

Clonazepam is extensively metabolized with less than 0.5% of the dose being 
recovered unchanged in the urine (KAPLAN et al. 1974; SJO et al. 1975). 

a) Metabolism 

Metabolism of the nitrobenzodiazepines, such as clonazepam, does not result 
in important pharmacologically active metabolites (GREENBLATT et al. 1987). 
Clonazepam is extensively biotransformed, principally by reduction of its nitro 
group to form 7-aminoclonazepam, followed by acetylation of this derivative 
to 7-acetaminoclonazepam, but trace amounts of a 3-hydroxy derivative, a 3-
hydroxy-7-amino derivative and a 3-hydroxy-7-acetamino derivative occur 
(PINDER et al. 1976). The nitro compounds are pharmacologically active but 
their amino derivatives are not. However, the plasma level of the 3-hydroxy-
7-nitro metabolite suggests that it is not likely to contribute significantly to the 
pharmacological effect after the parent drug is administered. 

b) Elimination Parameters 

DREIFUSS et al. (1975) determined the elimination half-life of clonazepam as 
22-33h, with a mean of28.7h, whereas GREENBLATT et al. (1987) reported that 
its elimination half-life ranged from 20 to 80h. BERLIN and DAHLSTROM (1975) 
reported that the elimination half-life was similar following oral and intra
venous administration of the drug, with there being no significant change fol
lowing long term use of the drug, which suggested that clonazepam has no 
enzyme-inducing effects. A clonazepam elimination half-life of 20-43 h has 
been reported in the newborn (ANDRE et al. 1986). The drug is classed as an 
intermediate acting benzodiazepine. 

Clonazepam has a total plasma clearance of 0'()9I1kg/h. The value 
is increased by co-medication with carbamazepine (GREENBLArT et al. 
1987). 
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Table 3. Pharmacokinetics of clonazepam 

Protein binding (% bound) 
In vitro studies 

Volume of distribution (l/kg) 
Volunteers 

Elimination half-life (t1/2p) (h) 
Patients with epilepsy 

Volunteers (single i.v. dose) 
Volunteers (single oral dose) 
Volunteers (single oral dose) 
Volunteer (chronic treatment) 
Newborn 

86 ± 0.5 

1.5-4.4 

22-33 
(mean 28.7) 

24-60 
18.7-99 
19-42 
31-42 
20-43 
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BENET and SHEINER (1985) 

BERLIN and DAHLSTROM (1975) 

DREIFUSS et al. (1975) 

BERLIN and DAHLSTROM (1975) 
KAPLAN et al. (1979) 
BERLIN and DAHLSTROM (1975) 
BERLIN and DAHLSTROM (1975) 
ANDRE et al. (1986) 

Plasma clonazepam concentrations vary widely between individuals 
(BERLIN and DAHLSTROM 1975; DREIFUSS et al. 1975). There is no good corre
lation between the plasma levels and the therapeutic efficacy of the drug 
(DREIFUSS et al. 1975; SATO 1989). 

The pharmacokinetic properties of clonazepam are summarized in 
Table 3. 

IV. Interactions 

There are no significant interactions between clonazepam and other drugs. 

V. Adverse Effects 

The adverse effects of clonazepam occur frequently and limit the long term 
use of the drug orally. The unwanted effects include drowsiness, ataxia and 
incoordination, and behavioural and personality change. Hypersecretion and 
hypersalivation may be a problem in children (SATO and MALOW 1995). 

Exacerbation of seizures and psychiatric reactions such as rebound insom
nia, and anxiety are well documented following clonazepam withdrawal 
(SIRONI et al. 1984). 

G. Lorazepam 
Lorazepam is a 1,4-benzodiazepine, chemically 7-chloro-5(o-chlorophenyl)-
1,3-dihydro-3-dihydroxy-2H-1,4-benzodiazepine-2-one. The drug is rapidly 
absorbed following oral administration, with peak plasma levels occurring 
within 90-120min of intake. The distribution half-life of the drug is 2-3h and 
its elimination half-life 15 h (HOMAN and TREIMAN 1995). Approximately 90% 
of the drug in plasma is protein bound. 

Lorazepam has been shown to be an anticonvulsant agent with a potency 
equivalent to that of clonazepam, and with a high benzodiazepine receptor 



Benzodiazepines 415 

binding affinity (SQUIRES and BAESTRUP 1977). The antiepileptic effect of 
lorazepam has been studied in a variety of animal models. It is effective against 
audiogenic seizures in DBA/3 mice (JENSEN et al.1983), maximal electroshock 
seizures in mice (STERU et al. 1986), pentylenetetrazol-induced convulsions in 
mice (MARCUCCI et al. 1972), myoclonic seizures in the photosensitive baboon 
Papio papio (VALIN et al. 1981), convulsive status epilepticus in rats (WALTON 
and TREIMAN 1990) and pentylenetetrazol-induced seizures in pigs (PRATT and 
SPIVEY 1989). 

The major clinical use of lorazepam has been in status epilepticus, where 
several open studies have reported its effectiveness (HOMAN and TREIMAN 
1995). A potential advantage of lorazepam over diazepam in the treatment of 
status epilepticus is that lorazepam plasma levels remain at a therapeutic level 
for longer (COMER and GIESECKE 1982), although the onset of its antiepileptic 
effect probably is slower (AALTONEN et al. 1980). There appear to be no 
significant differences between the efficacies of diazepam, clonazepam and 
lorazepam in treating status epilepticus (TREIMAN 1989). 

H. Nitrazepam 
Nitrazepam, chemically 1 ,3-dihydro-7 -ni tro-5-phenyl-2H -1,4-benzodiazepine-
2-one, is well absorbed, with peak plasma levels being achieved within 1 h after 
oral administration. The distribution half-life of the drug is about 17 min and 
its elimination half-life 20-36 h. Its apparent volume of distribution is ap
proximately 2l1kg and in plasma it is approximately 87% protein bound 
(JOCHEMSEN et al. 1982). Nitrazepam is metabolized predominantly by reduc
tion of its nitro group to the corresponding amine, which is then acetylated to 
a 7-acetamido derivative (REIDER and WENDT 1973). 

Nitrazepam's major use is as an hypnotic and it is now less commonly used 
in the treatment of epilepsy. Its main role as an antiepileptic has been in the 
management of intractable seizures associated with the Lennox-Gastaut syn
drome. The adverse effects of sedation and tolerance limit its use. 

I. Midazolam 
Midazolam is a l,4-benzodiazepine, chemically 8-chloro-6-(2-f1uorophenyl)-1-
methyl-4H-imidazo-[1,5-a] [1,4]-benzodiazepine. In recent years midazolam 
been used in the treatment of status epilepticus. The drug is water soluble and 
at physiological pH is lipid soluble, so that it can be given intramuscularly, 
rapidly achieving therapeutic plasma levels. The distribution half-life (0.06 ± 
0.03 h) following intravenous administration is brief. and its elimination half
life, whether given intramuscularly or intravenously, is also brief (1.5 ± 0.3 h 
and 2.6 ± 1.7h, respectively). These pharmacokinetic properties provide the 
advantage of a shorter duration of sedation following termination of intake of 
the drug, compared with the other benzodiazepines (BELL et al. 1991). JAWAD 
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et al. (1986) reported the rate of onset and duration of effect of intravenous 
diazepam and intramuscular midazolam on interictal epileptiform spikes and 
concluded that intramuscular midazolam is a useful alternative to diazepam 
in the treatment of status epilepticus. 
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CHAPTER 16 

Gabapentin 

F.J.E. VAJDA 

A. Introduction 
Gabapentin ("Neurontin") has been shown in extensive preclinical and clini
cal studies to be an effective anticonvulsant drug, which appears to have novel 
mechanisms of action. Although designed as a GABA analogue it is clearly 
not GABAmimetic, although GABAergic mechanisms may be involved in 
its mechanisms of action. In clinical trials, gabapentin has shown efficacy in 
patients with refractory partial epilepsy. Because of its simple pharmacokinetic 
profile, minimal propensity for drug interactions, and lack of demonstrable or 
reported idiosyncratic reactions to date, the drug may have advantages in the 
treatment of epilepsy, when used as add-on therapy. 

B. Chemistry and Use 

I. Chemical Structure and Properties 

Gabapentin (1-( aminoethyl)-cyclohexaneacetic acid) is a conformationally 
restricted analogue ofy-aminobutyric acid (GABA) which has a higher lipid 
solubility than the naturally occurring inhibitory transmitter (ROGAWSKI and 
PORTER 1990). Structurally, gabapentin incorporates a GABA moiety into a 
cyclohexane ring. It is a bitter tasting crystalline substance with a molecular 
weight of 171.34. Gabapentin is highly water soluble (octanollaqueous pH 7.4, 
buffer partition coefficient log P = -1.10). It has 2 pKa values at 25°C (3.68 and 
10.70) and is a zwitterion at physiological pH (BARTOSZYK et al.1986).1t resem
bles the bulky hydrophobic amino acids L-Ieucine and L-phenylalanine, despite 
not having a chiral carbon atom (therefore there are no enantiomers) or an 
amino group in an a-position in relation to the carboxyl group. Gabapentin was 
designed as a structural analogue of GABA which, unlike GABA, 
would cross the blood-brain barrier (McLEAN 1994). Gabapentin possesses this 
capacity (o.lEMANN et al. 1988; BEN MENACHEM et al. 1990). However, it does 
not interact with GABA receptors, and the mechanism of its anticonvulsant 
activity is still not fully elucidated (ROGAWSKI and PORTER 1990; TAYLOR 1994). 

Gabapentin has a melting point of 1650 -167°C. As confirmed by X-ray 
structure analysis, the pseudo ring configuration of the GABA molecule is 
integrated into a lipophilic cyclohexane moiety (SCHMIDT 1989). A character-
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istic of the GABA molecule is its considerable degree of structural flexibility 
in that it can adopt a variety of almost equi-energetic configurations (PULLMAN 
et al. 1975). Investigation of the structurally more rigid analogues of GABA, 
like gabapentin, contributes to attempts to understand better the molecular 
process involved in the interaction of GABA with specific binding sites 
(BARTOSZYK et al. 1986). 

II. Analytical Methods for Measuring Gabapentin 

Gabapentin concentrations in plasma can be measured by high performance 
liquid chromatographic methods (HENGY and KOLLE 1995) or by gas liquid 
chromatography (HOOPER et al. 1990). The former method is based on deriva
tization of gabapentin followed by ultraviolet photometric detection and has 
a detection limit of 10ng/ml. The latter method also involves derivatization 
and has a detection limit of 0.2.ug/ml in plasma and 5.ug/ml in urine. The re
sults obtained by these methods correlate closely. The conversion factor for 
gabapentin is 5.84, i.e. 1.ug/ml = 5.84.umolll (McLEAN 1994). 

III. Use 

At present, gabapentin is used in human medicine mainly as add-on therapy 
for partial epilepsy, but other possible uses are being explored. 

C. Pharmacodynamics 

I. Biochemical Pharmacology 

1. Effects on GABAergic Mechanisms 

In order to test whether gabapentin was GABAmimetic, a series of ligand 
binding and GABA turnover experiments was carried out, using mainly val
pro ate or tritiated ligands as positive controls (SCHMIDT 1989). The conclusion 
drawn was that although gabapentin is a GABA analog it shows no direct 
GABAmimetic action. Prominent effects on monoamine neurotransmitter 
release were obl'erved with gabapentin concentrations even lower than those 
which apply after moderate in vivo dosage (SCHLICKER et al. 1985; REIMANN 
1988). Gabapentin significantly reduced stimulation-evoked neurotransmitter 
release from brain slices preincubated with monoamines. The release of acetyl
choline was not altered by gabapentin, and the effects of gabapentin were not 
antagonized by bicuculline. Interactions with GABAA agonists showed that 
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the effects of gabapentin were additive to the effects of the GABA agonists 
through a different, as yet unidentified, mode of action. This was explored 
further, utilizing numerous approaches. 

a) Effects on GABA Accumulation 

Gabapentin increases aminooxyacetic acid-induced GABA accumulation 
(LbsCHER et al. 1991). In the 12 brain areas examined, the time course of 
GABA accumulation differed from region to region. The areas where 
the GABA accumulation time course paralleled the time course of the 
anticonvulsant effect of gabapentin were the substantia nigra, amygdala and 
thalamus. Although L6sCHER et al. (1991) suggested that increased GABA syn
thesis may be involved in the mechanism of action of gabapentin, this has not 
been confirmed by later studies. In a study of rat hippocampal slices main
tained in vitro and treated with microappliactions of nipecotic acid, which 
promotes the release and blocks the uptake of GABA, synaptically evoked 
excitatory population postsynaptic potentials were assessed before and after 
the application of gabapentin. Gabapentin treatment did not alter the popu
lation excitatory postsynaptic potential amplitude to multiple stimuli, but 
nearly doubled the shunting effects of nipecotic acid on the potentials. This 
shunting effect was bicuculline sensitive, indicating that there was GABAA 

receptor activation. It is suggested that gabapentin may increase free GABA 
levels in hippocampal cells, under conditions of promoted GABA release 
(HONMOU et al. 1995b). KOCSIS and HONMOU (1994) noted that gabapentin 
appears to enhance the releasable pool of GABA in rat neonatal optic nerves, 
studied in a sucrose-gap chamber. Nipecotic acid resulted in bicuculline
sensitive depolarization and gabapentin pretreatment resulted in a near 
doubling of this effect, but gabapentin by itself did not alter the membrane 
potential. Similar results were obtained from whole cell patch clamp record
ings from CAl pyramidal neurons in vitro (HONMOU et al. 1995a). 

b) Effects on GABA and Glutamate Metabolic Pathways 

Gabapentin was tested for its effects on seven enzymes in the metabolic path
ways of glutamate and GABA (GOLDLUsT et al. 1993). The results suggest 
that gabapentin may significantly reduce the synthesis of glutamate from the 
branched chain amino acids L-Ieucine, L-isoleucine and L-valine in the brain, 
by acting on branched chain amino acid-transferase. 

c) Effects on Receptors and Ion Channels 

The effects of gabapentin on inhibitory (GABA and glycine) and excitatory 
(NMDA and non-NMDA) amino acid receptors and on repetitive firing of Na+ 
action potentials and on voltage-dependent Ca2+ currents were tested in cul
tured rodent neurons using intracellular, whole cell or single channel record-
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ing techniques. Gabapentin in therapeutic concentrations had no significant 
effect (ROCK et al. 1993). In contrast, in another study it was noted that 
gabapentin limited the repetitive firing of Na+ dependent action potentials in 
the mouse spinal cord and in neocortical neurons in monolayer dissociated 
cell culture, but the mechanism involved was unproven and may be an indi
rect one (WAMIL and McLEAN 1993). 

GEE et al. (1996) recently reported the isolation and characterization of a 
3H-gabapentin binding protein from membranes of pig cerebral cortex. The 
protein was purified and found to have a terminal amino acid sequence iden
tical to that reported for the a-2-8 subunit of the L-type calcium channel pre
pared from rabbit skeletal muscle. High levels of tritiated gabapentin binding 
sites were found in membranes prepared from rat brain, heart and skeletal 
muscle. Further characterization was consistent with expression of an a-2-8 
protein. Purified L-type Ca2+ channel complexes were fractionated under dis
sociating conditions on an ion exchange column. Tritiated gabapentin activity 
closely followed the elution of the a-2-8 subunit. These studies suggest that 
gabapentin may exert at least part of its pharmacological effect by its inter
action with a subunit of a voltage-dependent Ca2+ channel. 

2. Effects on Membrane Amino Acid Transport 

Specialized membrane-bound proteins have evolved to facilitate the passage 
of various amino acids across cell membranes. Since gabapentin is an artificial 
amino acid, existing as a zwitterion at physiological pH, TAYLOR (1994) postu
lated that its passage across cell membranes would be severely limited without 
facilitated transport by one of the specialized membrane transport systems. 
Several studies indicate that the system utilized by the molecule may have a 
significant effect on the distribution of gabapentin into specific sites and tissues 
(STEWART et al. 1993). A lack of proportionality between tissue and plasma 
gabapentin levels after oral dosage was thought due to the existence of a sat
urable transport system, similar to the one which transports the drug across 
the gut membrane into the blood stream, the large, non-sodium-dependent 
neutral amino acid transport system (system L), which is ordinarily concerned 
with L-Ieucine and L-phenylalanine transport. In gut rings in vivo, STEWART and 
KUGLER (1993) have shown that gabapentin and the amino acids have mutu
ally inhibitory and concentration-dependent effects on their trans-membrane 
transport, and have similar affinities for the transport mechanism. There are 
three neutral amino acid transport systems in Chinese hamster ovary cells. In 
this system also, gabapentin and L-Ieucine uptakes were mutually and com
petitively inhibited by each other (Su et al. 1995). It has been postulated that 
gabapentin entry through the blood-brain barrier may involve the L-amino 
acid transport system, as in other tissues where gabapentin is a substrate. 
THURLOW et al. (1993) examined the ability of large amino acids to interact 
with a site in mouse and pig brain labelled by 3H-gabapentin. Gabapentin was 
bound with a high affinity to synaptic plasma membranes from the cerebral 
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cortex. The presence of a submaximal concentration of leucine reduced 3H_ 
gabapentin binding, but did not affect the maximum number of binding sites, 
suggesting that there was competition between leucine and gabapentin for the 
binding proteins. These results suggest that gabapentin may label a site in 
the brain that resembles a large amino acid transporter system. A study of the 
anticonvulsant action of gabapentin in rats indicated that there was a dis
crepancy between the peak gabapentin concentrations in plasma and in 
brain microdialysate. WELTY et al. (1993) reported that the concentration-time 
profiles of 14C-gabapentin in plasma and in interstitial fluid showed a pro
gressive decline in plasma gabapentin concentrations whilst brain interstitial 
fluid concentrations peaked at 1 h, before declining linearly in parallel with the 
plasma concentration. Throughout the brain, the interstitial fluid concentra
tion of the drug was approximately 3%-6% of that of the 14C-gabapentin con
centration in plasma, but the two concentrations became equal 4 h postdose. 
The anticonvulsant effect lagged behind both the plasma and the brain inter
stitial fluid concentrations of gabapentin and appeared to be delayed by time
dependent events other than the distribution of the drug from blood to brain. 
WELTY et al. (1993) also speculated whether gabapentin competes for the 
branched chain amino acid transport mechanism and thereby reduces the 
influx of isoleucine, leucine and valine into brain capillary, astrocyte or neu
ronal membranes. It is thought possible that increased cystosolic gabapentin 
concentrations and reduced branched chain amino acid concentrations would 
result in a net decrease in the rate of glutamate synthesis and a possible decline 
in neuronal neurotransmitter glutamate levels. The means by which an inter
action with a neuronal transport system might reduce the paroxysmal neu
ronal discharges associated with epilepsy remains to be determined. 

3. Studies on the Gabapentin Binding Site in Animal Brains 

TAYLOR et al. (1993) studied the potent and stereospecific anticonvulsant activ
ity of 3-isobutyl GABA in relation to its in vitro binding at a novel site labelled 
by tritiated gabapentin. They showed that the S( + )-enantiomer of 3-isobutyl 
GAB A blocked maximal electroshock seizures in mice and also displaced tri
tiated gabapentin from the high affinity binding site in a brain membrane frac
tion. The R( - )-enantiomer of 3-isobutyl GABA was much less active both as 
an anticonvulsant and as a ligand, suggesting that the gabapentin binding site 
is involved in the anticonvulsant activity of L-isobutyl GABA. Further char
acterization of 3H-gabapentin binding to a novel site in rat brain was per
formed by SUMAN-CHAUHAN et al. (1993). 3H-Gabapentin bound with high 
affinity to a single population of sites on purified plasma membranes prepared 
from rat cerebral cortex (Kd = 38 ± 2.8 nM). The binding was potently inhib
ited by a range of gabapentin analogues, and by 3-alkyl substituted GAB A 
derivatives, whilst GABA itself, and the selective GABAB ligand baclofen, 
were only weakly active. Gabapentin binding studies in brain tissue reveal a 
specific binding site not present in other organs or tissues (TAYLOR 1994). 
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Scatchard analysis of specific binding affinities suggests that there is a single 
site, probably a protein, whose specific activity is abolished by heating to dena
turing temperatures. High levels of binding were seen in synaptosomal brain 
fractions, suggesting that the protein is probably membrane-bound. The 
binding site is located mainly on neurons (HILL et al. 1993) and shows a dis
crete localization in eight regions associated with an excitatory amino acid 
input. These findings do not support previous indications of an association 
between the gabapentin binding site and the NMDA-glycine receptor 
complex. HILL et al. (1993) confirmed that gabapentin binding was potently 
inhibited by the neutral amino acids and that the gabapentin binding site 
closely resembled the L-system amino acid transporter. 

a) Distribution of Gabapentin Specific Binding Sites 

Gabapentin has been shown to bind most specifically in those areas of the 
brain where glutamatergic synapses are predominant, such as the superficial 
layers of the neocortex (layers 1 and 2), the dendritic layers of the hippo
campus (CAb CAz and CA3 subfields) and the dentate gyrus and the molec
ular layer of the cerebellum (TAYLOR 1994). However, the distribution of 
gabapentin binding sites differs from the distribution of NMDA-sensitive glu
tamate receptors. The binding of gabapentin at its binding sites is not altered 
by carbamazepine, phenytoin, valproate, ethosuximide, phenobarbitone or 
diazepam, but gabapentin is consistently and stereospecifically displaced from 
the sites by L-Ieucine and various other L-amino acids. 

4. Overview of Biochemical Pharmacology 

According to TAYLOR (1994), gabapentin has a pharmacological profile distinct 
from that of other anti epileptic drugs. In clinically relevant concentrations it 
does not interact with GABA, benzodiazepine, glutamate or NMDA re
ceptors, or with Na+ or Ca2+ channels. It appears to have a high affinity for a 
specific site on brain neuronal cell bodies, which is apparently associated with 
the system L neutral amino acid transporter. Gabapentin interacts with at least 
three cytosolic enzymes involved in branched chain amino acid metabolism, 
which convert leucine, isoleucine and valine into glutamate. The drug also 
enhances the activity of glutamate dehydrogenase and is a weak inhibitor of 
GABA transaminase. Gabapentin has a considerable structural similarity to 
L-Ieucine, and its anticonvulsant action may result from producing an alter
ation in brain amino acid concentrations. 

II. Studies at a Cell or Tissue Level 

Although early research suggested that gabapentin may act on GABAergic 
neurotransmitter systems (BARTOSZYK et al. 1983), subsequent preclinical 
studies have failed to demonstrate a specific effect of the drug on these systems 
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(REIMANN 1983; SCHLICKER et al. 1985; KONDO et a1. 1991; ROCK et a1. 1993; 
TAYLOR 1994). 

1. Hippocampal Slices 

GABAergic mechanisms have been studied by paired pulse orthodromic stim
ulation of rat hippocampal cells. Gabapentin decreased GABAergic inhibition 
at intraperitoneal doses of 3 mg/kg and above. Phenytoin had a similar effect 
at its anticonvulsant doses. It was concluded that gabapentin and phenytoin 
affect GABAergic inhibition in the rat hippocampus in a manner opposite to 
those of diazepam and pentobarbitone (DOOLEY et a1.1985). HAAS and WIESER 
(1986) found gabapentin did not interfere with inhibition due to Cl- or K+ 
channel activation in rat hippocampal slices. These results suggest that a direct 
interaction of gabapentin with GABAA or GABAB receptors is unlikely. 

2. Cultured Neurons 

TAYLOR (1994) studied the effects of gabapentin on cultured spinal neurons in 
vitro. At concentrations up to 30 Jig/ml, gabapentin did not change postsynap
tic GABA or glutamate responses, did not depress spontaneous neuronal 
activity and did not block high frequency sustained repetitive action poten
tials. This contrasts with the effects of phenytoin, carbamazepine and val
proate, all of which at low concentrations may interact with voltage-sensitive 
Na+ channels to block sustained firing. 

III. Animal Models of Epilepsy 

1. Spectrum of Activity 

Gabapentin has a broad spectrum of anticonvulsant activity similar to that of 
valproate (ROGAWSKI and PORTER 1990). Like valproate, it is effective in pre
venting tonic seizures induced by various chemical convulsants in mice. It 
is also effective in the maximal electroshock test in rats. In addition to its 
effect on tonic seizures, gabapentin is weakly effective against clonic seizures 
induced by pentylenetetrazole in mice, and it blocks the occurrence of 
reflex seizures in several species of animals (BARTOSZYK and HAMER 1987), and 
seizures in genetically epilepsy-prone rats (NARITAKOU et a1. 1988). The drug 
does not prevent photosensitive myoclonic epilepsy in baboons. Administered 
intraperitoneally, it was active against hippocampal kindled seizures in rats 
(a model of partial seizures) and reduced the duration of afterdischarging 
(TAYLOR 1993). The spectrum of antiepileptic activity of the drug, as predicted 
from these studies, would be expected to include both partial seizures and gen
eralized seizures (GOA and SORKIN 1993). KONDO et al. (1991) considered that 
the antiepileptic profile of gabapentin, based on the feline trigeminal complex 
model, corresponded most closely to those of carbamazepine and phenytoin. 
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2. Standard Seizure Models in Mice and Rats 

BARTOSZYK et al. (1983) administered gabapentin orally in saline or in 0.8% 
hydroxypropyl methyl cellulose to male mice of the NMRI strain to inves
tigate various models of seizures. Gabapentin protected mice from tonic 
extension provoked by bicuculline, picrotoxin, 3-mercaptopropionic acid, ison
icotinic acid and semicarbazide. Bicuculline, an antagonist at postsynaptic 
GABAA receptors, was given subcutaneously in a convulsive dose of 3 mg/kg: 
picrotoxin, a blocker of GABA-regulated Cl- channels, was given subcuta
neously in a dose of 15 mg/kg; 3-mercaptopropionic acid, an inhibitor of 
GABA synthesis, was given intraperitoneally in a dose of 55 mg/kg; the other 
drugs, which inhibit pyridoxal phosphate, a co-factor for glutamate decar
boxylase, were given in doses of 200 and 1000mg/kg respectively (BARTOSZYK 
et al. 1986). Gabapentin also protected mice from seizures induced by the 
glycine antagonist strychnine (11 mg/kg subcutaneously) and was effective in 
the pentylenetetrazole maximum test, related to the maximum electroshock 
test (DESMEDT et al. 1976). 

a) Maximal Electroshock Testing 

The maximal electroshock procedure in mice showed that gabapentin had no 
pronounced efficacy, but in rats an oral ED so value of 9.4mg /kg was obtained, 
after 2h premedication with the drug. TAYLOR (1993) found that gabapentin 
was about as effective as phenytoin in preventing the hind limb extension 
phase of induced seizures in rats (EDso 9.1 mg/kg orally and 2.1 mg/kg intra
venously compared with an ED so for phenytoin of 9.5mg/kg orally or intra
venously - FOOT and WALLACE 1991; TAYLOR 1993). 

b) Seizures Induced by Glutamate, Aspartate and Kainic Acid 

The excitatory amino acids glutamate and aspartate may provoke seizures in 
animals leading to clonic convulsions, tonic extension and death (WATKINS and 
EVANS 1981; ZACZEK and COYLE 1982). Gabapentin given intraperitoneally in 
doses of 30-240 mg/kg before seizure provocation prolonged the latency of the 
onset of seizures induced by 1 mmol/kg N-methyl-D-aspartic acid (NMDA). 
Gabapentin did not affect either the time of onset or the severity of convul
sions in the kainic acid or quisqualate models (FOOT and WALLACE 1991). 

c) Hippocampal Kindled Seizures 

The method of ALBRIGHT and BURNHAM (1980) and ZORUMSKI et al. (1982) 
was used to test the effect of gabapentin on the threshold of hippocampal 
afterdischarging in a rodent model of partial seizures. Gabapentin had no 
significant effect (BARTOSZYK et al. 1986). McLEAN (1995) reported that the 
lowest effective dose of gabapentin for blocking kindled hippocampal seizures 
in rats was 30mg/kg. Doses of up to l00mg/kg intraperitoneally did not com
pletely block partial seizures in this kindling model. 
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d) Audiogenic Seizures in Mice 

All commonly used antiepileptic drugs are effective in modifying audiogenic 
seizures in susceptible strains of mice, so that this test is not specific for par
ticular agents (CHAPMAN et al. 1984). Gabapentin given orally in the 30-60 min 
prior to seizure provocation had ED)o values of over 80-16mg/kg for protec
tion against clonic activity and of 16-3 mg/kg for protection against tonic 
extension, respectively. 

e) Seizures in the Photosensitive Baboon 

In the photosensitive baboon, gabapentin did not display anticonvul
sant effects in doses up to 240mg/kg intravenously, in contrast to drugs 
which act on GABAergic systems (MELDRUM and HORTON 1978; MELDRUM 
1986). 

f) Reflex Epilepsy 

The action of gabapentin in this form of epilepsy, in selectively inbred male 
epileptic gerbils, was evaluated by BARTOSZYK et al. (1986). The animals were 
shaken for 30s or until the onset of seizures, and the seizures were evaluated 
by the method of LOSKOTA et al. (1974). The mongolian gerbils were protected 
by oral gabapentin at doses of 10-40 mg/kg given 30-240 min before the 
testing. This effect is regarded as a indication of a drug's capacity to protect 
against major seizures (LbsCHER et al. 1983, 1984). 

g) Classical Absences 

Gabapentin was ineffective against classic absence epilepsy, but did not make 
it worse (TRUDEAU et al. 1993). 

IV. Antinociceptive Effects 

The GABAergic system appears to mediate antinociceptive effects. Several 
GABAergic drugs have analgesic properties, but gabapentin showed no anal
gesic effect following oral doses of 250 mg/kg in the phenyl-p-quinone writhing 
test in mice, and no anti nociceptive effect occurred in the tail flick test in rats 
(BARTOSZYK 1986). 

V. Antispasticity Effects 

In animal models gabapentin showed a strong antispasticity potency 
comparable to, or superior to, that of the antispasticity GABAB agonist 
baclofen. Sedation in mice occurred following high doses of gabapentin. 
An oral gabapentin dose of 400 mg/kg resulted in a 40%-80% decrease in 
motility. 
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VI. Human Studies 

There have been numerous controlled clinical trials of gabapentin as add-on 
therapy for partial seizures (CRAWFORD et al.1987; BAUER et al. 1989; SIVENIUS 
1991; UK GABAPENTIN STUDY GROUP 1990; ABOU-KHALIL et al. 1990; WIENER 
et al. 1990; CHADWICK 1991; SCHEAR et al. 1991; OJEMANN et al. 1992; BROWNE 
1993; US GABAPENTIN STUDY GROUP No.5 1993; ANHUT et al. 1994). The con
sensus of the results of these studies indicates that gabapentin is an effective 
treatment in patients with partial epilepsy refractory to standard antiepileptic 
therapy, and it is fairly well tolerated and appears to have a favourable ratio 
of efficacy to toxicity. 

In the UK GABAPENTIN STUDY (1990), 50% of patients showed a 25% 
or greater reduction in seizures, compared to a 9.8% reduction in those 
receiving placebo. In the study of SIVENIUS (1991) there was a mean 57% 
decrease in seizure frequency at a gabapentin dose of 1200mg daily. In the US 
GABAPENTIN STUDY GROUP (1993) trial, 306 patients with refractory partial 
seizures were studied and 18 patients were excluded. Of the remaining 
patients, 18%-26% experienced a 50% or greater reduction in seizure fre
quency, compared with an 8% reduction in those receiving placebo. However, 
an increase in seizure frequency was experienced by 19%-26% of patients. 
Studies are continuing in children and in patients with other seizure types. 
Myoclonus seems to worsen in those taking gabapentin, and the drug appears 
to have little effect in symptomatic generalized epilepsies (West's syndrome, 
the Lennox-Gastaut syndrome). Higher gabapentin doses than those initially 
employed in the clinical trials (i.e. doses above 1800mg/day in adults) appear 
to be safe and studies are continuing to evaluate the optimal tolerated dose 
of the drug (SHORVON 1996). 

D. Pharmacokinetics 

I. Pharmacokinetics in Animals 

BARTOSZYK (1986) investigated the absorption, metabolism and excretion of 
gabapentin following administration of the 14C-Iabelled drug. Its distribution 
in rats was studied by VON HOD ENBERG and VOLLMER (1983) and by VOLLMER 
(1986). Gabapentin is well absorbed in rats and dogs, with 70% of the dose 
being excreted renally in 24h. The elimination half-life of gabapentin ranged 
from 2 to 3 h in rats, and from 3 to 4 h in dogs. Following intravenous admin
istration to rats, similar gabapentin concentrations were present in the blood 
and the brain after time for a short distribution phase. In rats more than 
93% of gabapentin radioactivity was eliminated renally, as the unchanged 
substance, and biotransformation to N-methyl gabapentin was found to occur 
only in dogs. The drug's pharmacokinetics were linear over the dosage range 
of 4-500mg/kg, when given intravenously to rats. The pharmacokinetics in 
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animals were not sex dependent and were not altered after mUltiple doses had 
been taken (VOLLMER et al. 1986). Gabapentin is distributed to virtually all 
body tissues in rats, with highest concentrations occurring in the pancreas and 
kidneys. 

II. Pharmacokinetics in Humans 

1. Absorption and Bioavailability 

There is evidence suggesting that the extent of the absorption of orally admin
istered gabapentin diminishes as the dose increases (see below). This needs to 
be kept in mind in interpreting the findings described below. VOLLMER et al. 
(1989) investigated the absolute bioavailability of gabapentin. The area under 
the plasma concentration-time curve after oral administration of the drug in 
capsules or solution was about 60% of that after intravenous administration. 
After intravenous administration of 150mg of the drug and oral administra
tion of 300mg (in capsules or in solution), the linear terminal phase con
tributed 90% to the total area under the plasma concentration-time curve, 
which may be of significance to the matter of the drug's penetration through 
the blood-brain barrier. The capsule formulation and a solution of the drug 
were found to be bioequivalent. 

2. Distribution 

The apparent volume of distribution of gabapentin at steady state was calcu
lated to be approximately 50-581 (McLEAN 1994). No binding of gabapentin 
to plasma proteins has been observed. 

a) Brain, CSF and Plasma Gabapentin Concentration Relationships 

Maximum brain gabapentin levels are expected 1 h after intravenous admin
istration of the drug. Gabapentin levels in the human brain were shown to be 
80% of those in serum, in keeping with the findings of animal distribution 
studies (OJEMANN et al. 1988; FOOT and WALLACE 1991). Gabapentin concen
trations in human CSF were 5%-35% of its plasma levels, and the drug's tissue 
concentrations were approximately 80% of its plasma levels (OJEMANN et al. 
1988; BEN-MENACHEM et al. 1990; McLEAN 1995). BEN-MENACHEM et al. (1992) 
evaluated the penetration of gabapentin into human CSF and the drug's 
effects on free and total GABA, homovanillic acid and 5-hydroxyindoleacetic 
acid concentrations by studying five patients taking a placebo, who were given 
a single oral dose of gabapentin, 600mg in four patients and 1200mg in one 
patient. Their plasma and CSF were collected for 72 h. The CSF to plasma 
gabapentin concentration ratio was 0.1 after 6 h. After 24 h, gabapentin 
could be recovered only from the patient who was given 1200 mg of the drug. 
The free and total GABA concentrations were unchanged, but the CSF 5-
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hydroxyindoleacetic acid and homovanillic acid concentrations were increased 
at 24 and 72h. 

3. Elimination 

a) Metabolism 

Gabapentin is not metabolized in humans and does not induce microsomal 
oxidative enzymes (SCHMIDT 1989; RICHENS 1993). A double-blind, phenytoin 
controlled parallel group trial of gabapentin in healthy volunteers was carried 
out, using antipyrine clearance as a measure of enzyme induction, to inves
tigate the possible influence of prolonged gabapentin administration on liver 
enzyme activity. None of the antipyrine parameters was affected by 
gabapentin administration (SCHMIDT 1989). 

b) Elimination Parameters 

After intravenous administration, the elimination kinetics of gabapentin are 
tri-exponential with half-life values of 0.1, 0.6 and 5.3h for the three phases, 
respectively (SCHMIDT 1989). In the dosage range of 25-300mg, the pharma
cokinetics of gabapentin are not dose-dependent. The elimination half-life of 
gabapentin, given orally as monotherapy, is approximately 6-9 h (ANHUT et al. 
1988; GRAVES et al. 1989; HOOPER et al. 1990; BEN MENACHEM et al. 1992; 
RICHENS 1993). These half-life values suggest that steady-state plasma con
centrations of gabapentin can be reached within 1-2 days of starting therapy 
in patients with normal renal function (McLEAN 1995). After multiple oral 
doses, dose linearity of the kinetics has been demonstrated (TURCK et al. 1989). 

Since the absorbed dose of gabapentin is excreted completely unchanged 
in urine, the plasma clearance of the drug should equal its renal clearance, 
which in the normal subject is of the order of 120-130 ml/min, i.e. the glomeru
lar filtration rate. 

4. Clinical Pharmacokinetics 

a) Plasma Concentration-Dose Relationships 

Following a single gabapentin dose of 300 mg in a capsule preparation, plasma 
gabapentin concentrations of 2.7.ug/ml were obtained after 2-3 h, whilst fol
lowing oral administration of 300mg every 8h, peak plasma levels of the drug 
averaged 4.ug/ml. 

Plasma concentrations of gabapentin, when the drug is given in doses 
above 1800mg/day, continue to increase, but deviate increasingly from 
simple linear proportionality, and begin to plateau at doses of approximately 
3600 mg/day. At dosages of 4800 mg/day, the oral bioavailabilty of the drug was 
estimated to be 35% (RICHENS 1993). 

At dosages of 300-600mg t.i.d., trough plasma gabapentin concentrations 
are generally in the range of 1-10.ug/ml (McLEAN 1994). 
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b) Effects of Food, Multiple Dosing, Age and Disease 

Gabapentin's absorption pharmacokinetics are not altered by food or by mul
tiple doses of the drug. Its accumulation following multiple dose adminis
tration is predictable from single dose data (VOLLMER 1992; RICHENS 1993). 
Abrupt discontinuation of gabapentin has been accomplished without 
significant increases in seizure frequency (McLEAN 1994). 

c) Gabapentin and Renal Function 

Because gabapentin's elimination is affected by disease-related and age
related decreases in renal function, the drug's dosage guidelines are related 
to the patient's renal function. In patients with impaired renal function, peak 
plasma gabapentin levels are increased compared with those in persons with 
normal renal function (COMSTOCK et al. 1990). Following a single oral dose of 
gabapentin, the drug's elimination half-life was increased to a mean of 16 h in 
patients with a mean creatinine clearance of 41 mllmin, and to 43 h in those 
with a mean creatinine clearance of 13 mllmin. The effect of age on the single 
dose pharmacokinetics of gabapentin was studied in 38 patients ranging in age 
from 20 to 78 years. The decline in renal clearance with age paralleled the 
decline in creatinine clearance, which is age-related. 

Gabapentin is removed from the body by haemodialysis and the mainte
nance dose after each dialysis should provide steady state plasma concen
trations comparable to those attained in the setting of normal renal function 
(BOYD 1990; HALTENSON et al. 1992). 

d) Plasma Gabapentin Concentrations and Therapeutic Effects 

SIVENIUS et al. (1991) reported that a therapeutic effect was evident with 
gabapentin only when its plasma levels exceeded 2,ug/m!. In one major study, 
the mean gabapentin level in plasma was higher in responders than in non
responders, while higher drug levels were related to an increased efficacy of 
the drug (UK GABAPENTIN STUDY GROUP 1990). In the US GABAPENTlN GROUP 
STUDY (1993), improved seizure control tended to correlate with the drug dose. 
Further studies are indicated to define the relationships between plasma 
gabapentin concentrations and the therapeutic effects of the drug (McLEAN 
1994). 

E. Interactions 

I. Effect of Gabapentin on Other Drugs 

Gabapentin appears to have minimal potential for drug interactions, as it is 
not metabolized, does not induce or inhibit hepatic microsomal oxidative 
enzymes, and is not bound to plasma proteins. It may conceivably interact with 
certain drugs which are eliminated unchanged, predominantly by renal mech-
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anisms, but clinically significant interactions of this type have not yet been 
noted (McLEAN 1994). 

1. Other Antiepileptic Drugs 

As most of the absorbed gabapentin, approximately 10% of the absorbed lam
otrigine and 50% of the absorbed felbamate are excreted unchanged in the 
urine, the potential exists for gabapentin to interact with the latter two drugs 
at a renal site. Concomitant administration of gabapentin has not affected 
the plasma concentrations of carbamazepine or of its epoxide metabolite, 
phenobarbitone, phenytoin or valproate (COMSTOCK et al. 1990; GRAVES 
et al. 1989, 1990; UTHMANN et al. 1990; HOOPER et al. 1991). Phenytoin 
monotherapy patients who had gabapentin added to their treatment in a con
trolled study showed no significant changes in phenytoin concentrations 
(GRAVES et al. 1989). CHADWICK (1994) reported that gabapentin has not pro
duced any clinically significant drug interactions with other anti epileptic drugs. 
These findings are consistent with the effects of gabapentin observed in clin
ical studies using the drug (CRAWFORD et al. 1987; UK GABAPENTIN STUDY 
GROUP 1990; US GABAPENTIN STUDY GROUP 1993), and in other interaction 
studies related to the new antiepileptic drugs (ANHUT et al. 1988; YUEN et al. 
1991). 

a) Multiple Drug Interactions 

TYNDEL (1994), in a case report, indicated that when gabapentin was added to 
three anti epileptic drugs being taken concurrently (phenytoin, carbamazepine 
and clobazam), there was a rise in phenytoin plasma levels that was clinically 
significant, causing signs of phenytoin toxicity. After cessation of gabapentin, 
the concentrations of phenytoin returned to their previous values, but re
challenge with gabapentin caused evidence of renewed toxicity and a rise in 
the plasma phenytoin level. 

2. Oral Contraceptives 

The effects of gabapentin on oral contraceptive steroids were studied by 
ELDON et al. (1993). Administration of gabapentin on days 16-22 of the last 
of three consecutive menstrual cycles in healthy women taking oral contra
ceptives did not alter the pharmacokinetics of the contraceptive components. 

II. Effects of Other Drugs on Gabapentin 

Gabapentin has been reported to interact with an aluminium hydroxide- and 
magnesium hydroxide-containing antacid (BUSCH et al. 1992). The concentra
tion of gabapentin was decreased by 15%, which was not thought to be of clin
ical significance (McLEAN 1994). Cimetidine also caused a similar effect, via a 
renal mechanism (RICHENS 1993). 
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F. Adverse Effects 

I. Animal Studies 

1. Acute Exposure 

The acute toxicology of gabapentin was investigated in 2-week-old and 
adult mice and rats of both sexes. Even at the highest gabapentin doses tested 
(8000mg/kg orally, 4000mg/kg subcutaneously, and 2000mg/kg intravenously) 
no deaths occurred within the 2 week observation period. Autopsies showed 
no substance-related damage to any internal organ (BARTOSZYK 1986). 

2. Subacute Exposure 

In a 6 months study in rats, a slight impairment of liver function was noted, 
with recovery 3 weeks after gabapentin dosing was ceased. 

3. Chronic Exposure 

Toxicology data from 2 year bioassay studies conducted in rats and mice 
showed an increase in the incidence in acinar cell carcinomas of the pancreas 
in male rats. The tumours were not seen in mice or in female rats. The doses 
of gabapentin used were up to 2000mg/day for 2 years, resulting in plasma 
gabapentin concentrations of up to 85 mg/I, approximately 6 times those pro
duced by therapeutic doses of the drug in humans (FOOT and WALLACE 1991). 
These findings caused clinical trials on the drug to be suspended for over 2 
years, pending investigation. 

4. Mutagenicity 

No mutagenic activity was observed in standard tests, and daily gabapentin 
doses of 1500mg/kg given to pregnant rats did not cause malformations. In 
human safety studies involving 14 volunteers and 70 spastic patients, no dose
related adverse reactions were noted (SCHMIDT 1989). 

5. Carcinogenicity 

Reports of the development of acinar carcinoma of the pancreas in aged 
male rats of a specific strain, following prolonged intake of gabapentin, 
were not confirmed in other species. The rats in question are generally prone 
to this particular malignancy, which is atypical and slow growing. The survival 
of the rats was not affected significantly by gabapentin intake, the gabapentin 
treated animals actually living longer. There were no metastases and no 
local invasion. The tumours were similar to those seen in concurrent control 
animals, although they were more frequent in the treated animals. Human 
pancreatic cancers tend to be ductal rather than acinar, so that the relevance 
of the animal tumours to any human carcinogenic risk is unclear (McLEAN 

1995). 
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6. Teratogenicity 

Gabapentin was found to be foetotoxic in rodents. Delayed ossification of the 
long bones, skull and vertebrae was observed in some foetuses exposed to 
dosages the equivalent (on a mg/m2 basis) of up to 14,400 mg/day, given to 
patients. Hydroureters and hydronephrosis were also seen in the rats. Other 
significant malformations were not increased in frequency in mice, rats and 
rabbits at gabapentin doses of between 4 and 8 times the daily human dose 
on an mg/m2 basis. 

II. Human Studies 

1. Add-on Pivotal Placebo-Controlled Studies in Refractory Patients 

Of the three main trials, the UK GABAPENTIN STUDY GROUP (1990) compared 
the efficacy of 1200mg gabapentin daily with that of placebo in 113 evaluable 
patients, the US GABAPENTIN STUDY GROUP (1993) compared the efficacies 
in 288 evaluable patients and the INTERNATIONAL GABAPENTIN STUDY GROUP 
(ANHUT et al. 1994) enrolled 245 evaluable patients with refractory partial 
seizures, in an add-on comparison against placebo. The most common side 
effects of gabapentin were CNS related, mild to moderate in severity, and were 
characterized as somnolence, dizziness and fatigue. 

2. Monotherapy Trials in Previously Untreated Patients 

a) Early Clinical Trials 

Clinical safety data from 14 healthy volunteers and 70 spastic patients receiv
ing gabapentin monotherapy revealed no dose-related adverse effects associ
ated with gabapentin monotherapy in dosages up to 3600mg/day (BARTOSZYK 
et al. 1986). 

3. Particular Adverse Effects in Humans 

In general, all studies have reported no evidence of alarming, idiosyncratic 
or major adverse effects of gabapentin, apart from mild to moderate fatigue 
and drowsiness when the drug was taken in higher dosages. As gabapentin has 
a relatively short half-life (5-9h), it has been recommended for 3 times a 
day dosing. The dosages can be increased to a target of 1200-3600mg/day 
(ABOU-KHALIL 1992) and a dose of 4800mg/day is under evaluation (McLEAN 
1995). No withdrawal seizures have been reported after abrupt cessation of 
intake of the drug, but tapering the dose over a week is recommended if intake 
of the drug is to be discontinued. 

a) Quality of Life 

The neuropsychological, mood and psychosocial effects of gabapentin were 
studied in 15 patients whose treatment had been stabilized using phenytoin. 
Later they were given gabapentin alone, carbamazepine alone, and gabapentin 
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plus carbamazepine. Neuropsychological testing at the end of the study 
periods showed that gabapentin monotherapy was associated with the best 
performance on 16 out of the 18 variables tested (DODRILL et al. 1992). 
The effect of gabapentin on cognitive functioning and mood was studied by 
ARNETT and DODRILL (1995). The quality-of-life-related side effects, obtained 
from data obtained in placebo-controlled clinical trials involving 921 patients, 
were examined by LEIDERMANN et al. (1993). Confusion, insomnia, psychoses, 
anxiety, apathy, emotional lability and hostility occurred less frequently in the 
patients who received gabapentin whilst agitation, depression and nervousness 
occurred more frequently. The differences between the treatment groups were 
small. WOLF et al. (1994) reported the occurrence of behavioural change, in 
the absence of other signs of toxicity, as a manifestation of gabapentin toxic
ity in children who were taking other antiepileptic drugs. These authors' claim 
that this manifestation may have been idiosyncratic is not supported by other 
evidence. 

4. Overdosage 

FISHER et al. (1994) reported a lack of serious toxicity following a massive 
gabapentin overdose in a 16 year old girl (48,900 mg of the drug taken as 
163 capsules, each containing 300 mg of the drug). After 8 h the patient was 
lethargic, but rousable. Her vital signs were stable throughout and her plasma 
gabapentin levels reached 62.ug/ml, 8h after ingestion of the drug. Eighteen 
hours after the overdose there were no abnormal signs or symptoms. The only 
complicating factors were the existence of cocaine abuse, and the development 
of abstinence symptoms. 

5. Laboratory Abnormalities 

Results from the three main large scale controlled clinical trials of gabapentin 
and reports subsequent to the registration of the drug for clinical use have 
revealed no significant or clinically relevant changes in laboratory parameters, 
including haematological, renaL hepatic, electrolyte or endocrine laboratory 
values (McLEAN 1995). 

6. Pregnancy 

There are few reports of human exposure to gabapentin in pregnancy, as preg
nant women were deliberately excluded from the pre-marketing studies of the 
drug for ethical reasons (McLEAN 1995). The total number of successful out
comes of pregnancies in women taking gabapentin is documented in a regis
ter established in the United States for this purpose. 
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CHAPTER 17 

Tiagabine 

S.c. SCHACHTER 

A. Introduction 

Tiagabine (TGB) was synthesized by Novo Nordisk A/S and has been co
developed with Abbott Laboratories. France and other European countries 
recently approved tiagabine for use as adjunctive therapy in patients with 
partial seizures. Other countries in Europe are currently reviewing the appli
cation. Abbott Laboratories filed a new drug application for tiagabine with the 
Food and Drug Administration in the United States for its use as add-on 
therapy for partial seizures and the drug was approved September, 1997. 

This chapter will review the mechanism of action of tiagabine, and 
its metabolism and pharmacokinetics, the clinical development program of 
tiagabine, and the safety profile of tiagabine. Unless otherwise referenced, all 
study-related data are on file at Abbott Laboratories, Abbott Park, Illinois, 
USA, or Novo Nordisk. Bagsvaerd, Denmark. 

B. Chemistry and Use 

Nipecotic acid has an anticonvulsant effect when injected into the cerebral 
ventricles of mice and has been shown to inhibit the reuptake of gamma
amino butyric acid (GABA) in cultured astrocytes and neurons (KROGSGAARD
LARSEN et al. 1987). However. nipecotic acid does not cross the blood-brain 
barrier. Tiagabine hydrochloride [(R)-n-( 4,4-di(3-methyl-thien-2-yl)-but-3-
enyl-nipecotic acid hydrochloride] is formed by linking nipecotic acid to a 
lipophilic anchor via an aliphatic chain. which allows tiagabine to cross the 
blood-brain barrier easily (Fig. 1). 
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Fig. 1. Chemical structure of tiagabine (SCHACHTER 1996) 

C. Pharmocodynamics 

I. Biochemical Pharmacology 

Tiagabine selectively binds to a single class of high-affinity binding sites asso
ciated with, but not identical to, the GABA uptake carrier GAT-1 (BORDEN et 
al. 1994; SUZDAK and JANSEN 1995). The mechanism of action of tiagabine is 
novel in that it enhances GABA-mediated inhibition by blocking the neuronal 
and glial reuptake of GABA (BRAESTRUP et al.1990; GIARDINA 1994). The drug 
is a potent inhibitor of [3H]GABA uptake into synaptosomal membranes 
(ICso = 67nM) or neurons (ICso = 446nM) and glial cells (ICso = 182nM) in 
primary cell culture. It is 2.5 times more potent in inhibiting glial than 
neuronal GABA uptake. Unlike nipecotic acid, tiagabine is not transported 
by means of the GABA uptake carrier in a synaptosomal preparation, nor 
does it stimulate [3H]GABA release from cerebral cortical neurons in culture. 
Tiagabine has greater physiological specificity than GABA receptor agonists 
and benzodiazepine agonists because it affects only endogenously produced 
GABA. 

Tiagabine has no significant affinity for other uptake sites, such as those 
for dopamine, noradrenaline, acetylcholine, adenosine, serotonin, histamine 
(Hz and H3), opiate, glycine, glutamate, or GABA (i.e. at the GABA recep
tor). It has only weak affinity for benzodiazepine receptors and does not affect 
Na+ or Caz+ channel function (BRODIE 1995; SUZDAK and JANSEN 1995). 

II. Electrophysiology 

Evoked inhibitory postsynaptic potentials (IPSPs) in the hippocampus result 
from an early GABAA receptor-mediated increase in Cl- conductance. IPSPs 
playa major role in epileptic discharges, as impairment of IPSPs can result in 
epileptic discharges, whereas enhancement of IPSPs results in a reduction of 
epileptic discharges (ANDERSON et al. 1980; COLLINGRIDGE et al. 1984; STREIT 
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et al. 1989). REKLING et al. (1990) studied the effects of tiagabine on the 
responses to exogenous GABA and on GABA-mediated IPSPs in pyramidal 
neurons of the CAl region of hippocampal slices in culture. GABA applica
tion to the hippocampal pyramidal cell dendritic region resulted in a depo
larization that was prolonged by the co-application of tiagabine (0.1 mM). 
In addition, GABA application to the region of the somas resulted in a hyper
polarization that was also prolonged by tiagabine (0.1 mM). Perfusion of 
the hippocampal slice culture with the drug also increased the amplitude 
of antidromic IPSPs produced by electrical stimulation of the pyramidal cell 
axons. 

FINK-JENSEN et al. (1992), using in vivo micro dialysis, examined the effect 
of tiagabine on changes in extracellular GABA overflow in the globus pal
lidus, ventral pallidum and substantia nigra in awake Sprague-Dawley rats. 
Tiagabine administered at either 11.5 or 21 mg/kg intraperitoneally (doses 
respectively corresponding to the EDso and EDK5 for inhibiting pentylenete
trazole-induced seizures in Sprague-Dawley rats) dose dependently increased 
extracellular GABA overflow, with peak values 200%-350% over basal 
ones. The maximal increase in extracellular GABA occurred at 40min (both 
doses), and the increase returned to baseline at time points between 120min 
(11.5mg/kg) and 160min (21mg/kg). 

III. Animal Seizure Models 

1. Electrically and Chemically Induced Epilepsy Models 

Tiagabine shows efficacy against maximal electroshock-induced seizures, bicu
culline-induced seizures in rats (SUZDAK and JANSEN 1995). and picrotoxin
induced convulsions in mice (NIELSEN et al. 1991). In amygdala-kindled rats, 
tiagabine decreases both the severity and duration of convulsions (SUZDAK 
and JANSEN 1995). Tiagabine inhibits pentylenetetrazole (PTZ)-induced tonic 
and clonic convulsions in rats and mice, although it is slightly less potent in 
rats than in mice. Vigabatrin, which irreversibly inhibits GABA transaminase 
and thus also raises synaptic GABA concentrations, does not inhibit PTZ
induced seizures. Tiagabine also exerts potent anticonvulsant activity against 
DMCM-induced clonic seizures. DMCM and pentylenetetrazole produce 
convulsions by impairing GABAergic neurotransmission at different receptor 
sites associated with the postsynaptic GABAA receptor complex (ENNA 1981; 
ENNA and MOHLER 1987; SCHWARTZ 1988). The ability to inhibit pentylenete
trazole-induced clonic and tonic convulsions has been suggested to predict 
efficacy against absence seizures and/or myoclonic seizures (LbsCHER and 
SCHMIDT 1988). 

Tolerance to the anticonvulsant effects of tiagabine does not appear to 
develop during chronic administration; further, the pentylenetetrazole seizure 
threshold returns to the pretreatment level after tiagabine discontinuation 
(JUDGE et a1.1990; SUZDAK 1993). 
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2. Genetic Epilepsy Models 

Intravenous doses of 0.25-1 mg/kg tiagabine produce partial protection against 
photically induced myoclonus in the photosensitive baboon for up to 3 h 
(SUZDAK and JANSEN 1995). Intraperitoneal doses up to 60mg/kg tiagabine 
dose dependently block audiogenic convulsions in genetically epilepsy-prone 
rats (FAINGOLD et al. 1994). Convulsions are completely eliminated in most 
animals with no overt signs of sedation. 

After chronic (21 day) tiagabine administration at either 15 or 30mg/kg 
orally (already described), the therapeutic ratio (defined as the ratio of the 
ED so for inhibiting exploratory locomotor activity and the ED so value for 
inhibiting DMCM-induced clonic convulsions) significantly increased in 
NMRI mice from 14 (chronic vehicle-treated mice) to 28 [chronic tiagabine
treated (30mg/kg orally) group (SUZDAK 1993)]. These data suggest that 
tiagabine may induce a lower incidence of side effects during long-term treat
ment of epilepsy. 

3. Anxiolytic Effects 

NIELSEN (1988) demonstrated that tiagabine was active in the modified Vogel 
water-lick suppression test for anxiolytic activity, with an ED so = 10mg/kg 
intraperitoneally. 

4. Analgesic Effects 

The analgesic effect of tiagabine has been investigated in various mouse and 
rat analgesic tests (SHEARDOWN et al. 1989). The drug has potent analgesic 
effects in the mouse acetic acid writhing test (EDso = 0.18mglkg subcuta
neously), mouse hot-plate test (EDso = 3.7 mg/kg intraperitoneally), mouse 
grid shock test (EDso = 1.75 mg/kg intraperitoneally), and the rat Randall 
Selitto test (EDso = 12mg/kg intraperitoneally). 

5. Effect on Cerebral Ischaemia 

JOHANSEN and DIEMER (1991) examined the effect of tiagabine on the loss 
of hippocampal CAl pyramidal cells produced in the rat four-vessel occlusion 
model of transient global ischaemia. Tiagabine administered at a dose of 
50mg/kg intraperitoneally, immediately before and 1, 24 and 48h after 
ischaemia, significantly reduced the ischaemic CAl pyramidal cell loss. This 
protection against ischaemic CAl cell death may have been due to the 
increased GABA levels resulting from inhibition of GABA uptake, leading to 
a decrease in excitation in the hippocampus. 

IV. Human Studies 

Five multicentre, double-blind, randomized, placebo-controlled trials have 
been performed in 951 patients with refractory partial-onset seizures, includ-
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ing 675 patients aged 12-72 years who were randomized to tiagabine (LASSEN 

et al. 1995). Two studies had crossover designs (0STERGAARD et al. 1995; 
RICHENS et al. 1995); the other three had parallel-group, add-on designs, viz. 
the dose response, the dose frequency, and the three times daily (TID study) 
dosing studies (BEN-MENACHEM 1995). 

1. Adult Add-on, Parallel-Design Trials 

a) Study Designs 

The objective of the dose-response study was to confirm the efficacy of add
on tiagabine in complex partial seizures and to demonstrate a dose-response 
relationship. During the first 4 weeks of the 16-week treatment phase, treat
ment doses were increased weekly to one of the target daily dosages: placebo, 
16mg tiagabine, 32mg tiagabine, and 56mg tiagabine, all taken in four divided 
doses (UTHMAN et al. 1997). 

The dose-frequency study compared tiagabine 32mg/day, given as 16mg 
twice a day (BID group) or Smg four times a day (OlD group), with placebo. 
During the 1st month of the 12-week treatment phase, doses were increased 
weekly to the target dosage (SACHDEO et al. 1997). 

The TID dosing study compared 10mg/day tiagabine ti.d. with placebo. 
During the 1st month of the IS-week treatment phase, tiagabine and placebo 
doses were increased weekly till tiagabine lOmg t.i.d. or a similar number of 
placebo tablets were taken (BEN-MENACHEM 1995). 

b) Enrolment information 

Overall, the placebo and treatment groups were well-matched. The median 
duration of epilepsy for both groups was 23 years, and patients in both groups 
had taken a median of nearly six anti epileptic drugs in the past. Patients with 
primary generalized seizures were excluded. 

c) Results 

The primary efficacy parameters for these three studies were (1) the median 
reduction in 4-week complex partial seizure rates from their baseline number, 
and (2) the proportion of patients who achieved at least a 50% reduction in 
4-week complex partial seizure rates during the treatment period, as compared 
with the baseline rate. Figure 2 shows the reduction in 4-week rates of complex 
partial seizure for each of the three studies. The seizure rate reduction in each 
treatment group is compared with that in the placebo group. Figure 3 shows 
the proportion of patients with a 50% reduction in 4-week complex partial 
seizure rates. 

In the dose-response study, the median reduction in complex partial 
seizure and simple partial seizures from their baseline rates in the 32 mg 
and 56mg groups combined (as specified in the protocol) was statistically 
significant compared to placebo. The minimum effective dose was 32 mg/day. 
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Fig. 2. Tiagabine efficacy in parallel, add-on studies: reduction in 4-week complex 
partial seizures (SCHACHTER 1996). M91-603, dose-response study; M91-605, dose
frequency study; M92-775, TID dosing study 

In the dose-frequency study, the seizure reduction in the Bmg OlD group 
was statistically significant and the reduction in the 16mg BID group was 
significant at the p = 0.055 level. The median changes in 4-week complex partial 
seizure rates were -1.6 (p = 0.06) for the 16mg BID group and -1.2 (p = 0.02) 
for the 8 mg OlD group. 

In the TID dosing study, 30mg/day tiagabine was significantly more effec
tive than placebo in reducing the median 4 week complex partial seizure rate 
(-1.3 vs. +0.1; p = 0.05), the simple partial seizure rate (-1.0 vs. +0.6; p = 0.05), 
and the rate for all seizure types combined. 

2. Open-label, Long-term Treatment 

There are six ongoing, long-term trials; three are extensions of the placebo
controlled, add-on studies, whilst the other three phase III studies enrolled 
patients with any type of uncontrolled seizure. As of May 1997, over 1200 
patients had received tiagabine for at least 1 year. The maximum daily dose 
of tiagabine allowed was 120mg in two of the studies, 80mg in two of 
the studies, and 64 mg in two studies. The mean and median daily dosages 
appeared to stabilize around 45 mg/day after 6 months of treatment. Some 
patients benefitted from doses up to BOmg/day. Some 30%-40% of the 
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Fig.3. Tiagabine efficacy in parallel, add-on studies: proportion of patients with a 50% 
reduction in 4-week complex partial seizures (SCHACHTER 1996). M91-603, dose
response study; M9J-605, dose-frequency study; M92-775, TID dosing study 

patients in the extension studies had a favourable response to treatment; the 
median reduction in complex partial seizure rate was 28.4 % after 3-6 months 
of treatment and increased to 44% after 12 months. 

3. Monotherapy Studies 

a) Dose-Ranging, Tiagabine-Substitution Study 

The objective of the dose-ranging, tiagabine-substitution study was to deter
mine the maximum tolerated dose of tiagabine monotherapy (SCHACHTER 

1995). Patients were tapered off their baseline antiepileptic drugs over 3 weeks 
as tiagabine was added. Daily tiagabine doses could be increased up to 80mg 
or 0.6 mg/kg, as tolerated (SCHACHTER et al. 1995). Thirty-one patients with 
epilepsy for a median time of over 20 years and who were refractory to at 
least two previous antiepileptic drugs entered the study. The treatment of 19 
patients (61 %) was converted successfully to tiagabine monotherapy, of 
whom 12 completed the study. Nineteen patients withdrew prematurely from 
the study, including seven whose treatment had been converted to tiagabine 
monotherapy. The mean daily tiagabine dose for those who completed the 
study was 38.4mg (range 24-54mg). 
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b) Multicentre High- Versus Low-Dose Study 

The high- versus low-dose study was a multicentre, double-blind, randomized, 
parallel-group study that compared the safety and efficacy of 6 mg and 36 mg 
tiagabine daily when administered as mono therapy to patients with complex 
partial seizures, with or without secondarily generalized tonic-clonic seizures 
(SCHACHTER 1995). Dosages were titrated over 2 weeks and, over the fol
lowing 4 weeks, concomitant antiepileptic drugs were withdrawn. Of the 198 
patients randomized in the study, 34 patients in the low-dose group and 
23 patients in the high-dose group completed treatment. For both dosage 
groups, the median complex partial seizure rates decreased significantly during 
tiagabine monotherapy when compared with their baseline values in patients 
who completed 12 weeks of the treatment phase (p = <0.05). In addition, 
nearly twice as many patients in the 36-mg-daily group experienced a reduc
tion in their complex partial seizure rate of at least 50% when compared with 
patients in the 6-mg-daily group (30% vs. 18%; p = 0.038). 

4. Paediatric Trials 

In a single-blind study in children with either partial or generalized seizures 
that were unsatisfactorily controlled with other antiepileptic drugs, approxi
mately 20% of those with partial seizures achieved a reduction in their seizure 
rates of 50% or more; generalized seizures responded less well (ULDALL et al. 
1995). 

Twenty-five children aged 3-11 who had epilepsy were enrolled in a poly
therapy, single-dose pharmacokinetic study (BOELLNER et al. 1996). In most of 
these children, one or two trials of antiepileptic drugs had failed in the past. 
During a subsequent long-term safety study, the treatment of 16 was converted 
to tiagabine monotherapy successfully. After approximately 1 year of tiagabine 
therapy, these 16 children were seizure-free for at least 2 months at a dose of 
4-14mg/day. 

D. Pharmacokinetics 

I. Animal Pharmacokinetics 

This topic was admirably reviewed by SUZDAK and JANSEN (1995). The absorp
tion of tiagabine, when administered orally in aqueous solution, was rapid, 
giving a Tmax of 10 min in mice, 30min in rats, and 1 h in dogs. After the admin
istration of tiagabine capsules to dogs, the Tmax was 0.75-2.2h. The bioavail
ability of the drug was 25% in rats and 54% in dogs. In rats administered 
27mg/kg tiagabine intraperitoneally twice daily for 7 or 14 days, the bioavail
ability increased to 54% and 74%, suggesting a saturation of first-pass metab
olism. In mice, the bioavailability was 92%. The volume of distribution was 
1.41 and 1.281/kg in rats and dogs, respectively. The plasma protein binding 
was 92%-93% in dogs (SUZDAK and JANSEN 1995). After the administration 
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of [14C]-labelled tiagabine, the levels of radioactivity in most tissues were 
similar to that in plasma. Only eliminating organs had considerably higher 
levels, with tissue/plasma ratios of 9 (rats) and 15 (dogs) in the liver, and 
3.2 (rats) and 4.0 (dogs) in the kidney, and 1.2 (rats) in the lung 30min after 
the administration of the isotopic drug. The decrease in tissue levels of labelled 
tiagabine followed the decrease in plasma levels. The brain to plasma ratio in 
rats remained constant at 0.24. 

Tiagabine is extensively metabolized in rats and dogs. The major meta
bolic pathway is thiophene oxidation, leading to geometric 5-oxo-thiolene 
isomers. In rats, a dioxidized metabolite conjugated with glutathione was 
found in bile, whereas in dogs the oxo-thiolene isomers were further metabo
lized either by hydroxylation of the methyl group or by conjugation with glu
curonic acid. An acyl glucuronic acid conjugate was noted in both dogs and 
rats. The metabolic pathway of the drug in rats and dogs has not been eluci
dated completely. 

II. Human Pharmacokinetics 

1. Absorption and Bioavailability 

Tiagabine is quickly and nearly completely absorbed after oral administration 
(MENGEL 1994); its bioavailability is 89%. When tiagabine is taken without 
food, the maximum serum concentration (Cmax) is reached in 60-90 min. When 
taken with food, the time to the Cmax is increased to 2.6 h and the Cmax is halved, 
although the area under the curve (AUC) is unchanged (BRODIE 1995). There
fore, food appears to reduce the rate, but not the extent, of tiagabine absorp
tion. After oral administration of tiagabine (2, 4, 6, 8, or lOmg) once daily 
for 5 days, the time of occurrence of the peak serum concentration appears to 
be independent of both the size and the number of doses administered. 
Although Cmax values vary both within and among subjects, the overall dose
adjusted Cmax is independent of the dose, its value being approximately 
16.0-26.5 ng/mllmg tiagabine. 

2. Distribution 

Tiagabine is widely distributed throughout the body; its apparent volume of 
distribution is approximately \lIkg, and it is approximately 96% protein bound 
in plasma. 

3. Elimination 

a) Metabolism 

Tiagabine is oxidized in the liver by the cytochrome isoenzyme CYP3A (Bopp 
et al. 1995a). The E- and Z-5-oxo-tiagabine isomers are the only prominent 
metabolites found in plasma (0STERGAARD et al. 1995). Some 25% of the 
administered dose of tiagabine is excreted in the urine, mainly as the 5-oxo 
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isomer metabolites. Tiagabine is subject to extensive hepatic metabolism and 
only 2 % of the administered dose is excreted in urine as the unchanged parent 
drug (Bopp et aL 1995b; 0STERGAARD et aL 1995). Within 3-5 days after a 
tiagabine dose, the remainder of the administered drug is eliminated in the 
faeces as two unidentified metabolites (0STERGAARD et aL 1995). 

b) Elimination Parameters 

The plasma elimination half-life of tiagabine in patients whose hepatic 
function is not induced is 5-8h (GUSTAVSON and MENGEL 1995). The half-life 
is reduced to 2-3 h by the co-administration of hepatic enzyme-inducing 
anti epileptic drugs (BRODIE 1995). 

4. Applied Pharmacokinetics 

There is a linear relationship between daily dosages of tiagabine and serum 
concentrations in subjects, whether or not hepatic function is induced 
(GUSTAVSON and MENGEL 1995; So et aL 1995). For the same daily dose, un
induced patients achieve higher tiagabine serum concentrations than induced 
patients. Consequently, tiagabine concentrations may rise in patients who are 
tapered off concomitant therapy with enzyme-inducing anti epileptic drugs 
(SCHACHTER 1995). 

5. Special Patient Groups 

a) Hepatic and Renal Impairment 

Plasma concentrations of both total and unbound tiagabine are increased in 
association with hepatic dysfunction (LAU et aL 1997), and the elimination 
half-life is slowed to approximately 12-16h. The pharmacokinetic profile 
of tiagabine is unaffected in patients with renal failure (CATO et aL 1995). 
Consequently, dosage adjustments appear to be unnecessary in patients with 
reduced renal function. 

b) The Elderly and Children 

The pharmacokinetics of tiagabine have been studied in a limited number of 
subjects up to 81 years of age and appear to be similar to those of younger 
patients (SNEL et aL 1993). Hence, there is no apparent need for dosage 
modification in the elderly (0STERGAARD et aL 1995). Children eliminate 
tiagabine slightly faster than adults, but this appears to be clinically insig
nificant (GUSTAVSON et al. 1997). 

E. Interactions 

I. Pharmacodynamic Interactions 

No potentiation of cognitive impairment has been noted when tiagabine is 
taken together with triazolam or alcohol, both of which are GABA agonists. 
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II. Pharmacokinetic Interactions 

1. Effect of Tiagabine on the Pharmacokinetics of Other Drugs 

Tiagabine does not displace other tightly plasma protein-bound drugs, includ
ing phenytoin, valproate, amitriptyline, tolbutamide and warfarin (BRODIE 

1995; GUSTAVSON et al. 1995). 
The clearance of antipyrine is unaffected by tiagabine, suggesting that 

this drug neither induces nor inhibits hepatic enzymatic function (GUSTAVSON 

and MENGEL 1995). The steady-state pharmacokinetics of carbamazepine and 
phenytoin are unchanged by the addition of tiagabine, whereas the mean 
steady-state AUe and e max for valproate are reduced by 10%-12%, decreases 
that are probably of limited clinical importance (GUSTAVSON et al. 1995). 
Tiagabine does not significantly affect the pharmacokinetics of other 
hepatically metabolized drugs, including theophylline, warfarin, and digoxin 
(MENGEL et al. 1995). At a dosage of Smg/day, tiagabine has no effect on the 
metabolism of oral ethinyloestradiol (30 pg) plus 150 pg levonorgestrel or des
ogestrel (MENGEL et al. 1994). The potential effects of higher tiagabine doses 
on contraceptive metabolism and efficacy remain to be determined. 

2. Effects of Other Drugs on the Pharmacokinetics of Tiagabine 

When SOOmg/day cimetidine is added to Smg/day tiagabine, there is an 
approximate 5% increase in trough plasma tiagabine concentrations and AUe 
at steady state, increases that are unlikely to be clinically important (MENGEL 

et al. 1995). The tiagabine clearance is increased by anti epileptic drugs that 
induce cytochrome P450, and tiagabine is displaced from serum proteins by 
naproxen, salicylates, and valproate. 

F. Adverse Effects 

I. Animal Animal Toxicology 

1. Acute Toxicity 

Single-dose tiagabine studies in rats and mice showed no adverse effects with 
clinically relevant doses, though sedation occurred at dosages higher than 
those needed for anticonvulsant activity (PIERCE et al. 1991; MENGEL 1994). 
There were no clinically significant cardiovascular effects in rats or dogs, even 
at doses that produce plasma concentrations many times higher than those 
produced by the maximum recommended human dosage. 

2. Chronic Toxicity 

Three-month treatment in rats with tiagabine doses considerably higher than 
therapeutic ones (100mg/kg/day) produced no systemic organ toxicity other 
than abdominal swelling. However, in this species doses above 25 mg/kg/day 
may cause hepatic cellular hypertrophy. consistent with the occurrence of 
enzyme induction. In dogs, doses up to 15 times the therapeutic doses are not 
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associated with systemic organ toxicity. After the twice-daily injection of 
tiagabine (30mg/kg intraperitoneally) for 4 days, acute treatment at 10mg/kg 
intraperitoneally produced a memory deficit (a 59% reduction in the latency 
to drink). There were no effects at a 3 mg/kg intraperitoneal dose. In the 
chronic vehicle-treated group, acute tiagabine treatment at both 3 and 
10mg/kg significantly reduced the latency to drink. A parallel set of experi
ments, using the same dosing regimen, showed no tolerance to the anticon
vulsant effects of the drug (JUDGE et al. 1990). 

Tolerance developed to the motor-impairing side effects of tiagabine 
in mice treated for 21 days with 15 or 30mg/kg of the drug (JUDGE et al. 
1990). 

3. Teratogenicity, Carcinogenicity, Mutagenicity 

Tiagabine does not impair fertility in male or female rats or show terato
genicity in rats or rabbits. In rats, the no-adverse-effect dosage for both 
parental and fetal toxicity is at least 6 times the therapeutic dosage. In mice 
and rats that have received tiagabine for 2 years (10-250mg/kg per day and 
10-200mg/kg per day, respectively), the only drug-related increases in tumor 
incidence observed were at the high-dose levels (>200mg/kg/day), and con
sisted of Leydig cell testicular tumours and liver adenomas in the rats. 

In vitro mutagenicity tests have shown no consistent increases in muta
tion frequency in the presence of tiagabine. 

II. Human Studies 

1. Add-on, Parallel-Group Studies 

Overall, 91 % of tiagabine-treated patients and 79% of placebo-treated 
patients reported one or more treatment-emergent adverse event in the add
on, parallel-group studies; most unwanted effects were mild or moderate, 
occurred during dose titration, and resolved spontaneously. Three or four 
doses a day were better tolerated than two doses a day. The adverse events 
that occurred significantly more often with tiagabine than with placebo were 
dizziness, asthenia (fatigue or generalized muscle weakness), nervousness, 
tremor, abnormal thinking (trouble concentrating, mental lethargy, or slow
ness of thought), depression, and aphasia (dysarthria, difficulty speaking, or 
speech arrest). Nine percent of tiagabine-treated patients and 5% of placebo
treated patients reported severe adverse events, mostly somnolence, asthenia, 
and headache (SCHACHTER 1997). 

In double-blind, placebo-controlled, parallel-group studies, 13 % of 
tiagabine-treated patients prematurely discontinued the therapy because 
of adverse events, compared with 5% of placebo-treated patients. The 
most common reasons for ceasing treatment were confusion (1.4%), somno
lence (1.2%), ataxia «1 %), asthenia «1 %), and dizziness «1 %) (SCHACHTER 

1997). 
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2. Monotherapy Trials 

The adverse events seen in the high- versus low-dose monotherapy study were 
similar to those described above. In addition, speech disorder, somnolence, 
and blurred vision (amblyopia) occurred statistically more often with the 36-
mg-daily than the 6-mg-daily treatment (BRODIE 1997). 

In the dose-ranging, open-label, tiagabine-substitution monotherapy 
study, the most common adverse events were asthenia, dizziness, difficulty con
centrating, insomnia, nervousness, somnolence, and impaired memory. The 
adverse events leading to premature discontinuation resolved when tiagabine 
was stopped. Every patient experienced at least one treatment-emergent 
adverse event because patients were dosed to their limit of tolerance 
(SCHACHTER 1995). 

3. Long-term Studies 

In the long-term studies, 1236 patients received tiagabine for at least 1 year. 
Excluding accidental injury and infection, the five most frequently reported 
adverse events were dizziness, somnolence, asthenia, headache, and tremor. 
The incidence of these events appeared to peak within the first 30-45 days of 
treatment. There were no indications that new or more severe types of adverse 
events developed during long-term therapy compared with short-term therapy 
(LEPPIK 1995). 

4. Special Safety Issues in Humans 

a) Death 

There were 35 deaths in patients treated in the various tiagabine studies (total 
patient exposure approximately 3831 patient-years). The most commonly 
identified cause of mortality was sudden unexpected death in epilepsy (10), 
accounting for 0.0026 deaths per patient-year. Two of the deaths were thought 
to be possibly related to tiagabine; one patient, who had been taking tiagabine 
for more than 1000 days, was a smoker with hypertension and a previous 
stroke, and was found dead in bed. No autopsy was performed, and hyper
tensive atherosclerotic cardiovascular disease was cited as an alternative 
explanation. The other patient died from a cerebral neoplasm; neurofibro
matosis was cited as a possible alternative aetiology. 

b) Rash, Psychosis, Status Epilepticus 

The occurrence of rash and psychosis was similar in tiagabine-treated patients 
and patients treated with placebo. Status epilepticus occurred in approxi
mately 0.8% of patients receiving tiagabine and in 0.7% receiving placebo in 
the double-blind, parallel studies. All episodes of status were either complex 
partial or simple partial status epilepticus. No instances of convulsive status 
occurred in these controlled trials. 
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c) Overdosage 

As of August 1996, there had been 11 reported instances of overdosage 
with tiagabine during clinical trials of the drug. In all 11 instances, the patients 
recovered completely, generally within 24h, even at tiagabine doses up to 
800mg (PARKS et al.I997). In all these cases, supportive care with gastric lavage 
and the use of activated charcoal was helpful in the treatment of tiagabine 
overdose. Since tiagabine is highly protein bound and largely metabolized by 
the liver, dialysis would not be expected to be beneficial. 

The most common reported symptoms of overdosage were confusion, 
somnolence, agitation, hostility, speech difficulty, weakness, impaired con
sciousness and myoclonus. There was one case of convulsive status epilepticus 
after a patient ingested 400mg tiagabine. The patient responded to intravenous 
phenobarbitone and made a full recovery (PARKS et al. 1997). 

d) Laboratory Values 

In the parallel-group, add-on, double-blind studies, no clinically important 
changes in haematological and biochemical test results, vital signs, or electro
cardiograms were attributable to tiagabine (LEPPIK 1995). 

e) Neuropsychological Function and Cognitive Effects 

In the double-blind, add-on, crossover study, there were no significant differ
ences in neuropsychological test scores, mood, or behavioural rating scales 
between patients receiving tiagabine and those receiving placebo. Similarly, in 
the add-on, dose-response study, neuropsychological testing showed no evi
dence of worsening in mood or cognitive abilities (DODRILL et al. 1997). In the 
high-dose, low-dose monotherapy study, patients improved modestly on tests 
of mental abilities and on four measures of adjustment when their treatment 
was converted to tiagabine monotherapy (p = <0.05 - DODRILL et al. 1996). 

f) Pregnancy 

The safety of tiagabine in pregnancy is unknown. As of 15 October, 1996,22 
pregnancies had occurred in patients exposed to tiagabine or blinded drug in 
the clinical trials (COLLINS et al. 1997). Nine patients carried their babies to 
term, and eight of these patients delivered healthy offspring. The ninth patient 
had a Caesarean section delivery for a breech presentation; the baby had 
hip displacement, which was attributed to the breech presentation. Five 
patients underwent elective abortion, four patients had miscarriages, one 
patient underwent dilation and curettage with suction for a blighted ovum, 
and another patient underwent right salpingectomy for an ectopic pregnancy. 
One patient, who had discontinued tiagabine 3 months previously, drowned in 
a bathtub from a seizure during her 5th month of pregnancy. She had a pre
existing cerebral neoplasm when she entered the trial. The outcome was not 
then available for one patient. 
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CHAPTER 18 

Topiramate 

D. HEANEY and S. SHORVON 

A. Introduction 
Topiramate is a new antiepileptic drug that has been approved for use in 
epilepsy by the regulatory authorities of many countries as adjunctive treat
ment for partial seizures whether or not they become secondarily generalized, 
for seizures associated with the Lennox-Gastaut syndrome and for primary 
generalized tonic-clonic seizures. Recent studies have described topiramate's 
pharmacodynamic profile and have demonstrated that its antiepileptic action 
may be a result of several mechanisms including effects on sodium and potas
sium channels, a novel interaction with the GABAA receptor and inhibition 
of the action of kainate on the kainate/AMPA subtype of glutamate receptor. 

Six large randomized, placebo-controlled, double-blind clinical trials have 
evaluated topiramate as add-on therapy in partial epilepsy and there have 
been over 500,000 patient months of exposure to the drug as of December 
1997. Topiramate is rapidly and well absorbed and is excreted largely 
unchanged in the urine. It is not prone to enzyme inhibition or induction and 
has no significant interactions with other antiepileptic drugs. Topiramate con
tinues to be investigated for use in other forms of epilepsy, such as the primary 
generalized variety, the Lennox-Gastaut syndrome and various childhood 
epilepsies. 

B. Chemistry 
Topiramate (2,3:4,5-bis-O-(1-methylethylidene )-{3-D-fructopyranose sulpha
mate) is a sulphamate-substituted monosaccharide derived from D-fructose 
(SHANK 1994). It is structurally unrelated to the other antiepileptic drugs. It 
has a molecular weight of 339.37 daltons, a pKa of 8.61 at 25°C and a solubil
ity of 9.8mg/ml at pH6.7 (data from Janssen-Cilag Ltd.). 
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C. Pharmacodynamics 
I. Animal Models of Epilepsy 

Topiramate is active in several animal models of epilepsy. The effects of 
anti epileptic drugs in these models are to some extent predictive of their 
efficacies in human epilepsy (WHITE et al. 1997). Several types of animal model 
of epilepsy exist which are thought to correlate with particular forms of human 
epilepsy. However, while aspects of the aetiology and pathophysiological 
mechanisms responsible for human epilepsy remain poorly understood these 
models are inevitably of limited utility. 

Topiramate has been shown to be active in the maximal electroshock test 
in rats and mice (SHANK et al.1994), a model which is thought to correlate well 
with partial and secondarily generalized seizures in humans. In contrast, top
iramate is inactive in chemically induced seizures such as those evoked by 
pentylenetetrazol, picrotoxin and bicuculline (SHANK et al. 1994), although it 
may elevate the seizure threshold for subcutaneous pentylenetetrazol-induced 
seizures (SHANK 1994). Topiramate's activity in maximum electroshock testing 
and its inactivity in chemically induced seizure models raise the possibility that 
the drug may act primarily by blocking the spread of seizures rather than by 
altering the seizure threshold. 

Topiramate is active in other animal models including the rat and mouse 
hereditary epilepsy model (NAKAMURA et al. 1994), stroke-induced epilepsy in 
rats (EDMONDS et al. 1991) and kindled epilepsy models which are thought to 
be comparable with human complex partial seizures (NAKAMURA et al. 1993; 
WAUQUIER et al. 1996). These findings suggest that topiramate might be effec
tive against a broad range of seizure types, including partial, generalized tonic
clonic and absence varieties. 

II. Biochemical Pharmacology 

In vitro evidence suggests that topiramate affects neuronal activity and pro
duces its antiepileptic effect by several mechanisms, including modification of 
Na+ and/or Ca2+ dependent action potentials, enhancement of y-aminobutyric 
acid (GABA) activity and inhibition of kainate mediated conductance at glu
tamate receptors of the kianate type. It also appears that topiramate acts 
indirectly on a- or f3-adrenergic neurotransmission. Topiramate has a weak 
inhibitory effect on some carbonic anhydrase isoenzymes, although this action 
is thought not to be related to its antiepileptic effect. 

1. Na+ Channels 

Electrophysiological studies have demonstrated topiramate's activity on cul
tured rat hippocampal neurons. Topiramate (lOmmolll) reduced both the 
burst duration and the number of action potentials within each burst (COULTER 
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et a1. 1993). In common with both phenytoin and carbamazepine, topiramate 
(20mmolll) reduced the frequency of action potentials elicited by a depolar
izing electrical current. These effects are consistent with the hypothesis that 
topiramate blocks state-dependent voltage-sensitive Na+ and/or Ca2+ channels 
(COULTER et al. 1993; SOMBATI et al. 1995). a mechanism of action shared with 
other antiepileptic drugs such as phenytoin and carbamazepine. 

2. GABA-Mediated Cl- Influx 

GABA is one of the major inhibitory neurotransmitters in the central nervous 
system. Topiramate, in common with other antiepileptic drugs, has been shown 
to enhance GABA-mediated Ct flux into neurons. In cultured cerebellar 
granule celis, topiramate (10mmolll) significantly enhanced the rate of Cl
influx into Cl- depleted neurons (BROWN et al. 1993). Topiramate also 
increased the frequency of GABA-mediated activation of GABAA receptors 
in cultures of cerebellar and cortical neurons (BROWN et al. 1993; WHITE et al. 
1995). 

Ligand binding studies have demonstrated that topiramate does not inter
act with the GABA or benzodiazepine binding sites on the GABAA receptor 
(SEDOR and OLDHAM 1985). However, topiramate enhances GABAA mediated 
Cl- currents in a benzodiazepine-like manner and enhances GABAA evoked 
currents in human embryonic kidney (HEK293) cells transfected with 
GABAA receptors (WHITE et al. 1995). These effects are not blocked by the 
benzodiazepine antagonist, flumazenil. Topiramate therefore must exert its 
effect on GABAA mediated currents through a novel interaction with the 
GABAA receptor, but the detailed mechanism is not clear. It has been hypoth
esized that only certain GABA A receptor subtypes mediate topiramate's 
anti epileptic effects and that these effects may result in a relatively slow desen
sitization of the receptor (GORDEY et a!. 1995). 

3. Glutamate Receptors 

Topiramate (10-100mmolll) has little effect on NMDA-type excitatory amino 
acid receptors but inhibits the activity of kainate on the kainate/AMPA recep
tor subtype in a concentration-dependent manner (COUUER et al. 1995; SEVERT 
et a!. 1995). The blocking of kainate-evoked potentials reduces neuronal 
excitability. This effect of topiramate could contribute to the drug's antiepilep
tic action. This selective blockade at glutamate receptors seems to represent a 
novel mechanism of action for an antiepileptic drug. 

Further studies have shown intraperitoneal administration of topiramate 
reduces the abnormally high basal levels (approximately twice normal) of glu
tamate and aspartate in the hippocampi of spontaneously epileptic rats by 
approximately 45% (KANDA et a!. 1992) but has no effects on glycine, GABA 
or taurine levels (KANDA et a1. 1992; SHANK et a!. 1994). In normal Wistar rats, 
topiramate has no effect on hippocampal levels of these amino acids (KANDA 
et al. 1992). 
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4. Carbonic Anhydrase 

Topiramate weakly inhibits the type II and IV isoenzymes of carbonic anhy
drase, though less potently than acetazolamide. Ki values in lysed human 
erythrocytes are 119mmol/l for topiramate and 4.6nmolll for acetazolamide 
(SHANK et al. 1994). It is assumed that the antiepileptic actions of topira
mate are independent of this effect (BROWN et al. 1993), as acetazolamide
tolerant mice are not tolerant to the antiepileptic effects of topiramate (SHANK 
1994). 

5. Other Actions 

In vitro receptor binding studies have indicated that topiramate has no direct 
effect at GABAA, NMDA, a- or fJ- adrenergic, dopamine DJ and D2, serotonin, 
muscarinic or benzodiazepine receptors in rat brains. Furthermore, topiramate 
does not inhibit synaptosomal uptake of GABA, adenosine, noradrenaline, 
dopamine, serotonin or a-ketoglutarate (SHANK 1991, 1994). However, 
topiramate's anticonvulsant activity in mice is markedly reduced following 
pretreatment with the monoamine depleters, reserpine and tetrabenzine, sug
gesting that topiramate acts at least in part indirectly by altering adrenergic 
neurotransmission (SHANK et al. 1994). 

III. Toxicology 

1. Systemic Toxicity 

The preclinical studies of the acute toxicology of topiramate have been re
viewed by RIEFE (1997). Data from the RW Johnson Research Institute were 
analysed. These studies demonstrated that topiramate was well tolerated when 
administered orally to mice, rats and dogs and its intraperitoneal administra
tion was well tolerated in rats and mice. The LDso in mice and rats was between 
2338 and 3745 mg/kg. Dogs are more sensitive than rodents. The acute toxic
ity was primarily related to the central nervous system. 

Multiple dose preclinical toxicity studies have also been performed to 
evaluate topiramate over 3 and 12 month periods. Weight change, increases in 
kidney and liver weights, hepatocyte hypertrophy, urothelial hyperplasia, fluid 
and electrolyte shifts and central nervous system signs were observed. The 
increases in liver weight and hepatocyte hypertrophy were thought due to 
induction of drug metabolizing enzymes (RIEFE 1997). Topiramate's weak 
effect on carbonic anhydrase activity is thought to be responsible for the 
gastric changes (viz. gastric hyperplasia, reduced gastric acid secretion, 
increased blood gastrin levels) and the renal changes (viz. urothelial hyper
plasia and urinary micro calculi) that have been noted. In a study of eight 
humans receiving long term treatment with topiramate (200-500 mg/day) , 
endoscopic gastric examination including histological review, and measure
ment of serum gastrin levels, were performed after 15 months and seven of 
the patients were reviewed after 3 years. No changes in upper gastrointestinal 
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tract were detected that could be attributed to topiramate (BEN-MENACHEN 
and ABRAHAMSSON 1994). 

2. Carcinogenicity 

There was no evidence of carcinogenicity in 12 and 24 month studies of topi
ram ate in rats and mice (ZIMMER 1992). An increase in a species specific 
bladder tumour was observed in a rat study (JOHNSON et a1. 1993). No geno
toxic potential was demonstrated in in vitro or in vivo mutagenic assays which 
included the Ames Salmonella/microsomal activation assay, the E. coli bacte
rial/microsomal activation assay, the primary rat hepatocytelDNA repair assay, 
the mouse lymphoma mutagenic assay and an in vitro cytogenetics assay 
(NEWMAN and OLDHAM 1985; OLDHAM 1984a,b; OLDHAM et a1. 1985; SEDOR and 
OLDHAM 1985; PRESTON and OLDHAM 1989). 

3. Reproductive and Teratology Studies 

Animal studies showed that topiramate has little effect on reproductive 
potential but is teratogenic. No effect on fertility or on pup survival was 
demonstrated at daily doses of 10-100mmol/1 (DAVIS and OLDHAM 1988). In 
teratology studies topiramate was associated with right sided ectrodactyly in 
rats, rib and vertebral malformations in rabbits, and decreased foetal weight 
and delayed skeletal ossification in mice (RIEFE 1997). These teratogenic 
effects are similar to those seen with acetazolamide and other carbonic anhy
drase inhibitors in susceptible animal species (HIRSCH et a1. 1978; SCOTT et a1. 
1981; NAKATsuKA et a1. 1992; SCHARDEIN 1993). It should be noted that car
bonic anhydrase inhibitors have not been associated with congenital malfor
mations in monkeys (SCHARDEN 1976) or humans (WYETH PHARMACEUTICALS 
1998). 

Clinical data regarding the safety of topiramate in pregnancy are very 
limited. Evidence from animal studies suggests that there is likely to be an 
increased incidence of congenital malformations in babies born to mothers 
taking topiramate. 

IV. Human Studies 

1. Placebo-Controlled Double-blind Add-on Trials 

Six placebo-controlled, double-blind multicentre parallel-group trials have 
been performed to assess the efficacy of topiramate as an add-on therapy for 
patients with refractory partial epilepsy whether or not their seizures became 
secondarily generalized. These trials were performed in Europe (TASSINARI 
1995; BEN-MENACHEM 1996; SHARIEF et a1. 1996) and North America (FAUGHT 
1996; PRIVITERA 1996; ROSENFELD 1996) and involved similar protocols which 
allowed their data to be pooled for meta-analysis. All trials recorded seizure 
frequency during a baseline phase and then observed the effects of adding 
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Baseline 
phase 

Concomitant AED 

Titration 
period 

Fig. 1. Clinical trials of topiramate 
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Stabilisation 
period 

: 
AEDs +TPM vs. AEDs +placebo 

topiramate during an active treatment phase lasting between 11 and 19 weeks 
(Table 1). 

The European and North American trials differed in terms of the dura
tion of the baseline and stabilization periods (8 weeks vs. 12 weeks respec
tively) and the numbers of patients recruited (Fig. 1) and in that the European 
trials included patients established on clobazam therapy. 

In all six of the trials, patients were included if they had one or more 
seizures per week during the baseline stabilization period. The primary 
outcome measure was "treatment response", defined as a greater than 50% 
reduction in seizure frequency. Other measures of outcome included the 
median seizure frequency reduction, the frequency of generalized seizures and 
the investigator and patient global treatment evaluations. Overall, 743 patients 
were randomized in these studies, of whom 527 were assigned to topiramate 
and 216 to placebo. 

Statistically significant (p < 0.05) "treatment responses" were observed in 
the patient groups receiving topiramate 400-1000mg/day (35%-52%) as com
pared with patient groups receiving placebo (0%-19%). Other measures of 
seizure reduction also demonstrated a significant effect of topiramate (p < 
0.05). Median reductions in seizure frequency ranged from 30% to 51 % over 
a topiramate dose range of 200-1000mg/day, compared with a -18% to 13% 
reduction in the placebo group. The patient and investigator "global evalua
tion" measure also demonstrated a statistically significant benefit of topira
mate over placebo. 

The trials indicated that a topiramate dosage of 200mg/day did not 
produce a statistically significant benefit when compared with placebo. Higher 
doses (>400mg/day) produced benefit but there were no further significant 
improvements using topiramate dosages greater than 400mg/day. In clinical 
practice, however, patients who do not respond to lower doses of topiramate 
may respond to doses in excess of 800mg/day. In some of the open extension 
trials, doses of up to 1600mg/day of the drug have been used, with benefit. 

The effect of topiramate on the subgroup with generalized epilepsy (either 
primary or secondarily generalized) was examined in four of the trials 
(BEN-MENACHEM 1996; FAUGHT 1996; PRIVITERA 1996; SHARIEF et al. 1996). 
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Treatment responses occurred in 47%-87% in the topiramate 200-1000mg/day 
group, compared with 21 %-38% in the placebo group. Complete seizure 
freedom occurred in 21 %-53% of the topiramate 200-mg/day group, com
pared with 0%-25% in the placebo recipients. 

The similar trial protocols used allowed meaningful meta-analysis to be 
performed (CHADWICK 1997). The studies demonstrated that topiramate is of 
significant benefit in simple partial, complex partial and secondarily general
ized seizures. The results were not confounded by the effects of age, gender, 
race, background antiepileptic drug use or the baseline seizure frequency. 

2. Non-Controlled Add-on Trials 

In addition to the six double blind randomized controlled trials, several uncon
trolled, open trials have been carried out. These trials have varied in terms of 
their inclusion criteria, durations, rates of dosage titration and topiramate 
dosages used. Although less definitive than double-blind trials, such studies 
offer the opportunity of observing the effect of topiramate in a variety of dif
ferent clinical situations. At present most of these trials have been published 
only in the form of abstracts, but overall they have demonstrated that topira
mate is an effective add-on treatment. The results are consistent with those 
observed in the large blinded, randomized controlled trials. Several trials 
demonstrated a continuing clinical benefit when prescribing topiramate for 
periods greater than 12 months, suggesting that in at least certain patients top
iramate is well tolerated over long periods (ROSENFELD et al. 1997). 

3. Monotherapy Stndies 

There is some evidence that topiramate mono therapy can be achieved and 
maintained. In a double-blind study of 48 patients, topiramate monotherapy 
(1000mg/day) was shown to be more effective than 100mg/day (SACHDEO 
et al. 1997). Patients were observed during an 8 week "baseline" period and 
then topiramate, either 100mg or 1000mg/day, was introduced whilst other 
anti epileptic drugs were withdrawn. Topiramate monotherapy was maintained 
over an 11 week "active" period. Patients "exited" the trial if their seizures 
increased in frequency or severity. Thirteen of 24 patients taking 1000mg/day 
reached the end of the trial, compared with 4 of 24 taking 100mglday; 
11 of 24 achieved a greater then 50% reduction in seizure frequency and 3 of 
24 were seizure free at the end of the 11 week period in the topiramate 
1000mg/day group, compared with 3 of 24 and 0 of 24 respectively in the top
iramate 100mg/day group. 

Two other open studies have followed up patients receiving topiramate 
mono therapy for longer periods. In one study 32 patients received topiramate 
monotherapy for a mean period of 20.5 months. Of these, 19 became seizure 
free (SACHDEO and ROSENFELD 1997). In a further study of 45 patients 
with partial epilepsy whose treatment had been converted successfully to 
topiramate monotherapy, this treatment was tolerated for a mean period 
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of 22 months. In seven patients with complex partial seizures, topiramate 
mono therapy was associated with a reduction in severity of the epilepsy so 
that the seizures the patients continued to experience were classified as simple 
partial ones only; 28 patients became seizure free for 3 months and 13 could 
legally drive a car, under United States regulations (ROSENFELD et al. 1997). 

4. Add-on Therapy for Generalized Seizures 

Several small trials which have examined topiramate as add-on therapy for 
generalized tonic-clonic seizures have been reported in the form of abstracts. 

In an open-label follow-up study to a multicentre double-blind, placebo
controlled study, eight patients with primary generalized seizures were treated 
with topiramate as add-on therapy for up to 12 months. Two patients were 
seizure free for at least 3 months and three patients had a greater than 50% 
reduction in their seizure frequency (CRAWFORD 1997). The preliminary 
findings from a similar study of 33 patients maintained on open-label topira
mate for at least 12 weeks following completion of double-blind studies have 
been reported. The mean duration of treatment was 10.5 months and 67% of 
patients had a reduction in seizure frequency of 50% or more, as compared 
with their baseline seizure frequency. Three patients were seizure free for at 
least 3 months (BEN-MENACHEM 1996). 

Two other smaller studies have reported the use of topiramate in gener
alized seizures and have concluded that the drug is a useful add-on therapy in 
secondary generalized tonic-clonic, complex-partial and absence seizures 
(DURISOTTl 1996; LEUF et al. 1996). 

A pooled analysis of these trials has also been published (ANONYMOUS 
1997). In this pooled analysis, 160 patients with 3 or more generalized tonic
clonic seizures observed during an 8 week baseline period were identified. All 
these patients were receiving one or more standard antiepileptic drugs. The 
patients were randomized to topiramate or placebo for an 8 week titration 
period and a 12 week stabilization period. In terms of a reduction in median 
seizure frequency, a reduction in seizure frequency by 50% or more and a 
reduction in seizure frequency by 75% or more, topiramate was superior to 
placebo in patients with generalized tonic-clonic seizures (p < 0.(05). 

5. The Lennox-Gastaut Syndrome 

Topiramate may benefit patients with the Lennox-Gastaut syndrome. In a 
double-blinded study of 98 patients with the Lennox-Gastaut syndrome aged 
between 2 and 42 years, topiramate was statistically significantly superior to 
placebo as add-on therapy (G LAUSER at al 1997). Patients were enrolled and 
observed over an 8 week baseline phase. Patients with drop attacks, atypical 
seizures and greater than 60 seizures/month were recruited. The topiramate 
dose was titrated over 3 weeks and then maintained for an 8 week active treat
ment period. The maximum dose of topiramate used was 600mg. The authors 
concluded that topiramate 6mg/kg/day appeared to be effective adjunctive 
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therapy in the management of seizures associated with the Lennox-Gastaut 
syndrome. It significantly reduced the frequency of drop-attacks compared 
with placebo, and the parent or guardian global evaluation scores of seizure 
severity were significantly reduced by the drug. 

An open-labelled extension study was conducted in 97 patients with the 
Lennox-Gastaut syndrome, following their participation in a double-blind, 
placebo-controlled trial. Topiramate therapy was initiated in patients who had 
been treated with placebo during the double-blind phase. The results in 
patients maintained on open-label topiramate for at least 3 months at an 
average dose of 8.4mg/kg/day were that seizures were reduced by 50% from 
base-line in 53% of patients, with a reduction of at least 75% in 37%, whilst 
14% had been seizure free during the previous 3 months. Overall, 30% of the 
patients discontinued participation in the trial. The authors concluded that 
topiramate appeared to be well tolerated during long-term therapy in patients 
with the Lennox-Gastaut syndrome and the majority of the patients were suc
cessfully maintained on topiramate for periods of up to 3 years (RITTER et al. 
1997). 

D. Pharmacokinetics 
There have been several studies of the pharmacokinetics of topiramate in 
animals, healthy volunteers and people with epilepsy receiving concomitant 
medication. Here, the focus is on human studies. 

I. Absorption 

Topiramate absorption has been studied using single and multiple dose pro
tocols. The peak plasma concentration is usually attained within 2-3 h of intake 
(EASTERLING et al. 1988; DOOSE 1995; TAKAHASHI et al. 1995). Although no 
studies with intravenously administered topiramate have been performed to 
measure the absolute oral bioavailablity of the drug, it appears that it is well 
absorbed from the gastrointestinal tract. In studies where 14C-Iabelled topira
mate was administered to healthy volunteers, renal and non-renal clearance 
data have given an estimate of the bioavailablity of topiramate as being 
80%-95% (NAYAK et al. 1994; PERUCCA and BAILER 1996). The extent of the 
absorption of topiramate is not significantly reduced by food, although high 
fat meals may slow its absorption (DOOSE et al. 1996). 

II. Distribution 

Topiramate appears to be distributed throughout body water, the drug's 
volume of distribution being between 0.6 and 0.811kg (EASTERLING et al. 1988). 
Approximately 15% of the circulating topiramate is bound to plasma proteins 
(DOOSE et al. 1995). Significant binding to high affinity, low capacity binding 
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sites on erythrocytes has been noted (DOOSE et a1.1995), relating to the drug's 
carbonic anhydrase inhibiting action. This is of clinical importance in moni
toring topiramate plasma levels. The proportion of topiramate bound to 
erythrocytes is higher at low plasma concentration «4 mg/l) than at high con
centrations, resulting in a higher blood to plasma concentration ratio of the 
drug at low doses (DOOSE et a1. 1995). 

III. Elimination 

1. No Interacting Drug Present 

In the absence of P450 enzyme inducing co-medication, topiramate is not 
metabolized in vivo to a significant extent. A single 100mg dose of !4C-Iabelled 
topiramate was administered to six fasting healthy volunteers. Less than 5% 
of the total excreted radioactivity was accounted for by metabolites and 
78% of the radioactivity in the plasma was unchanged drug (Wu et al. 1994). 
More than 60% of the topiramate was eliminated unchanged, by the renal 
route. After 48h, approximately 40% of the radioactivity in the excreta was 
unchanged drug whilst after 10 days, 80.6% of the total drug had been recov
ered in the urine and 0.7% in the faeces. Two hydoxy metabolites, two diol 
metabolites and glucuronides of lO-hydroxy and 2,3-diol topiramate were 
formed. The metabolites are not thought to have significant clinical activity 
(JOHANNESSON 1997). In the presence of enzyme-inducing drugs there is 
increased metabolism of topiramate and the proportion of the dose eliminated 
unchanged may fall to as little as 30% (SACHDEO et a1. 1996). 

The half-life of topiramate has generally been found to be between 20 and 
30 h (DOOSE et al. 1988, 1996; EASTERLING et al. 1988), although a Japanese 
study observed a slightly longer half-life (TAKAHASHI A et al. 1995). The oral 
clearance of the drug is estimated to be 1.2-2.4l1h. The renal clearance of top
iramate is O.78-0.88l!h. 

The elimination of topiramate at steady state is similar to that after single 
doses of the drug. In healthy volunteers at steady state the Cl/F, CLfon"! and 
T j/2 (fl) were similar over three dosage regimens (50mg or lOOmg once a day 
for 14 days, then twice daily for 14 days, or 200mg once daily for 20 days) with 
the mean values of l.27l1h and O.791/h and 25.4 I/h respectively (DOOSE et al. 
1988). 

2. Interacting Drugs Present 

Concomitant anti epileptic drug therapy may affect the pharmacokinetics of 
topiramate. When the treatment of patients receiving topiramate and pheny
toin was converted to topiramate monotherapy, the mean oral clearance of 
topiramate was reduced by 59% and significantly higher mean steady-state 
concentrations, maximal plasma concentrations, times to reach peak plasma 
concentrations and plasma AUCs of the drug were seen (GISCLON et a1. 
1994a,b). 
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During concomitant administration of carbamazepine 900-2400mg/day 
and topiramate in doses below 800mg/day, the mean topiramate AUCG-12, Cmax 

and minimum plasma concentrations were all approximately 40% lower than 
during topiramate monotherapy. Topiramate oral and non-renal clearance 
rates were two- to threefold higher, whereas the topiramate renal clearance 
was unchanged during concomitant carbamazepine intake (SACHDEO et al. 
1996). 

IV. Special Situations 

It has been demonstrated that children eliminate topiramate at a faster rate 
than adults. The drug's plasma concentration for the same mg/kg dose is 
approximately 30% lower in children than in adults. Coadministration of an 
enzyme inducing anti epileptic drug can alter the clearance of topiramate by 
as much as twofold (ROSENFLED 1997).No formal pharmacokinetic studies of 
topiramate in the elderly have been performed. The clearance of topiramate 
is partially dependent on renal function and the reduction of the glomerular 
filtration rate with normal age is likely to be associated with a reduced topi
ram ate clearance rate in the elderly. 

E. Interactions 

I. Pharmacodynamic Interactions 

To the time of writing, topiramate has been used mainly as add-on therapy in 
the presence of other anti epileptic drugs. In these circumstances, additive 
pharmacodynamic effects are likely which may enhance seizure control, but 
which may also lead to an increased severity of adverse effects, particularly 
those of a sedative type. 

II. Pharmacokinetic Interactions 

1. Effects of Other Drugs on Topiramate 

As was mentioned in the section on the elimination of the drug, concurrent 
treatment with phenytoin or carbamazepine enhances the clearance of topi
ram ate. The addition or withdrawal of valproate has not been shown to have 
a clinically significant effect on the blood concentration of topiramate. 

2. Effects of Topiramate on Various Drugs 

a) Antiepileptic Drugs 

The mechanisms involved in the pharmacokinetic effects of topiramate on 
other drugs are not yet fully understood. Both its capacity for protein binding 
and its ability to inhibit the CYP2C19 isoform of cytochrome P450 may be 
involved (DOOSE et al. 1995; LEVY et al. 1995). Substrates for this isoform 
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include mephenytoin, omeprazole and diazepam. There is no evidence that 
top ira mate affects other P450 isoforms. 

Topiramate affects the pharmacokinetics of phenytoin. In a study of 
12 patients prescribed topiramate in addition to phenytoin, phenytoin AUC 
values at steady state in 6 patients were increased by an average of 125% com
pared with those seen with monotherapy. Some authors believe that this 
increase warrants monitoring of plasma phenytoin concentrations before and 
after topiramate dosage changes. 

No significant effect of topiramate on the pharmacokinetic profile of con
currently administered carbamazepine or carbamazepine-l0,11-epoxide has 
been demonstrated (BOURGEOIS 1996; SACHDEO et a1. 1996). 

Topiramate has been demonstrated to interact pharmacokinetically with 
valproic acid. Mean valproic acid plasma concentrations and AUCO-- l2 hour 

values decreased by 11 % and the CLiF increased by 13% during concomitant 
steady-state topiramate 200-800mg/day administration, as compared with the 
corresponding values during valproic acid monotherapy (BOURGEOIS 1996; 
ROSENFELD et a1. 1997). The authors commented that these changes were 
unlikely to be of clinical significance. This prediction has been borne out 
in clinical practice. Topiramate has also been demonstrated to produce a 
decrease in urinary glucuronide conjugates and an increase in the oxidative 
metabolites of valproic acid (BOURGEOIS 1995). 

b) Other Drugs 

The effects of co administering topiramate and two important drugs, digoxin 
and oral contraceptives, have been investigated although no studies have been 
performed to establish the effects of these drugs on the pharmacokinetics of 
topiramate. In a study of 12 healthy male volunteers pretreated with topira
mate 200mg/day for 6 days, the plasma digoxin Cmax and AUC after a single 
oral O.6mg dose of the drug were reduced by 16% and 12% respectively and 
the CLiF was increased by 13 % when compared with the corresponding values 
after administration of digoxin alone. Topiramate did not significantly alter the 
CLfcnal or the Tl/2 of digoxin (LIAO et a1. 1993). In view of these findings it is 
recommended that plasma digoxin levels be monitored carefully if topiramate 
is added to or withdrawn from the therapy of a person being treated with 
digoxin. 

Topiramate intake also leads to an increased clearance of the oestrogenic 
component of the oral contraceptive pill. In a study of 12 women with epilepsy 
taking an ethinyloestradiol 351lg plus norethindrone I mg oral contraceptive 
combination, topiramate (200-800mg/day) reduced the serum ethinyloestra
diol concentrations by 15%-30% and increased its CLiF values by 15%-33% 
(ROSENFELD et a1. 1997). It is generally recommended that women taking top
iramate should be given an oral contraceptive pill with a oestradiol content of 
greater than, or equal to, 50llg and that they should also report any inter
menstrual bleeding. 



478 D. HEANEY and S. SHORVON 

F. Adverse Effects 
The data on adverse effects associated with topiramate come from clinical 
trials and from long term monitoring after the drug's use was licensed. Clini
cal trials use strict protocols to observe and record treatment-emergent 
adverse experiences, but as these trials are designed primarily to satisfy regu
latory authorities, the strict adherence to titration rates and dosage schedules 
which they involve may produce side effect profiles that may not reflect those 
which will be observed in everyday clinical practice. Furthermore, in clinical 
trials of an add-on therapy, treatment-emergent adverse experiences may be 
due to potentiation of toxicity between drugs that share a similar side-effect 
profile. In the random-blinded controlled trials on topiramate used as add-on 
therapy for partial epilepsy, the WHO-ART dictionary of side effects was used. 
Using this dictionary the side effects with an incidence of 10% or more were 
ataxia (18%), impairment of concentration (13%), confusion (17%), dizziness 
(31 %), fatigue (24%), paraesthesia (15%), somnolence (27%) and abnormal 
thinking (25%). 

In these trials the number of patients who withdrew prematurely from 
treatment because of adverse effects was 3% in the placebo group and 
14 % in the topiramate group. The most frequent causes of discontinuation in 
these trials were central nervous system side effects. Approximately 75% of 
those who withdrew, did so within the first 2 months of treatment. This may 
have related to the rapid titration dosage schedules used in these trials and 
the target doses, which may have been too high for individual patients. 

There is no evidence to date of clinically significant haematotoxicity, hepa
totoxicity, cardiotoxicity or gastrointestinal toxicity from the drug. 

The risk of renal calculi in those treated with topiramate has been esti
mated to be approximately 1 %-2% (WASSERSTEIN et al. 1995; SHORVON 1996). 
The stones were passed spontaneously in those affected, and most patients 
elected to continue topiramate despite this adverse effect (WASSERSTEIN et al. 
1995). Stone formation is believed to be related to an increase in urinary pH 
and a reduced excretion of citrate associated with topiramate's carbonic anhy
drase inhibiting activity (WASSERSTEIN et al. 1995). The risk is likely to be 
higher in those patients predisposed to renal stone formation, e.g. those who 
have previously had renal stones or a family history of renal stones or hyper
calcuria. Those at risk are advised to maintain adequate hydration, although 
there are no guidelines for the monitoring of patients by ultrasound exami
nation or intravenous pyelonephrogram. The concomitant use of carbonic 
anhydrase inhibitors such as acetazolamide should be avoided. 

Weight loss has been observed during topiramate therapy. This has usually 
been mild and appears to be dose related. The mean decreases have ranged 
from 1.lkg in patients receiving 200mg/day topiramate to 5.9kg in those 
receiving greater than 800mg/day (SHORVON 1996). In some cases the weight 
loss appears to be partially reversible after prolonged intake of the drug 
(SANDER 1997). 
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G. Clinical Use 

Topiramate is a relatively new antiepileptic drug and as a result its place in 
the treatment of patients with epilepsy has not yet been clearly defined, 
although it shows great promise in view of its impressive efficacy profile and 
its apparent broad spectrum of activity. 

I. Indications 

There is evidence to suggest that topiramate is an effective adjunctive agent 
for treating patients with partial and secondarily generalized epilepsy. Com
parison with other new antiepileptic drugs is difficult in view of the differences 
in methodology between the trials assessing these drugs, but it would appear 
that topiramate is at least as effective as vigabatrin, zonisamide, lamotrigine, 
felbamate, tiagabine and gabapentin. Indeed. in most reviews topiramate is 
regarded as marginally more effective than these other drugs (MARSON et a1. 
1996; CHADWICK 1997). Anecdotal evidence suggests that topiramate may be 
effective in a wide variety of epilepsy types including absence seizures and 
primary generalized tonic-clonic seizures. More information is required before 
recommendations can be made regarding these potential additional indica
tions. The decision to use topiramate in patients with epilepsy who have 
difficulty communicating (for instance people with learning difficulties or 
other severe disabilities) should be made in the realization that such patients 
may not be able to report the symptoms of potentially serious side-effects such 
as renal calculi. 

II. Dosage and Administration 

Topiramate is administered orally, usually in two divided doses each day. In 
adults and the elderly the minimal effective dose is at least 100mg/day, but the 
maintenance dose in most patients is between 200 and 600mg/day, taken in 
divided doses. The maximum recommended dose is 800mg/day, but with 
careful monitoring patients may be treated with higher doses with an associ
ated reduction in seizure frequency. In the elderly. the reduced glomerular 
filtration rate may mean that higher doses of topiramate may not be tolerated. 

Topiramate therapy should not be started in pregnancy or during lacta
tion. However, if a patient taking topiramate becomes pregnant the risks of 
withdrawing the therapy should be carefully weighed against the unknown 
risks to the foetus. 

1. Dosage Titration 

Topiramate dosages should be titrated slowly. Our practice is to begin with 
2Smg/day for 2 weeks and then increase the daily dose by 2S-S0mg/day at 2 
weekly intervals until the patient is taking 200 mg/day, and after that prescribe 
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fortnightly increments of 100mg/day. Higher doses are prescribed if tolerated, 
and if adequate seizure control has not been achieved. More rapid dosage 
titration is possible, but may be associated with an increased incidence of 
adverse effects. Where side-effects occur, the usual practice is to delay further 
dosage increases for 1-2 weeks or until the symptoms that have troubled the 
patient are no longer present. Other options include reducing the dosage of 
topiramate to the previous dose level or reducing the dosage of another 
antiepileptic drug which is being taken concomitantly. Titration of topiramate 
dosage can be resumed when the side effect resolves. 

2. Patient Monitoring 

Patients maintained on topiramate therapy do not need to have blood levels 
of topiramate measured routinely, as there is very little correlation between 
the blood concentrations and the clinical effects of the drug. Patients should 
be monitored for the development of adverse effects, in particular the forma
tion of renal stones, which may present with haematuria or abdominal pain. 
No specific recommendations have been made regarding the monitoring of 
patients who may be at an increased risk of developing renal stones. 

3. Overdosage 

In acute topiramate overdosage, the stomach should be emptied by lavage or 
by induced emesis. Charcoal has been shown not to absorb topiramate and 
therefore its use is not recommended. Haemodialysis is an effective method 
of clearing topiramate from the blood. Supportive treatment should be used 
as appropriate. 

4. Discontinuation of Topiramate 

Discontinuation of topiramate intake should be considered if adverse effects 
continue after dose reduction or if at any point become unacceptable to the 
patient, or if no antiepileptic response is obtained at the maximal tolerated 
dosage of the drug. Topiramate should be withdrawn in lOOmg/day decrements 
at fortnightly intervals. 

H. Conclusions 
Topiramate is a new anti epileptic drug with several mechanisms of action and 
a favourable pharmacokinetic profile. It has been tested in preclinical and 
clinical trials and has proved comparable to other anti epileptic drugs. Recent 
trials have demonstrated its effectiveness in primary generalized epilepsy and 
the Lennox-Gastaut syndromes, although the numbers of subjects involved 
in the relevant trials have been small. Topiramate has predominantly the 
central nervous system side effects that are common to most anti epileptic 
drugs, and these side effects often occur during rapid dosage titration. Long 
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term side effects may include the development of renal stones (ca. 1 %(year 
incidence ). 

Topiramate is indicated as adjunctive therapy for adults and children over 
2 years of age with partial seizures whether or not they become secondarily 
generalized, with the Lennox-Gastaut syndrome and with primary generalized 
tonic-clonic seizures, which are inadequately controlled by conventional first 
line antiepileptic drugs. 

Experience of the side effects, safety, tolerability and use of topiramate in 
specific epilepsy syndromes and patient populations is accumulating. Only 
after many years of clinical experience will the eventual role of topiramate (as, 
indeed, of any other newly introduced antiepileptic drug) in the management 
of epilepsy be established. Nevertheless, all the evidence at present available 
suggests that topiramate is a welcome addition to the drugs available for treat
ing refractory epilepsy. 
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CHAPTER 19 

Zonisamide 

I.E. LEPPIK 

A. Chemistry and Use 
Zonisamide is a synthetic 1,2-benzisoxazole derivative (I ,2-benzisoxazole-3-
methanesulphonamide). The anticonvulsant properties of zonisamide were 
not predicted from its chemistry; rather they were discovered by routine 
screening of various 1,2-benzisoxazole derivatives. Its formula is CRHsN20 3S, 
and its molecular weight is 212. It has a pKa of 9.66, so that its water solubil
ity is dependent on the pH. Below a pH of 8, it has a solubility of only 
0.8mg/ml, but it has a marked increase in solubility as the pH increases into 
the alkaline range. Although zonisamide is quite soluble in acetone it is much 
less soluble in methanoL ethanol, ether and chloroform. Its synthesis was first 
accomplished in 1972 by UNO et al. (1976). 

B. Pharmacodynamics 

I. Studies in Animals 

In animal models, zonisamide appears to be a broad spectrum antiepileptic 
drug, as it shows activity in epilepsy models in which phenytoin, carba
mazepine and valproate are effective. Like carbamazepine and phenytoin,zon
isamide prevents the tonic extensor component of maximal electroshock 
seizures in mice, rats, rabbits and dogs (MASUDA et al. 1980), restricts the 
spread of focal seizures created by electrical stimulation of the visual cortex 
in cats (ITO et al.1980; WADA et al. 1990) and prevents propagation of seizures 
to subcortical structures in visual cortex-kindled cats (WADA et al. 1990). In 
addition, zonisamide suppresses spikes induced by the cortical application of 
tungstic acid gel in rats, an effect shared with valproate but not carbamazepine 
or phenytoin (HORI et al. 1979; ITo et al. 1979). Both zonisamide and valproate 
also abolish spike-wave discharges produced by the application of conjugated 
oestrogens to the cortex of cats (ITO et al. 1986). Zonisamide is also effective 
in the single neuron feline spiral trigeminal nucleus model developed by 
FROMM et al. (1987). Because zonisamide has a sulphamoyl group, it was sus
pected that it may exert its anticonvulsant activity by inhibiting carbonic anhy
drase and thus have an effect similar to that of acetazolamide. However, 
zonisamide is much less potent an inhibitor than acetazolamide and does not 
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exert its anticonvulsant effect by this mechanism (SEINO et al. 1995). At the 
cellular level, zonisamide blocks the sustained repetitive firing of voltage sen
sitive Na+ channels in cultured spinal cord neurons from mouse embryos. 
Furthermore, it reduces voltage-dependent T-type Ca2+ currents without 
affecting L-type Ca2+ currents in rat embryo cerebral cortex neurons (SUZUKI 
et al. 1992). 

Based on the experimental evidence from cellular and animal models of 
epilepsy, zonisamide, like carbamazepine and phenytoin, would be predicted 
to be effective against partial and secondarily generalized tonic-clonic seizures 
in humans. However, like valproate, it also is active in models predictive of 
effectiveness against absence and myoclonic seizures. Therefore, zonisamide 
might be expected to prove to be a broad-spectrum anti epileptic drug in clin
ical use. 

II. Studies in Humans 

Early pilot studies of zonisamide showed it to be a promising antiepileptic 
drug. In one investigation, zonisamide was given to ten adult patients during 
a phase I study of its pharmacokinetics. In most patients, the seizure frequency 
was reduced after zonisamide was substituted for a standard antiepileptic drug 
(SACKELLARES et al. 1985). In an open crossover study, zonisamide was com
pared with carbamazepine in eight adult patients initially treated with pheny
toin as monotherapy; in five zonisamide was found to have definite antiseizure 
activity (WILENSKY et al. 1985). 

Although zonisamide is presently marketed only in Japan and Korea, 
many studies on the drug have been done in the United States and Europe. 
Some of the United States studies were done in the mid-1980s as Parke-Davis 
was preparing for a New Drug Application to the Food and Drug Adminis
tration. The appearance of renal calculi in the late phases of the study, 
however, led to the termination of this work. Subsequently, Dainippon 
resumed testing in the United States and filed a New Drug Application based 
on these studies during 1997. 

1. Efficacy in Localization-Related Epilepsies 

There have been 4 randomized controlled and 3 open-label trials in adults and 
children, involving more than 1500 subjects. 

A double-blind, multicentre placebo-controlled study of zonisamide when 
added to treatment with one or two marketed anti epileptic drugs was per
formed in the United States during the early and mid-1980s (WILDER et al. 
1986). Adult patients (n == 152) with four or more complex partial seizures with 
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or without secondary generalization were randomized to zonisamide (n = 78) 
or placebo (n = 74). The final median daily dose in responders in the zon
is amide group was 7.2 mg/kg (given in divided doses twice a day) with a mean 
blood zonisamide level of 14.7,ug/ml, whilst the corresponding figures for the 
non-responders were 6.7 mg/kg and 16.8,ug/mL respectively. These differences 
were not statistically significant. The observation period was 12 weeks and the 
median percent change in seizure frequency was a 30.1 % decrease in the zon
isamide group compared with a 0.3% increase in the placebo group (p < 0.01). 
The percentages of patients with a SO% or greater decrease in seizures was 
28.6% in the zonisamide group and 13.2% in the placebo group (p = 0.03) 
(WILDER et a1. 1986). 

In the European multicentre double-blind placebo-controlled study, 139 
adult patients with 4 or more complex partial seizures per month were ran
domized to zonisamide (n = 71) or placebo (n = 68) (SCHMIDT et a1. 1993). The 
median daily dose was 7.8 mg/kg, with a mean blood level of 17.0 ,ug/ml, in zon
isamide responders, and 6.8mg/kg with a mean blood level of lS.2,ug/ml, in 
non-responders. In the 12 week observation period, the final median seizure 
change was a 27.7% reduction in the zonisamide group and an increase of 
3.9% in the placebo group (p = 0.01). In the zonisamide group, 30.3% had a 
SO% or larger decrease in seizures compared with a 12.7% decrease in the 
placebo group (p < 0.02) (SCHMIDT et a1. 1993). 

A double-blind study of zonisamide compared with carbamazepine was 
performed by SErNo et a1. (199S). Of the 123 adult subjects, 59 received zon
isamide and 64 received carbamazepine in addition to one to three standard 
antiepileptic drugs. Subjects needed to have two or more simple or complex 
partial and/or secondarily generalized seizures per month for inclusion in the 
study. The final mean drug dose was 330mg/day in the zonisamide group and 
600mg/day in the carbamazepine group. fn the zonisamide treatment group, 
the final mean percent decrease in simple/complex partial seizures was 68.4% 
and in secondarily generalized tonic-clonic seizures the decrease was 69.7%. 
For carbamazepine, the reductions were 46.6% and 70.2% respectively. 
Overall, 66.1 % of the patients in the zonisamide group "improved" compared 
with 6S.1 % in the carbamazepine group (SErNo et a1. 1995). 

In a large, open-label multicentre study of the safety of zonisamide in 
adults, 169 subjects with refractory partial seizures (4 or more a month) 
received zonisamide as add-on therapy for 16 weeks. Subjects completing the 
16 weeks were permitted to continue the therapy, and alterations in other 
antiepileptic drugs were permitted after the initial study period. A total of 113 
subjects entered the longer study period and 76 patients continued zonisamide 
intake for more than I year (LEPPIK et al. 1993). The median daily dose of zon
isamide was SOO mg (range SO-l100 mg). The median seizure frequency of 
11.S seizures/month during the baseline period decreased to 5.5/month during 
the last month (weeks 13-16) of the study. Overall, there was a 41.4% de
crease in all seizures. but the decrease was more impressive for secondarily 
generalized tonic-clonic seizures (75.3 %) than for complex partial seizures 
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(40.6%). The percentage of subjects with a decrease of 50% or more for all 
seizures was 41.0%, the figure being 67.5% for those with generalized tonic
clonic seizures, and 43.2 % for those with complex partial seizures (LEPPIK 
et al. 1993). 

Evaluation of zonisamide in long-term use indicates that its efficacy is 
maintained, and there is no evidence of tachyphylaxis (BROWN et al. 1997). At 
months 5-7, 120 patients had a median reduction of seizures from baseline of 
42.1 %. To the present, 95 patients have been followed for 8-10 months with a 
45.2% seizure reduction, 74 for 11-13 months with a 50.7% reduction, 63 for 
14-16 months with a 43.9% reduction, and 40 for 16 or more months with a 
45.9% reduction (BROWN et al. 1997). 

ONO and collaborators (SEINO et al. 1995) performed a study of zon
isamide added to other antiepileptic drugs in 538 adult Japanese subjects with 
partial and generalized seizures which were intractable to standard antiepilep
tic drugs (an average of 2.9 such drugs per patient). The average final dose of 
zonisamide was 6.1mg/kg and the average plasma drug concentration was 
19.90.ug/ml. Overall, 59.0% of patients with partial seizures were "improved". 

In a study of children, 17 of 24 cases of symptomatic partial epilepsy had 
complete remission of seizures (KUMAGAI et al. 1991). 

Thus zonisamide appears to be effective in localization-related epilepsies, 
both for partial seizures and secondarily generalized tonic-clonic seizures, in 
both adults and children. 

2. Efficacy in Generalized Epilepsies 

OGUNI and colleagues (SEINO et al. 1995) investigated zonisamide in compar
ison with valproate in a randomized study involving paediatric subjects 
(15 years of age or younger). Entry criteria included four or more convulsive 
and/or non-convulsive generalized seizures per month. The seizures were 
either untreated or were uncontrolled by treatment with one to three stan
dard antiepileptic drugs. Of the 34 subjects, 18 were randomly assigned to zon
isamide and 16 to valproate, and were then monitored for 8 weeks. The final 
mean daily doses were 7.3mg/kg for zonisamide and 27.6mg/kg for valproate. 
The final mean reduction in the frequency of generalized tonic-clonic seizures 
was 81.2% in the zonisamide group and 43.8% in the valproate group. Overall, 
50.0% of the subjects in the zonisamide group and 43.8% in the valproate 
group were "improved" (SEINO et al. 1995). This study confirmed zonisamide 
to be as useful as valproate in treating tonic-clonic seizures, generalized tonic
clonic seizures and atypical absence seizures (SEINO et al. 1995). 

One open study included 44 paediatric subjects aged from 8 months to 
15 years. Zonisamide was started at a dose of 2-4mg/kg per day and the dose 
was increased until toxicity or a satisfactory response occurred, the maximum 
dose being 12mg/kg/day. Control was attained in all five cases of idiopathic 
generalized epilepsy, and in seven of eight cases of symptomatic generalized 
epilepsy (KUMAGAI et al. 1991). 
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Zonisamide monotherapy was reported effective in two cases of "absence 
seizures", one with a 3 Hz generalized spike-wave pattern and 3 Hz high 
voltage bursts in the right occipital area, and the other with 3.5-4 Hz general
ized spike-wave patterns and focal spike-wave complexes in the left frontal to 
central areas (KOTANl 1994). 

Zonisamide, given alone or with val pro ate, resulted in marked reduction 
of spasms and improvement in the EEG in four patients with infantile spasms 
(SEINO et al. 1997). In these subjects, the onset of the seizures was between 3 
and 6 months of age, the EEG showed hypsarrhythmia, and computed tomog
raphy indicated the presence of some lesions. 

Myoclonic epilepsies also appear to benefit from zonisamide. Two patients 
with progressive myoclonic epilepsy of the Unuerricht-Lundborg type had a 
dramatic improvement following the initiation of zonisamide intake. The doses 
used were 8.8 and 10.5 mg/kg/day, yielding mean serum zonisamide concen
trations of 43 and 27,ug/ml respectively (HENRY et al. 1988). A report of seven 
cases of progressive myoclonic epilepsy from Sweden indicated that a dra
matic decrease in seizures was observed, but in three patients the decrease 
appeared less dramatic 2-4 years later (KYLLERMAN and BEN-MENACHEM 
1996). In one patient with the progressive myoclonic epilepsy with ragged-red 
fibres syndrome (MERRF), the addition of zonisamide resulted in disappear
ance of the seizures (YAGI and SElNO 1992). 

In one study, 10 of 20 patients with the Lennox-Gastaut syndrome treated 
with zonisamide had a greater than 50% reduction in seizures (YAMATOGI and 
OHTAHARA 1991). 

III. Measurement in Biological Fluids 

A number of methods for measuring zonisamide in various biological fluids 
and tissues have been developed. The earlier methods used high-performance 
liquid chromatography (ITO et al. 1982; MATSUMOTO et al. 1983) and gas chro
matography. High performance liquid chromatography is now the most com
monly used method and has the advantage of being able to detect other 
antiepileptic drugs in the same sample (JUERGENS 1987; FURUNO et al. 1994). 
Recently, enzyme immunoassay methods for the drug have been deve
loped (KAIBE et al. 1990). These methods are more rapid than high perfor
mance liquid chromatography, but can measure only one anti epileptic drug 
per assay. 

c. Pharmacokinetics 
Zonisamide has a pharmacokinetic profile which is favourable for its clinical 
use. It has a rapid and full absorption, long half-life, and relatively low plasma 
protein binding. It is partially metabolized by the liver and some is excreted 
in the urine as the unchanged drug. 
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Table 1. Pharmacokinetic parameters of zonisamide in human volunteers (modified 
from SEINO et al. 1995) 

Dose (mg) 

200 
400 
800 

N 

12 
12 
12 

tmax (h) 

2.4 
2.8 
3.6 

emax (.ug/ml) 

2.27 
5.16 
12.5 

11/2 (h) 

62.5 
52.1 
49.7 

Values of the pharmacokinetic parameters of zonisamide in human vol
unteers following oral administration of the drug are shown in Table 1. 

I. Absorption 

The absorption of zonisamide from the gastrointestinal tract in experimental 
animals is rapid and almost complete, as determined after the oral adminis
tration of [14C]-zonisamide. Zonisamide is rapidly absorbed in humans, with a 
mean tmax of 2.8-3.3 h in normal volunteers and with an overall range of 2-5 h 
(TAYLOR et al. 1986; BUCHANAN et al. 1996). 

II. Distribution 

Zonisamide has an interesting distribution profile. Studies of p4C]-zonisamide 
administered either as a single dose or over 14 consecutive days to rats showed 
an unusual pattern. The radioactivity in most tissues was similar to that in 
plasma, but concentrations in erythrocytes, liver, kidneys, and adrenals was 
twice that of plasma and other tissues (SEINO et al. 1995). A study of the drug's 
distribution in the rat brain demonstrated a high concentration in the cerebral 
cortex and midbrain (MIMAKI et al.1994). Zonisamide is transferred across the 
placenta, and levels in the foetus are similar to those in the plasma of the 
maternal rat. In lactating rats, it has been shown the drug's concentrations in 
milk are similar to those in maternal plasma (SEINO et al. 1995). 

III. Elimination 

1. Elimination Parameters 

The elimination half-life of zonisamide in human volunteer receiving no other 
medication is long. In 24 volunteers, the terminal t1/2 after 28 days of use was 
63-69h (PAGE et al. 1996). After a single dose of 300mg, the t1/2 was 56h, and 
using [l4C]-zonisamide, the mean t1/2 was 78h after 4 days of treatment 
(BUCHANAN et al.1996). In using zonisamide according to the proposed United 
States product labelling, the serum steady state concentration (ess) of the 
drug fluctuated by 14% when zonisamide was given every 12h (PAGE et al. 
1996). Thus, twice a day dosing appears appropriate. Administered once a 
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day, the fluctuation around the mean steady-state zonisamide concentration 
was 27%. 

2. Metabolism and Excretion 

Zonisamide has a number of metabolites, formed principally via reductive and 
conjugative mechanisms, with oxidation being of minor metabolic significance 
(STIFF and ZEMITIS 1990). In rats, 86.5% of a 100mg/kg intraperitoneal radioac
tive dose was recovered in the urine as unchanged drug and eight metabolites. 
Overall, unmetabolized zonisamide comprised 32.8% of the urine me
tabolites, 2-(sulphamoylacetyl)-phenol glucuronide 12.6%, N-acetyl-3-
(sulphamoylmethyl)-l, 2-benzisoxazole 7.7%, zonisamide glucuronide 7.6% 
whilst the remaining substances found in urine were unidentified or comprised 
less than 5% of the dose (STIFF and ZEMlTIS 1990). The formation of 2-(sul
phamoylacetyl)-phenol glucuronide occurs by reductive cleavage of the 1,2-
benzisoxazole ring (SUGIHARA et al. 1996). Cultured aerobic and anaerobic 
intestinal flora are involved in the reduction of numerous nitro, azo, and N
oxide compounds but do not playa significant role in zonisamide metabolism 
(STIFF et al. 1992). A marked gender difference between male and female rats 
has been reported, with 2-(sulphamoylacetyl)-phenol glucuronide production 
being 4 times lower in female rats than in male rats (NAKASA et al. 1993a). 

Studies using microsomes from human liver samples indicated that 
a cytochrome P450 is involved in the metabolism of zonisamide to 2-
(sulphamoylacetyl)-phenol glucuronide (NAKASA et al. 1993b). Further char
acterization of this process indicated that 2-(sulphamoylacetyl)-phenol glu
curonide formation correlated closely with the concentration of the P450 3A 
isoenzyme, moderately well with P450 206, but not with P450 2 C. The metab
olism of zonisamide to 2-(sulphamoylacetyl)-phenol glucuronide was almost 
completely inhibited by anti-P450 3A4 antibody, demonstrating the impor
tance of the 3 A family in this pathway (NAKASA et al. 1993b). The conversion 
of zonisamide to 2-(sulphamoylacetyl)-phenol glucuronide is markedly inhib
ited by cimetidine (NAKASA et al. 1992, 1996). 

Zonisamide and its metabolites are excreted mainly in the urine, with little 
being found in the faeces. In rats, after oral administration, approximately 85% 
of a dose of radioactive zonisamide is found in the urine, and only 15% in 
faeces (MATSUMOTO et al. 1983). In humans, the major substance found in urine 
is unmetabolized zonisamide, and 48%-60% of a dose is present in urine 
either as zonisamide or its major metabolite 2-(sulphamoylacetyl)-phenol glu
curonide (ITO et al. 1982). 

D. Interactions 

I. Pharmacokinetic Interactions 

Because zonisamide is not highly bound to plasma proteins, one would not 
expect it to be affected by, or to affect. the plasma protein binding of other 
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anti epileptic drugs. This has been confirmed by in vitro studies which demon
strated that zonisamide binding to human serum protein was not affected by 
phenytoin and valproate (the two most highly bound anti epileptic drugs), by 
phenobarbitone and by carbamazepine (MATSUMOTO 1983). 

Zonisamide elimination may be affected by other anti epileptic drugs. 
In rats, pretreatment with carbamazepine or phenobarbitone significantly 
decreased the t1/2 of zonisamide (KIMURA et al. 1992). A long term study eval
uating the concentration to dose ratio of zonisamide in patients found that 
phenobarbitone, phenytoin and carbamazepine significantly decreased the 
ratio, whereas clonazepam and valproate did not (SHINODA et al. 1996). In 
a human study, patients receiving either phenytoin or carbamazepine as 
monotherapy were given a single 400mg oral dose of zonisamide. The plasma 
t1/2 of zonisamide in the carbamazepine patients was 36.4h, and in the pheny
toin patients, the t1/2 of zonisamide was 27.1 h (OJEMANN et al.I986). In another 
study in which patients were receiving two to four other anti epileptic drugs 
(carbamazepine, phenytoin, phenobarbitone and valproate), the mean half-life 
of zonisamide was 28.4h (SACKELLARES 1985). These findings suggest that 
phenytoin and carbamazepine double the rate of zonisamide elimination. A 
report regarding two patients who received lamotrigine indicated that this 
drug may inhibit the clearance of zonisamide. Concentrations of zonisamide 
had been stable for over a year in both patients (around 27.ug/ml and 33.ug/ml) 
but rose to 61.uglml and 64.ug/ml respectively when doses of lamotrigine 
reached 400mg/day (McJILTON et al. 1996). Non-linear kinetics of zonisamide 
have been reported in patients receiving other antiepileptic drugs, but this 
phenomenon needs to be studied further (WAGNER et al. 1984). In humans, 
266 serum concentration-dose pairs from 68 adults were analysed using the 
non-linear mixed effects model (NONMEM) for estimating popUlation pharma
cokinetic parameters. This analysis showed that the V max for zonisamide was 
increased by 13% in patients receiving carbamazepine (HAsHlMoToet al. 
1994). Thus, zonisamide doses may need to be modified in the presence of con
comitant antiepileptic drug therapy, with larger zonisamide doses being 
needed to achieve similar concentrations of the drug if zonisamide is used with 
anti epileptic drugs known to induce its metabolism. 

A number of studies have evaluated the effect of zonisamide on the phar
macokinetics of other drugs including antiepileptic drugs. Because of the high 
concentration of zonisamide in erythrocytes, an interaction between it and 
other sulphonamide derivatives was postulated, but this does not occur 
(MATSUMOTO et al. 1989). A study in rats investigating the effect of zonisamide 
on other antiepileptic drugs indicated that the t1/2 and area under the plasma 
concentration-time curve values were slightly increased by zonisamide coad
ministration, but overall zonisamide had little effect on other anti epileptic 
drugs (KIMURA et al. 1993). In patients receiving carbamazepine or phenytoin 
as monotherapy, the addition of zonisamide was observed to result in a small 
but significant increase in phenytoin serum concentrations but not in carba
mazepine concentrations (KANEKO 1993). An evaluation of 21 paediatric 
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Table 2. Interactions between zonisamide and other antiepiieptic drugs 

Effect of other antiepiieptic drugs on zonisamide concentrations 
Carbamazepine 
Phenytoin 
Valproate 
Cionazepam 
Lamotrigine 

Effect of zonisamide on other anti epileptic drugs 
Carbamazepine 
Carbamazepine-epoxide 
Phenytoin 
Valproate 

493 

Decrease 
Decrease 
No change 
No change 
Increase 

No change 
Increase 
No change 
No change 

patients demonstrated that the addition of zonisamide did not result in a 
significant change of total or unbound (free) concentrations of phenytoin and 
valproate (TASAKI et a1. 1995). However, another human study found that the 
ratio of the plasma concentration of carbamazepine-lO,ll-epoxide (the major 
metabolite of carbamazepine) to the plasma concentration of carbamazepine 
was significantly decreased by concomitant administration of zonisamide 
(SHINODA et a1. 1996). These findings suggest that zonisamide may inhibit the 
metabolism of carbamazepine to carbamazepine-lO,ll-epoxide, but not affect 
plasma concentrations of carbamazepine, phenytoin or valproate to a clinically 
significant degree (Table 2). 

E. Adverse Effects 

I. Clinical Trials 

In the double-blind, placebo-controlled studies, the most common adverse 
events reported from zonisamide were somnolence, ataxia, anorexia, confu
sion, abnormal thinking, nervousness, fatigue and dizziness (WILDER et a1. 1986; 
SCHMIDT et a1. 1993). The overall rate of adverse effects in the United States 
study was 92% in the treated and 58% in the placebo group (WILDER et a1. 
1986). In the European study, the rates were 59% for zonisamide- and 28% 
for placebo-treated subjects (SCHMIDT et at. 1993). Although the United States 
study reported a higher rate for both treatment and placebo, the effect attrib
utable to zonisamide was similar, i.e. 92% - 58% = 34% for United States com
pared with 59% - 27% = 32% for Europe. Most of the adverse events reported 
were minor and did not lead to discontinuation of zonisamide intake. In the 
Japanese series of 1008 patients, adverse events were reported by 51.3%, and 
185 (18%) discontinued zonisamide (SEINO et a1. 1991). In this study the most 
common adverse events were: drowsiness (24%), ataxia (13 %), anorexia 
(11 %), gastrointestinal symptoms (7%), decrease in spontaneity (6%) and 
slowing of mental activity (5%). Some adverse events were decreased with 
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zonisamide mono therapy; for example, drowsiness occurred in only 9%. Other 
adverse effects, however, were similar in frequency during zonisamide 
monotherapy (loss of appetite 7%; gastrointestinal symptoms 7%; loss or 
decrease in spontaneity 6%). In 17 patients, zonisamide was discontinued 
because of leucopenia or elevation of hepatic enzyme levels on plasma (SEINO 
et al. 1991). 

A major difference between the Japanese experience and that in Europe 
and United States is the occurrence of renal calculi. Overall, 13 of 505 subjects 
(2.6%) in the United States and European series developed kidney stones. 
Four urinary stones have been analysed. One was mostly urate and the others 
were primarily calcium oxalate and calcium phosphate (SEINO et al. 1995). 
In the current United States studies, renal ultrasound studies are being per
formed before the initiation of zonisamide and then at yearly intervals. The 
development of renal calculi during zonisamide treatment has been observed, 
but almost all have been less than a few millimetres in size, and some have 
resolved spontaneously. Overall, 13 of 505 (2.6%) of patients have developed 
nephrolithiasis. Most calculi were small and did not require treatment 
(PADGETI' et al. 1996). In Japan only 2 of 1008 subjects (0.2%) developed this 
complication. YAGI and colleagues measured the 24 h urine calcium, magne
sium, citrate and phosphate excretion, and found a significant decrease in urine 
citrate excretion but no change in excretion of the other substances (SEINO 
et al. 1995). 

One study evaluated cognitive functioning before and after zonisamide 
intake. Steady-state concentrations of zonisamide above 30.ug/ml were asso
ciated with decreased acquisition and consolidation of new information 
(BERENT et al. 1987). However, previously learned material such as vocabulary 
and psychomotor performance was not affected. 

There is one report in the literature of zonisamide-induced mania 
(CHARLES et al. 1990). The affected subject participated in the United States 
trial. He was normally a quiet, shy individual but during the study became 
acutely manic, was hospitalized, and all his symptoms resolved after zon
is amide was discontinued, with no subsequent recurrence. In children, a few 
instances of zonisamide-induced behavioural disorders have been reported 
(KIMURA 1994). 

II. Overdosage 

One case of zonisamide overdose as a suicide attempt has been reported 
(NAITO et al. 1988). A dose of 7400mg zonisamide was ingested together with 
120mg clonazepam and 4000mg carbamazepine. Initially, the patient was 
comatose, but after emergency treatment, she became conscious 10 h after 
drug ingestion. The blood concentrations of zonisamide, c10nazepam and car
bamazepine were 100.1.ug/ml, 376mg/ml, and 3.6mg/ml respectively, 31h after 
drug ingestion. Zonisamide disappeared from the blood with a half-life of 
56 h (NAITO et al. 1988). 
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III. Teratogenicity 

Zonisamide has been evaluated in pregnant animals by Terada and co-workers 
(SEINO et a1. 1995). In mice, rats, and dogs, increased external and visceral 
abnormalities were observed. In a prospective evaluation of Japanese women 
receiving zonisamide, 26 offspring exposed in utero to zonisamide with or 
without other anti epileptic drugs were identified. Malformations were 
detected in two offspring exposed to zonisamide polypharmacy (one anen
cephaly, one an atrial septal defect). In both, plasma zonisamide levels were 
low (6.1 and 6.3 ,ug/ml). Zonisamide could not be definitely implicated because 
of the polypharmacy and the low plasma zonisamide levels (KONDO et a1. 
1996). 

F. Dose and Administration 

The recommended initial daily dose of zonisamide is 100-200mg for adults 
and 2-4mg/kg for children. A steady state is achieved in 7-10 days, so that it 
is reasonable to increase zonisamide doses at 2-week intervals. In adults, main
tenance doses of the drug are generally 200-400mg in adults (in Japan) and 
400-600mg (in the United States), but higher doses have been used by the 
author. The recommended schedule is twice a day administration. In children, 
the maintenance dose is 4-8 jug/kg and the maximum dose is considered to be 
12 mg/kg. Monitoring plasma zonisamide levels is useful, levels of 20-30,ug/ml 
appearing to be appropriate. 
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CHAPTER 20 

Felbamate 

W.H. THEODORE 

A. Introduction 

Felbamate is a relatively new antiepileptic drug which has pharmacological 
activity in animal models of both partial and generalized seizures, as well as 
clinical efficacy in patients with localization-related and generalized epilepsies. 
It is structurally dissimilar to any other antiepileptic drug in current clinical 
use, and has a different spectrum of dose-related side effects. Initial excite
ment about the drug was tempered by the appearance of idiosyncratic haema
tological and hepatic toxicity. and the number of patients taking the drug fell 
dramatically. Felbamate remains, however, a useful agent for patients with 
uncontrolled seizure disorders. In addition. it may have some neuroprotective 
activity in animal models of cerebral ischaemia, and an effect on neuropathic 
pam. 

B. Chemistry and Use 
In chemical structure, felbamate (2-phenyl-l,3-propanediol dicarbamate; 
FBM; MW238.24) is related to the antianxiety drug meprobamate. Although 
relatively insoluble in water or ethanoL it penetrates the central nervous 
system readily and is distributed uniformly (PERHACH et al. 1986; CORN FORD 
et al. 1992,1996). Felbamate is available in 400 and 600mg scored tablets, and 
a 600mg/5 ml suspension. There is no difference in bioavailability between the 
formulations. 

C. Pharmacodynamic Studies 

I. Animal Models of Epilepsy 

Felbamate is active in the maximal electroshock, pentylenetetrazole, bicu
culline and picrotoxin seizure models in experimental animals, suggesting that 
it has a broad spectrum of antiepileptic activity (PALMER et aI1993). Its pro
tective index (TDso/EDso) in the rat maximum electroshock seizure model is 
63, compared to 100 for phenytoin, and in the pentylenetetrazole model 12, 
versus 1.6 for valproic acid (PERHACH et al. 1986). No pharmacodynamic evi
dence of tolerance to felbamate was found in 15-day studies in rats and mice. 
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II. Biochemical Actions 

In cultured hippocampal neurons, felbamate has an unusual pattern of activ
ity, blocking currents evoked by N-methyl-D-aspartate (NMDA), but facilitat
ing GABAergic responses (TICKU et al. 1991; WHITE et al. 1992; RHO et al. 
1994). These features may explain both felbamate's anti epileptic drug spec
trum, and its stimulant-like side effects at doses used clinically. Felbamate, 
unlike meprobamate, does not appear to have direct GABAA agonist activity; 
the evidence suggests it has a relatively weak barbiturate-like modulatory 
effect (RHO et al. 1994, 1997). GABAergic activity does not seem essential for 
its anticonvulsant effect (SERRA et al. 1997). The proposed sites for the NMDA 
receptor interaction of the drug include competitive antagonism at the glycine 
site, open channel blocking, or a non-competitive allosteric channel effect. 
In audiogenic seizure-susceptible mice, D-serine, a glycine agonist, blocks the 
anticonvulsant activity of felbamate as well as its glycine receptor binding 
(WHITE et al. 1995). Felbamate also binds to strychnine-insensitive glycine 
receptors in the human brain (WARMSLEY et al. 1995). Other investigators, 
however, have not found that felbamate blocks NMDA at the glycine site 
(SUBRAMANIAM et al. 1995). Some studies have suggested that both glycine
NMDA and AMPA-kainate receptor complexes may be important for the 
action of felbamate (DE SARRO et al. 1994; DOMENICI et al. 1996; PUGLIESE 
et al. 1996). 

Felbamate has neuroprotective effects which could be mediated at 
NMDA receptors distinct from the strychnine-insensitive site, and related to 
a decrease in NMDA- and glutamate-induced neuronal Ca2+ influx (MCCABE 
et al. 1993; KANTHASAMY et al. 1995). At concentrations of 30-100nM, felba
mate produces a significant inhibition of high-voltage-activated Ca2+ currents 
(STEFANI et al. 1996). Felbamate inhibits NMDA-glycine-stimulated increases 
in intracellular Ca2+. with a minimal effective concentration of 100 pM (TAYLOR 
et al. 1995). 

In a model of fluid percussion injury, felbamate protected CAl neurons at 
concentrations similar to those reported after mono therapy for seizures, even 
when the drug was given 15min after the injury (WALLIS et al.1995). However, 
in a gerbil global ischaemia model, effective neuroprotection required doses 
higher than those used for anticonvulsant treatment (WASTERLAIN et al. 1996). 
Interestingly, the protective effect against forebrain ischaemia in gerbils was 
greater when felbamate was given 30min after the ischaemia (SHUAIBE et al. 
1996). The drug's mechanism of neuroprotective effect may be distinct from 



Felbamate 501 

antagonism of NMDA, or potentiation of GABA responses (LONGO et al. 
1995). 

Felbamate may also share some neuronal membrane effects with other 
antiepileptic drugs. Its inhibitory effect on veratridine-induced release of 
glutamate may be due to inactivation of voltage-sensitive Na+ channels 
(SRINIVASIN et al. 1996). Felbamate (1 mM) caused a marked inhibition of 
voltage-dependent Na+ currents expressed in Xenopus oocytes (TAGLIALATELA 
et al. 1996). Like some other antiepileptic drugs, felbamate seems to bind pref
erentially to, and stabilize, the inactivated state of the N a+ channel, in this 
respect resembling the action of local anaesthetics. The drug has been shown 
to be effective in a rat model of neuropathic pain (IMAMURA et al. 1995). It has 
been used successfully to treat trigeminal neuralgia (CHESHIRE 1995). 

III. Human Studies 

1. Partial Epilepsy 

Felbamate is effective against simple partial, complex partial and generalized 
tonic-clonic seizures in patients with localization-related epilepsy. These trials 
were carried out in patients with intractable seizures, which had failed to 
respond to a number of other antiepileptic drugs. Many patients were candi
dates for surgery. Two add-on studies (to carbamazepine plus phenytoin and 
to carbamazepine alone) showed a reduction of about 15%-30% in seizure 
frequency compared with placebo at felbamate doses of 2300-3600mg/day, 
and plasma felbamate levels of 30-40 mg/l (LEPPIK et al. 1991; THEODORE et al. 
1991). In two short-term (10 and 14 day) monotherapy trials, patients treated 
with felbamate had a seizure rate significantly lower than that of patients 
receiving placebo alone (DEVINSKY et al. 1995; THEODORE et al. 1995). 

Three studies used a "survival" rather than a seizure frequency endpoint. 
In an add-on trial after surgical monitoring, patients receiving felbamate were 
less likely to develop a fourth seizure in 28 days than those receiving placebo 
(BOURGEOIS et al. 1993). Two studies compared felbamate 3600mg/day with 
valproate 15 mg/kg/day over 112* days (SACHDEO et al. 1992; FAUGHT et 
al. 1993). Other antiepileptic drugs were tapered by day 28. Some 18%-40% 
of patients taking felbamate, compared with 78%-91 % taking valproate, 
dropped out due to an increased seizure frequency or severity: 29% of patients 
receiving felbamate, compared with 11 % receiving low-dose valproate, had a 
reduction in seizure frequency of 50% or greater, compared with their base
line value (JENSEN 1993). 

2. Generalized Epilepsy 

Felbamate was effective in a multi centre add-on study of patients with the 
Lennox-Gastaut syndrome (FELBAMATE STUDY GROUP 1993). Overall seizure 
counts by the parents or guardians were 19% lower in subjects taking felba
mate at a dose of 45 mg/kg (3600mg/day, with a mean blood felbamate level 
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of 43.8mg/l) compared with their baseline values, while the counts were only 
7% lower in those taking placebo (p = 0.01). The atonic seizure frequency was 
reduced 34% by felbamate but only 9% by placebo (p = 0.002). Felbamate's 
effect may have been greater at a dose of 45 mg/kg/day than at one of 
15mg/kg/day. Subsequent data analysis (JENSEN 1994) showed that 47% of 
patients had a reduction of at least 50% in their total number of seizures, and 
of 57% in their number of atonic seizures. In this study, phenytoin and val
proate levels varied by up to 22%. In a smaller, single centre study, felbamate 
added to valproate reduced the atonic seizure frequency by 40%. However, 
the mean valproate level was higher when felbamate was taken (OLETSKY 
et al. 1996). 

Several preliminary reports in small patient groups have suggested that 
felbamate may be effective in other generalized seizure syndromes seizure 
types such as absence or juvenile myoclonic epilepsy when other drugs have 
failed (THEODORE et al. 1995). Although the results are consistent with the 
effect found in Lennox-Gastaut syndrome, they have not yet been confirmed 
by controlled studies. In a single case report, a patient with acquired epileptic 
aphasia experienced complete seizure control and almost complete return of 
language skills following the addition of felbamate to therapy (GLAUSER et al. 
1995). 

Felbamate may be more or less useful than other new anti epileptic drugs 
in any given patient. It is very difficult to compare efficacy data across clinical 
trials, or to judge the relative effectiveness of antiepileptic drugs. Even within 
a single trial, the effect of the design may vary with seizure type. Felbamate 
appeared to be more effective against complex partial seizures than general
ized tonic-clonic seizures (THEODORE et al.1991). However, the difference may 
have been due to the better baseline control of the latter achieved by carba
mazepine in this particular add-on study. 

Most clinical trials have a relatively short duration, particularly when com
pared to the course of seizure disorders. Over the course of long open-label, 
follow-up periods, there is a tendency for patients to discontinue most exper
imental drugs gradually (THEODORE et al.1995).A high seizure frequency when 
treated with standard antiepileptic drugs is a criterion for entry to trials, and 
surgery is an alluring alternative. Although it has proved difficult to taper base
line anti epileptic drugs during open-label follow-up after felbamate add
on studies, the drug's efficacy does appear to be maintained during long
term treatment in patients with the Lennox-Gastaut syndrome as well as 
localization-related epilepsy (JENSEN 1993,1994; WAGNER et al. 1993). 

Several large, longer term, but uncontrolled open-label studies have been 
performed. AVANZINI et al. (1996) studied 246 patients with localization
related epilepsy. Of these, 52% (126/246) achieved a seizure reduction of 50% 
or more, including 10% (25/246) who became seizure-free. There was no dif
ference in the response rate between adults and children. Of 80 patients with 
a diagnosis of Lennox-Gastaut syndrome, 60% (48/80) achieved a seizure 
reduction of 50% or more, and 6% (5/80) became seizure-free. Of 25 patients 



Felbamate 503 

with generalized epilepsy (other than the Lennox-Gastaut syndrome), 60% 
(15/25) achieved a seizure reduction of 50% or more; 12% (3/24) became 
seizure-free (AVANZINI et al. 1996). LI et al. (1996) followed III adults for a 
mean of 4 months. Fifty-seven percent were still taking felbamate. The reasons 
for discontinuing felbamate were adverse events in 21 %, an increase in 
seizures in 10%, and a lack of efficacy in 12%. Behavioural disturbance 
occurred in 14 patients, and was the most likely adverse event to result in dis
continuation of therapy. No cases of aplastic anaemia or liver failure were 
observed in this group. Seven percent of the patients had a more than 95% 
seizure reduction (2 became seizure free), and 13 % had a greater than 50% 
reduction in seizure frequency. An open label add-on study in children aged 
2-17 years showed an overall decrease in seizure frequency of 53 % (CARMANT 
et al. 1994). The drug was well tolerated; one of 30 children discontinued it, 
due to a rash. 

D. Pharmacokinetics 

I. Absorption 

About 90% of an oral felbamate dose is absorbed (WILENSKY et al. 1985). The 
bioavailability is similar for the suspension, and the chewable and standard 
tablets, and is not affected by food (PALMER and McTAVISH 1993). Peak plasma 
concentrations of the drug are reached 2-6 h after dosing (WILENSKY et al. 
1985). With mono therapy at a dose of 3600mg/day, plasma felbamate con
centrations ranged from 60 to 90 mg/I, while patients receiving hepatic 
enzyme-inducing drugs had felbamate levels of 30-70mg/1. Plasma felbamate 
concentration, AUC and Cm"x values increase linearly with dose (PALMER and 
McTAVISH 1993). 

II. Distribution 

The apparent volume of distribution of felbamate, about O.8I1kg, is the same 
after single dose or chronic administration. Felbamate is relatively lipid 
soluble and readily crosses the blood-brain barrier (CORN FORD et al. 1992). 
Some 20%-25% of the drug in plasma is reversibly bound to plasma protein, 
mainly albumin. It does not show preferential accumulation in any peripheral 
organ or specific brain region. Its pharmacokinetic parameters arc stable on 
chronic administration (CORN FORD et al. 1992). 

III. Elimination 

Felbamate is metabolized by the cytochrome P450 system, and this probably 
accounts for its interactions with other antiepileptic drugs (PERHACH et al. 
1986). Its terminal elimination half-life ranges from 13 to 23 h. About 
40%-50% of the absorbed dose appears unchanged in the urine. The drug's 
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metabolites include p-hydroxyphenyl felbamate, 2-hydroxyfelbamate, mono
carbamate derivatives, and polar compounds, including conjugates, none of 
which has significant antiepileptic activity, and which make up about 15% of 
plasma radioactivity when labelled felbamate is given (PALMER and McTAVISH 
1993). Children may metabolize the drug more quickly than adults. Felbamate 
had a decreased bioavailability in beagle pups, but an unchanged absorption 
and volume of distribution, compared with adult beagles, suggesting that there 
was faster elimination (ADSUMALLI et al. 1992). In humans, the apparent clear
ance was highest in the very young and decreased during adolescence. The 
mean clearance was approximately 40% higher in subjects under 12 years 
of age. The clearance is reduced, and the half-life increased, in the elderly 
(RICHENS et al. 1997). However, there do not seem to be any gender differ
ences in the elimination parameters (BANFIELD et al. 1996; KELLEY et al. 1997). 
Felbamate blood levels are stable during chronic treatment, and there is no 
evidence of autoinduction of its metabolism (LI et al. 1996). Renal clearance 
accounts for about 30% of felbamate's disposition; the drug's half-life, and 
maximum concentration, are increased in patients with renal failure, who 
should therefore probably be given lower doses (GLUE et al. 1997). 

E. Interactions 
When felbamate is used, drug interactions may be important. Felbamate 
reduces blood carbamazepine levels by about 20%, while levels of the active 
metabolite, carbamazepine-epoxide, are increased by 25%-50% (FUERST et al. 
1988; GRAVES et al. 1989; ALBAN I et al.1991). Several investigators (WILENSKY 
et al. 1985; GRAVES et al. 1989; LEPPIK et al. 1991; WAGNER et al. 1991; 
REID ENBERG et al. 1995) have reported that felbamate increases phenytoin, val
pro ate, and phenobarbitone (due to reduced parahydroxylation) levels. 
WAGNER et al. (1994) showed that the coadministration of felbamate decreased 
steady-state valproate clearance (28% and 54%, respectively; p < 0.01). This 
effect is probably due to inhibition of valproate fJ-oxidation (HOOPER et al. 
1996). The doses of these drugs may need to be reduced by 10%-30% to main
tain their plasma levels at constant values when felbamate is given concur
rently, although the effect varies from patient to patient. Felbamate does not 
appear to have clinically significant interactions with clonazepam, lamotrigine, 
oxcarbazepine, or vigabatrin (HULSMAN et al. 1995; ThEODORE et al. 1995; 
COLUCCI et al. 1996). 

Carbamazepine and phenytoin increase the clearance of felbamate 
by about 30% and, consequently, lower blood felbamate levels. In patients re
ceiving hepatic enzyme inducers and felbamate at a maximum daily dose of 
3000 mg, plasma felbamate levels were in the range of 30-40 mg/l compared 
with 70-80mg/l in those receiving felbamate monotherapy at 3600mg/day 
(LEPPIK et al. 1991; THEODORE et al. 1991; SACHDEO et al. 1992; FAUGHT et al. 
1993). Valproate decreases felbamate clearance by about 15% (PALMER and 
McTAVISH 1993). The protein binding of other anti epileptic drugs does not 
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seem to be affected by felbamate (FUERST et al. 1988; PALMER and McTAVISH 
1993). Carbamazepine and phenytoin increased the clearance of felbamate by 
49% and 40% respectively, whilst valproate decreased it by 21 %. Barbiturate 
had no significant effect on felbamate clearance (KELLEY et al. 1997). Although 
drug interactions may complicate therapy with felbamate, they are probably 
no more extensive than those that occur with phenobarbitone, phenytoin and 
carbamazepine. Felbamate does not have a significant effect on lamotrigine 
plasma levels (GIDAL et al. 1997). The small effect the drug has on vigabatrin 
clearance (a 13% increase in the AUC and an 8% increase in urinary excre
tion of S( + )-vigabatrin), is not clinically significant (REIDENBERG et al. 1995). 
The efficacy of low-dose combination oral contraceptives may be adversely 
affected during felbamate treatment (SAANO et al. 1995). 

F. Adverse Effects 

I. Dose-Related Adverse Effects 

The LDso of felbamate could not be established in rats, as the animals did not 
succumb after ingestion of 3 g felbamate, the maximum dose that could be 
administered (PERHACH et al. 1986). A patient who took 8 times her daily dose 
in an attempted suicide suffered only mild side effects (NAGEL et al. 1995). Fel
bamate was well tolerated in clinical trials: only about 7% of patients stopped 
treatment with the drug prematurely due to adverse events. In clinical trials, 
adverse effects that occurred significantly more often with felbamate than with 
placebo included nausea and vomiting, weight loss, diplopia, blurred vision, 
headache, ataxia, and insomnia (JENSEN et al. 1993, 1994). However, these 
effects were more common in add-on than in monotherapy trials and often 
disappeared when the other co administered drugs, particularly phenytoin. 
were ceased. 

In adults receiving felbamate monotherapy, insomnia and weight loss tend 
to be the most frequently reported side effects. Stimulant-like effects are 
prominent (KETTER et al. 1996). Some patients may experience an anxiety
dysphoria syndrome, in addition to insomnia. Isolated cases of tremor, invol
untary movements, and psychosis have been reported, which mayor may not 
have been due to felbamate. At least one patient taking felbamate mono
therapy had a new onset psychosis (MCCONNELL et al. 1997). Children may 
experience sleepiness (perhaps analogous to the paradoxical effect of amphet
amine-like drugs), as well as prominent weight loss. Unlike anti epileptic drugs 
such as carbamazepine. felbamate does not appear to have anxiolytic effects. 
or to attenuate the adverse psychological consequences of antiepileptic drug 
withdrawal (KETTER et al. 1996). As is common with antiepileptic drugs. the 
elderly may have more frequent adverse effects from felbamate. due to either 
pharmacokinetic or pharmacodynamic factors (RICH ENS et al. 1997). 

Patients tend either to like felbamate very much, experiencing increased 
energy and well-being. along with better seizure controL or to tolerate it 
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poorly. Oesophageal burning can be a troubling and persistent symptom. Fel
bamate side effects such as anorexia, headache, insomnia, or anxiety usually 
do not remit on continued treatment, although one study reported that 
headache, which occurred in 33% of patients, seemed to be dose-related 
(ETTINGER et al. 1996). Laboratory studies suggest that felbamate can exacer
bate acute intermittent porphyria (HAHN et al. 1997). 

II. Idiosyncratic Adverse Effects 

Initially, little systemic toxicity of the drug was reported. There was no evi
dence of clinically significant hepatic or haematological changes in the clini
cal trials, although mild elevation of liver function tests and other clinical 
laboratory abnormalities were noted occasionally (JENSEN 1993,1994; PALMER 
and McTAVISH 1993). Rashes and hypersensitivity reactions, sometimes includ
ing fever and lymphadenopathy, occurred in 3%-4% of patients. The number 
of patients studied, about 1600, would have been too small to detect the inci
dence of the haematological and hepatic toxicity that has begun to be reported 
since, with the wider clinical use of felbamate. 

Aplastic anaemia has been reported in 32 patients receiving felbamate 
(Wallace Laboratories, data on file). The patients, 19 of whom were women, 
ranged in age from 13 to 70 (mean 41) years, and had been exposed to the 
drug for 72-354 days (mean 174 days). However, only 23 met International 
Agranulocytosis and Aplastic Anaemia Study criteria, while there were 
insufficient data in 2 others (KAUFMAN et al. in press). KAUFMAN et al. found 
that only 3 of the 23 definite cases had no confounding variable, such as expo
sure to another drug associated with aplastic anaemia, parvovirus infection, 
or a history of diseases such as rheumatoid arthritis. Eleven had exposure to 
a confounding agent, but felbamate was still thought to be the most likely 
cause. Seven died. The lowest estimate of the incidence was 27 cases per 
million felbamate users (the 3 cases without confounding), and the highest 209 
per million (all confirmed cases), and the most probable 127 per million (the 
14 for whom felbamate was judged the "likely" cause). Thus, the true magni
tude of the risk of aplastic anaemia is uncertain. By comparison, the best esti
mate for the incidence of aplastic anaemia associated with carbamazepine is 
39 cases per million (KAUFMAN et al. 1996). 

Eighteen cases of liver failure (with 9 deaths so far) have been reported 
(O'NEIL et al. 1996). These patients ranged in age from 3 to 56 years; 6 were 
children. The exposure to the drug had ranged from 14 to 265 days; some of 
the patients had a rash as well as liver toxicity. All the patients were taking 
other anti epileptic drugs. Seven (including four who died) had been in status 
epileptic us when the hepatic failure occurred. 

The manufacturer now advises that patients treated with felbamate should 
have blood counts and liver function tests every 1-2 weeks. Unfortunately, 
even this high degree of caution may not detect incipient toxicity. Aplastic 
anaemia and hepatic failure may not be reversible even if detected early. 
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Moreover, patients may develop symptoms after the drug has been stopped. 
Platelets and white blood cells have a short lifespan, but red cells live 120 days, 
so peripheral evidence of marrow injury may have a delayed appearance. Mild 
hepatic enzyme elevations are often found in patients taking antiepileptic 
drugs, and may not necessarily be an indication of "toxicity". Reactive alde
hyde metabolites may playa role in the toxicity (THOMPSON et a1. 1996). 

Other unusual side effects of felbamate include involuntary movements, 
which may in part have been due to drug interactions (KERRICK et a1. 1995). 
Skin rashes, including toxic epidermal necrolysis, have occurred sporadically 
(TRAVAGLINI et a1. 1995). Teratology studies in rats and rabbits have been neg
ative, and there are no human data. 

G. Use of Felbamate in Practice 
Although rapid escalation of felbamate dosage has been carried out in clini
cal trials, a slow dosage titration schedule may lead to fewer initial adverse 
effects, particularly gastrointestinal disturbances, insomnia, and anxiety. The 
drug seems to be better tolerated when taken with meals, and the individual 
doses spread out as much as possible. Felbamate can be started in a dose 
of 400mg 3 times a day, with dosage increases of 400-600mg/day every 1-2 
weeks. Some patients, particularly the elderly, may need lower starting doses 
and slower increases in dose. For children, an initial felbamate dose of 15 
mg/kg/day, with weekly increases to 45 mg/kg/day, seems reasonable. 

Felbamate decreases phenytoin and valproate clearances. To maintain 
steady state plasma levels of these drugs, it may be necessary to reduce their 
doses when starting felbamate intake. However, this dose reduction should be 
done cautiously to avoid seizure exacerbation, since it may take several weeks 
to reach therapeutic doses of felbamate. 

The highest felbamate dose used in adult clinical trials has been 
3600mg/day, but some patients have received 5000-6000mg/day. The 
maximum dose tried in the Lennox-Gastaut trial was 45 mg/kg or 3600 mg/day. 
Clinical experience will have to determine the true upper limit of the dose. In 
some patients, because of gastrointestinal discomfort, the maximally tolerated 
dose is in the range of 2400-3000mg/day. Children usually are more rapid 
metabolizers of the drug than adults, and need relatively more drug to main
tain effective blood levels. The pharmacology of felbamate has not been 
studied in elderly patients, but its metabolism is likely to be reduced in this 
age group. Moreover, the elderly are usually more sensitive to the CNS side 
effects of antiepileptic drugs. The starting dose, and subsequent dosage 
increases, should probably be reduced by about one-third in the elderly. 

I. Role of Felbamate Blood Levels 

There are few data on the relation of plasma felbamate levels to the clinical 
response to the drug. Children in the Lennox-Gastaut syndrome trial tended 
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to have fewer seizures at plasma felbamate levels of 45 mg/l than at levels of 
1Bmg/l (FELBAMATE STUDY GROUP 1993). In an uncontrolled study, patients 
with felbamate levels above 44mg/l were more likely to have both side effects 
and improved seizure control (HARDEN et al. 1996). Although the data are not 
directly comparable, the response in adult trials may have been better with 
felbamate levels in the 60-BOmg/l than the 30-40mg/l range (LEPPIK et al.1991; 
THEODORE et al. 1991; SACHDEO et al. 1992; BOURGEOIS et al. 1993; FAUGHT et 
al. 1993). Since felbamate clearance is increased by carbamazepine and pheny
toin, higher felbamate doses may be necessary to achieve comparable plasma 
levels when these drugs are given at the same time. 

II. Managing Drug Interactions 

Drug interactions may play an important role in the frequency of side effects 
experienced by patients treated with felbamate. Increased phenytoin and val
pro ate levels may contribute to nausea and vomiting, diplopia, blurred vision, 
and ataxia. Even though carbamazepine levels fall, levels of the pharmaco
logically active metabolite, carbamazepine-epoxide, may increase. This com
pound could also contribute to side effects, since it has lower protein binding 
than carbamazepine itself, and may penetrate the brain more readily. 

However, it is possible that some of the therapeutic effect of felbamate in 
add-on trials could also have been related to drug interactions, particularly 
those which increased phenytoin and valproate levels. One study suggested 
that the fall in carbamazepine levels might lead to reduced seizure control, 
despite increased carbamazepine-epoxide levels (THEODORE et al. 1991). It may 
be valuable to measure the levels of the epoxide as well as those of carba
mazepine itself when patients are taking both felbamate and carbamazepine. 
There is considerable individual variation in felbamate's effects on other 
anti epileptic drugs. Rather than automatically adjusting the doses of the other 
drugs, it is important to measure the levels of the drugs that are present. Since 
felbamate does not have an appreciable effect on the protein binding of other 
drugs, it is not necessary to measure free antiepileptic drug levels. 

III. Stopping Felbamate 

Because of the risk of aplastic anaemia or liver disease, felbamate intake 
should be stopped when the drug appears not to be working. On the other 
hand, since felbamate is likely to be used when all other appropriate agents 
have failed, patients may be willing to tolerate side effects that are not life
threatening. Insomnia, gastrointestinal distress, and weight loss may be less dis
comforting to some patients than the side effects of other drugs, particularly 
if seizures are controlled by felbamate. 

There is no evidence for any acute exacerbation of seizures during felba
mate withdrawal, which has been carried out rapidly in clinical trials. Certainly 
the drug should be stopped abruptly if there is evidence of haematological or 
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liver disease. When reports of such complications began to appear, many 
asymptomatic patients were tapered off felbamate over 1-2 weeks without a 
sudden increase in seizures, although many experienced a chronic rise in 
seizure frequency, despite higher doses, or the addition, of other drugs. 

H. Conclusions 
Felbamate has a broad antiepileptic spectrum. Children with the Lennox
Gastaut syndrome and related secondary generalized epileptic syndromes, for 
whom few therapeutic options exist, may benefit most from felbamate. It can 
also be tried in patients with refractory partial and secondarily ed seizures 
which have not responded to other drugs. There may be some patients who 
have attained seizure control with other drugs only at the cost of unaccept
able central nervous system depressant side effects, who are not candidates 
for surgery, and who are willing to accept the risk of felbamate's systemic tox
icity. Since felbamate appears to be less sedating than other anti epileptic drugs, 
it may be useful for patients who find sedation particularly debilitating. Fel
bamate should be used only when seizures have not been controlled by other 
drugs. Results of clinical laboratory tests should be monitored closely and the 
drug stopped if any abnormalities are detected. It may be prudent to avoid 
combinations of felbamate with other drugs that can cause hepatic or haema
tological dysfunction, such as valproate or carbamazepine. Women taking fel
bamate may be more likely to develop aplastic anaemia than men. Felbamate 
should not be given to patients with a history of blood dyscrasias or autoim
mune disorders. Patients with a history of psychiatric disorders may be more 
likely to experience acute anxiety or even psychosis when being treated with 
felbamate. 

References 

Adusumalli VA, Gilchrist JR, Wichmann JK, Kucharcyzk N, Sofia RD (1992) Pharma
cokinetics of felbamate in pediatric and adult dogs. Epilepsia 33:955-960 

Albani F, Theodore WH, Washington Pet al. (1991) Effect of felbamate on plasma 
levels of carbamazepine and its metabolites. Epilepsia 32:130-132 

Avanzini G, Canger R, Dalla Bernardina B, Vigevano F (1996) Felbamate in therapy
resistant epilepsy: an Italian experience. Epilepsy Res 25:249-255 

Banfield CR, Zhu GR, Jen JF et al. (1996) The effect of age on the apparent clearance 
of felbamate: a retrospective analysis using nonlinear mixed-effects modelling. 
Ther Drug Monit 18:19-29 

Bergen DC, Ristanovic RK Waicosky K, Kanner A, Hoeppner TJ (1995) Weight loss 
in patients taking felbamate. Clin Neuropharmacol 18:23-27 

Bourgeois B, Leppik IE, Sackellares JC et a!. (1993) Felbamate: a double-blind con
trolled trial in patients undergoing presurgical evaluation of partial seizures. Neu
rology 43:693-696 

Carmant L, Holmes GL, Sawyer S, Rifai N. Anderson J, Mikati MA (1994) Efficacy of 
felbamate in therapy for partial epilepsy in children. J Pediatr 125:481-486 

Cheshire WP (1995) Felbamate relieved trigeminal neuralgia. Clin J Pain 11:139-
142 



510 W.H. THEODORE 

Colucci R, Glue P, Holt B et al. (1996) Effect of felbamate on the pharmacokinetics of 
lamotrigine. J Clin Pharmacol 36:634-638 

Cornford EA, Young D, Paxton JA, Sofia RD (1992) Blood-brain barrier penetration 
of felbamate. Epilepsia 33:944-955 

Corn ford EM, Truong HV, Sofia RD, Kucharczyk N (1996) Distribution of felbamate 
in brain. Epilepsia 37:15-18 

De Sarro G, Ongini E, Bertorelli R, Aguglia U, De Sarro A (1994) Excitatory amino 
acid neurotransmission through both NMDA and non-NMDA receptors is 
involved in the anticonvulsant activity of felbamate in DBA/2 mice. Eur J Phar
macol 262:11-19 

Devinsky 0, Faught RE, Wilder BJ, Kanner AM, Kamin M, Kramer LD, Rosenberg A 
(1995) Efficacy of felbamate mono therapy in patients undergoing presurgical eval
uation of partial seizures. Epilepsy Res 20:241-246 

Domenici MR, Marinelli S, Sagratella S (1996) Effects of felbamate, kynurenic acid 
derivatives and NMDA antagonists on in vitro kainate-induced epileptiform activ
ity. Life Sci 58:PL391-396 

Ettinger AB, Jandorf L, Berdia A, Andriola MR, Krupp LB, Weisbrot DM (1996) FeI
bamate-induced headache. Epilepsia 37:503-505 

Faught E, Sachdeo RC, Remler MP et al. (1993) Felbamate monotherapy for partial
onset seizures: an active control trial. Neurology 43:688-692 

Felbamate Study Group in the Lennox-Gastaut Syndrome (1993) Efficacy of felbamate 
in childhood epileptic encephalopathy (Lennox-Gastaut Syndrome). N Engl J 
Med 328:29-33 

Fuerst RH, Graves NM, Leppik IE, Brundage RC, Holmes GB, Remmel RP (1988) 
Felbamate increases phenytoin but decreases carbamazepine concentrations. 
Epilepsia 29:488-491 

Gidal BE, Kanner A, Maly M, Rutecki P, Lensmeyer GL (1997) Lamotrigine pharma
cokinetics in patients receiving felbamate. Epilepsy Res 27:1-5 

Glauser TA, Olberding LS, Titanic MK, Piccirillo DM (1995) Felbamate in the treat
ment of acquired epileptic aphasia. Epilepsy Res 20:85-89 

Glue P, Sulowicz W, Colucci R, Banfield C, Pai S, Lin C, Affrime MB (1997) Single
dose pharmacokinetics of felbamate in patients with renal dysfunction. Br J Clin 
Pharmacol 44:91-93 

Graves NM, Holmes GB, Fuerst RH, Leppik IE (1989) Effect of felbamate on pheny
toin and carbamazepine serum concentrations. Epilepsia 30:225-229 

Hahn M, Gildemeister OS, Krauss GL, Pepe JA, Lambrecht RW, Donohue S, 
Bonkovsky HL (1997) Effects of new anticonvulsant medications on porphyrin 
synthesis in cultured liver cells: potential implications for patients with acute por
phyria. Neurology 49:97-106 

Harden CL, Trifiletti R, Kutt H (1996) Felbamate levels in patients with epilepsy. 
Epilepsia 37:280-283 

Hooper WD, Franklin ME, Glue P et al. (1996) Effect of felbamate on valproic 
acid disposition in healthy volunteers: inhibition of beta-oxidation. Epilepsia 
37:91-97 

Hulsman JA, Rentmeester TW, Banfield CR et al. (1995) Effects of feIbamate on the 
pharmacokinetics of the monohydroxy and dihydroxy metabolites of oxcar
bazepine. Clin Pharmacol Ther 58:383-389 

Imamura Y, Bennett GJ (1995) Felbamate relieves several abnormal pain sensations 
in rats with an experimental peripheral neuropathy. J Pharmacol Exp Ther 
275:177-182 

Jensen PK (1993) Felbamate in the treatment of refractory partial onset seizures. 
Epilepsia 34 [Suppl 7]:S25-S29 

Jensen PK (1994) Felbamate in the treatment of Lennox-Gastaut Syndrome. Epilep
sia 35 [SuppI 5]:S54-S57 

Kanthasamy AG, Matsumoto RR, Gunasekar PG, Trunong DD (1995) Excitoprotec
tive effect of felbamate in cultured cortical neurons. Brain Res 705:97-104 



Felbamate 511 

Kaufman OW, Kelly Jp, Jurgelon J et al. (1996) Drugs in the etiology of agranulocyto
sis and aplastic anemia. Eur 1 Hematol 57 [Suppl 60]:23-30 

Kaufman OW, Kelly JP, Anderson T, Harmon DC, Shapiro S (1998) An evaluation of 
case reports of aplastic anemia among individuals using felbamate. Epilepsia (in 
press) 

Kelley MT, Walson PO, Cox S, Dusci LJ (1997) Population pharmacokinetics of felba
mate in children. Ther Drug Monit 19:29-36 

Kerrick 1M, Kelley Bl, Maister BH, Graves NM, Leppik IE (1995) Involuntary move
ment disorders associated with felbamate. Neurology 45:185-187 

Ketter TA, Malow BA, Flamini R, Ko 0, White SR, Post RM, Theodore WH (1996) 
Felbamate monotherapy has stimulant-like effects in patients with epilepsy. 
Epilepsy Res 23:129-137 

Leppik IE, Dreifuss FE, Pledger GW et al. (1991) Felbamate for partial seizures: results 
of a controlled clinical trial. Neurology 41:1785-1789 

Li LM, Nashef L, Moriarty J, Duncan IS, Sander lW (1996) Felbamate as add-on 
therapy. Eur NeuroI36:146-148 

Longo R, Domenici MR, Scotti de Carolis A, Sagratella S (1995) Felbamate selectively 
blocks in vitro hippocampal kainate-induced irreversible electrical changes. Life 
Sci 56:PL409-414 

McCabe RT. Wasterlain CG. Kucharcyzk N, Sofia RW, Vogel lR (1993) Evidence for 
anticonvulsant and neuroprotectant action of felbamate mediated by strychnine
insensitive glycine receptors. 1 Pharmacol Exp Ther 264:1248-1252 

McConnell H, Snyder PI, Duffy 10 et al. (1996) Neuropsychiatric side effects related 
to treatment with felbamate J Neuropsychiatry Clin Neurosci 8:341-346 

Nagel TR. Schunk IE (1995) Felbamate overdose: a case report and discussion of a 
new antiepileptic drug. Pediatr Emerg Care 11 :369-371 

O'Neil MG, Perdun CS, Wilson MB, McGown ST, Patel S (1996) Felbamate-associated 
fatal acute hepatic necrosis. Neurology 46:1457-1459 

Oletsky H, Kelley K, Stertz B, Reeves-Tyer P, Flamini R, Malow B, Theodore WH 
(1996) The efficacy of felbamate as add-on therapy to valproic acid in the Lennox
Gastaut syndrome. Epilepsia 37 [Suppl 5]:155 

Palmer Kl, McTavish D (1993) Felbamate: a review of its pharmacodynamic and 
pharmacokinetic properties. and therapeutic efficacy in epilepsy. Drugs 45: 
1041-1065 

Perhach lL Weliky 1. Newton 11, Sofia RD, Romayshyn WM, Arndt WF Jr (1986) Fel
bamate. In: Porter RJ. Meldrum BS (eds) New anticonvulsant drugs. Libby. 
London,pp.117-124 

Pugliese AM, Pass ani ME. Pepeu G, Corradetti R (1996) Felbamate decreases synap
tic transmission in the CA I region of rat hippocampal slices. 1 Pharmacol Exp Ther 
279:1100-1108 

Reidenberg P, Glue P, Banfield C et al. (1995a) Pharmacokinetic interaction studies 
between felbamate and vigabatrin. Br I Clin Pharmacol 40: 157-160 

Reidenberg P, Glue P. Banfield CR et al. (1995b) Effects of felbamate on the pharma
cokinetics of phenobarbital. Clin Pharmacol Ther 58:279-287 

Rho 1M, Donevan SO, Rogawski MA (1993) Mechanism of action of the anticonvul
sant felbamate: opposing effects on NMOA and GABA A receptors. Ann Neurol 
35:229-234 

Rho 1M, Oonevan SO, Rogawski MA (1997) Barbiturate-like actions of the propane
diol dicarbamates felbamate and meprobamate. 1 Pharmacol Exp Ther 
280: 1383-1391 

Richens A, Banfield CR. Salfi M, Nomeir A, Lin Cc. lensen p, Affrime MB, Glue P 
(1997) Single and multiple dose pharmacokinetics of felbamate in the elderly. Br 
J Clin PharmacoI44:129-134 

Saano V, Glue P, Banfield CR et al. (1995) Effects of fc1bamate on the pharmacoki
netics of a low-dose combination oral contraceptive. Clin Pharmacol Ther 
58:523-531 



512 W.H. THEODORE 

Sachdeo R, Kramer LD, Rosenberg A, Sachdeo S (1992) Felbamate mono therapy: con
trolled trial in patients with partial onset seizures. Ann Neurol 32:386-392 

Serra M, Cuccu R, Ghiani CA, Pisu MG, Murgia A, Biggio G (1997) Antagonism of 
convulsions but failure to enhance GABA(A) receptor function by felbamate in 
mice tolerant to diazepam. Neurochem Res 22:693-697 

Shuaib A, Waqaar T, Ijaz MS, Kanthan R, Wishart T, Howlett W (1996) Neuroprotec
tion with felbamate: a 7- and 28-day study in transient forebrain ischemia in gerbils. 
Brain Res 727:65-70 

Srinivasan J, Richens A, Davies JA (1996) Effects of felbamate on veratridine- and 
K(+)-stimulated release of glutamate from mouse cortex. Eur J Pharmacol 
315:285-288 

Stefani A, Calabresi P, Pisani A, Mercuri NB, Siniscalchi A, Bernardi G (1996) Felba
mate inhibits dihydropyridine-sensitive calcium channels in central neurons. J 
Pharmacol Exp Ther 277:121-127 

Subramaniam S, Rho JM, Penix L, Donevan SD, Fielding RP, Rogawski MA (1995) 
Felbamate block of the N-methyl-D-aspartate receptor. J Pharmacol Exp Ther 
273:878-886 

Swinyard EA, Woodhead JH, Franklin MR, Sofia RD, Kupferberg HJ (1987) The effect 
of chronic felbamate administration on anticonvulsant activity and hepatic drug 
metabolizing enzymes in mice and rats. Epilepsia 28:295-300 

Taglialatela M, Ongini E, Brown AM, Di Renzo G, Annunziato L (1996) Felbamate 
inhibits cloned voltage-dependent Na+ channels from human and rat brain. Eur J 
PharmacoI316:373-377 

Taylor LA, McQuade RD, Tice MA (1995) Felbamate, a novel antiepileptic dru~, 
reverses N-methyl-D-aspartate/glycine-stimulated increases in intracellular Ca + 
concentration. Eur J Pharmacol 289:229-233 

Theodore WH, Raubertas R, Porter RJ et al. (1991) Felbamate: a clinical trial for 
complex partial seizures. Epilepsia 32:392-397 

Theodore WH, Jensen P, Kwan RM (1995a) Felbamate: clinical use. In: Levy RH, 
Mattson RH, Meldrum BS (eds) Antiepileptic drugs, 4th edn. Raven Press, New 
York, pp. 817-822 

Theodore WH, Albert P, Stertz B et al. (1995b) Felbamate mono therapy: implications 
for anti epileptic drug development. Epilepsia 36:1105-1110 

Thompson CD, Kinter MT, Macdonald TL (1996) Synthesis and in vitro reactivity of 
3-carbamoyl-2-phenylpropionaldehyde and 2-phenylpropenal: putative reactive 
metabolites of felbamate. Chern Res Toxicol 9:1225-1229 

Ticku MK, Kamatchi GL, Sofia RD (1991) Effect of anticonvulsant felbamate on 
GABAA receptor system. Epilepsia 32:389-391 

Travaglini MT, Morrison RC, Ackerman BH, Haith LR Jr, Patton ML (1995) Toxic epi
dermal necrolysis after initiation of felbamate therapy. Pharmacotherapy 
15:260-264 

Wagner ML, Graves NM, Marienau K, Holmes GB, Remmel RP, Leppik IE (1991) Dis
continuation of phenytoin and carbamazepine in patients receiving felbamate. 
Epilepsia 32:398-406 

Wagner ML, Remmel RP, Graves NM, Leppik IE (1993) Effect of felbamate on car
bamazepine and its major metabolites. Clin Pharmacol Ther 53:536-543 

Wagner ML, Graves NM, Leppik IE, Remmel RP, Shumaker RC, Ward DL, Perhach 
JL (1994) The effect of felbamate on valproic acid disposition. Clin Pharmacol 
Ther 56:494-502 

Wallis RA, Panizzon KL (1995) Felbamate neuroprotection against CAl traumatic 
neuronal injury. Eur J Pharmacol 294:475-482 

Wamsley JK, Sofia RD, Faull RL, Narang N, Ary T, McCabe RT (1994) Interaction of 
felbamate with [3H]DCKA-labeled strychnine-insensitive glycine receptors in 
human postmortem brain. Exp Neuro1129:244--250 

Wasterlain CG, Adams LM, Wichmann JK, Sofia RD (1996) Felbamate protects CAl 
neurons from apoptosis in a gerbil model of global ischemia. Stroke 27:1236-1240 



Felbamate 513 

White HS, Wolf HH, Swinyard EA, Skeen GA, Sofia RD (1992) A neuropharmaco
logical evaluation of felbamate as a novel anticonvulsant. Epilepsia 33:564-572 

White HS, Harmsworth WL, Sofia RD, Wolf HH (1995) Felbamate modulates the 
strychnine-insensitive glycine receptor. Epilepsy Res 20:41--48 

Wilensky AJ, Friel PN, Ojemann LM, Kupferberg HJ, Levy RH (1985) Pharmacoki
netics of W-554 (ADD 03055) in epileptic patients. Epilepsia 26:602-606 



CHAPTER 21 

Drugs Under Clinical Trial 

E.PERUCCA 

A. Introduction 
Over the last decade, the introduction of novel antiepileptic drugs brought new 
hope to the multitude of patients whose seizures are not completely controlled 
by established anticonvulsants. However, while it has to be acknowledged that 
recently licensed drugs represent a valuable addition to the therapeutic arma
mentarium, it is a fact that these drugs produce freedom from seizures in no 
more than 10%-15% of patients refractory to older agents (PERUCCA 1996). 
Moreover, none of the new agents is ideal in terms of its pharmacokinetic 
properties, interaction potential, spectrum of activity and side effect profile. 
Therefore the search for newer drugs with improved efficacy and safety goes 
on. 

Although important advances have been made in elucidating the patho
genesis of epilepsy, our knowledge is still insufficient to allow a fully rational 
design of new drugs. This is especially true for drugs targeted at solving the 
problem of refractory epilepsies, whose pathophysiological basis remains 
poorly understood. This situation, however, may change in the future as a 
result of ongoing progress in developing new epilepsy models and systems for 
assessing modes of drug action at biochemical. electrophysiological and mo
lecular levels. 

While the need for better anti epileptic drugs remains unchanged, the 
interest of the pharmaceutical industry towards the development of new 
agents has sadly been declining. This is due to a combination of factors, such 
as skyrocketing development costs, the crowded and competitive nature of the 
epilepsy drug market, and disillusion (born out from experience with recently 
developed drugs) about the probability that an excellent activity profile in pre
clinical models will translate into a major therapeutic breakthrough. Despite 
these limitations, a number of pharmaceutical companies are still actively pur
suing the discovery of new drugs, and some of these agents are progressing 
through the various stages of development. 

Drug development is a risky venture involving continuous re-evaluation 
based on new scientific information and financial considerations. This is 
exemplified by the fact that out of 14 drugs in clinical development listed in a 
recent review (PORTER 1990), the vast majority (denzimol, eterobarb, flumaze
nil, flupirtine, milacemide. MK -801, nafimidone, Org-6370 and ralitoline) are 
no longer being actively developed for the treatment of epilepsy, at least to 
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the author's knowledge. Only four compounds (felbamate, gabapentin, topi
ramate and zonisamide) progressed to the marketing stage, and one (stiripen
tol) is still under evaluation. With the realization that part of the following 
information may similarly become outdated in the next few years, this chapter 
will attempt to review anti epileptic drugs which are undergoing clinical testing 
at the time of writing. Since data become obsolete more rapidly for agents at 
early stages of development, attention will focus mainly on those compounds 
for which substantial clinical experience is already available. Drugs which may 
have potential value in the management of epilepsy but are licensed for other 
indications (e.g. allopurinol, flunarizine, nimodipine, flumazenil) and are not 
being actively developed as antiepileptic agents will not be considered further 
in this chapter. 

B. Levetiracetam 

Levetiracetam (ucb L059) is a piracetam derivative originally developed as a 
cognition-enhancing agent. An interesting point about this compound is that 
its anticonvulsant activity was not apparent in routine maximal electroshock 
(MES) and pentylenetetrazole (PTZ) tests, but could be demonstrated in 
other epilepsy models. Levetiracetam is currently under evaluation for use in 
epilepsy and anxiety. 

I. Chemistry 

Levetiracetam (Fig. 1), the (S)-enantiomer of alpha-ethyl-2-oxo-pyrrolidine 
acetamide, is a soluble ethyl derivative of the nootropic drug piracetam. 

II. Pharmacodynamics 

1. Anticonvulsant Activity in Animal Models 

Levetiracetam has been reported to possess broad-spectrum seizure protec
tive activity in a variety of animal models, including tonic and clonic audio
genic seizures in mice, tonic audiogenic seizures in rats, tonic and clonic 
seizures induced by bicuculline in mice, and tonic seizures induced by bicu
culline or intracerebral ventricular N-methyl-n-aspartate (NMDA) in mice, 

Fig. 1. Molecular structure of levetiracetam 
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and spontaneous EEG spike-wave activity in rats. In these models, EDsll values 
were generally in the 5-30mg/kg range (GOWER et al. 1992, 1995; KAPETANOVIC 
and KUPFERBERG 1997). In rodents, levetiracetam is remarkably potent 
(EDsll 7 mg/kg) against seizures induced by pilocarpine, but it is only weakly 
active (EDso 97 mg/kg) against DMCM-induced convulsions and it is in
active (>170 mg/kg) against seizures induced by systemically administered 
NMDA, kainate and AMPA (GOWER et al. 1992; KUTGAARD et al. 1996a,b). 
The drug's anticonvulsant effects remain generally undiminished after 
repeated administration. 

The activity of levetiracetam is especially evident with submaximal con
vulsant stimuli. For example, the drug is inactive or only weakly active in the 
classical subcutaneous (s.c.) pentylenetetrazole (PTZ) test, but it potently 
inhibits seizures induced by submaximal pentylenetetrazole doses in mice as 
well as spike-and-wave EEG discharges after low-dose pentylenetetrazole in 
rats. Although there is controversy about potency in the maximum elec
troshock seizure test (GOWERS et al. 1992; LOSCHER and HONAcK 1993; 
KAPETANOVIC and KUPFERBERG 1997), in one study levetiracetam was ineffec
tive at doses up to 500 mg/kg in mice and rats, but activity became evident 
under threshold conditions or when supramaximal currents were lowered 
(LOSCHER and HONAcK 1993). Based on the above findings, the activity profile 
in animal models has been considered as virtually unique (KUTGAARD et al. 
1996a; KAPETANOVIC and KUPFERBERG 1997). 

In separate experiments, levetiracetam was effective against amygdala
kindled seizures in rats (GOWER et al. 1992; LOSCHER and HONAcK 1993) and 
corneally kindled seizures in mice (MATAGNE and KUTGAARD 1996), results 
predictive of efficacy in partial seizures. In the pentylenetetrazole kindling 
model in mice, levetiracetam shows anti epileptogenic in addition to anticon
vulsant activity (GOWER et al. 1992). 

2. Mechanism of Action 

The mechanism of action of levetiracetam is unknown. The drug has no 
significant affinity for known GABA, benzodiazepine, glycine, adenosine and 
various excitatory amino acid-related receptors, or Ca2+, K+ and Cl- channels. 
However, it does bind stereos electively to a synaptic site in rat brain from 
which it can be displaced by ethosuximide, pentylenetetrazole and piracetam, 
but not by other conventional anticonvulsants (NOYER et al. 1995; HARIA and 
BALFOUR 1997). A stereos elective mode of action is confirmed by the fact that 
the R-enantiomer is inactive in seizure models (GOWER et al. 1992; GOWER and 
MATAGNE 1994). In vivo, levetiracetam reduces bicuculline-induced neuronal 
hyperexcitability in rat hippocampal CA, cells through an action which does 
not appear to be mediated by a GABAergic mechanism (MARGINEANU and 
WULFERT 1995). Although levetiracetam does not affect the GABA synthesiz
ing and degrading enzymes glutamic acid decarboxylase (GAD) and GABA
transaminase (GABA-T) in vitro, it does affect the activity of these enzymes 
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in vivo, possibly as a consequence of postsynaptic changes in transmitter func
tion (LbsCHER et al. 1996). In particular, levetiracetam has been found to 
increase GABA-T activity and to decrease GAD activity in the striatum, and 
to modify GABA turnover in various brain regions, including the striatum and 
the substantia nigra. Levetiracetam also decreases spontaneous neuronal firing 
in the substantia nigra, an action which has been considered as potentially 
important in mediating its anticonvulsant effects (LbsCHER et al. 1996). Leve
tiracetam has also been found to inhibit bicuculline- and haloperidol-induced 
release of dopamine from cerebral ventricular perfusates in rats (ZHANG et al. 
1993), but the relevance of this effect to antiepileptic activity is unclear. 

3. Other Pharmacological Effects and Toxicology Data 

In rodent models, levetiracetam has been found to possess anxiolytic effects 
in a broad range of tests, and to reduce the cognitive impairment associated 
with seizures, scopolamine or cerebral ischaemia. Levetiracetam also protects 
against mortality due to anoxia, and it reduces cerebral oedema associated 
with ischaemia (UCB S.A., data on file). 

A remarkable feature of levetiracetam is its low neurotoxicity (GOWER 
et al. 1992; LbsCHER and HbNACK 1993; KUTGAARD et ai, 1997). In the rotarod 
test, open field exploration and an Irwin-type observation test, only mild seda
tion and a slight increase in locomotor activity were observed at doses 50-100 
times higher than the anticonvulsant doses (GOWER et al. 1992). After 
intraperitoneal administration, the TDso value in the chimney test is about 
1700 mg/kg in rats and 1170 mg/kg in mice. In both species, the TDso value in 
the rotarod test is >1700 mg/kg. 

III. Pharmacokinetics 

Levetiracetam is absorbed rapidly from the gastrointestinal tract, peak plasma 
concentrations usually being observed within 1-2h (EDELBROECK et al. 1993; 
PATSALOS et al. 1995; STABLES et al. 1995). The absolute oral bioavailability of 
the drug is close to 100%. Concomitant intake of food produces a slight delay 
in absorption (Tmax 2.25h), but the extent of absorption is unaffected (UCB 
S.A., data on file). Levetiracetam is not bound to plasma proteins and has an 
apparent volume of distribution of 0.5-0.711kg. The half-life is about 6-Sh in 
young healthy subjects, 4-S h in epileptic patients and about 10-11 h in elderly 
subjects. The plasma clearance is in the order of 1.0-1.2ml/min/kg in young 
healthy subjects and 0.6ml/min/kg in elderly subjects. In patients with 
impaired kidney function, the rate of elimination is reduced in proportion to 
the creatinine clearance. Levetiracetam is eliminated mainly by renal excre
tion, with about 50%-70% of the dose being recovered unchanged in urine. 
An inactive acidic metabolite obtained by hydrolysis of the acetamide group 
(ucb L057) accounts for about one-quarter of the dose. Two minor metabo
lites related to hydroxylation and opening of the 2-oxo-pyrrolidinine ring have 
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also been detected in urine. The drug's pharmacokinetics are reportedly linear 
after single oral doses of up to 5000mg and multiple doses ranging from 1000 
to 3000 mg/day (HARIA and BALFOUR 1997; UCB S.A., data on file). 

IV. Drug Interactions 

In vitro, levetiracetam does not inhibit various human isoforms of cytochrome 
P450 (CYP2A6, CYP2C8/9/10, CYP2D6 and CYP3A4), various glucurono
transferases, and epoxide hydrolase (UCB S.A., data on file). Preliminary data 
suggest that levetiracetam does not affect the concentration of concomitant 
anticonvulsants such as carbamazepine, phenobarbitone, primidone, valproic 
acid, clobazam and desmethylclobazem (BIALER et al. 1996; PATSALOS et al. 
1996; MARIA and BALFOUR 1997). An increase in serum concentration of pheny
toin by 27%-52% has been described in four patients (SHARIEF et al 1996), 
but more data are required to confirm this interaction. Levetiracetam (500mg 
bj.d. for one contraceptive cycle) did not influence significantly the kinetics of 
ethinyloestradiol and levonorgestrel in 18 healthy females (GIULIANO et al. 
1996). 

V. Antiepileptic Efficacy and Adverse Effects 

An early study showed that levetiracetam is effective in abolishing the pho
toparoxysmal EEG response in patients with photosensitive epilepsy, the 
effect being detected at 1 h after a single 750-1000mg dose and lasting for up 
to 6-30h (KASTELElJN-NoLSTE-TRENITE et al. 1996). A significant reduction in 
the frequency of refractory partial onset seizures has been demonstrated in 
two separate multicentre parallel-group placebo-controlled add-on trials in 
Europe and the United States (SHORVON 1997). In the European trial, the pro
portions of patients achieving a greater than 50% seizure reduction during 
treatment with levetiracetam 1000 and 2000mg/day were 23% (n = 101) and 
31 % (n = 98) respectively, compared with 11 % (n = 1(7) among patients given 
placebo (WIESHMANN et aI, 1997). In the United States triaL a 50% reduction 
in seizure frequency occurred in 39% of 101 patients given 3000mg daily, in 
32 % of 98 patients given WOO mg daily and in 10% of 95 patients given placebo 
(DREIFUSS et aL 1996). Remarkably, 8% of patients assigned to the 3000mg 
group were completely free from seizures over the entire 14-week evaluation 
period, while none of the patients taking placebo was seizure-free. 

Levetiracetam is generally well tolerated, the most common dose-related 
adverse effects being drowsiness. tiredness. asthenia and headache. Other pos
sible effects may include depression, diplopia, dizziness, unsteadiness, nausea, 
memory impairment, and mood or behavioural changes (DE DEYN et al. 1992; 
SINGH et al. 1992; ABOU-KHALIL et al. 1996; KASTELEIJN-NoLSTE-TRENITE et al. 
1996; HARIA and BALFOUR 1997). although in the controlled trials reported to 
date the incidence of these events was generally no greater than in patients 
receiving placebo (WIESHMANN et aI, 1997). No significant changes in cogni-
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tive function have been detected in ten patients with epilepsy treated with add
on levetiracetam at dosages up to 1500mg/day for 1 week (NEYENS et aI1995). 

c. Losigamone 

Identification of losigamone (AO-33, ADD 137022) resulted from the phar
macological screening of derivatives of natural 5- and 6-membered lactones 
occurring in various plants of the Piper species (STEIN et a1. 1991). In this 
program several tetronic acid derivatives were found to possess anticonvul
sant activity, and losigamone was selected for further development based on 
results of additional tests performed by the Willmar Schwabe Arzneimittel 
Company in Germany in cooperation with the Epilepsy Branch of the 
National Institutes of Health in Bethesda, Maryland. 

I. Chemistry 

Losigamone or (+/-)5(R,S), alpha(S,R)-5-[(2-chlorophenyl) hydroxy
methyl)]-4-methoxy(5H)-furanone (Fig. 2) is a white crystalline powder with 
a slight metallic taste, a melting point of 148 DC and a molecular weight of 
254.67. The drug has no acidic or basic properties and is poorly soluble in water 
(0.04%). Losigamone contains two asymmetrical carbon atoms in a racemate 
having a threo configuration. While the (+ )-isomer (AO-242) is more potent 
than the (-)-isomer (AO-294) in most pharmacological tests (ZHANG et a1. 
1992), the reverse is true in other models (DIMPFEL et a1. 1995). 

II. Pharmacodynamics 

1. Anticonvulsant Activity in Animal Models 

In rodents, losigamone causes dose-dependent inhibition of the tonic hind leg 
extension produced by electric shock, pentylenetetrazole, bicuculline, nicotine 
and 4-aminopyridine (STEIN 1995). Losigamone also inhibits clonic seizures 
induced by pentylenetetrazole, bicuculline and picrotoxin, whereas it has no 
effect on the hind leg extension caused by strychnine and picrotoxin or the 

CI 

Fig. 2. Molecular structure of losigamone 
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clonic seizures induced by NMDA (STEIN 1995). The degree and duration of 
protection varies with the species, the route of administration and the type of 
convulsive stimulus. In the maximum electroshock seizure test in rats and 
mice, orally administered losigamone shows comparable potency to phenytoin 
and is more potent than valproate and ethosuximide. In the pentylenetetra
zole test, losigamone is more potent than ethosuximide, valproate and pheny
toin in mice, but it is inactive in rats (Table 1). This species-specific difference 
resides primarily in the (+ )-enantiomer. In fact, while both enantiomers are 
active in the maximum electroshock seizure test, with the (+ )-form being more 
potent than the (-)-form, activity in the pentylenetetrazole test in mice is 
observed only with the (+ )-isomer (CHATTERJEE, personal communication). 
After oral administration, the protective index compares favourably with that 
of val pro ate and ethosuximide in the maximum electroshock seizure test in 
mice and rats, and with that of valproate, phenytoin and ethosuximide in the 
pentylenetetrazole test in mice. Administration of losigamone for five to seven 
daily doses (7 mg/kg) in rats showed no evidence of tolerance to anticonvul
sant activity (STEIN 1995). 

Other models in which losigamone has been found to be active include 
audiogenic seizures in rats and gerbils, and pentylenetetrazole-induced kin
dling in mice (CHATTERJEE, personal communication). Dose-dependent effects 
in these models are observed at oral doses between 20 and 80 mg/kg. In the 
GEARS model of absence epilepsy, losigamone, unlike carbamazepine 
and phenytoin, does not aggravate seizures but suppresses them at high doses 
(>80mg/kg). 

2. Mechanism of Action 

Experiments in rat hippocampal slices have shown that \osigamone, at micro
molar concentrations, reduces the frequency of spontaneous and stimulus
induced epileptiform discharges in the presence of picrotoxin (KOHR and 
HEINEMANN 1990a) or low Ca2+ or low Mg2+ artificial cerebrospinal fluid (KOHR 
and HEINEMANN 1990b). Seizure-like events produced by perfusion with high 
K+, low Mg2+ and low Ca2+ fluid in the same model are similarly inhibited 
(LECHLINGER et al. 1998). In the low Mg2+ model, losigamone also inhibits 
epileptiform discharges in the CAl and CA3 regions of the hippocampus and 
in the entorhinal cortex (ZHANG et al. 1992). At the latter site, late recurrent 
discharges are suppressed by losigamone but not by ethosuximide, trimetha
dione, phenytoin, carbamazepine, phenobarbitone and midazolam, even when 
the latter were tested at concentrations far above the usual therapeutic ranges. 
Other experiments in the entorhinal cortex indicated that losigamone reduced 
repetitive spike firing elicited by depolarizing current and depressed moder
ately stimulus-induced excitatory postsynaptic potentials, while monosynaptic 
fast and slow inhibitory postsynaptic potentials were unaffected (SCHMITZ 
et al. 1995). In separate experiments, losigamone has been found to decrease 
4-aminopyridine-induced epileptiform activity in rat hippocampal slices 
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(YONEKAWA et al 1995). Overall, analysis of electrophysiological effects in the 
above studies suggested that reduction in cellular excitability by losigamone 
may involve a non-synaptic or direct membrane action, possibly involving 
inhibition of Na+ or Ca2+ currents or activation of K+ currents (KOHR and 
HEINEMANN 1990b; SCHMITZ et a1. 1995). An inhibiting action of losigamone on 
voltage-dependent Ca2- currents has been demonstrated in rat dorsal root gan
glion neurons (STEIN 1995), though Ca2+ entry was unaffected when presy
naptic transmission was blocked (KOHR and HEINEMANN 1990b). A primarily 
presynaptic mode of action dependent on functional Na+ channels was 
suggested by recent experiments in cultured rat hippocampal neurons 
(JUNGCLAUS et a1. 1997). 

In contrast to the findings discussed above, other lines of evidence indi
cate that a contribution of postsynaptic actions cannot be fully excluded in 
explaining losigamone's effects. Although losigamone does not bind to 
GABA, picrotoxin or benzodiazepine receptors, an action on CI currents is 
suggested by the observation that losigamone enhanced the CI uptake in 
mouse spinal cord neurons in the absence of GABA, and potentiated the 
effects of G ABA in this model (DIMPFEL et a1. 1995). Both actions were antag
onized by tetrodotoxin and bicuculline, and it was suggested that at least part 
of the anti epileptic activity of losigamone may be mediated by stimulation of 
GABAA receptor-gated Cl- channels. Additional actions which might con
tribute to anti epileptic activity but have been observed only at high con
centrations of losigamone (>100 pM) include inhibition of glutamate and 
aspartate release from mouse cortex (SRINIVASAN et a1.1995) and partial block
ade of adenosine uptake into mouse brain synaptosomes (STEIN 1995). 

3. Other Pharmacological Effects and Toxicology Data 

At non-toxic doses, losigamone has been found to possess anxiolytic, antide
pressant and memory enhancing effects in animal models (WILLMAR-SCHWABE, 
data on file). At dosages up to 25 or 50mg/kg, losigamone does not affect car
diovascular function, body temperature and motility in rodents adversely. 
A change in motility pattern and slight sedation may be observed at lOOmg/kg 
(STEIN 1995). In toxicity studies, the no-effect dosages were 15-20 mg/kg 
and <5 mg/kg with 4-week and 26-week dosing respectively in rats, and 200-
100mg/kg and 30mg/kg with 4-week and 26-week dosing respectively in dogs 
(STEIN 1995). Mutagenicity tests were negative. Teratogenicity tests showed no 
evidence of altered foetal development, apart from reduced body weight and 
minor retardation of ossification at the highest dose (400mg/kg) in rats and 
occasional, possibly non-drug-related. skeletal variations at 60 and 100mg/kg 
in rabbits (STEIN 1995). 

III. Pharmacokinetics 

Unless specified otherwise, pharmacokinetic studies were conducted by using 
non-enantioselective assays. In healthy volunteers. losigamone displays linear 
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kinetics after single oral doses ranging from 100 to 700 mg, and after multiple 
doses up to 600mg t.i.d. for 28 days (STEIN et al.1995; BIBER and DIENEL 1996). 
Absorption from the gastrointestinal tract is rapid, with peak plasma concen
trations usually being observed after 2-3h. Losigamone is approximately 60% 
bound to plasma proteins (STEIN et al. 1991) and has an apparent volume of 
distribution (Vd/F) of about 1.51/kg (STEIN et al. 1995). In patients who took 
losigamone for up to 5-14h before undergoing epilepsy surgery, the concen
tration of the drug in the brain has been found to be on average 30% higher 
than in plasma, and more than 3 times higher than in the CSP (WILLMAR
SCHWABE, data on file). 

The mean apparent oral clearance (CLIP) of losigamone after single doses 
in healthy volunteers is about 300-400mllmin, while the half-life and mean 
residence time average around 4 and 7 h respectively. There are, however, 
important differences between the enantiomers. After a single 100mg oral 
dose of the individual isomers, the apparent oral clearance of the (-)
enantiomer is more than 10 times greater than that of the (+ )-enantiomer 
(1863 vs. 171 mllmin), and the half-life of the (-)-enantiomer is also shorter 
(2.2 vs. 4.8h) (BIBER, personal communication). A slight increase in clearance 
of the racemate without change in its half-life has been described after multi
ple doses (BIBER and DIENEL 1996). Pharmacodynamic studies in healthy vol
unteers based on the recording of auditory evoked potentials suggest that the 
duration of effect may be longer than anticipated from the drug's kinetics in 
plasma (SCHAFFLER et al. 1996). 

Less than 1 % of an administered dose of losigamone is excreted 
unchanged in the urine, and about 15% is excreted as a glucuronide conju
gate. A conjugate also accounts for 11 %-32% of the total concentration of the 
drug in serum (WAD and KRAER 1997). Losigamone is eliminated primarily by 
oxidative biotransformation, and the (-)-enantiomer undergoes more exten
sive first-pass metabolism than the other isomer. Of five biotransformation 
products obtained from studies with human liver microsomes, metabolites Ml 
and Ms were identified as phenolic analogues, with Ms probably correspond
ing to 5'-hydroxy-(±)-losigamone (TORCHIN et al. 1995). Metabolites M3 and 
M4 were considered to be precursors of Ms, whereas M2 was probably a non
phenolic substance. These studies confirmed that the drug's metabolism is 
stereoselective, with Ml being primarily produced from the (+ )-isomer and M3, 
M4 and Ms being formed preferentially from the (-)-isomer. Interestingly, the 
formation of Ml from the (+ )-losigamone in vitro is markedly inhibited by (-)
losigamone. Cytochrome CYP2A6 appears to be the main isoenzyme involved 
in the metabolism of both isomers. 

IV. Drug Interactions 

The pharmacokinetics of losigamone are affected by concomitant anti
convulsants. In particular, carbamazepine and phenytoin accelerate the elim
ination of losigamone, resulting in mean CLIP values slightly in excess of 
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500-600mllmin and mean half-lives of the order of 3.8h (KRAMER et a1.1995a, 
1996; DIENEL and BIBER 1996). Compared to non-induced volunteers, plasma 
losigamone levels in phenytoin or carbamazepine-comedicated patients are 
reduced by about one-third. Other inducing agents such as the barbiturates 
are also likely to accelerate losigamone elimination. On the other hand, val
proic acid (KRAMER et a1. 1995b) and lamotrigine (DIENEL and BIBER 1996) 
have been reported not to affect losigamone pharmacokinetics. 

At dosages up to 1800mg/day for up to 28 days in healthy volunteers, losig
amone does not stimulate the metabolism of antipyrine and caffeine (BIBER 
and DIENEL 1996). However, losigamone (1000mg daily) may reduce the 
plasma concentration of valproic acid slightly, possibly by inducing its metab
olism (KRAMER et a1. 1995b, 1996). In studies conducted in healthy volunteers 
and epileptic patients, losigamone did not affect the serum concentration of 
phenytoin, carbamazepine, carbamazepine-lO,l1-epoxide and lamotrigine 
(KRAMER et al. 1995a; STEIN 1995; RUNGE et al. 1996a,b). 

v. Antiepileptic Efficacy and Adverse Effects 

In 2 small pilot open add-on studies in patients with refractory partial epilepsy, 
5 out of 9 (STEIN 1995) and 6 out of 20 patients (RUNGE et al. 1996) reported 
a >50% reduction in seizure frequency after treatment for 6 and 24months 
respectively. The optimal dosage based on these preliminary data was about 
1500mg/day in three divided doses, and there was evidence that tolerability 
decreased at higher dosages (STEIN 1995). A multicenter placebo-controlled 
add-on randomized trial at a dosage of 500 mg t.i.d. in 203 patients with partial 
epilepsy has been completed (ELGER et al. 1996). Evidence of superiority over 
placebo was obtained, with a median seizure reduction of 15% in the losiga
mone group compared with 7% in the placebo group (p < 0.005). 

The most common adverse events recorded during losigamone treatment 
are dizziness and fatigue. Other possible side effects include headache, seda
tion, diplopia, ataxia, dysarthria, restlessness, nausea, vomiting and palpitations 
(STEIN 1995; BIBER and DIENEL 1996; RUNGE et al. 1996). In healthy volunteers, 
transient increases in SGOT and SGPT values have been recorded. Although 
there are also reports of elevated liver enzyme levels in chronically treated 
patients (MORRIS and WENGER 1996), none of over 400 patients taking losiga
mone dosages up to 500mg t.i.d. in add-on studies has dropped out because 
of hepatic toxicity (BIBER and DIENEL 1996). 

D. Remacemide 
Remacemide hydrochloride (AR-R 12924AA, remacemide, formerly FPL 
12924) was discovered from a screening of potential new anticonvulsants and 
neuroprotectants conducted by Fisons (currently Astra Charnwood) in con
junction with the Antiepileptic Drug Development Program of the National 
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Fig. 3. Molecular structure of remacemide hydrochloride 

Institutes of Health in Bethesda (CLARK et al. 1995). Remacemide has under
gone extensive preclinical testing and is currently in late phase 2 development. 

I. Chemistry 

Remacemide or (±)2-amino-N-(1-methyl-l,2-diphenylethyl)-acetamide mono
hydrochloride (Fig. 3), the anhydrous salt of a base with a pKa of 8.0, is a white 
crystalline powder, readily soluble in water (40 gil). It has a molecular weight 
of 304.82 and a melting point of 260°C. Both the clinically used drug and its 
desglycinyl-metabolite AR-R 12495 are racemic mixtures of two enantiomers. 
Remacemide and AR-R 12495 can be measured in body fluids by HPLC with 
UV detection at 210nm (FLYNN et al. 1992; WILSON et al. 1992). 

II. Pharmacodynamics 

1. Anticonvulsant Activity in Animal Models 

Remacemide and its desglycinyl metabolite exhibit anticonvulsant potency in 
a number of pharmacological models, including the maximum electroshock 
seizure test, audiogenic seizures, seizures induced by NMDA, kainic acid and 
4-aminopyridine in mice (STAGNITTO et al. 1990; GARSKE et al. 1991; PALMER et 
al. 1991, 1992a,b; 1993; CLARK et al. 1995), and experimental status epilepticus 
induced by injection of homocysteine thiolactone in rats with a cortical cobalt 
focus (WALTON et al. 1996). The drug shows no significant protective activity 
against a variety of other chemical convulsants, including pentylenetetrazole, 
picrotoxin, bicuculline and strychnine. Although remacemide failed to prevent 
kindled seizures induced by subthreshold bicorneal stimulation in rats 
(GARSKE et al. 1991; PALMER et al. 1992a), mOre recent work indicated sup
pressive activity against kindled seizures following rapid hippocampal stimu
lation in the same species (CLARK et al. 1995). In the maximum electroshock 
seizure test, no evidence of tolerance could be demonstrated after repeated 
daily dosing in rats (GARSKE et al. 1991). In mice, however, some attenuation 
of the anticonvulsant effect developed over time. 

Since both remacemide and the desglycinyl metabolite are racemic mix
tures, the pharmacological properties of the individual enantiomers have been 
investigated (GARSKE et al. 1991; PALMER et al. 1991). Some differences have 
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Table 2. Potency of remacemide (RMC) and its desglycinyl metabolite (D-RMC) in 
various models for anticonvulsant activity. Unless specified otherwise, all tests were 
performed in mice. (Data derived from CLARK et al 1995) 

Model 

MES test (mouse) 
MES test (rat) 
NMDA-induced convulsions 
NMDA-induced mortality 
Kainate-induced convulsions 
Kainate-induced mortality 
4-Aminopyridine-induced seizures 
Audiogenic seizures 

RMC 

ED51i (mg/kg) 
p.o. i.p. 

48 
21.5 

21.5 
12.2 
57 
32 
60 
28 
18.3 
19.6 

D-RMC 

EDs() (mg/kg) 
p.o. i.p. 

40 
9.8 

17.1 
4.0 

32 
l7 
Inactive 
Inactive 
17.8 
11.9 

been detected, with the S-enantiomers being slightly more potent than the 
R-enantiomers, or the racemates, both in protecting against maximum 
electroshock seizures and in producing neurotoxic impairment (PALMER et al. 
1991). These differences, however, were considered insignificant in biological 
terms. 

The desglycinyl metabolite is more potent than the parent drug in some 
models but less active in others (Table 2), suggesting that its mechanisms of 
action do not overlap fully with those of the unchanged compound. Although 
in most tests the desglycinyl metabolite is more potent than remacemide, it is 
also more toxic. In particular, after oral administration in mice the protective 
index (TDso for neurotoxicity in the inverted screen test/ED,,) in the maximum 
electroshock seizure test) was 2.4 for the desglycinyl metabolite and 7.7 for 
remacemide (PALMER et al. 1991). In rats, the protective index (TDso for neu
rotoxicity in the gangplank escape test/EDsll in the maximum electroshock 
seizure test) by the oral route was 15.5 for the desglycinyl metabolite and 39.6 
for remacemide (GARSKE et al. 1991). These findings justified selection of the 
parent drug rather than its desglycinyl metabolite for clinical development. 

2. Mechanism of Action 

The primary mechanisms of action of remacemide appear to involve blockade 
of voltage-dependent Na+ channels and non-competitive antagonism of 
NMDA receptors. An action on Na+ channels is suggested by remacemide
induced inhibition of sustained repetitive firing in cultured neurons (CHEUNG 
et al. 1992; WAMIL et al. 1996). Tn this model, the desglycinyl metabolite shows 
an ICso value of 0.8-1.2.uM. and is 10 times more potent than the parent drug 
(ICso 8.uM). However. it is of interest that in cell cultures the activity of the 
parent drug. unlike that of the metabolite. increases with time (WAMIL et al. 
1996). An action on Na+ channels is also suggested by a moderate affinity of 
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both compounds for the batrachotoxin binding site, with Kd values of 15.6.uM 
for remacemide and 7.9.uM for the desglycinyl metabolite. 

The desglycinyl metabolite is also more potent than remacemide as an 
antagonist at the NMDA subtype of the glutamate receptor (PALMER et al. 
1993; CLARK et al. 1995; WAMIL et al. 1996). The ICso value for inhibition of 
MK-801 binding is 0.48.uM for the desglycinyl metabolite, compared with 
68.uM for the parent drug. In line with these observations, the isomers of the 
desglycinyl metabolite inhibited NMDA-induced currents in cultured neu
rones with an ICso of 0.6-4.0.uM, whereas ICso values for the remacemide 
isomers were in the range of 67-75.uM. In vivo, the difference in potency 
between remacemide and the desglycinyl metabolite in inhibiting NMDA
induced seizures and mortality are less marked (Table 2), presumably because 
in vitro the metabolite contributes to the effects of the parent drug. 

In a neurochemical study in rats, 5-day treatment with remacemide,(up to 
75mg/kg intraperitoneally) was associated with increased brain GABA 
transaminase activity and decreased glutamate decarboxylase activity (LEACH 
et al. 1996a; SILLS et al. 1996). The brain GABA content was not affected, but 
glutamate levels were reduced to 75% of control values. Whether the above 
effects are related to Na+ channel blockade, NMDA antagonism or some other 
mechanism is unclear, but the reduction in glutamate levels may contribute 
to anticonvulsant activity. Apart from the desglycinyl metabolite, minor 
biotransformation products of remacemide retain some degree of activity 
(PALMER et al. 1992a, 1993; CLARK et al. 1995). These include a p-hydroxy
desglycinyl metabolite (AR-R 14331), which has affinity for the NMDA recep
tor, and an N-hydroxy-desglycinyl metabolite, which shows anticonvulsant 
potency comparable to the parent drug. Most of the other identified metabo
lism show no appreciable pharmacological activity (PALMER et al. 1992a). 

3. Other Pharmacological Effects and Toxicology Data 

Remacemide prolonged the survival time in mice exposed to an hypoxia envi
ronment (PALMER et al. 1991) and protected against neuronal damage in 
rodents, cats and dogs subjected to global or focal cerebral ischaemia (PALMER 
et al. 1991; BANNAN et al. 1994; JAMIESON 1995). These effects are likely to be 
mediated by NMDA receptor antagonism and inhibition of excitotoxicity. 

In two animal models of Parkinson's disease (the monoamine-depleted 
rat and the MPTP-Iesioned rhesus monkey), remacemide provided adjunctive 
benefit with L-DOPA in alleviating Parkinsonian signs (GREENAMYRE et al. 
1994). Based on these data, exploratory trials in patients with Parkinson's 
disease are going on. 

In animal models, remacemide differs from other more potent non
competitive NMDA receptor antagonists in that it has less potential for induc
ing adverse behavioural effects. In particular, remacemide given to rats at oral 
doses up to 30 times the ED so in the maximum electroshock seizure test failed 
to produce a phencyclidine-like behaviour in an open-field test (PALMER et al. 
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1993). Moreover, remacemide did not substitute for phencyclidine in rats 
trained to discriminate phencyclidine in a lever-pressing task. Unlike phency
clidine and MK-801, remacemide failed to facilitate reward self-stimulation in 
rats with chronic electrode implants in the median forebrain bundle (CLARK 
et al. 1995). 

In toxicological studies in rodents, high doses of remacemide (>400 mg/kg) 
produce excitatory central nervous system effects such as tremors, ataxia and 
seizures. Dogs are more sensitive to such effects, possibly because they show 
much higher plasma levels of the desglycinyl metabolite than other species 
(CLARK et al. 1995). In rats, large acute doses of remacemide (>160mg subcu
taneously) cause neuronal vacuolation in various brain regions, an effect 
known with other NMDA antagonists (OLNEY et al. 1989). Such an effect, 
however, has been considered an acute and transient phenomenon unlikely to 
be relevant to human safety, being related particularly to desglycinyl metabo
lite concentrations which are much higher than those observed clinically 
(CLARK et al. 1995). 

Remacemide causes vomiting in dogs and monkeys, and minor gastritis 
has been seen in rats dosed with 200-350mg/kg per day. The drug showed no 
evidence of genotoxicity in a variety of tests, and teratogenicity studies in rats 
and rabbits were also negative (CLARK et al. 1995). 

III. Pharmacokinetics 

Although remacemide and its desglycinyl metabolite are racemic mixtures, 
pharmacokinetic parameters have been reported only for the racemates. 
Preliminary evidence, however, indicates that pharmacokinetic differences 
between the enantiomers are less than twofold (PALMER et al. 1992a; JAMIESON 
1995). The lack of major pharmacodynamic differences between the enan
tiomers means that kinetic parameters calculated for the racemate are bio
logically relevant. 

After single oral doses up to 500 mg in healthy volunteers, remacemide 
shows linear kinetics (PALMER et al. 1993; CLARK et al. 1995). Its absorption 
from the gastrointestinal tract is rapid and peak plasma concentrations are 
observed within 1-2 h for the parent drug and 4-6 h for the desgJycinyl metabo
lite (CLARK et al. 1995). Concomitant ingestion of food does not affect the 
extent of absorption, but it may delay the time to peak concentration (PALMER 
et al. 1993). 

In healthy subjects who received a single intravenous dose, remacemide 
shows a volume of distribution of 5-61/kg (CLARK et al. 1995). which indicates 
extensive penetration into tissues. Remacemide is about 75% bound to plasma 
proteins, while the desglycinyl metabolite is about 90% protein-bound. 
Remacemide concentrations in the CSF are similar to its unbound plasma con
centrations (LINDSTROM et al. 1996). 

In healthy volunteers, remacemide is eliminated from plasma with a 
half-life of 3-4 h, whereas the half-life of the desglycinyl metabolite is about 
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12-18h. After intravenous dosing, the plasma clearance of remacemide is 
about 13ml/min/kg (PALMER et al. 1992a; CLARK et al. 1995). In healthy sub
jects treated with doses up to 400mg twice daily for up to 28 days, the steady
state pharmacokinetics are linear and predictable from the single-dose data. 
In subjects given 300mg twice daily, peak and trough levels of the desglycinyl 
metabolite averaged 143ng/ml and 89ng/ml respectively, compared with 
1069ng/ml and 124ng/ml respectively for the parent drug (CLARK et al.1995). 
In a multiple ascending dose study (up to 150mg q.i.d) in 12 volunteers aged 
60-71 years, remacemide kinetics were similar to those seen in younger sub
jects. The half-life of the desglycinyl metabolite was slightly longer than that 
recorded in young volunteers (19-21h vs.13-17h), but peak steady-state con
centrations of this metabolite were similar (ASTRA CHARNWOOD, data on file). 

Only negligible amounts «1 %) of orally administered remacemide are 
excreted unchanged in urine. As discussed above, an important metabolic 
pathway involves the drug's conversion to the active desglycinyl metabolite, a 
reaction catalysed by aminopeptidases in hepatic and extrahepatic tissues. 
Additional biotransformation routes include oxidation by cytochrome P450 
mixed function oxidases in the liver, and glucuronidation to a carbamoyl glu
curonide (CLARK et al. 1995). 

IV. Drug Interactions 

Remacemide metabolism is enhanced by concurrent treatment with enzyme
inducing anticonvulsants such as carbamazepine and phenytoin. In patients 
receiving these drugs, the remacemide AVC in plasma is reduced by up to 50% 
compared with values recorded in healthy subjects (SCHEYER et al. 1992; CLARK 
et al. 1995; LEACH et al. 1995, 1996b). The metabolism of the desglycinyl 
metabolite is also probably stimulated by enzyme-inducing anticonvulsants, as 
indicated by the fact that its AVC and half-life are decreased by 70%-80%, 
and by 40% respectively compared with values in healthy volunteers. On the 
other hand, concomitant treatment with valproate has no major effects on the 
kinetics of remacemide and its desglycinyl metabolite (ASTRA CHARNWOOD, 
data on file). 

When remacemide is added to pre-existing carbamazepine therapy, 
plasma carbamazepine concentrations may increase. In one study in which 
add-on remacemide was given at a dosage of 300mg q.i.d., carbamazepine 
plasma concentrations increased by 28% on the average (range -27% to 98%), 
while the levels of carbamazepine-lO,ll-epoxide showed no consistent change 
(LEACH et al. 1995, 1996b; RILEY et aI, 1996). In some cases, an increase in 
plasma phenytoin levels has also been observed (CLARK et al. 1995; RILEY 
et aI, 1996), while plasma valproic acid levels are generally unaffected by 
remacemide. These interactions are likely to be explained by the ability of 
remacemide to inhibit to some extent the activity of cytochromes CYP3A4 
and CYP2C9, which are known to be involved in the metabolism of carba
mazepine and phenytoin respectively (RILEY et al. 1996). Compared with 
remacemide, the desglycinyl metabolite is a weaker inhibitor of CYP3A4 and 
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CYP2C9, but a more potent inhibitor of CYP2D6 (Ki = 4 pM), an observation 
whose clinical significance remains to be determined (RILEY et al. 1996). In a 
single-dose double-blind study in 30 healthy subjects, coadministration of 
remacemide 300mg did not aggravate the psychomotor impairment caused by 
0.7g/kg alcohol (LOCKTON et al. 1996). 

v. Antiepileptic Efficacy and Adverse Effects 

In a double-blind add-on cross-over trial in 28 patients with refractory 
epilepsy, mostly with partial seizures (CRAWFORD et al. 1992), the median 
seizure frequency in the 22 patients completing the trial was 6/month on 
remacemide (150mg q.i.d) and 9/month on placebo (p < 0.05). Compared with 
the baseline value, a >50% reduction in seizure frequency was observed in 
32% of patients on remacemide compared with 9% of those on placebo, but 
interpretation of these findings is complicated by a modest rise in plasma car
bamazepine levels in the active treatment period. Two other double-blind 
placebo-controlled add-on trials, using a parallel-group design, have assessed 
the efficacy and safety of 3-months treatment with remacemide in patients 
with refractory partial seizures (BIALER et al. 1996; JONES et al. 1996). In one 
study, patients received doses of 300, 600 and 1200mg daily in a q.i.d. regimen, 
while the other study tested doses of 300, 600 and 800mg daily in a b.i.d. 
regimen. Changes in plasma levels of concomitantly administered carba
mazepine and phenytoin were minimized by adjusting the dosage of any 
comedication. In the q.i.d. study, a significant (p = 0.038) difference in respon
der rate (proportion of patients who experienced at least a 50% reduction in 
seizure frequency) was observed between remacemide 1200mg daily (23%) 
and placebo (7%). In the other study, there was a trend towards a greater 
responder rate with remacemide 400mg b.i.d. (31 %), as compared with 
placebo (15%). Although this difference failed to reach statistical significance 
when the treatment groups were compared overall, remacemide 400mg b.i.d. 
was superior to placebo in a pairwise comparison (p = 0.043). 

The most common adverse effects encountered with remacemide used 
alone included dizziness, ataxia, somnolence, abdominal pain, dyspepsia, 
nausea, vomiting and fatigue. Common adverse events in patients receiving a 
combination of remacemide and carbamazepine or phenytoin also included 
visual disturbances (diplopia, vision abnormal), amnesia, confusion. nervous
ness, irritability, impaired concentration and emotional lability. These 
unwanted effects were generally mild to moderate in severity (ASTRA 
CHARNWOOD, data on file). 

E. Rufinamide 
Rufinamide (CGP 33101) or 1-(2,6-diftuorobenzyl)-IH-I,2,3-triazole-4-
carboxamide is a novel anticonvulsant discovered by Novartis and is currently 
in phase III development. 
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I. Pharmacodynamics 

In rodent models of epilepsy, rufinamide is particularly effective in inhibiting 
maximum electroshock-induced tonic-clonic seizures (oral EDso, 5-17 mglkg) , 
while its potency in antagonizing clonic seizures induced by pentylenetetra
zole, bicuculline or picrotoxin is lower. Rufinamide has also been found effec
tive in delaying kindling development and suppressing afterdischarges in 
amygdala-kindled cats, and in reducing seizure frequency in rhesus monkeys 
with chronic alumina foci in the motor cortex. Hippocampal and cortical after
discharges induced by electrical stimulation in non-kindled cats are also inhib
ited by rufinamide. The protective index is generally higher than that of most 
common anticonvulsants (SCHMUTZ et al. 1993; NOVARTIS, data on file). 

The primary mode of action of rufinamide is likely to involve inhibition 
of spread of seizure activity through blockade of voltage-dependent Na+ chan
nels (SCHMUTZ et al. 1993). In binding studies, rufinamide does not interact 
directly with a variety of neurotransmitter systems, including those involving 
GABA, acetylcholine, monoamines, NMDA and other excitatory amino acids 
(NOVARTIS, data on file). 

II. Pharmacokinetics and Drug Interactions 

When rufinamide is administered in tablet form, its peak plasma levels are 
usually achieved within 1.5-3h at doses up to 150mg and within 5-6h at higher 
doses (CHEUNG et al. 1995; BIALER et al. 1996; NOVARTIS, data on file). The 
extent of the drug's absorption is about 50% when it is taken on an empty 
stomach but increases to about 70% when it is ingested with food (WALDMEIER 
et al. 1996). Plasma rufinamide concentrations increase less than proportion
ally with increasing dosages, probably due to capacity-limited absorption 
(BIALER et al. 1996). Using 400mg bj.d as a reference, doubling the dose to 
800mg bj.d. increased the amount of systemically available drug by only 73% 
instead of 100% as expected from dose-proportionality considerations 
(N OVARTIS, data on file). Rufinamide is about 34 % bound to plasma proteins, 
mainly albumin. Less than 2 % of an orally administered dose is excreted 
unchanged in urine. Rufinamide is extensively metabolized, primarily through 
hydrolysis of the carboxylamide group, and the main product found in urine 
is the inactive carboxylic acid derivative CGP 47292 (WALDMEIER et al. 1996). 
Although a few other minor metabolites are produced, cytochrome P450 
(CYP450) isoenzymes do not appear to play an important role in rufinamide 
biotransformation (BIALER et al. 1996). The half-life of rufinamide is about 
8-12h (mean 9.5h) in healthy volunteers, but it may be shortened to an 
average of about 6 and 7 h in patients comedicated with phenytoin or carba
mazepine, and slightly prolonged to an average of 10.5 h in patients comed
icated with valproic acid; N OVARTIS, data on file). In a study which assessed its 
population kinetics, rufinamide clearance was found to be increased by about 
20% in patients receiving phenytoin and primidone, reduced by about 20% in 
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patients taking valproic acid, and unaffected in patients comedicated with phe
nobarbitone, carbamazepine, oxcarbazepine and vigabatrin (NOVARTIS, data on 
file). Rufinamide is devoid of inhibitory effects on a variety of CYP450 drug 
metabolizing enzymes (KAPEGHIAN et a1. 1996). Preliminary observations 
suggest that plasma levels of associated anticonvulsants are not modified by 
rufinamide (BIALER et a1. 1996). 

III. Antiepileptic Efficacy and Adverse Effects 

A parallel-group double-blind placebo-controlled add-on trial compared 
rufinamide dosages of 200, 400, 800 and 1600mg/day in patients with refrac
tory partial epilepsy (BlALER et a1. 1996). The mean seizure frequency on the 
combined active doses (400, 800 and 1600mg/day) was approximately 15% 
lower than when the patients received placebo. 

Single doses of the drug up to 1200mg and multiple doses up to 
2400mg/day appear to be well tolerated in patients with epilepsy. In the 
double-blind trial discussed above, the most common adverse events in 
patients who received rufinamide included headache (26%). fatigue (19%), 
dizziness (14%), viral infection (11 %). nausea (8%) and diplopia (7%). 
Patients receiving placebo, however, exhibited a similar side effect profile, 
except for slightly lower frequencies of dizziness (10%), somnolence (4 %) and 
diplopia (3%). 

F. Stiripentol 

Stiripentol is an allylic alcohol selected for development from related com
pounds because of its anticonvulsant properties. The drug has been used clin
ically for about 20 years, but demonstration of its anti epileptic effects in the 
clinical setting has been hampered by prominent pharmacokinetic interactions 
with concomitantly administered anticonvulsants (BEBIN et a1. 1994). 

I. Chemistry 

Stiripentol is 4,4-dimethyl-I-[ (3,4 methylenedioxy)phenyl]-1-penten-3-01 (Fig. 
4). It exists in two enantiomeric forms and has a molecular weight of 234. 
Stiripentol is soluble in ethanol and acetone, virtually insoluble in water, and 
its concentration in body fluids can be determined by HPLC with UV detec
tion at 254 nm (LIN and LEVY 1983). 

II. Pharmacodynamics 

1. Anticonvulsant Activity in Animal Models 

Stiripentol exhibits broad spectrum anticonvulsant activity in animal models. 
In rodents, the drug is effective against seizures induced by electrical stimula-
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Fig. 4. Molecular structure of stiripentol 

tion (maximum electroshock seizures) and chemical convulsants such as 
pentylenetetrazole and bicuculline, though it is only weakly active against con
vulsions induced by strychnine (ASTOIN et al.1978; POISSON et al.1984; LOISEAU 
and DUCHE 1995). After intraperitoneal dosing, the EDso is approximately 
240mg/kg in the maximum electroshock seizure test in rats and 200mg/kg in 
the pentylenetetrazole test in mice (POISSON et al. 1984). In protecting against 
pentylenetetnazole-induced seizures, the (+ )-enantiomer is 2.4 times more 
potent than the (-)-enantiomer (SHEN et al. 1992). During repeated dosing, 
some tolerance to the anticonvulsant activity develops but the animals also 
become more resistant to neurotoxicity and the protective index remains sub
stantially unchanged (LOISEAU and DUCHE 1995). At intraperitoneal dosages 
ranging between 125 and 500mg/kg, stiripentol suppressed spike-and-wave 
discharges in a genetic model of petit mal epilepsy in Wistar rats (MICHELETTI 
et al. 1988). In an alumina-gel rhesus monkey model of focal epilepsy, stiripen
tol reduced the frequency of interictal EEG spike discharges and showed 
an activity similar to valproate in delaying seizures activated by a 4-
deoxypiridine challenge (LOCKARD et al. 1985; LOISEAU and DUCHE 1995). 

2. Mechanism of Action 

Stiripentol has no affinity for GABAA, GABAB , glycinergic or benzodiazepine 
receptors, but it inhibits the synaptosomal uptake of glycine and GABA at 
concentrations compatible with its pharmacological activity (POISSON et al. 
1984; LOISEAU and DUCHE 1995). In addition, stiripentol may enhance the 
activity of ,B-hydroxybutyrate dehydrogenase and inhibit GABA-transaminase 
in rat brain (WEGMAN et al. 1978), which may explain the increased brain 
GABA levels observed at 30min after intraperitoneal administration of a 
300mg/kg dose (LOISEAU and DUCHE 1995). A GABA-mediated mode of 
action is also suggested by the finding that 3H -stiripentol shows a distribution 
similar to that of endogenous GABA in rat brain (WEGMAN et al.1979). Studies 
of the action of stiripentol on excitatory neurotransmission and ion channel 
conductance do not appear to have been performed, and therefore alternative 
or additional modes of action cannot be excluded. 

3. Other Pharmacological Effects and Toxicology Data 

In standard animal models, stiripentol showed no significant pharmacological 
actions outside the central nervous system, and results of acute and chronic 
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toxicity studies were unremarkable (LOISEAU and DUCHE 1995). Stiripentol is 
devoid of mutagenic activity in the Ames test using Salmonella typhimurium 
and in the micronucleus test in the mouse. No evidence of teratogenicity was 
observed at doses up to 800mg/kg/day in mice and rabbits. 

III. Pharmacokinetics 

Virtually all pharmacokinetic information for the drug in humans was 
obtained using non-enantioselective assays. This represents an important lim
itation in view of the evidence that in a rat model the two enantiomers differ 
both in anticonvulsant potency and in kinetic behaviour (SHEN et al. 1992). 

After single 300-1200 mg oral doses in healthy subjects, stiripentol is 
absorbed rapidly from the gastrointestinal tract, peak plasma concentrations 
being usually achieved within 2 h (LEVY et al. 1983). The drug's absorption may 
be critically dependent on the formulation used, as indicated by the fact 
that intake of a single dose as a solution resulted in a bioavailability of only 
21 ± 9%, as compared with the powder form. This was tentatively ascribed to 
precipitation of drug crystals in the aqueous environment of the gastroin
testinal tract. 

Stiripentol is 99% bound to plasma proteins (LEVY et al. 1983). After intra
venous injection of the 3H-Iabelled drug in rats, the highest radioactivity at 
30min was found in liver and kidneys (PIERI et al. 1982). In the central nervous 
system, the maximal radioactivity was detected in the cerebellum. Elimination 
after single oral doses in healthy volunteers appears to be multiphasic and 
non-linear, with a mean residence time of 4h and an oral clearance of 1.3-
1.8l!h/kg (LEVY et al. 1983). In healthy subjects given a single 300 mg dose fol
lowed by 1200mg/day in four divided doses for 1 week, the drug's clearance 
decreased eightfold during the multiple dosing, suggesting that its elimination 
is capacity limited (LEVY et al. 1983). Studies in healthy subjects at dosages up 
to 1800mg/day and in epileptic patients at dosages up to 2400mg/day 
confirmed that the elimination of stiripentol follows Michaelis-Menten 
kinetics (LEVY et al. 1984a,b). In agreement with this kinetic behaviour, 
steady-state serum concentrations of the drug increase non-linearly with 
increasing dosage (LEVY et al. 1984a. 1987a). In one study in epileptic patients 
receiving concomitant anticonvulsants, the steady-state concentration of 
stiripentol increased by 253% following a dosage increment from 600 to 1200 
mg/day, and further doubling of the dose to 2400mg/day caused an almost 
400% rise in serum concentration (LEVY et al. 1984b). The apparent oral 
clearance decreased from 1.7l!h/kg at 600 mg/day to 0.35I!h/kg at 2400 mg/ 
day; these values, in any case, are much higher than those observed in healthy 
subjects, due to stimulation of stiripentol elimination by enzyme-inducing 
anticonvulsants (see below). In a group of paediatric patients. the oral clear
ance of stiripentol was on the average lower than that observed in a group of 
adult patients on poly therapy receiving equivalent dosages, (FARWELL et al. 
1993). 
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The non-linear kinetics of stiripentol appears to be due to saturation of 
the enzyme systems responsible for its metabolism. In fact, only trace amounts 
of the drug are excreted unchanged in urine. Five distinct metabolic pathways 
have been identified, those most important quantitatively being conjugation 
with glucuronic acid (20%-30% of the dose), opening of the methylenedioxy 
ring with formation of a dihydroxy derivative (11 %-14%), and O-methylation 
of catechol metabolites at positions 3 and 4 (17%-24%) (MORELAND et al. 
1986; LOISEAU et al.1995). The rate of formation of metabolites resulting from 
conjugation and from ring opening in the methylendioxy moiety (p-hydroxy 
and m-hydroxy-metabolites) varies with dosage, indicating that these path
ways contribute to the capacity-dependent nature of stiripentol elimination. 
Many phase I metabolites are also excreted as conjugates. Overall, renally 
excreted metabolites account for 73% of the dose, with an additional 18% of 
the dose being recovered in the faeces (MORELAND et al. 1986). 

IV. Drug Interactions 

The metabolism of stiripentol is accelerated by concomitant treatment 
with enzyme-inducing anticonvulsants. In patients comedicated with carba
mazepine, phenytoin or barbiturates, stiripentol clearance at a dosage of 
1200mg/day was three-fold higher than in healthy subjects given the same 
dosage, although interindividual variability was considerable (LEVY et al. 
1984b). Stiripentol is a potent inhibitor of oxidative drug metabolism and by 
this mechanism may increase the serum concentration of phenytoin (LEVY et 
al. 1984b; LOISEAU et al. 1995; MATHER et al. 1995), carbamazepine (LEVY et al. 
1987a,b; LOISEAU et al. 1987; KERR et al. 1991; MATHER et al. 1995), phenobar
bitone (LEVY et al. 1984b; LOISEAU et al. 1988, 1995), primidone (BEBIN et al. 
1994; LOISEAU et al. 1995) and valproic acid (LEVY et al. 1987a, 1988, 1990). 
Most of these interactions are clinically important and may require adjust
ments in the dosage of associated drugs. 

V. Efficacy and Adverse Effects 

Evaluation of the efficacy of stiripentol has been hampered by drug interac
tions, which makes blind assessment difficult. In add-on open studies, an appre
ciable proportion of patients with difficult-to-treat epilepsy has been reported 
to benefit from stiripentol (LOISEAU et al. 1995), but the data are difficult to 
interpret because of their uncontrolled nature and the possibility that 
improvement was related to a rise in the serum levels of concomitant med
ication. Both partial seizures and a variety of generalized seizures, especially 
typical and atypical absences, are said to be improved by stiripentol, usually 
at maintenance dosages of 1000-3000mg/day in adults and 20-70mg/kg/day in 
children (LOISEAU et al. 1989, 1995; FARWELL et al. 1993). 
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In some studies, seizures were suppressed even when serum levels of con
comitant drugs were kept unchanged, suggesting that stiripentol itself was 
responsible for the clinical improvement (LOISEAU et al. 1988). One double
blind placebo-controlled trial which attempted to maintain unaltered serum 
levels of comedication in 201 patients with partial seizures has been performed 
(LOISEAU et al. 1990). Although a >50% reduction in seizure rate was observed 
in 47% of patients treated with stiripentol (2000mg/day) compared with 19% 
in placebo-treated patients, the results were considered non-conclusive 
because despite dosage adjustments serum carbamazepine levels increased in 
the stiripentol group (LOISEAU et al. 1995). To circumvent the problem of drug 
interactions, in some studies an attempt has been made to discontinue comed
ication and stabilize patients on stiripentol monotherapy. However, the 
efficacy of stiripentol under these conditions was not impressive, as most 
patients showed a deterioration in seizure control (LOISEAU et al. 1995). 

As for clinical improvement, side effects may be related to the stiripentol 
itself or to interactions with other drugs. Adverse effects most commonly 
encountered in clinical trials include gastrointestinal disturbances (nausea, 
vomiting, gastric or abdominal discomfort, anorexia), insomnia and drowsi
ness. Acute psychotic reactions have been described occasionally (LOISEAU 

et al. 1995). 

G. Drugs in Early Clinical Development 

I. 534U87 

534 U87 or 4-amino-l-(2,6-difluorobenzyl)-lH -1 ,2,3-triazolo (4,5-c )-pyridine 
hydrochloride is a novel compound which is especially potent against 
maximum electroshock-induced seizures, with an oral ED so of 2-4mg/kg in 
rats, while it is inactive or far less active in chemical convulsant tests (GLAXO

WELLCOME, data on file). Its mode of action is unknown. Following adminis
tration of single 450 mg oral doses in healthy volunteers, 534U87 was absorbed 
with a median Tmax of 4 h and eliminated with a half-life of about 19 h (YAU et 
a1. 1995). In healthy subjects, single doses up to 800mg and multiple doses up 
to 300mg bj.d. for 10 days were tolerated without serious side effects. The 
adverse events most commonly encountered in these studies were headache, 
nausea, dyspepsia and dizziness or Iightheadedness. Pilot studies in epileptic 
patients are progress. 

II. Abecarnil 

Abercanil is a f3-carboline endowed with partial agonist activity at benzodi
azepine receptor sites. Abecarnil shows seizure-protecting activity in various 
models of epilepsy and, unlike conventional benzodiazepines, its repeated 
administration is associated with little or no tolerance to its anticonvulsant 
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effects (SERRA et al 1996). In early clinical studies, abecarnil has been found 
effective in suppressing the photoparoxysmal EEG response in patients with 
photosensitive epilepsy (KASTELEIJN et al. 1996). 

III. Anti-epilepsirine 

Anti-epilepsirine is a new drug under clinical development in China. At 
dosages of 150-500mg/kg per day in rats, it produces dose-dependent protec
tion against pentylenetetrazole-induced seizures, whereas even at the highest 
dosage it has no effect in amygdaloid-kindled seizures (WANG et aI, 1997). 
Promising results have been reported in preliminary controlled trials in chil
dren with primary generalized seizures. 

IV. AWD-140-190 

AWD 140-190 [4-(p-bromophenyl)-3-morpholino-1H-pyrrole-2-carboxylic 
acid methyl ester] is active against maximum electroshock seizures, audiogenic 
seizures in DBA/2 mice and corne ally and amygdala-kindled seizures in rats, 
with an overall high protective index in these models (ROSTOCK et al. 1996a, 
1997; TOBER 1996). The compound shows no protective activity against seizures 
induced chemically by pentylenetetrazole, bicuculline and strychnine. The 
mode of action probably involves blockade of use-dependent Na+ channels 
(ROSTOCK et al. 1995, 1996a). 

V. D-2916 (Soretolide) 

D-2916, N-(5-methyl-3-isoxazolyl)-2,6-dimethyl benz amide, currently known 
as sore to lide, shows in animal models an anticonvulsant profile similar to that 
of carbamazepine, being particularly potent in protecting against maximum 
electroshock-induced seizures (LEPAGE et al. 1992; GILLARDIN et al. 1993). Its 
precise mode of action is unknown. In healthy volunteers, D-2916 is absorbed 
rapidly from the gastrointestinal tract (BIOCODEX, data on file). The drug is 
about 75% bound to plasma proteins and undergoes extensive and rapid con
version by cytochromes CYPIA2 and CYP2Cl9 to the hydroxylated active 
metabolite D-3187 (LEPAGE et al. 1995; HARR et al. 1996), which is found in 
plasma at concentrations much higher than those of the parent drug. In healthy 
volunteers, the half-life of D-2916 is 3-9h, while the half-life of D3187 is of 
the order of 5-14h (BIOCODEX, data on file). In vitro, D-2916 and D-3187 has 
been found to cause inhibition of the activity of cytochrome CYP2CI9. Clini
cal trials are in progress. 

VI. D-23129 (Retigabine) 

D-23129, or N-[2-amino-4-( 4-fluorobenzylamino )-phenyl] carbamic acid ethyl 
ester, currently known as retigabine is a flupirtine derivative which is effective 
against seizures induced by maximum electroshock, pentylenetetrazole, picro-
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toxin, penicillin, kainate and intracerebroventricular NMDA, and seizures 
occurring in genetic models such as DBA/2 mice, GEPR-3 and GEPR-9 rats 
(KAPETANOVIC and RUNDFELDT 1996; ROSTOCK et aI1996b). D-23129 also shows 
remarkable potency in delaying epileptogenesis and in protecting against 
seizures in the amygdala-kindled model (KAPETANOVIC and RUNDFELDT 1996; 
TOBER et al. 1996). In 4-aminopyridine-treated rat hippocampal slices, D-23129 
fully suppresses spontaneous bursts in CAl and CAl areas, and eliminates 
afterdischarge-like trains of population spikes induced by a single electrical 
stimulation pulse without interfering with the normal evoked potential 
(YONEKAWA et al. 1995). Finally, D-23129 has been found to improve learning 
and memory in rat models of cerebral ischaemia and electroshock-induced 
amnesia (ROSTOCK et al. 1996b,c). Its primary modes of action are thought to 
involve increase in K+ conductance and enhancement of GABAergic trans
mission through stimulation of GABA synthesis and amplification of GABA
induced currents (KAPETANOVIC 1995, 1996; BIALER et al. 1996; KAPETANOVIC 
and RUNDFELDT 1996; ROSTOCK et al. 1996b). Additional possible actions may 
include inhibition of glutamergic transmission and blockade of Na+ and Ca2+ 
channels. After single oral doses ranging from 25 to 600mg in healthy subjects, 
D-23129 follows linear pharmacokinetics. Peak plasma concentrations occur 
within 2 h and the elimination half-life is about 9.5 h (ARZNEIMITTELWERK 
DRESDEN GMBH, data on file). Studies with human liver microsomes demon
strated the existence of N-glucuronide conjugates with minimal oxidative 
metabolism (BIALER et al. 1996). Clinical development is ongoing. 

VII. Dezinamide 

Dezinamide [ADD 94057, AHR-11748, 3-(triftuoromethyl) phenoxy)-l
azetidinecarboxamide] is the demethylated metabolite of ftuzinamide, a poten
tial anticonvulsant whose development was discontinued because of toxicity 
problems not observed with the metabolite. In animal models, dezinamide is 
active against seizures induced by maximum electroshock, pentylenetetrazole, 
bicuculline, picrotoxin and amygdaloid kindling (ALBERTSON and WALBY 1987; 
JOHNSON et al. 1990). Its mode of action has not been fully characterized, but 
there is unconfirmed evidence that blockade of voltage-dependent Na+ chan
nels may be involved (VICTOR 1997). 

Dezinamide is absorbed rapidly from the gastrointestinal tract, is 
about 85% bound to plasma proteins and shows a volume of distribution of 
about 111kg. It is eliminated primarily by metabolism. After single dose admin
istration to epileptic patients, the half-life is 2-5 h in smokers and 5-11 h in 
non-smokers (PLEDGER et al. 1992; PRIVITERA et al 1994; VICTOR 1997). At 
steady-state, plasma dezinamide levels are greater than predicted from single
dose kinetics and may increase disproportionately with increasing dosage, due 
to the presence of Michaelis-Menten kinetics. In a preliminary double-blind 
placebo-controlled add-on cross-over trial, 7 of 15 patients with refractory 
partial epilepsy showed a greater than 50% reduction in seizure frequency, but 
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interpretation of results was complicated by a modest increase in the plasma 
levels of phenytoin (PRIVITERA et al. 1994). Adverse events encountered in 
early clinical studies include headache, fatigue, ataxia, blurred vision, diplopia, 
dizziness, mild confusion and nausea. In addition to the interaction with pheny
toin, there is a possibility of dezinamide increasing the serum levels of 
carbamazepine-10,1l-epoxide through inhibition of epoxide hydrolase 
(VICTOR 1997). 

VIII. Ganaxolone 

Ganaxolone (CCD 1042), the 36-methyl-substituted analogue of the endoge
nous neuroactive steroid 3 A-hydroxy-5 A-pregnan-20-one, is a stereoselective 
high-affinity positive modulator of the GABAA receptor. In animal models, 
ganaxolone shows potent activity against seizures induced by pentylenetetra
zole, bicuculline, aminophylline and corneal kindling, while it is less potent 
against maximum electroshock-induced seizures (KOKATE et al. 1996; CARTER 
et al. 1997). When ganaxolone is administered after a high-fat meal in 
healthy volunteers, plasma drug concentrations reach a peak within 1-3 h 
and thereafter decline biexponentially, with a terminal half-life of 37-70h 
(MONAGHAM et al. 1997). In healthy volunteers given doses up to 500mg t.i.d. 
for up to 14 days, the most commonly observed adverse events were sedation, 
dizziness, headache, gastrointestinal disturbances, fatigue, unsteady gait and 
impaired concentration (MONAGHAM et al. 1996, 1997). Interestingly, side 
effects were twice as common in females as in males despite similar plasma 
drug levels in the two genders. In a small preliminary trial in paediatric patients 
given dosages up to 12mg/kg t.i.d., adverse events included somnolence, sleep 
disturbances, nervousness, constipation and, in one case, disturbed behaviour 
and cognition. No apparent changes in the plasma levels of concurrent anti
convulsants were seen in this preliminary study (LECHTENBERG et al. 1996). 

IX. Isobutyl-GABA (Pregabalin) 

S-( + )-3-Isobutyl-GABA or pregabalin, or (S)-3-( aminomethyl)-5-
methylhexanoic acid (PD144723, CI-1008) is an orally active structural 
analogue of both GABA and gabapentin. In animal models, S-( + )-3-isobutyl
GABA is more potent than gabapentin in protecting against electrically 
induced seizures (TAYLOR et al. 1993). Since the R-( - )-isomer is much less 
active in seizure models, its mode of action must involve a stereoselective 
mechanism, possibly related to its ability to displace gabapentin from a high
affinity binding site in the brain which has been recently associated with the 
subunit of a voltage-dependent L-type Ca2+ channel (GEE et al 1996). 
Isobutyl-GABA has also been found to activate L-glutamic acid decarboxy
lase, but this effects occurs at concentrations greater than those required to 
produce anticonvulsant effects in vivo (YUEN et al. 1994). The drug is currently 
in phase I clinical development. 
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X. LY300164 

LY300164 [GIKY 53773; (R)-7 -acetyl-5-( 4-aminophenyl)-8,9-dihydro-8-
methyl-7 H-1 ,3-dioxolo( 4,5-h) (2,3) benzodiazepine) is an orally active non
competitive antagonist at AMPA receptor sites. Since the opposite isomer 
(LY30016S) is devoid of antagonistic activity, interaction with the AMPA 
receptor is enantioselective. Although LY300164 does possess a benzodi
azepine structure, its affinity for benzodiazepine receptors is very weak and is 
not considered important in mediating its pharmacological effects. In experi
ments in vitro, LY300164 attenuates excitatory neurotransmission in rat cortex 
and hippocampus, and protects hippocampal neurons from degeneration 
induced by excessive AMPA receptor activation. In vivo, LY300164 inhibits 
firing rates induced by AMPA (but not NMDA) in rat spinal cord neurons, 
and protects rodents against seizures induced by maximum electroshock, 
pentylenetetrazole and other chemoconvulsants (ELI LILLY Co., data on file). 

After single oral doses, peak plasma concentrations of LY300164 are 
achieved within 2.S h. About 75% of the drug in plasma is protein bound. Non
linear kinetics, with a more than proportional increase in AUC and Cmax with 
increasing dosages, have been observed after single and multiple doses in 
healthy volunteers (Ell LILLY Co., data on file). Pharmacokinetic evaluation 
indicated that LY300164 is most likely to be eliminated according to a com
bination of a first-order and a capacity-limited process, with the latter becom
ing saturated at plasma levels of about 200 ng/ml. At dosing regimens resulting 
in levels higher than these (single doses above 50mg and multiple doses above 
20mg t.i.d.), the half-life is about 8h and plasma concentrations of the drug 
are expected to increase linearly with dose. LY300164 is extensively metabo
lized. Although its metabolic pathways in man have not been fully character
ized, acetylation appears to be an important route. At steady-state, the 
apparent oral clearance of LY300164 in slow-acetylators is on the average 
about SO% lower than in fast acetylators, though there is considerable vari
ability and some overlapping between the two groups. Preliminary in vitro 
studies suggest that LY300164 may act as a suicidal inhibitor of cytochrome 
CYP3 A (ELI LILLY Co., data on file), so that one might predict that the drug 
would interfere with the metabolism of CYP3 A substrates such as carba
maze pine and ethosuximide. In phase I studies in healthy volunteers, doses up 
to 20 mg 8 hourly were well tolerated, but sedation, postural dizziness, paraes
thesias, euphoria and psychomotor impairment were noted at higher doses. 
Efficacy trials in patients with epilepsy are in progress. 

XI. Monohydroxycarbazepine 

Monohydroxycarbazepine [10,11-dihydro-10- hydroxy-5H -dibenz(b,f) 
azepine-5-carboxamide; CGP47779] is the active metabolite of oxcarbazepine, 
a drug which is available commercially in many countries (GRANT and FAULDS 
1991). Since oxcarbazepine is considered to act as a prodrug for monohy-
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droxycarbazepine, the metabolite has been studied extensively. Chemically, it 
is a racemic mixture of a (R)- and a (S)-enantiomer, known as CGP13698 and 
CGP13751 respectively, which show comparable anticonvulsant activities in 
animal models. The mode of action is considered to involve blockade of Na+ 
channels but other mechanisms, including an effect on K+ channels and inhi
bition of voltage-dependent Ca2+ channels, may contribute (McLEAN et al 
1994; STEFANI et aI1997). The half-life of metabolically derived monohydrox
ycarbazepine averages 8-20h (GRANT and FAULDS 1992; TARTARA et aI1993). 
The compound is eliminated primarily by conjugation with glucuronic acid, 
with a small amount being converted to the inactive di-hydroxy-derivative 
(GRANT and FAULDS 1992). Since monohydroxycarbazepine is more water 
soluble than oxcarbazepine, it is undergoing clinical development as an 
injectable formulation for intravenous and, possibly, intramuscular use. Fol
lowing intravenous administration of racemic monohydroxycarbazepine in 
healthy subjects, the half-life is about 11 h for the (S)-enantiomer and 9 h for 
the (R)-enantiomer. The clearance is also higher for the (R)-enantiomer (4.3 
llh vs. 3.11/h for the (S)-enantiomer - NOVARTIS, data on file). Clinical trials are 
in progress to assess the efficacy and safety of monohydroxycarbazepine in 
patients with refractory partial seizures who are undergoing evaluation for 
epilepsy surgery. 

XII. PNU-151774 

PNU-151774 or (S)-( + )-2-[4-(3-fluorobenzyloxy)benzylamino] propanamide 
methanesulphonate is a potent Na+ and Ca2+ channel blocker which also shows 
MAO-B inhibiting properties in rat and human tissues and an affinity for the 
sigma-1 receptor in receptor ligand assays (PHARMACIA-UPJOHN, data on file). 
PNU-151774 is endowed with broad spectrum activity in various seizure 
models, including kindling and kainate-induced status epilepticus in rats. It is 
also effective in preventing neuronal cell loss induced by kainic acid in rats 
and cerebral ischaemia in the gerbil. Its neuroprotective effects may be related 
to its ability to inhibit excitatory neurotransmitter release. Because of its high 
potency and excellent therapeutic index in preclinical models, PNU-151774 
has been selected for clinical development. 

XIII. N-Valproyl-glycinamide 

N-Valproyl-glycinamide (TV 1901) was selected for development from a series 
of N-valproyl derivatives of GABA and glycine (BIALER et al. 1996). It shows 
protective activity against maximum electroshock- and pentylenetetrazole
induced seizures, and against seizures induced by corneal kindling in rodents. 
In these models, the anticonvulsant profile differs from that of valproic acid, 
and the protective index (ratio of minimal neurotoxic dose to effective anti
convulsant dose) is also greater than that for valproate. After single oral doses 
of 1 and 4 g given to healthy volunteers, N-valproyl-glycinamide is absorbed 
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rapidly and is eliminated with a mean half-life of 7-8 h and a CLiF value of 
about 6.5l/h (BIALER et al. 1996; TEVA PHARM. IND. LTD., data on file). After a 
4 g dose, about 20% of the dose is excreted unchanged and 39% is excreted 
as valproyl glycine. Clinical development is in progress. 

XIV. SB-204269 

SB-204269 [trans-( + )-6-acetyl-4S-( 4-fiuoro-benzoyl amino )-3,4-dihydro-2,2-
dimethyl-2H-benzo(b )pyran-3R-ol hemihydrate] is a compound structurally 
unrelated to other anticonvulsants, and is effective in protecting against 
seizures in both the maximum electroshock and the maximum electroshock 
seizure threshold tests, in inhibiting tonic limb extensor seizures produced by 
pentylenetetrazole infusion (without affecting myoclonic seizures induced by 
this agent), and in blocking epileptiform activity induced by electrical stimu
lation and ionic manipulation in hippocampal brain slices (CHAN et al. 1996; 
UPTON et al. 1997). Overall, its pharmacological profile is predictive of activ
ity against partial seizures and generalized tonic-clonic seizures. Because of its 
virtual lack of neurotoxicity in animal models, its protective index is extremely 
high compared to those reported for existing anticonvulsants. Its mode of 
action involves inhibition of seizure spread and does not appear to be related 
to blockade of Na+ channels, inhibition of glutamate release or modulation of 
GABA transmission (UPTON et al. 1997). Evidence has been provided that its 
anticonvulsant action may be mediated by a stereoselective interaction with a 
novel binding site in the brain, which is distinct from that related to the sites 
of action of other known anticonvulsants, including gabapentin and levetirac
etam (HERDON et al. 1997). 

H. Conclusion 
A number of new anti epileptic drugs are progressing steadily through clinical 
development. For some of these compounds, such as levetiracetam, losiga
mone, remacemide and stiripentol, a relatively large number of patients have 
been exposed and appreciable efficacy and safety data are already available. 
For other compounds, clinical experience is as yet too limited to allow mean
ingful evaluation of their therapeutic potential. Even for compounds which 
eventually will make their way to licensing and marketing, acquisition of new 
information is a never ending process and their roles in the management in 
epilepsy can only be defined through further studies and general clinical 
expenence. 
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CHAPTER 22 

Anticonvulsant Combinations and Interactions 

P.N. PATSALOS 

A. Introduction 
Combination anticonvulsant therapy (the use of two or more drugs) is 
common in patients with chronic active epilepsy and in patients with multiple 
seizure types for whom different drugs may be prescribed for each seizure 
type. These patients represent approximately 30% of patients with epilepsy 
and because of the long-term nature of epilepsy and its treatment, the possi
bility of anticonvolsant drug interactions at some time during treatment is 
high. Furthermore, poly therapy is often prescribed for brief periods, either 
during optimization of therapy in newly diagnosed patients, or during seizure 
exacerbations, in patients who eventually experience good seizure control with 
a single drug. 

In this chapter, the various anticonvulsant drug interactions that are con
sidered clinically significant, in that they may cause complications in the man
agement of the patient, are reviewed. Interactions that are likely to be 
experienced frequently, or whose outcome is potentially hazardous, are par
ticularly emphasized. The drugs are reviewed in the chronological order in 
which they have become available for general use (Table 1). 

B. Extent of the Problem 
The more drugs a patient takes, including over-the-counter drugs, the greater 
the likelihood that a drug interaction will occur. At greatest risk of suffering 
clinically serious adverse interactions are the elderly and those who are 
severely ill, since they are more likely to be treated with several drugs, includ
ing drugs used for the treatment of unrelated medical conditions, and also 
because their drug dosage requirements may be reduced due to renal or 
hepatic disease or to changes in tissue responsiveness. 

Many interactions involving anticonvulsant drugs have been documented 
over the years, but fortunately in most situations their clinical importance is 
probably small. However, the significance of an interaction can vary greatly 
from patient to patient, depending on the relative dosage of the interacting 
drugs, the previous drug exposure and the genetic constitution. Thus, an inter
action resulting in a marked or even modest elevation of a low anticonvulsant 
concentration may result in improved seizure control, whilst a small elevation 
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Table 1. Anticonvulsant drugs marketed in (a) the United 
Kingdom and (b) various countries around the world, but 
not in the United Kingdom 

Drug 

(a) 
Phenobarbitone 
Phenytoin 
Primidone 
Ethosuximide 
Carbamazepine 
Diazepam 
Clonazepam 
Valproate 
Clobazam 
Vigabatrin 
Lamotrigine 
Gabapentin 
Topiramate 
Tiagabine 

(b) 
Felbamate 
Oxcarbazepine 
Zonisamide 

Year introduced 

1912 
1938 
1952 
1960 
1963 
1973 
1974 
1974 
1982 
1989 
1991 
1993 
1995 
1998 

P.N. PATSALOS 

of a nearly toxic concentration may precipitate toxicity. It is therefore impor
tant to consider the end result in the individual patient. A marked deviation 
in the plasma anticonvulsant drug concentration in an unusually susceptible 
individual receiving drug poly therapy that causes little change in the majority 
of patients, is equally significant. 

C. Pharmacokinetic Interactions 

Pharmacokinetic interactions are those in which the processes by which drugs 
are absorbed, distributed, metabolized and excreted are affected. The key 
mechanism of interaction of the anticonvulsant drugs relates to the inhibition 
or induction of drug metabolism. Inhibition results from competition between 
drugs for the same active site on the enzyme which is involved in their metab
olism; circulating concentrations of the inhibited drug increase to reach a new 
steady state between 4 and 6 half-lives after the interaction. Consequently, 
pharmacological potentiation will occur quickly if the drug has a short half
life and more slowly if it has a long half-life (Table 2). Toxicity or undesirable 
effects are likely to occur if dosage reduction is not undertaken. 

In contrast, induction involves the synthesis of new enzyme and requires 
time for protein synthesis so that many days may pass before it is complete. 
The consequent enhancement of metabolism usually results in decreased 
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Table 2. Minimum elapsed-time required for a new steady 
state plasma concentration to be achieved, and conse
quently for complete pharmacological potentiation after 
inhibition of hepatic metabolism 

Anticonvulsant drug 

Phenobarbitone 
Phenytoin 
Primidone (phenobarbitone metabolite) 
Ethosuximide 
Carbamazepine 
Valproic acid 
Lamotrigine 

Time (days) 

20 
14 
20 
12 
5 
3 
5 
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efficacy of standard doses of the affected drug. Generally, increasing the drug 
dose can restore the pharmacological response of a drug whose plasma 
concentration has been reduced by enzyme induction. The process goes in 
reverse when the inducer is withdrawn, with an increase in plasma concen
trations of the target drug and hence an increased potential for toxic 
side effects. However, such toxicity can be avoided by appropriate dosage 
readjustment. 

Enzyme induction can be associated with a paradoxical potentiation of a 
drug's therapeutic and/or toxic effects if pharmacologically active metabolites 
are present. The most important example of this is carbamazepine, which is 
metabolized to carbamazepine-epoxide. but the same applies to diazepam and 
clobazam which are metabolized, respectively, to the active metabolites N
desmethyldiazepam and N-desmethylclobazam. 

I. Cytochrome P450 

Cytochrome P450, a group of monooxygenases, is by far the most important 
drug-metabolizing enzyme system. Of the nine first line. generally available, 
anticonvulsant drugs, four are hepatic enzyme inducers (phenobarbitone, 
primidone, phenytoin and carbamazepine). Not only is the magnitude of the 
induction dose-dependent, but in addition there is evidence to suggest that the 
different anticonvulsant drugs stimulate different cytochrome P450 isoen
zymes (Table 3). Thus their inducing spectra may not be identical. This may 
explain in part the poorly predictable nature of induction interactions and the 
fact that phenobarbitone can increase the metabolic clearances of other con
comitant enzyme-inducing anticonvulsant drugs. 

Most pharmacokinetic drug interactions have been discovered as a result 
of an unexpected change in the clinical status of a patient after a drug is added 
to, or withdrawn from. existing medication. However. in recent years it has 
been recognized that the drug interaction potential of a drug can substantially 
affect the ease with which this drug is used. Consequently. interaction studies 
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Table 3. Human cytochrome P450 isoenzymes involved in drug metabolism 

Isoenzyme Drug substrate Examples of 

Isoenzyme inducers Isoenzyme 
inhibitors 

CYPIAI Benzo-pyrene Cigarette smoke Ciprofloxacin 
Enoxacin 

CYPIA2 Caffeine Charcoal-broiled foods Ciprofloxacin 
Carbamazepine Cigarette smoke Norfloxacin 
Lidocaine Omeprazole 
Oestradiol Oxfendazole 
Procarbazine Phenobarbitone 
Propafenone 
Theobromine 
Theophylline 
Tamoxifen 
Verapamil 

CYP2A6 Cocaine Clofibrate Coumarin 

CYP2B Coumarin Dexamethasone Chloramphenicol 
Cyclophosphamide Phenobarbitone Orphenadrine 
Diazepam Phenytoin Secobarbitone 
Ethosuximide Testosterone 
Ethylmorphine 
Ifosphamide 
Trimethadone 
Warfarin 

CYP2C8 Carbamazepine Dexamethasone Amiodarone 
Phenytoin Phenobarbitone Cimetidine 

Methylpyriline 

CYP2C9 Fluconazole Dexamethasone Amiodarone 
Ibuprofen Phenobarbitone Cimetidine 
Phenytoin Fluconazole 
Tolbutamide Methylpyriline 
Warfarin Miconazole 

CYP2C19 Cimetidine Dexamethasone Amiodarone 
Diazepam Phenobarbitone Cimetidine 
Fluoxetine Ketoconazole 
Omeprazole Methylpyriline 
Phenytoin 

CYP2D6 Amitriptyline None identified Chlomipramine 
Chlomipramine Cimetidine 
Clozapine Fluoxetine 
Codeine Propafenone 
Haloperidol Quinidine 
Imipramine Thioridazine 
Lidocaine 
Omeprazole 
Propranolol 
Timolol 
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Table 3. Continued 

Isoenzyme 

CYP2El 

CYP3A4 

Drug substrate 

Diethyl ether 
Enfiurane 
Ethanol 
Ethosuximide 
Halothane 
lsofiurane 
Paracetamol 
Theophylline 

Amiodarone 
Carbamazepine 
Cyc\osporin 
Diazepam 
Erythromycin 
Ethosuximide 
Felodipine 
Imipramine 
Midazolam 
Nifedipine 
Quinidine 
Tamoxifen 
Warfarin 

Examples of 

Isoenzyme inducers 

Ethanol 
Isoniazid 

Carbamazepine 
Cortisol 
Dexamethasone 
Phenobarbitone 
Phenytoin 
Rifampicin 

Isoenzyme 
inhibitors 

Disulfiram 

Erythromycin 
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E thinyloesradiol 
Ketoconazole 
Fluconazole 
Miconazole 
Verapamil 

are an integral part of phase I and II development for all new putative anti
convulsant drugs. 

Cytochrome P450 enzymes are located in almost every tissue but the liver 
has by far the highest concentrations. In human liver, more than 25 different 
isoenzymes of cytochrome P450 have been identified, which, based on their 
amino acid sequence homology, have been categorized into 4 families (Table 
3). It is now recognized that members of the CYP3A subfamily (particularly 
CYP3A4) are among the most important of all human drug-metabolizing 
enzymes, whilst, in contrast, CYP4 plays only a small role (SPATZENEGGER and 
JAEGER 1995). Presently, it is considered that only CYP2C9, CYP2C19 and 
CYP3A4 are important in terms of understanding anticonvulsant drug inter
actions. CYP3A appears to be particularly susceptible to induction and inhi
bition by many compounds. Consequently drug-drug interactions involving 
CYP3A are common and are often of clinical significance. Interactions can be 
expected and are more likely to occur between two drugs if both are 
specifically metabolized by the same form of P450 or if one of them is a specific 
inducer or a specific inhibitor of the form of P450 responsible for the metab
olism of the other. Even though drug interactions can be anticipated, based 
on knowledge of the substrates of the isoenzyme concerned, and whether the 
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drug involved is an inducer or an inhibitor, the magnitude of the interaction 
cannot be predicted and must be determined in clinical studies. 

A marked interindividual variability in metabolizing ability which can be 
as large as 5- to 20-fold, even in the absence of liver dysfunction, is the hall
mark of CYP3A metabolism. This is not due to genetic polymorphism but is 
the consequence of a combination of genetic and environmental factors and 
also the isoenzyme's particular susceptibility to induction and inhibition by 
many compounds. 

D. Pharmacodynamic Interactions 

Pharmacodynamic interactions are those where the effects of one drug are 
changed by the presence of another drug at its site of action. Drugs may 
compete directly for a receptor (leading to additive, synergistic or antagonis
tic effects) but often the interaction may be more indirect, involving interfer
ence with physiological mechanisms. These interactions are more difficult to 
identify and are usually delineated only after an unexpected change in the clin
ical status of a patient cannot be ascribed definitively to a pharmacokinetic 
interaction. 

E. Interactions of the Generally Available 
Anticonvulsant Drugs 

I. Pharmacokinetic Interactions 

1. Phenobarbitone 

Both hepatic metabolism and renal excretion eliminate phenobarbitone. The 
main aromatic hydroxylation pathway of the drug is catalysed by various CYP 
isoenzymes. Phenobarbitone is the prototype drug which induces CYP2C and 
CYP3A isoenzymes (Table 3). 

a) Interactions Affecting Phenobarbitone 

Plasma phenobarbitone concentrations are affected by a variety of drugs 
(Table 4). Most changes are modest (10%-20%) and in most settings these 
interactions probably are not clinically significant. 

a) Valproic Acid 

Valproic acid inhibits the metabolism of phenobarbitone, resulting in a 50% 
increase in phenobarbitone's half-life and a concurrent increase in its plasma 
concentrations (Table 5). This interaction occurs in most patients and can lead 
to sedation and drowsiness necessitating a reduction in phenobarbitone 
dosage in up to 80% of patients (YUKAWA et al. 1989). 
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Table 4. Miscellaneous interactions affecting phenobarbitone 

Drug 

Acetazolamide 
Activated charcoal 
Ammonium chloride 
Antacids 
Chloramphenicol 
Dextropropoxyphene 
Dicoumarol 
Folic acid 
Frusemide (furosemide) 
Methsuximide 
Methylphenidate 
Pheneturide 
Pyridoxine 
Thioridazine 
Valproic acid* 

Phenobarbitone Mechanism 

INH 
DA 
Reduction in tubular reabsorption 
DA 
INH 
INH 
IND 
IND 
INH 
INH 
INH 
INH 
IND? 
INH/IND 
Decreased plasma protein binding 

INH, hepatic inhibition; IND, hepatic induction: DA, decreased absorption. 
* Free non-protein-bound concentration: however. the major effect of valproate is to 
inhibit phenobarbitone metabolism (see text for further details). 

[3) Phenytoin 

Plasma phenobarbitone concentrations increase upon introduction of pheny
toin comedication. The most probable mechanism of this interaction is com
petitive inhibition of phenobarbitone hydroxylation by phenytoin. A recent 
prospective controlled study of the effects of the reduction and discontinua
tion of phenytoin therapy on concomitant phenobarbitone concentrations in 
ten patients with intractable epilepsy observed that phenobarbitone concen
trations decreased by a mean of 30%. with new steady-state concentrations 
being achieved by 4 weeks after the discontinuation of phenytoin intake 
(DUNCAN et al. 1991). The protracted time course reflects the long half-life of 
phenobarbitone. 

y) Miscellaneous Interactions 

The interaction of phenobarbitone with activated charcoal (Table 4) is 
exploited clinically to hasten the elimination of phenobarbitone in overdosed 
patients. Activated charcoal interacts by impairing phenobarbitone absorption 
and accelerating its elimination by absorbing any of the drug secreted into the 
intestine. Patients overdosed with other anticonvulsant drugs including pheny
toin and carbamazepine can be treated similarly (MAURO et al. 1987). Another 
useful interaction that can be exploited for the treatment of patients who have 
taken an overdose of phenobarbitone is one that occurs with ammonium chlo
ride or other urine-alkalinizing drugs (POWELL et al. 1981). These drugs 
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Table 6. Miscellaneous interactions where phenobarbi
tone reduces plasma concentrations of other drugs 

Drug affected 

Acetaminophen (paracetamol) 
Antipyrine (phenazole) 
Cimetidine 
Chloramphenicol 
Chlorpromazine 
Cyclosporin 
Desipramine 
Dicoumarol 
Digitoxin 
Griseofulvin 
Haloperidol 
Lignocaine (lidocaine) 
Meperidine (pethidine) 
Mesoridazine 
Methadone 
Methsuximide 
Misonidazole 
Nortryptyline 
Phenylbutazone 
Theophylline 
Warfarin 

Mechanism 

IND 
IND 
INDIDA 
[NO 
IND 
INDIDA 
IND 
INDIDA 
IND 
INDIDA 
IND 
IND/PROT 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 

IND, hepatic induction; DA, decreased absorption; PROT, 
protein binding. 
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increase urinary elimination of phenobarbitone by reducing its reabsorption 
from the renal tubules. 

b) Interactions Where Phenobarbitone Affects Other Drugs 

Table 6 shows the various drugs whose plasma concentrations have been 
reported to be lowered by phenobarbitone. For some drugs, the interaction 
may be very significant. 

a) Anticoagulants 

Enzyme induction by phenobarbitone can reduce the plasma concentration of 
the anticoagulants bishydroxycourmarin (dicoumanol) and warfarin, and con
sequently their anticoagulant effect. This is a potentially dangerous interac
tion requiring an increased anticoagulant dosage, guided by prothrombin time 
determinations; the increase may be as much as tenfold (BRECKENRIDGE 1974). 
Upon withdrawal of phenobarbitone (and indeed withdrawal of any other 
inducing drugs) it is necessary reduce to the anticoagulant dose if a serious 
risk of haemorrhage is to be avoided. 
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/3) Calcium Antagonists 

The bioavailabilities of felodipine and nimodipine, calcium antagonists used 
in the treatment of hypertension and heart failure, are substantially reduced 
in patients coprescribed phenobarbitone. The mechanism of these interactions 
is induction of first-pass metabolism and they can be associated with plasma 
concentrations for felodipine and nimodipine which are below 7% and 15% 
respectively of those in normal uninduced subjects (TARTARA et al. 1991). 

y) Oral Contraceptives 

During phenobarbitone comedication, women taking oral contraceptives can 
experience breakthrough bleeding and be at an increased risk of pregnancy 
(BACK et al. 1988). Data from the Committee on Safety of Medicines for the 
period 1973 to 1984 showed that, of a total of 43 cases of contraceptive failure 
reported, phenobarbitone accounted for 20 and phenytoin for 25 (BACK et al. 
1988). Two modes of interaction are thought to be responsible for the contra
ceptive failure. Firstly, because of induction of the metabolism of synthetic oral 
steroids (oestrogen and/or progesterone), insufficient hormone concentrations 
are available to block ovulation. Secondly, by enhancing the synthesis of sex 
hormone-binding globulin, which is involved in the binding of sex steroids, a 
decrease in the pharmacologically active free concentration of circulating hor
mones occurs, and this too contributes to failure to block ovulation. 

8) Paracetamol 

Patients receiving phenobarbitone do badly after a paracetamol overdose as 
they are particularly susceptible to acute hepatic necrosis. This can be at
tributed to the formation of a hepatotoxic highly reactive metabolite of 
paracetamol consequent on induction of paracetamol metabolism by pheno
barbitone (or by other anticonvulsant drug inducers). 

£) Valproic Acid 

Patients, particularly children, are more likely to develop valproic acid
associated hyperammonaemia and liver toxicity when taking phenobarbitone 
comedication, compared with those taking valproic acid monotherapy. This 
effect may be due to enhanced production of toxic metabolites. 

o Miscellaneous Interactions 

Other clinical disorders which may be exacerbated by the enzyme-inducing 
properties of phenobarbitone include steroid-treated adrenal insufficiency, 
asthma, rheumatoid arthritis and pemphigus vulgaris (SEHGAL and JRrvAsTAVA 
1988). In steroid-dependent patients, phenobarbitone can precipitate acute 
asthma attacks. A vicious cycle may develop subsequently, as hypoxaemia pro
voked by worsening asthma may lead to further enzyme induction. 
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Although the decrease in plasma concentrations of drugs such as 
cyclosporin, cimetidine and griseofulvin is primarily due to induction, there is 
evidence to suggest that reduced gastrointestinal absorption may also be in 
part responsible (BElJREY et al. 1982; CARTENSEN et al. 1986). 

2. Phenytoin 

Of all the anticonvulsants, phenytoin is the one most commonly reported as 
associated with clinically significant interactions (Table 5). Although this can 
be attributed in part to its duration and frequency of use, a greater contribut
ing factor is phenytoin's unique pharmacokinetic and physiological properties. 
Thus, because phenytoin is both extensively bound to plasma proteins and also 
very loosely bound to hepatic cytochrome P450 enzymes, it is particularly sus
ceptible to competitive displacement and metabolic inhibitory interactions. 
Furthermore, phenytoin is a potent inducer of hepatic drug metabolizing 
enzymes. Also, its metabolism is saturable at therapeutic concentrations. Thus, 
it is necessary only to inhibit its metabolism slightly to produce a dispropor
tionate increase in circulating phenytoin concentration and an enhanced risk 
of toxicity. Phenytoin is almost completely eliminated by hepatic metabolism 
(less than 5% being excreted unchanged) with most metabolism occurring via 
CYP2C9, although some is metabolized by CYP2C19. 

a) Interactions Affecting Phenytoin 

Table 7 shows the various drugs that have been reported to affect phenytoin 
plasma concentrations. The clinical significance of the different interactions is 
variable but may be particularly significant in patients already taking 
maximum tolerable phenytoin doses. 

a) Alcohol 

Overall, mild to moderate alcohol consumption does not affect phenytoin 
metabolism significantly. However, acute alcohol ingestion can be associated 
with elevated plasma phenytoin concentrations whilst long term exposure to 
large amounts of alcohol results in hepatic enzyme induction, enhanced pheny
toin metabolism, and reduced plasma phenytoin concentrations with possible 
loss of seizure control. In addition, seizure control can be lost because alcohol 
may itself be epileptogenic and also because alcohol related memory impair
ment may result in poor compliance with treatment. 

f3) Amiodarone 

Amiodarone inhibits the metabolism of phenytoin and also displaces pheny
toin from its plasma protein binding sites. This dual interaction can result in a 
twofold increase in plasma phenytoin concentrations within 2-4 weeks after 
initiation of amiodarone therapy. A further complication is that amiodarone 
itself can cause similar neurological toxicity to that observed with phenytoin. 
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Table 7. Miscellaneous interactions affecting phenytoin 

Drug 

Activated charcoal 
Allopurinol 
Acyclovir 
Azopropazone 
Bromfenac 
Ceftriaxone 
Chloramphenicol 
Cisplatin 
Clobazam 
Cyclosporin 
Diazoxide 
Disulfiram 
Fluconazole 
Fluoxetine 
Folic acid 
Methotrexate 
Miconazole 
Nafcillin 
Nisoldipine 
Nitrofurantoin 
Nutrient formulae 
Omeprazol 
Oxacillin 
Phenylbutazone 
Rifampicin 
Salicylate 
Sulfamethoxazole 
Sulfonamides (sulphaphenazole, 

sulphadiazine) 
Sulphafurazole 
Sulphanethoxypyrine 
Tamoxifen 
Theophylline 
Ticlopidine 
Tolbutamine 
Vinblastine 

Phenytoin plasma 
concentration 
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Mechanism 

DA 
INH 
DA 
PROT 
IND 
PROT 
INH 
DA 
INH 
INH 
PROT 
INH 
INH 
INH 
IND 
DA 
? 
PROT 
IND 
? 
DA 
INH 
DA 
INHIPROT 
IND 
PROT 
PROT 
INH 

PROT 
PROT 
INH 
DA 
INH 
INH/PROT 
DA 

INH, hepatic inhibition; IND, hepatic induction; DA, decreased absorption; PROT, 
protein binding. 
* Free (non-protein-bound) concentration. 

Thus, there is a need to be cautious about interpreting the clinical signs of tox
icity during comedication with phenytoin and amiodarone (SHACKLEFORD and 
WATSON 1987). 

y) Antiulcer Agents 

Phenytoin absorption can be significantly reduced by high dose (15-45ml) 
antacids (aluminium and magnesium hydroxide and calcium carbonate) and 
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by the gastric protective agent sucralfate (D'ARCY and McELNAY 1987). 
However, small doses of antacids (dOml) generally have little effect on 
phenytoin bioavailability. In order to avoid this interaction, ingestion of 
antacids and phenytoin should be separated by 1-2 h. 

Cimetidine, a H2 receptor antagonist, dose dependently inhibits the 
metabolism of phenytoin. The resultant 20%-30% elevation in plasma pheny
toin concentrations can trigger toxicity, necessitating a reduction in phenytoin 
dosage (LEVINE et al. 1985). Furthermore, during neurosurgical procedures 
there is an increased risk of severe thrombocytopenia when cimetidine and 
phenytoin combination therapy is used (YUE et al. 1987). Thus, during such 
procedures, cimetidine and phenytoin in combination should be avoided. 

8) Carbamazepine 

The interaction between phenytoin and carbamazepine is controversial, with 
reports that plasma phenytoin concentrations are both elevated and reduced 
(LAI et al. 1992). These differences can be explained on the basis of carba
mazepine acting both as an inhibitor and an inducer of phenytoin metabolism. 
The mechanism that determines whether induction or inhibition prevails is not 
known but probably relates to the relative doses and plasma concentrations 
of the two drugs. 

E) Isoniazid 

Isoniazid inhibits the metabolism of phenytoin. Thus, patients receiving 
chronic phenytoin therapy who are administered isoniazid commonly experi
ence drowsiness and intoxication (KAY et al. 1985). Approximately 10%-15% 
of patients experience intoxication and the risk of intoxication is greater in 
those individuals who are slow acetylators of isoniazid because they are 
more likely to achieve sufficiently high isoniazid plasma concentrations to 
inhibit phenytoin metabolism. This interaction can occur rapidly and the 
phenytoin dose should be adjusted accordingly, based on plasma phenytoin 
concentrations. 

S') Phenobarbitone 

Phenobarbitone is both a strong inducer of phenytoin metabolism and an 
inhibitor. Thus when phenytoin and phenobarbitone are coingested, plasma 
phenytoin concentrations may be lowered, elevated or unaffected. The mech
anism which determines whether induction or inhibition will prevail is not 
known but it has been pointed out that induction prevails if the dose of pheny
toin is relatively high and inhibition prevails when the phenobarbitone dose 
is high. Thus, if a patient's enzymes are highly induced as a result of the admin
istration either of a low dose of phenobarbitone on a long-term basis or a high 
dose on a short-term basis, and the patient is then given phenytoin, any further 
increase of the phenobarbitone dosage might provoke inhibition of phenytoin 
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metabolism. The inhibition will result in elevated plasma phenytoin concen
trations, since maximum induction by phenobarbitone would have already 
taken place. This bidirectional interaction can be significant in some patients. 

Tf) Valproic Acid 

Valproic acid both displaces phenytoin from its plasma protein binding sites 
and inhibits phenytoin metabolism. This dual interaction between valproic 
acid and phenytoin is transient and unpredictable and plasma phenytoin con
centration values can be potentially misleading in these circumstances. These 
two effects can be opposite in nature, and the clinical significance of the inter
action depends on whether or not phenytoin metabolism is close to satura
tion. Displacement of phenytoin from its protein binding sites results in an 
increase in the free phenytoin concentration. However, in patients where 
phenytoin metabolism is not saturated, the increase is transient because a 
rapid redistribution of phenytoin throughout body tissues occurs and in addi
tion there is a compensatory rise in metabolism so that the free phenytoin con
centration returns to its value before valproic acid was introduced. Even 
though plasma total phenytoin concentrations decrease, dosage of the drug 
should not be increased. If phenytoin dosage adjustment is considered neces
sary, changes should be made based on its free drug concentration. In contrast, 
phenytoin dosage reduction would be necessary in patients whose phenytoin 
metabolism is close to saturation, since the displacement coupled with meta
bolic inhibition by valproic acid can increase phenytoin total concentrations 
substantially and precipitate neurological toxicity. 

8) Miscellaneous Interactions 

The intestinal absorption of phenytoin is significantly reduced by nutritional 
formulae administered by nasogastric tube. Plasma phenytoin concentration 
can be reduced by as much as 75% (PEARCE 1988). It is suggested that patients 
receiving phenytoin orally should be monitored carefully when feeding with 
a nutritional formula is commenced or stopped. Furthermore, caution should 
be exercised if changes are made in the type of formula used, since 
while"Isocal" and "Osmolite" formulae interact with phenytoin, the formula 
"Ensure" does not. 

Like valproic acid, numerous other drugs (azapropazone, ceftriaxone, 
diazoxide, nafcillin, phenylbutazone, salicylate, sulfamethoxazole, sulpha
furazole, sulphamethoxypyridine and tolbutamide) have been reported to 
interact with phenytoin by displacing it from its plasma protein binding 
sites (DASGUPTA et al. 1991). However, as in the case of valproic acid, an adjust
ment to phenytoin dosage will be necessary only if phenytoin metabolism is 
close to saturation and in particular if the displacement interaction is associ
ated with simultaneous inhibition of phenytoin metabolism, as may occur with 
tolbutamide and phenylbutazone (MCGOVERN et al. 1984; TASSANEEYAKUL 
et al. 1992). 
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b) Interactions Where Phenytoin Affects Other Drugs 

Phenytoin, like phenobarbitone, is a potent inducer of hepatic enzymes. Con
sequently phenytoin comedication can be associated with decreases in the 
plasma concentrations of target drugs by as much as 50%. Therefore appro
priate dosage adjustments need to be made and if. subsequently, phenytoin is 
withdrawn, toxicity may result if readjustment of the dosage of the concomi
tant drug is not undertaken. 

ex) Anticoagulant Drugs 

Phenytoin interacts with the anticoagulants dicoumarol and warfarin in a 
contradictory manner. Thus, whilst phenytoin induces the metabolism of 
dicoumarol, it inhibits the metabolism of warfarin, resulting in increased 
plasma warfarin concentrations and possible haemorrhage. 

[3) Dexamethasone 

Dexamethasone clearance is enhanced by phenytoin. As a consequence, 
patients without Cushing's syndrome but taking phenytoin medication have 
less than normal suppression of urinary 17 -hydroxycorticosteroid secretion 
after a "low dose" dexamethasone test, but normal suppression after a "high 
dose" test, which is suggestive of Cushing's disease. Thus, the dexamethasone 
suppression test needs to be interpreted with caution in patients receiving 
phenytoin or other hepatic enzyme-inducing anticonvulsant drugs. 

Dexamethasone is useful in the control of raised intracranial pressure and 
consequently is frequently prescribed in conjunction with phenytoin in 
patients undergoing craniotomy. However in these patients dexamethasone 
doses several times larger than normal are required, and this too can be attrib
uted to enzyme-induction. 

y) Theophylline 

Theophylline, a widely used bronchodilator with a narrow therapeutic index, 
requires careful dose titration, particularly in the elderly. Phenytoin can 
increase theophylline clearance by as much as 35%-75% (CROWLEY et a!. 
1987) and, in contrast to other inducers in the elderly (e.g. dichlorphenazone 
and rifampacin), this induction effect of phenytoin is maintained in old age. 
As well, cigarette smoking further enhances the clearance of theophylline, 
since smoking and phenytoin have an additive inducing effect on theophylline 
metabolism. 

8) Miscellaneous Interactions 

There are many other drugs whose metabolism is enhanced by phenytoin 
(Table 8), the most important being carbamazepine, chloramphenicol, 
dicoumarol, digoxin, folic acid, methadone, midazolam, pethidine, oral con
traceptives, and valproic acid. 
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Table 8. Drugs/compounds whose metabolism may be induced by concurrent treat
ment with carbamazepine 

Acetaminophen (paracetamol) 
Amitriptyline 
Busulphan 
Chloramphenicol 
Chlorpromazine 
Chlopropamide 
Cimetidine 
Clobazam 
Clonazepam 
Clopenthixol 
Clozapine 
Codeine 
Cyclophosphamide 
Cyclosporin 
Desipramine 
Desmethylchlomipramine 
Dexamethasone 
Dicoumarol 
Digitoxin 
Disopyrimide 
Doxycycline 
Etopside 
Ethosuximide 
Felodipine 
Fenoprofen 
Fentanyl 
Flunarizine 
Flupenthixol 
Griseofulvin 
Haloperidol 
Imipramine 
Itraconazole 
Ketoconazole 
Lidocaine (lignocaine) 
Mainserin 
Mesoridazine 
Methadone 
Methoxsalen (8-methoxypsoralen) 

Methsuximide 
Methylprednisolone 
Metronidazole 
Metyrapone 
Mexilitine 
Midazolam 
Misonidazole 
Nimodipine 
Nisoldipine 
Nitroglycerine (glyceryl trinitrate) 
Nomifensine 
Nortriptyline 
Oral contraceptives (ethinyloestradiol and 

levonorgestrel) 
Paroxetine 
Pethidine (meperidine) 
Phenacetin 
Phenazone (antipyrine) 
Phenylbutazone 
Phenobarbitone 
Phenytoin 
Praziquantal 
Prednisolone 
Prednisone 
Primidone 
Propoxyphene (dextropropoxyphene) 
Propranolol (plus other ,B-blockers) 
Protriptyline 
Psoralens 
Quinine 
Quinidine 
Theophylline 
Thyroxine 
Tiralazad 
Trazodone 
Valproic acid 
Vitamin D derivatives 
Warfarin 

These interactions can also be expected to occur with the other enzyme-inducing anti
convulsant drugs. 

Phenytoin impairs the absorption of cyclosporin, frusemide and prazi
quantal and thus their bioavailabilities can be reduced by as much as 75%, 
50% and 75% respectively (BITTENCOURT et al. 1992). The interaction with 
cyclosporin is rather controversial since when cycJosporin is administered 
intravenously, phenytoin comedic at ion results in a 50% reduction in the 
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cyclosporin AUC, suggestive of hepatic enzyme induction (KEOWN et al. 1984). 
In approximately 50% of patients receiving phenytoin, plasma folate concen
trations tend to be lower; this reduction may be attributed in part to impaired 
folate absorption (CARL and SMITH 1992). 

3. Primidone 

Because primidone is metabolized to two pharmacologically active metabo
lites, phenobarbitone and phenylethylmalonamide, the interpretation of inter
actions between primidone and other drugs is not straightforward. 

a) Interactions Affecting Primidone 

All the known interactions of phenobarbitone (see above) should also be 
expected to occur in patients taking primidone. In addition, acetazolamide 
impairs the absorption of primidone whilst nicotinamide and isoniazid inhibit 
its metabolism, reSUlting in a lower plasma phenobarbitone to primidone ratio. 
Conversely, a higher plasma phenobarbitone to primidone ratio is observed in 
patients taking primidone and another enzyme-inducing drug, e.g. phenytoin 
or carbamazepine (SATO et al. 1992). 

b) Interactions Where Primidone Affects Other Drugs 

As the primary metabolite of primidone, phenobarbitone, is a potent hepatic 
enzyme-inducer, it might be expected to induce the metabolism of a variety 
of drugs, thus requiring dosage adjustment of concomitant drugs (see Table 6). 

4. Ethosuximide 

Most of an ethosuximide dose is eliminated via hepatic metabolism 
(60%-70%), but approximately 20% is excreted unchanged via the kidneys. 
A wide spectrum of CYP isoenzymes (CYP3A4, CYP2El, CYP2B and CYP2 
C) is involved in its metabolic hydroxylation and this may explain why only 
potent enzyme-inducers alter the clearance of ethosuximide. Ethosuximide is 
not an enzyme-inducer, is not bound to plasma proteins and has a low capac
ity to alter the pharmacokinetics of other drugs. Thus, there are few interac
tions involving ethosuximide and in most cases they are of little clinical 
significance (Table 5). 

a) Interactions Affecting Ethosuximide 

Ethosuximide metabolism is enhanced by enzyme-inducing anticonvulsant 
drugs, resulting in lower plasma ethosuximide concentrations (DUNCAN et al. 
1991), and is inhibited by isoniazid. resulting in higher plasma ethosuximide 
concentrations. The effect of valproic acid on plasma ethosuximide concen
tration is variable: an increase, a decrease. or no effect can occur. 
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b) Interactions Where Ethosuximide Affects Other Drugs 

During ethosuximide and valproic acid comedication, the plasma valproic acid 
concentration can be reduced by approximately 30% (SALKE-KELLERMANN 
et al. 1997). The mechanism of this interaction is not clear. 

5. Carbamazepine 

Carbamazepine has numerous characteristics which make it particularly sus
ceptible to drug interactions. Firstly, it is a potent hepatic enzyme-inducer; sec
ondly, it exhibits autoinduction (i.e. it induces its own metabolism); thirdly, it 
is metabolized to an epoxide metabolite (carbamazepine-lO,ll-epoxide) 
which is pharmacologically active. Interactions affecting the epoxide metabo
lite are being increasingly seen as clinically important since the epoxide 
metabolite contributes not only to the efficacy of carbamazepine but also to 
its toxicity. Furthermore, interactions affecting the epoxide metabolite can pre
cipitate neurological toxicity and may pass undetected since therapeutic mon
itoring of the epoxide is not commonly undertaken and carbamazepine plasma 
concentrations may not change. 

The hepatic isoenzymes responsible for the metabolism of carbamazepine 
are CYP3A4, CYP2C8 and CYP1A2, with CYP3A4 being the main enzyme 
system responsible for the conversion of carbamazepine to its epoxide, as it 
accounts for 30%-50% of the carbamazepine clearance (KERR et al. 1994). 
Consequently, drugs that inhibit (e.g. ketoconazole, danazol, cimetidine and 
macrolide antibiotics) or induce CYP3A4 (e.g. barbiturates and phenytoin) 
can be expected to elevate and lower, respectively, carbamazepine plasma 
concentrations. 

a) Interactions Affecting Carbamazepine 

a) Antibiotics 

Carbamazepine toxicity (confusion, somnolence, ataxia, vertigo, nausea and 
vomiting) can present soon after starting erythromycin therapy, and is usually 
associated with an up to threefold increase in plasma carbamazepine concen
trations. The severity of the interaction depends on the duration of antibiotic 
therapy. The interaction is reversed rapidly upon withdrawal of the antibiotic. 
Carbamazepine metabolism is inhibited by erythromycin. This inhibition can 
also occur with other macrolide antibiotics including clarithromycin, fiurith
romycin, josamycin, ponsinomycin and triacelyloleandomycin (WROBLEWSKI 
et al. 1988; CODET et al. 1990). Plasma carbamazepine concentrations should 
be monitored whenever macrolide therapy is contemplated. 

(3) Antidepressants 

While tricyclic antidepressants have not been reported to affect the kinetics 
of carbamazepine, there is evidence to suggest that the selective serotonin 
reuptake inhibitors fiuoxitine, fiuvoxamine and sertraline (but not paroxetine) 
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may increase plasma carbamazepine concentrations, possibly by inhibiting car
bamazepine metabolism (GRIMSLEY et al. 1991). However, these interactions 
have not been confirmed in all studies. 

y) Anticonvulsant Drugs (Enzyme- Inducing) 

Carbamazepine metabolism is highly inducible by other enzyme-inducing 
anticonvulsant drugs. Thus the addition of primidone, phenobarbitone or 
phenytoin (all hepatic enzyme inducers) to carbamazepine therapy is com
monly associated with a significant reduction in the carbamazepine plasma 
concentration. Concurrent increases in carbamazepine-epoxide concentra
tions have been reported but more often these remain unchanged. Of partic
ular clinical significance may be the diurnal fluctuations (50%-90%) and 
concurrent intermittent side effects of carbamazepine that occur during poly
therapy with enzyme-inducing drugs. In monotherapy, plasma carbamazepine 
concentrations vary by only 23%-45%. 

8) Calcium Channel Blockers 

Calcium channel blockers have variable effects on carbamazepine metabo
lism. Verapamil and diltiazem can almost double carbamazepine plasma con
centrations, resulting in toxic side effects. In contrast, nifedipine does not 
exhibit any significant interaction with carbamazepine (BAHLS et al. 1991). 

£) Cimetidine 

Cimetidine inhibits the metabolism of carbamazepine and thus, during comed
ication with cimetidine, a 20%-30% increase in plasma carbamazepine con
centrations can be expected (DALTON et al. 1988). In some patients with peptic 
ulcers, the intake of cimetidine may continue for a long time and thus the clin
ical significance of this interaction may increase with time as carbamazepine 
accumulates. Thus, an Hrantagonist that is devoid of hepatic enzyme 
inhibitory effects (e.g. ranitidine or famotidine) should be considered for 
patients taking carbamazepine. 

s) Imidazole Drugs 

Carbamazepine intoxication has been reported to occur during coingestion of 
a variety of imidazole drugs (e.g. isoniazid, nafimidone, stiripentol and denzi
mol). These drugs appear to be potent inhibitors of carbamazepine metabo
lism and result in plasma carbamazepine concentrations increasing as much as 
twofold. 

Tf) Valproic Acid 

Valproic acid coadministration can quadruple plasma carbamazepine-epoxide 
concentrations in some patients. This can occur in the absence of any marked 
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changes in the plasma carbamazepine concentration and can be associated 
with significant neurotoxicity. The mechanism of this interaction is primarily 
by inhibition of epoxide hydrolase, the enzyme that is responsible for the 
metabolism of carbamazepine-epoxide, but inhibition of the glucuronidation 
of the trans-diol metabolite of carbamazepine may also occur (BERNUS et al. 
1997) 

An even greater interaction involving carbamazepine-epoxide occurs with 
valpromide, an amide derivative of valproic acid. During comedication with 
valpromide an up to eightfold increase in carbamazepine-epoxide concentra
tions can occur (PISANI et al. 1988). It is therefore not advisable to use val
promide and valproic acid interchangeably. More recently, valnoctamide, a 
mild tranquilizer available over the counter and an isomer of valpromide, has 
similarly been observed to increase plasma carbamazepine-epoxide concen
trations fivefold (PISANI et al. 1993). 

8) Miscellaneous Interactions 

Carbamazepine metabolism is inhibited by a variety of drugs including 
danazol, haloperidol, omeprazole and propoxyphene (HAYDEN and BUCHANAN 
1991; NAIDU et al. 1994; IWAHASHI et al. 1995). In particular the analgesic 
propoxyphene has been associated with increases in carbamazepine plasma 
concentrations of 30%-60%. Thus patients taking carbamazepine should 
avoid analgesic preparations containing propoxyphene and instead use 
codeine or ibuprofen for analgesia. 

b) Interactions Where Carbamazepine Affects Other Drugs 

Carbamazepine induces the metabolism of a wide variety of concurrently 
administered drugs (Table 8). However, in many studies the patients investi
gated were receiving a combination of carbamazepine and other enzyme
inducing drugs such as phenytoin and phenobarbitone. Consequently, the 
specific contribution of carbamazepine to the observed effects has not been 
determined in all cases. 

The spectrum of enzymes whose activity is stimulated by carbamazepine 
has not been clearly defined but almost certainly includes CYP3A4 because 
the metabolism of drugs that are substrates for this isoenzyme (e.g. cyclosporin 
and steroidal oral contraceptives) is enhanced in patients treated with 
carbamazepine. However, it is very likely that carbamazepine induces other 
oxidative isoenzymes as well as non-oxidative enzymes such as glucuronyl
transferases. 

Drugs whose clinical effects may be significantly affected include antide
pressants, f3-blockers, haloperidol, felodipine, oral anticoagulants, steroidal 
oral contraceptives, theophylline and trazodone (CRAWFORD et al. 1990; 
BROSEN and KRAGH-SORENSEN 1993; OTANI et al. 1996). Carbamazepine also 
induces the metabolism of the anaesthetic fentanyl so that it is required in 
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higher doses during craniotomies (TEMPELHOFF et a1. 1990). Midazolam, used 
as an oral hypnotic, is affected similarly (BECKMAN et a1. 1996). 

Plasma concentrations of clonazepam, ethosuximide, phenytoin, primi
done and valproic acid tend to be lower during comedication with carba
maze pine (Table 5). The clinical significance of these interactions is variable, 
but dosage adjustments may become necessary in some patients (DUNCAN 
et a1. 1991). 

Carbamazepine impairs the absorption of praziquantal so that during 
comedication its bioavailability is reduced by more than 90% (BITTEN COURT 
et a1. 1992). Cyclosporin bioavailability is also reduced during comedication 
with carbamazepine. However, as with phenytoin, this effect may in part be 
due to hepatic enzyme induction. Finally, in patients with normal adreno
pituitary function, a depressed response to the low-dose dexamethasone sup
pression test and to the oral metyrapone test can occur during carbamazepine 
therapy. These positively misleading results can be attributed to hepatic 
enzyme induction by carbamazepine. 

6. Diazepam 

a) Interactions Affecting Diazepam 

Diazepam is involved in few interactions (Table 5). Enzyme-inducing anti
convulsant drugs have been shown to increase the clearance of diazepam. Val
proic acid interacts with diazepam in two ways. Firstly, it displaces diazepam 
from its plasma protein binding sites and increases its free (pharmacologically 
active) concentration; secondly, it inhibits diazepam metabolism (DHILLON 
and RrcHENs 1982). Thus during combination therapy an enhanced CNS
depressant effect of diazepam is commonly observed. Cimetidine, 
ciprofioxacin, disulfiram, erythromycin, omeprazole and venlafaxine may 
inhibit the metabolism of diazepam. The interaction mechanism in these cases 
may be competition for the CYP2C19 catabolic pathway; however. the clini
cal significance of these effects is unknown. 

b) Interactions Where Diazepam Affects Other Drugs 

The effect of diazepam on phenytoin is controversial, with phenytoin metab
olism being enhanced or inhibited in different patients. 

7. Clonazepam 

a) Interactions Affecting Clonazepam 

In contrast to the primary metabolites of clobazam and diazepam, the primary 
metabolite of clonazepam (a 7 -amino derivative) is not pharmacologically 
active. The efficacy of clonazepam is attenuated during comedication with 
hepatic enzyme-inducing anticonvulsant drugs. Plasma clonazepam concen
trations can be expected to be lower in these patients. 
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b) Interactions Where Clonazepam Affects Other Drugs 

The interaction with phenytoin is controversial (Table 5). Plasma phenytoin 
concentrations may rise, fall or stay the same. 

8. Valproic Acid 

Valproic acid is almost completely eliminated by metabolism, with less than 
4% of a dose being excreted unchanged in the urine. About 40% of valproic 
acid's clearance takes place by direct conjugation, 30% by mitochondrial 13-
oxidation and approximately 10% by CYP-dependent oxidation. Valproic acid 
does not induce hepatic enzymes but does inhibit hepatic metabolism. Some 
of the many metabolites of valproic acid are pharmacologically active and may 
contribute to its efficacy and its hepatotoxicity. Because valproic acid is highly 
bound to plasma proteins, it readily displaces other bound anticonvulsant 
drugs. 

a) Interactions Affecting Valproic Acid 

Interactions affecting valproic acid are few and rarely of clinical significance. 
Lower valproic acid plasma concentrations are achieved during comedication 
with antacids, adriamycin and cisplatin, due to reduced gastrointestinal absorp
tion. In addition plasma protein binding displacement interactions with 
naproxen, phenylbutazone and salicylic acid can also result in lower valproic 
acid plasma concentrations. However, these interactions may on occasion be 
associated with an elevation in plasma total concentrations of valproic acid, 
since valproic acid exhibits saturable binding to plasma proteins. Hyperactiv
ity and acute toxic psychosis can occur when salicylic acid is coingested with 
valproic acid (ABBOTT et al. 1986; GOULDEN et al. 1987). 

Lower (50%) valproic acid plasma concentrations are also observed 
during comedication with carbamazepine, phenobarbitone, phenytoin and 
primidone and are due to hepatic enzyme induction and resultant increased 
valproic acid and clearance (Table 5). The clinical consequence of these inter
actions can be a reduction of seizure control necessitating an increase in val
proic acid dosage. However, a more adverse consequence is the increased 
incidence of valproic acid-associated hepatotoxicity which may be the result 
of the increased production of the metabolites 4-en- and 2-4-dien-valproic 
acid. Chlorpromazine may increase plasma valproic acid concentrations. Acy
clovir may reduce valproic acid bioavailability by reducing its gastrointestinal 
absorption (PARMEGGIANI et al. 1995). 

b) Interactions Where Valproic Acid Affects Other Drugs 

Valproic acid is a potent metabolic inhibitor, affecting both oxidative path
ways and glucuronide conjugation pathways. The inhibitory interactions with 
carbamazepine, diazepam, ethosuximide, lamotrigine, phenobarbitone and 
phenytoin are discussed elsewhere. Valproic acid also inhibits the metabolism 
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of amitriptyline, clomipramine, nimodipine and nortiptyline and increases 
their bioavailabilities by 50%-86% (TARTARA et al. 1991). 

9. Clobazam 

a) Interactions Affecting Clobazam 

Carbamazepine, phenobarbitone, phenytoin and primidone lower plasma 
clobazam concentrations and elevate desmethyl-clobazam concentrations 
(Table 5). The mechanism of this interaction is induction of metabolism, but 
other mechanisms may also be involved. Since the desmethyl-clobazam 
metabolite of the drug is not only pharmacologically active but may have even 
greater anticonvulsant efficacy than clobazam itself, these interactions may be 
of benefit therapeutically. 

Alcohol and cimetidine may also significantly increase plasma clobazam 
concentrations 

b) Interactions Where Clobazam Affects Other Drugs 

Clobazam can raise plasma phenobarbitone, phenytoin and valproic acid con
centrations and precipitate toxicity (Table 5). Also, during comedication with 
carbamazepine, clobazam can enhance carbamazepine metabolism by as much 
as 50%, probably by inducing its epoxidation (MUNOZ et al. 1990). 

II. Pharmacodynamic Interactions 

Although pharmacodynamic interactions involving anticonvulsant drugs have 
been well documented in animal studies (BOURGEOIS and WAD 1988), there are 
little data on the occurrence and magnitude of such interactions in man. This 
can be attributed to the difficulty in identifying such interactions and also, in 
part, to the fact that in many situations simultaneous pharmacokinetic changes 
may contribute to the overall effect. 

1. Interactions Between Anticonvulsant Drugs 

It is well documented that in 10%-15% of patients who are refractory to single 
anticonvulsant drug therapy, duo therapy often provides better seizure control. 
Indeed, numerous anticonvulsant drug combinations are widely used because 
they are considered to be more effective in controlling various seizure types 
than either drug used alone. Such combinations include valproic acid plus 
ethosuximide, carbamazepine plus valproic acid and clonazepam plus valproic 
acid (MIRELES and LEPPIK 1985; KETTER et al. 1992). The use of these syner
gistic combinations is not based on scientific evidence from clinical trials but 
is instead based on clinical experience. However. undesirable potentiation of 
side effects may also occur, consequent to pharmacodynamic interactions. 
For example, valproic acid-associated stupor and coma is observed in pa
tients receiving other anticonvulsant drugs, particularly phenobarbitone. 
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Furthermore, anticonvulsant drug poly therapy has been associated with 
enhanced cognitive side effects. What is not clear, however, is whether the 
more severe seizure disorder that may be associated with these patients taking 
poly therapy regimens may be contributing to the impaired cognition. 

2. Interactions Between Anticonvulsant Drugs and Other Drugs 

During chronic poly therapy with anticonvulsant drugs, agents such as 
atracurium, frusemide, metocurine, pancuronium and vecuronium appear to 
be less effective at conventional doses (ORNSTEIN et al. 1985; ROTH and 
EBRAHIM 1987; TEMPELHOFF et al. 1990). It has been suggested that anticon
vulsant-treated patients have a reduced sensitivity to these drugs, but the exact 
mechanism is not clear. 

Furthermore, alcohol, phenothiazine and various antihistamines exhibit 
enhanced eNS depression and some neuroleptic drugs and antidepressants 
have the potential to lower the seizure threshold and to exacerbate seizures 
if taken with anticonvulsant drugs. During combination therapy with lithium 
and carbamazepine or phenytoin, some patients have presented with neuro
toxicity, e.g. confusion, disorientation, drowsiness, ataxia and occasionally 
course tremor, hyperreflexia and cerebellar signs (SHUKLA et al. 1984). These 
side effects were not considered to be the result of pharmacokinetic interac
tions, since the plasma concentrations of carbamazepine, phenytoin and 
lithium were unaffected. 

F. Interactions of the Recently Licensed 
Anticonvulsant Drugs 

I. Pharmacokinetic Interactions 

1. Vigabatrin 

Vigabatrin is not protein bound, is minimally metabolized and is primarily 
(70%) excreted as unchanged drug in urine with a clearance similar to the 
value of the glomerular filtration rate. Therefore, theoretically, pharma
cokinetic interactions involving vigabatrin should be minimal (PATSALOS 
1999). 

a) Interactions Affecting Vigabatrin 

Even though vigabatrin is minimally metabolized, half-life values of 4-6h 
(compared with 5-7 h in healthy volunteers) can be expected in patients with 
epilepsy who are also taking hepatic enzyme-inducing anticonvulsant drugs. 
These interactions are not of clinical relevance and to the present there have 
been no reports in relation to any other drug affecting the pharmacokinetics 
of vigabatrin. 
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b) Interactions Where Vigabatrin Affects Other Drugs 

Interactions whereby vigabatrin affects the pharmacokinetics of other drugs 
would not be expected to occur. Its use, however, has been associated with a 
7% reduction in plasma phenobarbitone concentrations and an 11 % reduc
tion in plasma primidone concentrations. Although these interactions are not 
considered clinically significant, a more significant interaction occurs between 
vigabatrin and phenytoin (Tables 9, 10). When vigabatrin is coadministered 
with phenytoin, a 20%-30% reduction in plasma phenytoin concentrations is 
seen after approximately 1 month. The mechanism of this interaction is 
unknown (protein binding displacement, induction of hepatic enzymes or an 
effect on absorption have been excluded) but the interaction can be clinically 
significant in some patients and may require an increase in phenytoin dosage 
to maintain seizure control (BROWNE et al. 1987; RIMMER and RICHENS 1989). 
The withdrawal of vigabatrin may on occasion precipitate phenytoin toxicity 
and a need to decrease phenytoin dosage. 

2. Lamotrigine 

Lamotrigine is primarily metabolized by hepatic N-glucuronidation (65% of 
the dose) with some (10%) being excreted unchanged in the urine. Only 60% 
is bound to plasma proteins. 

a) Interactions Affecting Lamotrigine 

The N-glucuronidation of lamotrigine is particularly susceptible to inhibition 
and induction. Thus, whilst in healthy volunteers the mean elimination half
life of lamotrigine is approximately 24h. its half-life is reduced to a mean of 
15 h in patients with epilepsy already receiving enzyme-inducing drugs such as 
carbamazepine, phenobarbitone and phenytoin. In contrast, valproic acid 
inhibits the metabolism of lamotrigine so that, typically, half-life values of the 
order of 60h are observed (YuEN et al. 1992). Interestingly, in patients treated 
with a combination of valproic acid and enzyme-inducing drugs, mean half
life values of 30 h have been reported for lamotrigine. Thus, in prescribing lam
otrigine a different dosing strategy for the drug needs to be used depending 
on what comedication is prescribed (Tables 9. 10). 

b) Interactions Where Lamotrigine Affects Other Drugs 

The lack of any induction effects on hepatic drug metabolizing enzymes by 
lamotrigine and its relatively low binding to plasma proteins (60%) suggest 
that interactions with concomitant drugs will be minimal. Nevertheless, lam
otrigine has been associated with a 25% reduction in steady-state plasma val
proic acid concentrations (ANDERSON et al. 1996). Also. during comedication 
with carbamazepine, plasma carbamazepine-epoxide concentrations have 
been observed to increase by as much as 45%. resulting in significant neuro-
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Table 9. Effect of generally available anticonvulsant drugs (ACDs) on plasma con-
centration of newly licensed ACDs 

Added Existing ACD 
ACD 

VGT LTG GBP TPM FBM OXC TGB ZNS 

PB VGTJ- LTGJJ. NA TPMJJ. FBMJJ. OXCJJ. TGBJJ. ZNSJJ. 
10-0H-

OXCJJ. 

PHT VGTJ- LTGJJ. NA TPMJJ. FBMJJ. OXCJJ. TGBJJ. ZNSJJ. 
10-0H-

OXCJJ. 

PRM VGTJ- LTGJJ. NA TPMJJ. FBMJJ. ? TGBJJ. ZNSJJ. 

ESM NA NA NA NA ? ? ? ? 

CBZ VGTJ- LTGJJ. NA TPMJJ. FBMJJ. OXCJJ. TGBJJ. ZNSJJ. 
1O-0H-

OXCJJ. 

VPA NA LTGII NA NA NA NA NA NA 

For an explanation of abbreviations, see Table 10. 

Table 10. Effect of newly licensed anticonvulsant drugs (ACDs) on plasma concen-
tration of generally available ACDs 

AddedACD Existing ACD 

PB PHT PRM ESM CBZ VPA 

VGT PBJ- PHTJJ. PRMJ- NA NA NA 
PBJ-

LTG NA NA NA NA CBZ-EI NA 
GBP NA NA NA NA NA NA 
TPM NA PHTII NA NA NA VPAJJ. 
FBM PBII PHTII ? ? CBZJJ. VPAII 

CBZ-EII 
OXC NA NA NA NA NA NA 
TGB NA NA NA ? NA VPAJ-
ZNS NA PHTII NA ? CBZII NA 

CBZ, carbamazepine; CBZ-E, carbamazepine-epoxide; ESM, ethosuximide; FBM, fel
bamate; GBP, gabapentin; LTG, lamotrigine; OXC, oxcarbazepine; 10-0H-OXC, 10, 11-
dihydroxycarbazepine; PB, phenobarbitone; PHT, phenytoin; PRM, primidone; TGB, 
tiagabine; TPM, topiramate; VPA, valproic acid; VGT, vigabatrin; ZNS, zonisamide; 
NA, none anticipated; ? indicates an unknown effect; J an infrequently observed 
decrease in plasma concentration; JJ. a frequently observed decrease in plasma con
centration; I an infrequently observed increase in plasma concentration; JJ. a frequently 
observed increase in plasma concentration. 
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logical side effects (WARNER et al. 1992). However, the relevance and mecha
nism of these interactions are unknown. 

Paracetamol (acetaminophen), like lamotrigine, is primarily metabolized 
by glucuronidation. During comedication its metabolism is enhanced (20%) 
by lamotrigine (DEPOT et al. 1990). The clinical significance of this interaction 
is at present uncertain. 

3. Gabapentin 

Gabapentin is not bound to plasma proteins and is not metabolized, the whole 
ingested dose being excreted unchanged in urine. Theoretically, therefore, 
gabapentin should not be a target for drug interactions and indeed no 
significant interactions have been reported to the present (Tables 9, 10). 

a) Interactions Affecting Gabapentin 

Gabapentin absorption can be affected by antacids containing magnesium or 
aluminium hydroxides and the interactions can reduce gabapentin plasma con
centrations by up to 24 % (BUSCH et al 1992). 

b) Interactions Where Gabapentin Affects Other Drugs 

With the exception of a single case of phenytoin toxicity in a patient comed
icated with gabapentin, carbamazepine and clobazam, there is little evidence 
of gabapentin affecting the pharmacokinetics of other drugs (TYNDEL 1994). 

4. Topiramate 

Whilst more than 60% of a topiramate dose is excreted unchanged in the urine 
of uninduced patients, only 30% is excreted unchanged in patient taking 
enzyme-inducing anticonvulsant drugs. Thus, in patients taking inducing drugs, 
metabolic elimination is a major determinant of topiramate disposition. 
Topiramate appears to inhibit the activity of CYP2C19 and induce that of 
CYP3A. 

a) Interactions Affecting Topiramate 

Hepatic enzyme-inducing anticonvulsant drugs such as carbamazepine, phe
nobarbitone and phenytoin induce the metabolism of topiramate, so that top
iramate plasma concentrations can be expected to decrease by approximately 
50% (Tables 9, 10; SACHDEO et al. 1996). 

b) Interactions Where Topiramate Affects Other Drugs 

In addition to phenytoin inducing the metabolism of topiramate, topiramate 
can increase phenytoin plasma concentrations (probably by inhibition of 
CYP2C19) by as much as 25% in those patients whose phenytoin metabolism 
is at or near saturation. Interestingly, topiramate dose-dependently decreases 
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plasma valproic acid concentrations; the significance of this is unknown 
(ROSENFELD et al.1997b). In addition, topiramate enhances the metabolism of 
digoxin and oral contraceptives. Consequently plasma digoxin concentrations 
should be monitored when topiramate is added to or withdrawn from a 
patient's therapy. Also, an approximate 30% increase in the clearance of the 
oestrogen component of oral contraceptive preparations makes it advisable to 
prescribe an oral contraceptive containing at least 25 g oestrogen for women 
taking topiramate (ROSENFELD et al. 1997a). 

5. Felbamate 

Approximately 50% of a felbamate dose is eliminated by hepatic metabolism, 
with about 15% being eliminated via reactions catalysed by CYP3A4 and 
CYP2E1 isoenzymes. At clinically relevant plasma concentrations, felbamate 
is thought to induce CYP3A4 and to inhibit CYP2C19 and f3-oxidation. 

a) Interactions Affecting Felbamate 

Carbamazepine and phenytoin induce the metabolism of felbamate, resul
ting in lower than expected steady-state plasma felbamate concentra
tions (WAGNER et al. 1993). In contrast, vigabatrin and lamotrigine have no 
effect. 

b) Interactions Where Felbamate Affects Other Drugs 

Felbamate exhibits significant pharmacokinetic interactions with phenytoin, 
phenobarbitone, valproic acid and carbamazepine, but not with lamotrigine or 
oxcarbazepine (GRAvES et al.1989; WAGNER et al.1993; REIDENBERG et al.1995; 
HOOPER et al. 1996). Plasma phenytoin, phenobarbitone and valproic acid con
centrations have been reported to rise by 20%, 24% and 50% respectively in 
some patients, upon the introduction of felbamate. The increase in plasma val
proic acid concentrations can be attributed to inhibition of the ,B-oxidation 
pathway for valproic acid. During comedication with carbamazepine, plasma 
concentrations of the latter decrease by 20%. This reduction is associated with 
a concurrent increase in the plasma concentration of carbamazepine-epoxide, 
the pharmacologically active metabolite of carbamazepine. 

Felbamate has been observed to interact with oral contraceptives in that 
gestodene and ethinyloestradiol plasma concentration are reduced; however, 
the effect on ethinyloestradiol is probably of little clinical significance (SAANO 
et al. 1995). 

6. Oxcarbazepine 

Oxcarbazepine, a keto derivative of carbamazepine, can be considered a pro
drug since it is rapidly biotransformed to two metabolites of which the pri
mary one 10,1l-dihydro-10-hydroxycarbazepine is pharmacologically active. 
Because ketone reductase and glucuronyl-transferase enzymes are primarily 
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responsible for the metabolism of oxcarbazepine, and unlike cytochrome 
P450-dependent enzymes are less prone to induction and inhibitory effects, 
oxcarbazepine exhibits no, or only a weak, enzyme induction potential in man 
(PATSALOS et al. 1990). Oxcarbazepine seems to alter significantly the phar
macokinetics of some compounds that are primarily metabolized by CYP3A3 
and CYP3A4. 

a) Interactions Affecting Oxcarbazepine 

Carbamazepine, phenytoin and phenobarbitone, but not valproic acid, induce 
the metabolism of the hydroxycarbazepine metabolite of oxcarbazepine 
(TARTARA et al. 1993; McKEE et al.1994). Whether the magnitude of these inter
actions is clinically significant needs to be ascertained. However, crossover 
studies of carbamazepine to oxcarbazepine therapy have been associated with 
an elevation in plasma concentrations of concomitant anticonvulsant drugs 
(e.g. phenytoin and valproic acid). Therefore if patients are to be switched 
from carbamazepine to oxcarbazepine, reduction of concomitant drug dosage 
regimens will be necessary if the precipitation of toxicity is to be avoided. 

A small but statistically significant decrease in plasma hydroxycar
bazepine concentrations is observed when oxcarbazepine is coadministered 
with viloxazine (11 %) and verapamil (20%) (KRAMER et al. 1991; PISANI et al. 
1994). 

b) Interactions Where Oxcarbazepine Affects Other Drugs 

A significant decrease in the bioavailability of an oral contraceptive pill (con
taining the hormones ethinyloestradiol and levonorgestrel) secondary to 
oxcarbazepine comedication has been observed (KLOSTERKOV JENSEN et al. 
1992). Repeated coadministration of oxcarbazepine, but not single doses of 
the drug, decreases the bioavailability of the calcium antagonist felodipine 
(ZACARA et al. 1993). These effects may reflect the induction of a cytochrome 
P450 isoenzyme. 

7. Tiagabine 

Tiagabine is substantially bound to plasma proteins (96%) and extensively 
metabolized by the liver (CYP3A), with only a small proportion of the dose 
being excreted unchanged in the urine. 

a) Interactions Affecting Tiagabine 

During comedication with enzyme-inducing anticonvulsants (carhamazepine, 
phenobarbitone and phenytoin) the metabolism of tiagabine is accelerated 
so that its elimination half-life is decreased from 5-Sh to 2-3 h. Naproxen, 
salicylates and valproic acid displace tiagabine from its protein binding 
sites in vitro, hut the in vivo clinical relevance of this is unknown (So et al. 
1995). 
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b) Interactions Where Tiagabine Affects Other Drugs 

Even though tiagabine is extensively metabolized by CYP3A it does not 
appear to induce or inhibit this isoenzyme's activity. Thus, with the exception 
of an occasional small decline in plasma valproic acid concentrations, tiagabine 
comedication has had no effect on the pharmacokinetics of other drugs. 

8. Zonisamide 

The metabolism of zonisamide is saturable, resulting in a non-linear relation
ship between its plasma concentrations and its dose. Numerous hepatic meta
bolic pathways are involved in its metabolism and it appears that the drug 
induces the activity of CYP3A and inhibits that of CYP2C19. 

a) Interactions Affecting Zonisamide 

The metabolism of zonisamide is inducible by enzyme-inducing anticonvul
sant drugs (OJEMANN et al. 1986). Thus in patients prescribed carbamazepine 
and phenytoin, zonisamide half-lives of 27-36h can be expected, which are 
approximately 50% shorter than those in individuals not receiving these drugs. 

b) Interactions Where Zonisamide Affects Other Drugs 

Plasma concentrations of concurrently administered carbamazepine and 
phenytoin may be elevated during comedication with zonisamide, so that it is 
advisable to monitor plasma concentrations of these drugs when zonisamide 
is added to therapy or its use is discontinued (KANEKO et al. 1993). To the 
present no other interactions have been reported. 

II. Pharmacodynamic Interactions 

1. Interactions Between Anticonvulsant Drugs 

It has recently been reported that lamotrigine in combination with valproic 
acid is more efficacious than either drug administered alone (BRODIE et al. 
1997). However, undesirable potentiation of side effects may also occur and 
valproic acid-associated tremor during the comedication has been reported 
(REUTENS et al. 1993). A similar anticonvulsant synergism has been reported 
for tiagabine and vigabatrin in combination (LEACH and BRODIE 1994). 

2. Interactions Between Anticonvulsant Drugs and Other Drugs 

To the present, none has been reported. 

G. Conclusions 
Anticonvulsant drugs are widely used, with at least 4 million patients world
wide taking poly therapy regimens. Also, because of the long-term nature of 
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epilepsy it is not unusual for drugs used to treat conditions other than epilepsy 
to be prescribed as well. Consequently, the possibility of pharmacokinetic 
interactions is high. The large number of such interactions that have been 
described in recent years relates in part to the widespread availability of ther
apeutic drug monitoring in the management of epilepsy. However, the more 
recent understanding of which specific cytochrome P450 isoenzymes are 
responsible for anticonvulsant drug metabolism has also contributed 
significantly, particularly in relation to the newly licensed drugs. 

Although there are long lists of potentially interacting drugs, it is imprac
tical for the clinician to memorize these. The best approach to the prevention 
of potentially harmful effects of anticonvulsant drug interactions is to remem
ber those that are most likely to be encountered and which are clinically rel
evant, to understand their underlying mechanisms and to measure plasma 
anticonvulsant drug concentrations whenever a drug combination is in use. 
Knowledge of the mechanism of an interaction may allow anticipation of its 
observed effect. 

Although in general drug interactions, particularly those encountered with 
the widely available anticonvulsant drugs, are considered problematic and to 
be avoided where possible, it should be remembered that they may not always 
be detrimental, and can be used to improve seizure control. Furthermore, 
interactions involving the newly licensed and expensive anticonvulsant drugs 
may actually allow more patients to have access to these drugs. Thus, deliber
ate coprescribing of drugs which allow the dosage of a new anticonvulsant 
drug to be reduced, while maintaining its blood concentration within its target 
range, may not only be therapeutically sound but may prove economically 
efficient. 

Finally, even though possible pharmacokinetic interactions of the new 
anticonvulsant drugs have been investigated extensively, pharmacodynamic 
interactions, which are at least as important, are largely unknown and need 
careful investigation. It is possible that through extensive clinical experience 
with these new drugs still more interactions may be identified. 
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CHAPTER 23 

The Use of Antiepileptic Drugs in 
Clinical Practice 

M.l. EADIE 

A. Introduction 
The first reasonably effective drug therapy for epilepsy became available in 
1857 (LOCOCK 1857). Over the subsequent years, the number of available 
efficacious antiepileptic drugs has increased and their pattern of clinical use 
has evolved progressively. Since the previous version of the present book 
appeared in 1985 there has been continuing gradual, rationally based devel
opment in the practice of antiepileptic drug therapy. As well, the use of what 
are customarily regarded as anti epileptic drugs for indications other than 
epilepsy has grown. 

B. Changes in Antiepileptic Drug Use for Epilepsy 
The changes in the ways in which antiepileptic drugs have been used to treat 
epilepsy in recent years appear to depend on several factors, particularly those 
discussed below. 

I. Increased Knowledge of the Natural History of Epilepsy 

In the past decade a considerable amount has been published concerning the 
natural history of epilepsy, though nearly all of it necessarily deals with treated 
epilepsy. Much of this work has emanated from careful community-based 
investigations, instead of being drawn mainly from patients referred to spe
cialized epilepsy services, which were the sources of most earlier data. It has 
become clear that such previous referral patterns led to patients with difficult
to-control epilepsy, with its less favourable outlook for cure, tending to be 
over-represented in many earlier studies on the prognosis of the disorder. The 
widely accepted and long-standing view that epilepsy, once established in a 
patient, would persist for that patient's lifetime (GowERs 1881), is no longer 
sustainable. In at least two out of three persons with epilepsy (or seven in ten) 
treated with antiepileptic drugs, the disorder will become inactive after a few 
years (ANNEGERS et al. 1979a; SANDER 1993; COCKERELL et al. 1995). Recently, 
indications have become available that a similar relatively favourable outlook 
also probably applies for the untreated disorder (O'DONOGHUE and SANDER 
1996). Drug therapy may prevent the occurrence of epileptic seizures, but 
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whether it influences the ultimate outcome for the average patient with 
epilepsy has now become rather less certain (O'DONOGHUE and SANDER 1996; 
SHINNAR and BERG 1996). This uncertainty, of course, is not necessarily an argu
ment against treating epilepsy with anti epileptic drugs: as stated above, epilep
tic seizures may be prevented by such treatment, and seizures can have very 
deleterious consequences for the sufferer's physical health, psychological and 
social life, and career prospects. They also involve an increased risk of sudden, 
otherwise unexplained death (COCKERELL 1996), though this sometimes 
appears to be associated with evidence of non-compliance with prescribed 
therapy (LUND and GORMSEN 1985). The probable failure of anti epileptic drug 
therapy to influence the long-term remission rate in epilepsy may be an 
argument against giving an excessive priority to achieving early, complete 
control of seizures, as was sometimes suggested to be desirable in the recent 
past (REYNOLDS 1987,1988; OLLER-DAURELLA and OLLER 1991). Avoidance of 
even the first seizure in those at increased risk of such an event, e.g. after head 
injury (TEMKIN et al. 1990), no longer seems as important as it did a few years 
ago. 

Data such as those above, and accumulating information about prognos
tic factors for particular epileptic seizure syndromes, are having an increasing 
influence on clinical practice. However, it should be kept in mind that those 
who manage most patients with epilepsy will probably also continue to be 
responsible for the care of an atypically severe population of epilepsy suffer
ers. They will therefore need to interpret information derived from general 
community-based studies in the light of this realization. 

II. A More Critical Application of Pharmacokinetic Concepts 

In the 1970s, with the increasingly widespread availability of facilities for mon
itoring plasma anticonvulsant concentrations, it became clear that the moni
toring often led to improved seizure control and to fewer adverse effects of 
anti epileptic therapy. The monitoring was no doubt sometimes used uncriti
cally (BEARDSLEY et al. 1983: SCHOENENBERGER et al. 1995), and the expecta
tion developed that achieving a "therapeutic" range plasma concentration of 
an antiepileptic drug represented the optimal possible management of a given 
patient's epilepsy with that drug. This view probably arose because the plasma 
concentration of an exogenous foreign substance was interpreted in a way that 
was more appropriate to the evaluation of the plasma concentration of an 
endogenous physiological material, e.g. glucose, urea. Accumulating experi
ence has increasingly revealed the fallacies inherent in such a pattern of inter
pretation of plasma drug concentration data and the limited benefits that may 
emanate from it. As a result, over the past decade plasma antiepileptic drug 
concentration monitoring has increasingly been used with a more critical 
appreciation of its merits. The monitoring is thus perceived as an extremely 
valuable aid to clinical judgement in achieving seizure control, but not as the 
ultimate tool for this purpose. This more critical attitude to monitoring has 
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been reinforced by the marketing of new antiepileptic drugs (see below) for 
which therapeutic range plasma concentrations have not yet been defined. 
Dosages of these newer drugs have to be adjusted on a basis of clinical judge
ment assisted by insight into pharmacokinetic principles, unaided (or unham
pered) by plasma drug concentration data. Doing this has again brought home 
the realization that antiepileptic drugs can be used successfully without the 
need for plasma drug concentration monitoring. 

Over the past quarter of a century, monitoring of plasma antiepileptic drug 
concentrations has provided valuable insights into the management of the 
drug therapy of epilepsy. Monitoring is now probably being used less than it 
was as an almost unthinking routine and increasingly in a more discriminat
ing way (MATTSON 1995), as a better balanced and more realistic perspective 
develops regarding its virtues and its limitations. 

III. The Availability of New Antiepileptic Drugs 

Over the past 5 years several new antiepileptic drugs have been marketed in 
various countries (vigabatrin, lamotrigine, gabapentin, topiramate, tiagabine, 
zonisamide, oxcarbazepine, felbamate). The number of agents available for 
treating epilepsy has more than doubled over this comparatively short period, 
and additional drugs are being developed (Chaps. 6 and 21, this volume). There 
has not yet been time for these newly introduced drugs to find their definitive 
places in the epileptologist's therapeutic armamentarium. They have so far 
been studied mainly as add-on therapy in patients whose seizure disorders 
have proved resistant to longer-established therapies, and in contemporary 
medical practice they are used mainly in this clinical situation. However, data 
are beginning to appear comparing their efficacies and adverse effect profiles 
with those of the older drugs when used as monotherapy at the outset of the 
treatment of epilepsy (BRODIE et al. 1995: TANGANELLI and REGESTA 1996: 
CHRISTE et al. 1997). 

IV. A Better Understanding of the Mechanisms of Action of 
Antiepileptic Drugs 

A reasonably satisfactory understanding of the biochemical mechanisms of 
action of nearly all the marketed anti epileptic drugs has become available over 
the past decade (MACDONALD and KELLY 1994). This knowledge has opened 
the way to using rational combinations of antiepileptic drugs which might be 
expected to yield more successful control of epilepsy by interfering with the 
molecular mechanisms involved in epileptogenesis at more than one separate 
stage of the process. At present, antiepileptic drug combinations are nearly 
always used only after therapy with single agents has failed. However, with 
experience, the use of rational drug combinations from the outset of therapy 
may prove beneficial in certain epilepsies for which the chances of control by 
antiepileptic drug monotherapy are not particularly favourable. 
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V. The Maturing of the Surgical Therapy of Epilepsy 

The surgery of epilepsy has developed to a stage at which, in many centres, it 
represents a realistic alternative to further trials of antiepileptic drug combi
nations, in particular when a seizure disorder is present which is likely to 
benefit from operation and several attempts at antiepileptic drug monother
apy have failed. This additional therapeutic option will often shorten the time 
available to the prescriber for trying the numerous possible permutations and 
combinations of the older and newer anti epileptic drugs, before the patient 
requests what may be perceived as a definitive cure. This has made it even 
more desirable to select the potentially most appropriate anti epileptic drugs 
and drug combinations for each patient as early as possible in the course of 
therapy. 

C. The Decision to Prescribe AntiepiJeptic Drug Therapy 

The decision to use anti epileptic drugs will probably be made in one of three 
main sets of circumstances, viz. 

1. When the patient is considered to be at a high enough risk of developing 
seizures, though no seizure has yet occurred 

2. When no more than a solitary seizure has occurred, and 
3. When the patient has already experienced more than one seizure, i.e. when 

the patient has epilepsy (in the conventional sense of that term). 

I. Prevention of Anticipated (Usually Situation-Related) Seizures 

After head injuries, particularly ones which penetrate the substance of 
the brain, or after neurosurgical operations involving the cerebral cortex 
(DEUTSCHMAN and HAINES 1985), the risk of seizures is often considered high 
enough for prophylactic anticonvulsant therapy to be used without waiting for 
the first seizure to occur. The anti epileptic drugs used for partial (localization
relation) epilepsies are usually employed (see below) and decrease the short 
and medium term risk of seizures occurring (SHINNAR and BERG 1996). 
However, antiepileptic drug therapy in these circumstances is now known to 
make little difference to the risk of later continuing epilepsy developing 
(SHINNAR and BERG 1996). Knowledge of this lack of long term dividend is 
likely to reduce enthusiasm for the use of such antiepileptic drug prophylaxis, 
unless significant advantage to the patient would accrue from preventing 
seizures in the first few months after the cerebral insult. 

The risk of eclamptic seizures around the time of labour in hypertensive 
pregnant epileptic women is also high enough to warrant attempts at seizure 
prevention. In this situation magnesium sulphate is probably the preferred 
therapy, having proven at the least more effective than phenytoin (LUCAS 
et al. 1995). 
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II. After a Solitary Seizure 

Patients who present after a solitary seizure are unlikely to be fully re
presentative of the epileptic population in the community. Solitary seizure suf
ferers are more likely to have had tonic-clonic seizures, whereas those with 
simple partial seizures, absences and myoclonic attacks will tend to be under
represented because patients with these relatively less severe epilepsies 
usually have experienced multiple episodes before they first present clinically. 
A decade ago it was thought that the solitary seizure usually represented 
the beginning of an ongoing seizure disorder, i.e. epilepsy (REYNOLDS 1987; 
HART et a1. 1990). Therefore it was argued that the occurrence of a solitary 
seizure usually warranted the prescription of antiepileptic drug therapy unless 
the attack was precipitated by circumstances which were unlikely to occur 
again, e.g. heavy alcohol intake, a very recent head injury, aseptic meningi
tis. The main exception to this early treatment policy was the first simple 
febrile convulsion in infancy. In this syndrome, even though further febrile ill
nesses and seizures might occur, it was already believed that continuous 
prophylactic antiepileptic therapy was unnecessary. Phenobarbitone (FAERO 
et a1. 1972) and valproate (CAVAZUTTI 1975) were known to prevent further 
attacks, but this prevention did not influence the (low) risk of subsequent 
non-febrile epilepsy (ANNEGERS et a1. 1979b). Antiepileptic therapy taken at 
times of heightened seizure risk was considered a preferable course (ROSMAN 
1997). 

It is known that appropriate antiepileptic drug prophylaxis will halve the 
risk of recurrence of an initial single non-situation-related seizure (FIRST 
SEIZURE TRIAL GROUP ] 993). Published figures for the chance of further 
seizures after a single fit vary, but the meta-analysis of BERG and SHINNAR 
(1991) indicates that the best estimate of the risk is in the range 40%-52%. 
Not all solitary seizures come to medical attention at or near their time of 
occurrence. For solitary seizures which present to medical practitioners at or 
soon after their occurrence, the 78% risk of recurrence within 3 years found 
in the National General Practice Study of Epilepsy (HART et aJ. 1990) proba
bly provides the best available estimate of the risk. Risk factors for further 
attacks after a single seizure are known (EADIE 1996). They include the pres
ence of abnormal neurological signs, the seizures being partial ones, and the 
age of the patient being below 16 years or the patient being elderly. The risk 
diminishes the longer the patient goes without a further seizure. The presence 
of epileptiform abnormalities in the routine EEG increases the risk of recur
rence (VAN DONSELAAR et aJ. 1992). Antiepileptic drug therapy probably 
appears indicated if one or more of the risk factors applies after a solitary 
seizure has occurred. Otherwise, and particularly if more than 6 months have 
elapsed between the seizure and the time of presentation (since most solitary 
seizures which go on to epilepsy have done so by this time), the risk of a further 
episode appears too low to warrant therapy unless another attack would hold 
unusually severe disadvantages for the patient. 
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Because of the types of epilepsy likely to present as a solitary seizure, if 
an anti epileptic drug is to be used carbamazepine will probably be the pre
ferred agent at the present time. Phenytoin, phenobarbitone and valproate are 
the main alternatives in contemporary practice, but this situation may change 
as the newer anti epileptic drugs increasingly find their places in therapeutics. 

III. Definite Epilepsy 

Most patients for whom anti epileptic drugs are prescribed will have already 
experienced two or more epileptic events before their initial clinical presen
tation. Unless a definite and avoidable circumstance has precipitated all the 
patient's seizures, anti epileptic drug therapy will nearly always be indicated. 
Rarely the advantages of treatment may be outweighed by the disadvantages, 
e.g. in a severely intellectually retarded, unemployable individual who over a 
long period has had only occasional minor seizures which have caused minimal 
interference with his or her life, and who may have developed severely dis
turbed behaviour when given various sedatives in the past. In such instances 
antiepileptic drug therapy may be considered undesirable. 

In some epilepsies, e.g. the Lennox-Gastaut syndrome (YAGI 1996), it will 
be accepted from the outset that anti epileptic therapy will probably be 
required for many years and perhaps for the remainder of the patient's life. 
However, in the majority of patients who have experienced no more than a 
few epileptic seizures by their time of presentation, anti epileptic treatment is 
likely to be necessary for only a few years. 

The choice of appropriate drug therapy for such epilepsy is discussed 
below. 

D. The Choice of an Antiepileptic Drug 
Some antiepileptic drugs appear to be more satisfactory for certain epilepsies 
than for others, as discussed in Chap. 1. Correlations between the drugs 
and the epileptic syndromes for which they appear most useful are set out in 
Table 1, though there is not as much statistical evidence available for the cor
relations as might have been expected (CHADWICK and TURNBULL 1985). When 
the matter has been investigated in controlled clinical trials, the differences 
between the drugs have tended to relate as much to the incidences and sever
ities of adverse effects as to the drug's actual abilities to prevent seizures in 
the different epilepsies (HELLER et al. 1995; DE SILVA et al. 1996). In the large 
scale study of MATTSON et al. (1985) carbamazepine, phenytoin, phenobarbi
tone and primidone did not differ significantly in their abilities to control gen
eralized tonic-clonic seizures in those who could tolerate the agent used, but 
phenobarbitone, and even more so primidone, had to be ceased more fre
quently than the other drugs because of unwanted effects. In that study, 
carbamazepine and phenytoin were more effective than the other drugs in pre-
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Table 1. Correlation between epilepsies (ILAE Classification 1989. condensed) and 
effective antiepileptic drugs for each syndrome 

Epileptic syndrome 

1. Localization-related epilepsies 
(whether or not they become 
secondarily generalized) 

2. Generalized epilepsies 
Absences 
Myoclonic epilepsies 
In infancy (West's syndrome) 
Lennox-Gastaut syndrome 
Juvenile myoclonic epilepsy 

Tonic, clonic, tonic-clonic 
seizures 

3. Indeterminate types of epilepsy 

4. Situation-related epilepsies 

Effective drugs 

Carbamazepine; phenytoin; phenobarbitone"; 
valproate; vigabatrin; lamotrigine; gabapentin; 
felbamate; topiramate; tiagabine 

Valproate; ethosuximideb; clonazepam 

ACTH: vigabatrin; valproate; ? clonazepam 
FelbamateC; valproate 
Valproate; phenobarbitone"; clonazepam; 

lamotrigine 
Valproate; phenobarbitone"; carbamazepine; 

phenytoin; lamotrigine 
Carbamazepine; valproate; phenytoin; 

phenobarbitone"; lamotrigine: vigabatrin: 
topiramate 

Febrile convulsions of infancy Valproate: phenobarbitone"; diazepam 

a Also methyl phenobarbitone or primidone. 
b An agent effective against bilateral tonic-clonic seizures may also be necessary. 
C Felbamate's availability is limited by its toxicity. 

venting partial seizures. Later, the study of MATTSON et a1. (1992) showed that, 
whilst carbamazepine and valproate were equi-effective in controlling secon
darily generalized tonic-clonic seizures in adults, the former was superior in 
preventing complex partial seizures. In some of the above studies it was not 
clear whether all varieties of seizure were suppressed in patients, or only the 
more severe, and more readily remembered, ones. 

Considering the known frequencies of the different epileptic syndromes 
in the community, and the largely equal overall efficacies of carbamazepine 
and valproate in adult onset epilepsy (RICHENS et a1. 1994), the data of Table 
1 would suggest that one or other of these two agents should suffice to manage 
most patients with epilepsy. This would be so if it were not that an apprecia
ble number of patients experience unacceptable adverse effects from these 
drugs, so that therapeutic alternatives are desirable. Rarely, some of the 
adverse effects of these two drugs may be lethal, e.g. valproate-associated 
hepatotoxicity (ZIMMERMAN and ISHAK 1982). As well, carbamazepine and par
ticularly valproate, taken during pregnancy, can occasionally be associated 
with spina bifida in the offspring (ROSA 1991; OMTZIGT et al. 1992). This latter 
contingency can make valproate an unwise choice of therapy in young females 
with juvenile myoclonic epilepsy, a relatively common syndrome for which the 
drug usually is a very satisfactory agent from the point of view of controlling 
seizures without producing adverse effects. Unfortunately. valproate often 
needs to be taken over many years, during which unanticipated pregnancy may 
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occur. Access to a wider range of antiepileptic agents than valproate and car
bamazepine is desirable even for the physician who manages only a few 
patients with epilepsy, whilst for the 25%-30% of patients with epilepsy whose 
seizure disorders are not controlled with the older established drugs, the avail
ability of as many additional potentially effective agents as possible offers 
advantages. 

As experience with the antiepileptic drugs introduced in the past 5 years 
grows, and some of the anti epileptic drugs now under development come into 
use, the relative positions in the order of preference of the agents listed in 
Table 1, when used for various major epileptic syndromes, may alter, reflecting 
knowledge of a changed balance between efficacy, safety and cost. A contem
porary meta-analysis has failed to detect conclusive differences in efficacy and 
tolerability between gabapentin, lamotrigine, tiagabine, topiramate, vigabatrin 
and zonisamide in refractory partial epilepsy (MARSON et al. 1996). However, 
at the time of writing vigabatrin is emerging as a possible drug of first 
choice in West's syndrome (ApPLETON 1995: AICARDI et al. 1996) and it may 
have a useful role in managing the Lennox-Gastaut syndrome (FEUCHT and 
BRANTER-INTHALER 1994). 

E. Initiating Drug Therapy 
In recent years there has been widespread acceptance of the dictum that a 
single antiepileptic drug should be used whenever possible in treating epilepsy 
(REYNOLDS and SHORVON 1981). The short and medium term aim of antiepilep
tic drug therapy is to prevent all further epileptic seizures occurring in the 
patient, employing an agent which produces no adverse effects. Success in 
achieving these goals must, in the final analysis, be assessed clinically. However, 
at least for the longer-established anti epileptic drugs, ranges of plasma drug 
concentrations are known which correlate in most patients with seizure 
control in the absence of adverse effects. Such "therapeutic" ranges can be 
used to provide a short term indication of the potential adequacy of antiepilep
tic drug therapy until enough time has elapsed for clinical data to make clear 
whether or not seizures really are controlled. Use of the therapeutic ranges 
should not be substituted for clinical judgement in the recognition of adverse 
effects arising from the prescribed drug treatment. However, the development 
of otherwise obscure symptoms and signs in the presence of supra therapeutic 
plasma drug concentrations does suggest that overdosage probably exists. In 
patients who have an epilepsy in which seizures have already occurred fre
quently, or in which frequent seizures can be expected, e.g. absence epilepsy, 
the clinical response of the seizure disorder will nearly always be obvious fairly 
quickly. Here plasma anti epileptic drug concentration monitoring is nearly 
always not needed to determine the adequacy of therapy. In contrast, in the 
more common situation of managing patients who have varieties of epilepsy 
in which seizures are unlikely to occur frequently, or patients in whom the 
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Table 2. Therapeutic ranges of plasma concentration for the established antiepileptic 
drugs, and the average drug dose required to achieve a mid-therapeutic range plasma 
concentration at steady state. (After EADIE and TVRER 1989) 

Drug Therapeutic range Dose (mg/kg/day) 

(mg/I) (pmol/l) 

Carbamazepine 6-12 25-50 Approx. 30 
Ethosuximide 40-100 300-700 30 
Methylphenobarbitone See >40 years 4 

phenobarbitone 15-40 years 6.5 
<15 years 7.5 

Phenobarbitone 10-30 45-130 >40 years 2 
15-40 years 2.5 
5-<IS years 3 
<S years 4.S 

Phenytoin 10-20 40-80 Adults 6 
<13 years 11 

Primidone Sec Adults 11 
phenobarbitone 

Valproate SO-l 00 300-600 

natural history of the disorder is unknown at the stage when treatment is com
menced, the plasma antiepileptic drug concentrations do provide a useful pre
liminary guide to the adequacy of therapy before enough time has elapsed for 
the clinical response to be clear. Generally accepted therapeutic ranges of 
plasma concentrations of the anti epileptic drugs are listed in Table 2. In 
making use of these ranges several points should be remembered, viz.: 

1. The range is not some intrinsic property of the drug itself. but is the result 
of the interaction between drug and the seizure disorder for which it is pre
scribed in numbers of individual patients. The range for a given drug may 
differ for different types of epileptic seizure. Thus SCHMIDT et al. (1986) 
found a mean plasma phenytoin concentration of 14 mg/I was associated 
with prevention of bilateral tonic-clonic seizures. whereas a mean concen
tration of 23 mg/I was needed for prevention of partial seizures. 

2. The range is a population statistic. and will not necessarily be valid for every 
treated individual. Sometimes seizures in a patient will be fully controlled 
only at plasma anti epileptic drug concentrations which are above the ther
apeutic range for the population. yet no adverse effects may be present in 
the patient who is being treated. Conversely, subtherapeutic plasma con
centrations may suffice for full seizure prevention in some patients, whilst 
in other patients such concentrations may be associated with troublesome 
or even unacceptable adverse effects. 

At the start of antiepileptic drug therapy in a patient, purely pharmaco
kinetic (and simplistic) considerations would suggest that the dose chosen 
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Table 3. Antiepileptic drug half-lives and times to achieve 
steady-state conditions after a dosage change 

Drug Half-life (h) Time for steady 
state (days) 

Carbamazepine 25-50" 6 
Clonazepam 24-36 5-8 
Ethosuximide 30-70 6-14 
Gabapentin 8 2 
Lamotrigine 30 6 
Phenobarbitone 70-120 14-21 
Phenytoin 15-20b 3-5 
Tiagabine 5-13 1-3 
Topiramate 18-23 4-5 
Valproate 8-12 2-3 
Vigabatrin 4-8 2 

" Shortens on continuing exposure to the drug. 
b Is concentration dependent. 

M.J. EADIE 

should yield a steady-state therapeutic range plasma concentration of the drug 
throughout the whole of the dosage interval, and that the dosage interval 
should be approximately the duration of the half-life of the drug. Once there 
has been time for a steady state to be present (Table 3), and the patient 
remains clinically free from adverse effects, the plasma drug concentration 
should be measured and the drug dose altered if the concentration is not rea
sonably close to its target value, unless it is already clear that the patient's 
seizures are controlled. Clinical experience suggests that some modification of 
such a theoretically derived treatment policy may sometimes be desirable. 
Except for phenytoin and valproate (in most instances), antiepileptic drugs 
given in their full anticipated dosage from the outset of therapy may cause 
many patients to experience troublesome, and sometimes unacceptable, seda
tion. Carbamazepine metabolism undergoes antoinduction over the first few 
days and weeks of exposure to the drug (EICHELBAUM et a1. 1975), and there 
is some evidence for lesser degrees of such a phenomenon in relation to 
phenytoin (DICKINSON et a1. 1985) and valproate (personal unpublished data). 
Autoinduction will reduce the plasma concentration of the drug over some 
days or weeks and consequently may lessen the degree of initial sedation from 
the anti epileptic drug. It also appears likely that true pharmacological toler
ance to this sedation may occur, though this is difficult to prove in humans. To 
allow time for these various adaptive phenomena to take effect, it is often 
prudent to prescribe one-fourth or one-third of the expected daily dose of the 
antiepileptic drug initially, and to increase the dose in stages at weekly or fort
nightly intervals till the definitive dose is reached, assuming that no significant 
adverse effects have appeared before this time. Such a progressive introduc
tion of therapy may delay seizure control in those with frequently occurr
ing attacks, though in such epilepsy it may also avoid unnecessarily high 
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antiepileptic drug dosage should seizures be suppressed at a lower dose and 
lower plasma drug concentration than anticipated. When it is feasible, 
antiepileptic drugs are probably best taken twice a day, even if half-life con
siderations would allow less frequent drug intake. Twice daily dosage appears 
to offer the best chance of long term compliance with a dosage regimen. It 
also minimizes the consequences of omitting a single dose of a drug which is 
slowly enough eliminated to permit once daily dosage. Omission of a single 
daily dose of a drug with a 24h half-life (which results in no drug intake for 
48h) could lead to an appreciable fall in plasma and tissue antiepileptic drug 
concentrations by the time the next dose is taken, and this might allow previ
ously controlled seizures to break through. 

As mentioned above, once there has been time for a steady state to be 
reached at the anticipated appropriate antiepileptic drug dosage, the plasma 
drug (or drug metabolite in the cases of methylphenobarbitone and primi
done) concentration should be measured, if feasible. Should possible adverse 
effects have occurred already, the drug concentration considered in relation 
to the therapeutic range for the drug may help decide whether the patient is 
overdosed and merely needs less of the drug, or whether the patient is sensi
tive to, or intolerant of, the drug. In the latter case it would be best to substi
tute another agent. If no adverse effects are present and it is clear that a 
satisfactory dosage is already being prescribed, i.e. previously frequent 
seizures have ceased, the drug concentration that then applies will serve as a 
baseline for future interpretation of the clinical situation should subsequent 
treatment difficulties arise. That concentration is a therapeutic one for the 
patient concerned, whatever its numerical value. If there are no adverse effects 
but it is uncertain whether enough drug is being taken to prevent the patient's 
seizures (usually because the natural history of the patient's epilepsy is 
unknown at that stage), the dosage should not be altered if the plasma 
anti epileptic drug concentration is within or above the therapeutic range. If 
the concentration is subtherapeutic, and the patient is known to be compliant 
with the prescribed dosage, the dose should be increased by an amount cal
culated sufficient to maintain a plasma drug concentration within the thera
peutic range (providing no adverse effects then develop). 

Empirical data show that. at least for phenytoin, phenobarbitone and 
ethosuximide, steady-state plasma drug concentrations in individual patients 
rise more than proportionately in relation to the size of the dosage increments 
prescribed (EADIE 1976). In the case of phenytoin this non-linearity is due to 
increasing saturation of the body's capacity to para-hydroxylate the drug as 
the dose is increased (EADIE et al. 1976). In contrast, steady-state plasma car
bamazepine concentrations rise less than expected relative to dosage increase 
in the individual, due to ongoing dose-dependent autoinduction of metabo
lism of the drug given in monotherapy (BERNUS et al. 1996). These non
linearities need to be kept in mind when adjusting dosages of these particU
lar drugs. Plasma phenobarbitone concentrations rise very much in proportion 
to the size of methylphenobarbitone dosage increments. The relationships 
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between dosage and steady-state plasma concentrations of the other marketed 
antiepileptic drugs in the individual patient do not yet appear to have been 
defined adequately. 

F. Continuing Drug Therapy 
Once the patient with epilepsy is established on apparently satisfactory drug 
therapy a number of management situations may arise. Below, they are con
sidered individually, though in practice two or more may at times coexist. 

I. No Further Seizures and No Adverse Effects Occur 

This is the ideal therapeutic situation. It is attained within 2 or 3 years of the 
onset of epilepsy in some 75% of patients (REYNOLDS et al. 1983). In these cir
cumstances, all that needs to be done is to continue the successful therapy in 
unaltered dosage, to put in place measures intended to help ensure long term 
compliance with the therapy (PETERSON et al. 1984), and to review the patient 
at intervals to ensure that all remains well. Although it is not strictly neces
sary, plasma anti epileptic drug concentrations may be measured at intervals, 
partly to provide an ongoing baseline against which to interpret any thera
peutic difficulty which may happen to arise later, and partly as a way of check
ing on, and thus helping to maintain, compliance with the treatment. If the 
plasma antiepileptic drug concentration declines at some stage, and continues 
to remain low, but seizures not recur, there is reason to hope that the under
lying epileptic process has become inactive. If so, withdrawal of therapy (see 
below) can be considered at that time in the hope that the epileptic process 
in the patient is in lasting remission. 

II. Adverse Effects Occur 

The type and severity of adverse effects will determine the appropriate ther
apeutic action. If the adverse effect that occurs appears to involve hypersen
sitivity mechanisms it will usually be necessary to withdraw the culprit drug 
and to substitute another appropriate agent. In this case the situation then 
becomes that of anti epileptic drug therapy begun anew. If the adverse effect 
is one whose severity is probably dose-proportional, the appropriate course of 
action is to reduce the dose of the anti epileptic drug. This may remedy the 
adverse effect, though possibly at the price of decreased seizure control. This 
latter situation is discussed immediately below. 

III. Seizures Continue Despite Therapy 

In this situation there are two likely explanations, viz. (a) the patient is not 
taking a sufficient dose of the antiepileptic drug that is being used, or (b) the 
epilepsy is not responsive to the drug used, either because the diagnosis of the 
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epileptic syndrome present is incorrect so that an inappropriate drug has been 
prescribed, or the diagnosis is correct but for some reason the underlying 
epileptic process is resistant to the drug prescribed. 

If the plasma antiepileptic drug concentration is below the therapeutic 
range, underdosage is likely to explain the continuing seizures so that a higher 
drug dose should be used to try to obtain seizure control. If the concentration 
is within the therapeutic range, the diagnosis of the type of epilepsy present 
should be reconsidered, and the presence of hitherto undetected progressive 
brain pathology should be excluded as far as it can be. If the diagnosis of the 
epileptic syndrome appears correct, the appropriate course is to increase the 
anti epileptic drug dose cautiously, and to continue to do this whenever steady
state conditions apply but seizures continue to occur, until adverse effects of 
the therapy preclude any further dose increase. If seizures come under control 
with increasing anti epileptic drug dosage, and adverse effects remain absent, 
the patient has moved into the desirable situation of being free both of 
seizures and of adverse effects, and is managed accordingly. If dosage incre
mentation produces adverse effects before seizure control occurs, it will be 
necessary to exchange the drug in use for another potentially appropriate 
agent. The changeover is best made in stages over some days or weeks. 

IV. Antiepileptic Drug Monotherapy Fails 

Should all the longer established antiepileptic drugs appropriate for a patient's 
type of epilepsy fail to control the disorder when used as monotherapy in 
doses which leave the patient free from adverse effects, there remain three 
main treatment possibilities, viz. (a) to try one or other of the new anticon
vulsants in monotherapy, though marketing approval indications may deter 
such a course in some countries, (b) to use antiepileptic drug combinations, or 
(c) to examine the possibility of epilepsy surgery (which will not be consid
ered further in the present text). 

At the time of writing, there is not a great deal of information available 
regarding the use of the newer antiepileptic drugs as monotherapy in refrac
tory epilepsy. They have usually been studied by being added to existing (inad
equate) therapy, and have shown efficacy in these circumstances. Antiepileptic 
drug combinations involving the longer marketed agents may be effective in 
some patients in whom the drugs which are to be combined have already failed 
when used in monotherapy. While SCHMIDT (1982) found adding a second 
antiepileptic drug led to significantly improved seizure control in only 13% of 
patients with monotherapy-refractory partial seizures, MATTSON (1994) stated 
that anti epileptic drug combinations produced improved seizure control in 
half the patients in whom monotherapy had failed. 

1. Antiepileptic Drug Combinations 

If two antiepileptic drugs are to be used in combination. it is sensible 
to prescribe agents which are known to interfere with different aspects of 
the molecular mechanisms of epileptogenesis to try to obtain enhanced 
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Table 4. Known biochemical actions of the anti epileptic drugs 

Group Action 

I Blocking voltage-dependent 
Na+ channels 

II Increasing postsynaptic Cl-
entry at GABAA receptors 
Directly 
By facilitating GABA 

effects 
By increasing synaptic 

GABA concentrations a 

III Interfering with glutaminergic 
neurotransmission 

IV Blocking "T" type thalamic 
Ca2+ channels 

a May also have effects at GABAB receptors. 

Drugs 

Phenytoin; carbamazepine; val pro ate; 
lamotrigine; topiramate 

Phenobarbitone; topiramate 
Benzodiazepines 

Vigabatrin; valproate; tiagabine 

Lamotrigine; ? gabapentin; ? topiramate 

Ethosuximide; valproate 

therapeutic efficacy. However, combinations of agents with the same molecu
lar mechanism of action are neither contraindicated nor illogical if the mech
anisms responsible for the toxicities of the two substances differ. The known 
biochemical mechanisms of action of the marketed anti epileptic drugs are 
summarized in Table 4. An agent from group I and one from group II of the 
table, or one each from groups I and III, or from groups II and III, might com
prise suitable combinations, so long as the epileptic syndrome that is present 
is known to respond to both of the agents chosen. As yet, there is not a great 
deal of evidence that such theoretically based expectations are borne out in 
practice. For absence seizures, where only the agents in group IV are useful, 
the combination of ethosuximide and valproate has been reported to be suc
cessful when each drug, used alone, had failed to prevent the attacks (PERUCCA 
1995). 

With the use of antiepileptic drug combinations, there is an increased pos
sibility of adverse effects occurring. These must be watched for carefully, and 
appropriate action taken should they develop. 

2. Pharmacokinetic Interactions Between Anticonvnlsants 

When two or more anti epileptic drugs are used together, pharmacodynamic 
interactions may occur. As mentioned above, some such interactions may be 
beneficial to the patient. Others may result in adverse effects, e.g. sedation. 
Pharmacokinetic interactions may also occur between two anti epileptic agents 
used in combination. Many such interactions are known (Table 5, Chap. 22, 
this volume). When these interactions affect the drug originally used they can 
be detected by measuring its plasma concentration before and 1-3 weeks after 
the second agent is added. The interpretation is simpler if the dose of the first 
agent has not been changed. Interactions affecting the added agent are harder 
to detect in a given patient, but can be suspected if the plasma concentrations 
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Table 5. Pharmacokinetic interactions between antiepileptic drugs. (After PATSALOS 
and DUNCAN 1993) 

Drug 

Carbamazepine 

Ethosuximide 

Gabapentin 
Lamotrigine 

Phenobarbitone 
Phenytoin 

Tiagabine 
Topiramate 
Valproate 

Vigabatrin 

Clearance 

Increased by 

Phenobarbitone; phenytoin; 
primidone 

Carbamazepine; primidone; 
val pro ate (inconstant) 

Carbamazepine; 
phenobarbitone; phenytoin 

Carbamazepine (inconstant); 
c!onazepam (inconstant); 
valproate (inconsistent); 
vigabatrin 

Decreased by 

Methylphenobarbitone; 
valproate (inconstant) 

Valproate 

Phenytoin; valproate 
Carbamazepine (inconstant); 

c!onazepam (inconstant); 
ethosuximide; sulthiame; 
valproate (at high phenytoin 
concentrations) 

? ? 
Carbamazepine; phenytoin 
Carbamazepine; phenobarbitone; -

phenytoin 

a Carbamazepine-10,11-epoxide clearance is decreased by lamotrigine and valproate. 

of the added drug proves to be unusually high or unusually low relative to 
its dose. If plasma concentrations of the initially prescribed drug fall after a 
second agent is added, and seizures continue, the more appropriate course of 
action may be to increase the dose of the first drug rather than to increase that 
of the second. 

One pharmacokinetic interaction which may not be detected readily, but 
which is often responsible for adverse effects, is that which follows the addi
tion of phenytoin or phenobarbitone to existing carbamazepine therapy. In 
this interaction plasma carbamazepine concentration may fall to some extent, 
yet the patient may experience increased sedation or ataxia because the 
plasma carbamazepine-lO,l 1-epoxide concentration tends to rise (McKAUGE 
et al. 1981). The plasma concentrations of this carbamazepine metabolite are 
not measured routinely, though it is both an antiepileptic agent and a seda
tive. Reduction in carbamazepine dose is more appropriate than reduction in 
the dose of the added drug in this circumstance. 

v. The Patient's Physiological Status Alters 

1. Age 

Although many patients with epilepsy receive antiepileptic drugs for only a 
few years before their treatment can be withdrawn successfully, some persons 
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need the therapy over most of the course of their lives. Age-related alterations 
in drug clearance may then produce the need for dosage adjustments at times. 
The clearances of those antiepileptic drugs which are eliminated mainly or 
exclusively by being metabolized, expressed relative to body weight, tend to 
be lower in the neonate, to increase in the first year of life, remain high 
throughout childhood, and begin to decline gradually at or after puberty, the 
decline continuing into old age. This type of behaviour is likely to apply to all 
the currently available antiepileptic drugs except vigabatrin and gabapentin, 
though phenytoin clearance relative to body weight decreases fairly abruptly 
around the time of puberty. Vigabatrin and gabapentin are cleared mainly by 
renal excretion in unmetabolized form. Their clearances diminish from middle 
age onwards, as renal function declines (as it normally does). This knowledge 
of the age-related behaviour of antiepileptic drug clearance may help in 
determining appropriate initial anti epileptic drug dosage, and in anticipating 
the dosage alterations which may be required during a prolonged course 
of anti epileptic drug therapy which could encompass much of a patient's 
lifespan. 

2. Menstrual Cycle 

Plasma concentrations of phenytoin, carbamazepine and phenobarbitone tend 
to fall in the premenstrual week in at least some women with epilepsy. This 
fall may contribute to a tendency for their epileptic seizures to occur mainly 
or exclusively around the time of menstruation (HERKEs et al. 1993). Some 
women with such catamenial epilepsy also tend to have more seizures at 
mid-cycle, if ovulation occurs. In women with catamenial epilepsy it has been 
suggested that higher antiepileptic drug doses should be taken in the pre
menstrual week, though it may sometimes be difficult for the patient to know 
exactly when to commence the higher dosage in each menstrual cycle because 
of unpredictability of the lengths of individual cycles. So long as the patient 
does not develop overdosage manifestations it may be better for higher 
antiepileptic drug doses to be taken throughout the whole cycle in the hope 
that the premenstrual drug concentrations will then suffice to prevent seizures. 

3. Pregnancy 

The optimal use of antiepileptic drugs during pregnancy involves reconciling 
what is best for the mother with what is best for her baby. Intake of antiepilep
tic drugs during pregnancy is associated with an increased risk of teratogene
sis. To minimize this risk it has been advised that only one antiepileptic drug 
should be taken whenever feasible, and that its dose should be the lowest one 
which will control seizures in the mother (LINDHOUT and OMTZIGT 1994). In 
earlier studies (KNIGHT and RHIND 1975), epileptic seizures were reported to 
become more frequent during pregnancy. However, more recent work has 
failed to confirm this (TOMSON et al. 1994), perhaps because over the inter
vening years the widening use of plasma anti epileptic drug concentration mon-
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itoring may have made therapeutic practice more efficient. Clearances of 
phenytoin (DAM et a1. 1976), phenobarbitone (LANDER et a1. 1977) and prob
ably valproate (PHILBERT and DAM 1982), but not carbamazepine, unless it is 
used in combination with phenytoin or phenobarbitone (BERNUS et al. 1995), 
increase as pregnancy progresses, and return progressively to pre-pregnancy 
values over a few weeks or months after childbirth. Information is not yet 
available for the dispositions of the newer antiepileptic drugs in pregnancy. 
Ideally the plasma antiepileptic drug concentrations which were present 
before pregnancy should have been associated with as complete and adverse 
effect-free control of seizures as was possible in the patient. It would then be 
sensible to monitor the plasma drug concentration every few weeks during 
pregnancy, and to adjust the antiepileptic drug dosage as necessary to 
maintain the plasma drug concentrations close to their pre-pregnancy value 
throughout the pregnancy. The maternal plasma drug concentrations should 
also be monitored fortnightly in the postnatal period, and the drug dosage 
reduced when the plasma drug concentration begins to rise, thus avoiding the 
appearance of overdosage manifestations. In interpreting the drug concentra
tion values, some allowance may need to be made for the fact that the plasma 
protein binding capacity, at least for phenytoin, is reduced in the last trimester 
of pregnancy (DEAN et al. 1980). Therefore a 10%-15% fall in whole plasma 
phenytoin concentration may not necessarily be associated with compromised 
seizure control in later pregnancy. Ideally, plasma water drug concentrations 
rather than whole plasma drug concentrations would be monitored during 
pregnancy. Fortunately, salivary concentrations of phenytoin. carbamazepine 
and ethosuximide correlate closely with the plasma water concentrations of 
these substances (McAULIFFE et al. 1977), as do salivary phenobarbitone con
centrations if a correction is first made to allow for the effect that the mea
sured pH difference between plasma and saliva has on the phenobarbitone 
ionized fractions in the two fluids. 

In practice, if the above policy is followed, phenytoin doses will usually 
need to be increased in pregnancy, as will carbamazepine doses if the drug is 
used in combination with phenytoin or phenobarbitone. Phenobarbitone or 
drugs metabolized to it are now not often used in Western societies and val
proate intake in pregnancy is undesirable because of the risk of spina bifid a 
in the offspring. Unless the mother experiences troublesome overdosage 
symptoms in the postpartum period, breast feeding is very unlikely to provide 
enough antiepileptic drug in milk to produce adverse effects in a baby previ
ously exposed to the drug in utero. 

There is a 1.2-fold to 3-fold increase in perinatal mortality in the infants 
of epileptic mothers (HIlLESMAA 1992), but there is no increase in the inci
dence of other obstetric problems except for the hazard of teratogenesis and 
the chance of a neonatal bleeding diathesis which can be prevented by giving 
the mother an injection of vitamin K during labour. If a foetus has been 
exposed to antiepileptic drugs, particularly valproate or carbamazepine, 
in the first trimester of pregnancy, a high resolution ultrasound scan and 
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measurement of plasma a-fetoprotein concentration should be offered, to 
enable the mother to take an informed decision about continuing the preg
nancy in the unlikely event that spina bifid a is present. 

4. Intercurrent Illness 

Intercurrent illness which impairs the function of the organs involved in elim
inating the anti epileptic drugs is likely to necessitate a decrease in drug dosage. 
If renal insufficiency develops, doses of vigabatrin and gabapentin, the only 
marketed antiepileptic drugs which are eliminated mainly by renal excretion 
in largely unmetabolized form, will probably need to be lowered. Hepatic 
insufficiency is likely to reduce the body's capacity to tolerate previously 
satisfactory dosages of any of the remaining antiepileptic drugs, all of which 
are cleared predominantly by being metabolized in the liver. Diseases which 
reduce plasma albumin concentrations will alter the relationship between the 
whole plasma drug concentration and the biological effects of the drug. When 
such diseases are present it is desirable to monitor drug concentrations in 
plasma water (or drug concentrations in saliva, if these are known to reflect 
plasma water drug concentrations), as a guide to anti epileptic drug dosage. 
Plasma water drug concentration monitoring is unnecessary for drugs which 
exhibit little or no binding to plasma proteins, e.g. ethosuximide, gabapentin. 

Drugs prescribed to treat an intercurrent illness may alter the dispositions 
of any anti epileptic drug or drugs which are being taken by the patient. Such 
pharmacokinetic interactions are too numerous to be mentioned individually 
at this point, but are described in Chap. 22 and other chapters of this book. 
They can be detected by measuring the plasma anti epileptic drug concentra
tion just before the other agent is added to the patient's therapy, and again 1 
or 2 weeks later. The information from these paired measurements can be used 
to guide any antiepileptic drug dosage adjustment that then appears desirable. 

VI. Status Epilepticus Occurs 

Status epilepticus may complicate the ongoing management of epilepsy, in 
which case it often proves due to omission of prescribed antiepileptic therapy. 
Alternatively, it may be the presenting manifestation of epilepsy. The factors 
responsible for the occurrence of the status should be diagnosed quickly and, 
as far as possible, corrected. Appropriate supportive care, e.g. maintenance of 
the airway, of blood oxygenation and of fluid balance, is essential. Various 
anti epileptic drug regimens are used in different centres to control the status, 
though there are no comparative studies to determine which regimen is the 
best (WALKER et al. 1995). Unless the sufferer can swallow with safety at the 
time when treatment of status epilepticus is commenced, the anti epileptic drug 
therapy must be given parenterally, and preferably intravenously. The doses 
used depend on whether or not the sufferer has already been taking 
antiepileptic drugs before the status develops. 
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1. Generalized Convulsive Status Epilepticus 

At the time of writing, the commonly used agents for convulsive status epilep
ticus are phenytoin and diazepam (or another benzodiazepine) whilst pheno
barbitone, pentobarbitone, thiopentone or inhalational anaesthetics may be 
employed in resistant cases (WALKER et al. 1995). 

In previously untreated instances of convulsive status epilepticus, an initial 
intravenous dose of 10-15 mg/kg phenytoin might be infused over a period of 
1-2h. If the phenytoin pro-drug phosphenytoin is available, it may be given 
intravenously more conveniently, and rather more rapidly, than phenytoin, and 
in similar molar dosage. As alternatives, diazepam 0.1 mg/kg or clonazepam 
0.03-0.05 mg/kg might be given intravenously over 5 min, initially. If the ben
zodiazepines are used, another anti epileptic drug better suited to long term 
intake will need to be prescribed for subsequent maintenance therapy. Par
enteral drug administration is continued at appropriate intervals until seizures 
cease or evidence of beginning cardiorespiratory depression appears. If the 
patient had already been receiving therapy with the anti epileptic drug chosen 
for intravenous administration, a similar regimen, though with a perhaps 
30%-50% lower dose, might be employed unless there was evidence that 
treatment had been omitted recently, in which case a fuller dosage could be 
used. It would appear sensible to use more of the anti epileptic drug the patient 
was already taking, particularly if that drug had been effective in treating the 
patient's seizures previously, in preference to trying a different agent. This 
would avoid hypersensitivity type adverse effects which might follow the 
administration of a drug to which the patient had not been exposed previously. 
Unfortunately, many anticonvulsants are not marketed in a dosage form 
suitable for parenteral use. Therefore the choice of parenteral antiepileptic 
drug is somewhat limited (being restricted to phenytoin, phenobarbitone, 
diazepam, clonazepam and certain other benzodiazepines including midazo
lam, and in some countries valproate). However, certain drugs with seizure
suppressing effects, which are too sedating or otherwise unsuitable for regular 
use in the long term treatment of epilepsy, e.g. amylobarbitone, chlormethia
zole, paraldehyde, can be given intravenously to control convulsive status 
epilepticus. 

When convulsive status epilepticus is controlled, parenteral antiepileptic 
drug therapy is continued until the patient is again able to take drugs by mouth 
safely. Oral maintenance therapy is then organized, or reinstituted, as the case 
may be, along the lines described earlier in this chapter. 

2. Non-convulsive Status Epilepticus 

In partial or absence seizure status, if the patient can swallow with safety, oral 
therapy may be used from the outset. Clonazepam or valproate, orally or par
enterally, is probably the preferred agent in these situations, though the other 
drugs employed for convulsive status are also useful in partial seizure status. 
Non-convulsive seizure status does not usually constitute the emergency that 
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convulsive status does. As a consequence, anti epileptic drug therapy can be 
adjusted in less haste to control the episode. 

G. Duration of Therapy 
Evidence has emerged that anti epileptic drug therapy suppresses seizures but 
probably does not cure epilepsy, which itself often goes into remission while 
the drug therapy continues to be taken. As a result, the argument for achiev
ing prompt, prolonged and complete control of all epileptic seizures in the 
patient may not appear as pressing as it seemed to be a decade ago. 

The meta-analysis of BERG and SHINNAR (1994) showed that, if a patient 
had been completely free from seizures for 2 or more years, there were 29 in 
100 chances that the disorder would relapse within 2 years of commencing any 
withdrawal of therapy. Some other published figures for the relapse rate have 
been 36% (SHINNAR et al. 1994), 20% (BOUMA et al. 1987: EADIE 1994) and 
14% (MATRICARDI et al. 1989). THE MRC ANTIEPILEPTIC DRUG WITHDRAWAL 
STUDY GROUP (1993) found that the following factors increased the risk 
of relapse after antiepileptic drug withdrawal: age above 16 years, taking 
more than one anti epileptic drug, seizures continuing after anti epileptic drug 
therapy commenced, having bilateral tonic-clonic seizures or myoclonic 
seizures, and there being a relative short seizure-free period before drug with
drawal was begun. EADIE (1994) found that a patient's reaching the point of 
withdrawing anti epileptic drug therapy was favoured by an earlier age of onset 
of epilepsy, a history of birth difficulty, having had only a solitary seizure before 
treatment began, and having no abnormal neurological signs on examination. 
Epilepsy beginning after the age of 12 years, and epilepsy needing two or more 
anti epileptic drugs to achieve seizure control, decreased the chances of a suc
cessful withdrawal of therapy. OLLER-DAURELLA and OLLER (1991) showed 
that delay in treating epilepsy decreased the prospect of successfully with
drawing therapy. In essence, the nature of the epileptic syndrome that is 
present, and whether or not structural brain pathology underlies the epilepsy, 
appear the main determinants of the success or otherwise of ceasing therapy. 
On the whole, generalized epilepsies beginning after the first decade of life, 
including juvenile myoclonic epilepsy, respond well to appropriate antiepilep
tic drugs but, with the exception of absence seizures (SATO et al. 1983), tend to 
relapse at some stage after therapy is withdrawn. 

It is uncertain whether persisting paroxysmal activity in the routine 
surface lead EEG at the time of withdrawal of therapy provides a useful prog
nostic guide (GALIMBERTI et al. 1993; TINUPER et al. 1996), though paroxysmal 
EEG abnormalities developing during the course of the withdrawal have 
unfavourable connotations. For fully controlled epilepsies with a good outlook 
for continuing freedom from seizures after withdrawal of antiepileptic drug 
therapy, one recent study showed that as little as 12 months without seizures 
may be sufficient to allow successful phasing out of drug intake (BRAATHEN 
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and THEORELL 1995). However, it is often difficult to know exactly when the 
period of epilepsy control has begun in a patient who has had only occasional 
seizures. Therefore in practice a 2 or 3 year period without seizures is usually 
considered necessary before withdrawal of anti epileptic drug therapy is con
sidered. The extensive data of OLLER-DAURELLA et al. (1976) showed that 
the risk of epilepsy relapse after withdrawal of antiepileptic drug therapy 
decreased with increasing duration of seizure control over a period of at least 
20 years. However, beyond 5 years of seizure control there was relatively little 
further reduction in the risk of relapse. In practice, even when the time and 
circumstances seem propitious for a withdrawal of antiepileptic drug therapy, 
and the patient knows there are four in five chances that his or her seizures 
will not recur, some epilepsy sufferers will elect to continue therapy because 
of the fear of further attacks and their consequences. Practical guidelines for 
withdrawing antiepileptic drug therapy have been discussed by CHADWICK 
(1994). 

In some 20% of patients with epilepsy (SHORVON 1996) it will prove impos
sible to control the seizures with all currently available therapy. There is then 
little alternative to using what experience in the patient has shown is the most 
effective and least toxic drug or drug combination for an indefinite period. 
Adverse effects must be watched for carefully, particularly delayed onset ones, 
e.g. folate depletion and its consequences, and osteomalacia. If these begin to 
emerge, appropriate remedial action should be taken. 

H. Withdrawal of Therapy 
Although there appears to be no proof that rapid withdrawal of antiepileptic 
drug therapy leads to a worse outcome than gradual withdrawal, antiepileptic 
drug dosage is usually phased down in stages over several months. Thus the 
daily drug dose might be reduced in 25% steps at monthly or even second 
monthly intervals till drug intake is ceased. If two antiepileptic drugs are used, 
the drug thought less important for control of the patient's epilepsy is with
drawn first, and then the more important drug. The risk of relapse is greatest 
during the withdrawal process, and over the first few months afterwards. Some 
70% of the risk of relapse has been consumed by the time a year has passed 
following the commencement of the withdrawal of therapy (EADIE 1994). 

I. Use of Antiepileptic Drugs for Indications 
Other than Epilepsy 

For many years, the agents customarily regarded as antiepileptic drugs have 
also been used to treat disorders other than epilepsy. Most antiepileptic drugs 
have tranquillizing properties, and these probably account for some of the 
beneficial actions attributed to the drugs. Over the years, phenytoin has 
achieved a rather wide array of uses (EADIE and TYRER 1989), and is still some-
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times employed in managing myotonia, occasional forms of migraine, trigem
inal neuralgia, cardiac arrhythmias and, in recent times, cocaine abuse (CROSBY 
et al. 1996). Carbamazepine is the treatment of choice for trigeminal neural
gia, and may be useful in various painful peripheral neuropathies. It is now 
being increasingly employed in the management of bipolar affective disorders 
(BOWDEN 1996). Valproate is also used in trigeminal and other neuralgias 
(PEIRIS et al. 1980) and in mania (PENN et al. 1996), and appears to be a 
migraine prophylactic (MATHEW et al. 1995; LENAERTS et al. 1996). Primidone 
is employed to suppress essential tremor (FINDLEY et al. 1985). Clonazepam is 
used for some types of non-epileptic myoclonus (GOLDBERG and DORMAN 
1976) and for trigeminal neuralgia. There are suggestions that vigabatrin and 
gabapentin may have "neuroprotective" actions that may prove useful in neu
rological disorders where the pathogenic mechanism is thought to involve glu
tamate-mediated excitotoxicity (GURNEY et al. 1996). Uses of antiepileptic 
drugs apart from epilepsy may be regarded as outside the terms of reference 
of the present book, but some of them are mentioned above to illustrate addi
tional ways in which these agents are coming to be employed in contempo
rary medicine. 
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459,505,506,519,525,533,537,540 
hepatic failure 163,352,369,506 
hepatic toxicity 158,499, 506, 525 
hepatitis 123,200,258,289,291 
hepatosplenomegaly 240 
hepatotoxicity 12, 139,364,366,369, 

478,574,595 
high performance liquid chromatography 

174 
hippocampal kindling 92, 113 
hippocampal neurons 66, 70, 93, 

110-112,133,138-140,272,338, 
500,523,541 

hippocampal sclerosis 27,22,95, 
112,113 

hippocampal slices 70,91,92,98,99, 
102,114,130,135,137,138,140,191, 
341,362,427,431,449,521,539 

hippocampus 3, 11,27,33,43,55,67, 
71,79,88,91-97,99-105,107,108, 
111-114,131,137,270,272,334,337, 
340,361,377,396,430,431,448,450, 
521,541 

hirsutism 252, 327 
histamine 340, 448 
homocamosine 376,378 
homocysteine thiolactone 335,526 
homovanillic acid 378, 435, 436 
horses 191 
hostility 441,460 
hydantoins 10,160,241,249,254-256 
hydrocortisone 162,384 
hydronephrosis 440 
hydroxy-carbamazepine 134, 135 
hydroureters 440 
hyperactivity 201, 574 
hyperammonaemia 369,562 

hypersalivation 414 
hypersecretion 414 

Subject Index 

hypersensitivity 163,212,240,288, 
289,291,327,351,506,600,607 

hypertrichosis 327 
hypoalbuminemia 363, 365 
hyponatraemia 288,327,328 
hypospadias 292 
hypotension 243, 246, , 406 
hypothalamus 109,270 
hypsarrhythmia 8, 14, 489 

I 
idazoxan 99 
idiopathic epilepsy 5, 7, 9, 13, 14,20, 

25,34,36,42,56 
IgA 242 
illness, intercurrent 606 
imipramine 251,285-287,349 
immediate early genes 107 
immunochromatography 181 
immunoglobulin g2 287 
impaired memory 459 
impotence 201 
in situ hybridisation 90,92,97, 105, 

108,111 
infantile spasms 379,383,489 
infants 14,34, 162,367,383,389,605 
influenza vaccine 285 
Inhibitory neurons 67,69, 73 
inhibitory post-synaptic potentials 521 
insomnia 213,397,398,414,441,459, 

505-508,537 
interactions 11,64,123,134,161,177, 

178,198-200,203,207,208, 
210-213,234,236-238,251,255, 
257,267,280,282,284-286,325,335, 
349,350,363,367,368,397,406,411, 
414,425,426,428,429,431,437,438, 
456,457,465,467,476,491,492,500, 
503-505,507,508,515,519,524,530, 
532,533,536,537,540,541,543, 
553-555,557 -559,561-563, 
565-577,579, 579-583, 597, 602, 
603,606 

ion channels 73,92,96,97, 123, 125, 
126, 156-160, 163, 166,231,269, 
319,397,427,534 

Ions 33,105 
irritability 258,387,531 
Isaac's syndrome 268 
isobutyl-gaba 540 
isoniazid 139, 199,200,208,238,285, 

376,565,569,571 
isonicotinic acid 432 
itraconazole 199,286 



Subject Index 

J 
jaundice 200 
josamycin 285, 570 

K 
K+ion 2,68,70,73,74,96,97,104, 

114, l33, l35, 156, 160,231,273,320, 
336,339,340,362,431,517,521,523, 
539,542 

kainate 31-33,44,48,49,76,89,92-
94, 101, 102, 105, 107, 112, l39, 141, 
273,341,465-467,500,517,539,542 

ketamine 140, 159 
ketone reductase 580 
kindled seizures 28,29,48,98, 103, 

137,190,269,273,274,376,377,431, 
432,517,526,538 

kindling 2,27-31,33,43-45,48,49, 
52,88,89,92-94,96-103,105-111, 
113,130,136,138,139,152,156-258, 
161,164,272,273,334,360,377,432, 
517,521,532,539,540,542 

L 
L-trans-pyrrolidine-2,4-dicarboxylic acid 

336 
1amotrigine 9,11,12,14,15,35,123, 

132-134,160,162,163,269,274,285, 
286,331-352,367,368,438,479,492, 
504,505,525,574,577,579,580,582, 
591,596 

- absorption 345 
- adverse effects 350 
- chemistry 331 
- clinical pharmacokinetics 348 
- distribution 346 
- elimination 347 
- in animal models of epilepsy 333 
- interactions 349 
- mechanism of action 336 
- metabolism 348 
- neurochemical actions 336 
- non-neurological effects 344 
- other central nervous system effects 

340 
- pharmacodynamics 333 
- pharmacokinetics 345 
- use 332 
Landau Kleffner syndrome 9 
Lennox-Gastautsyndrome 5,9,14,139, 

152,162,383,389,412,415,465, 
473,474,481,489,501-503,507, 
509,594,596 

lesional epilepsy 64 
lethargic (lh/lh) mice 35 
leucopenia 208, 252, 494 

levetiracetam 516 
- chemistry 516 
- interactions 519 
- mechanism of action 517 
- metabolites 518 
- pharmacodynamics 516 
- pharmacokinetics 518 
1evonorgesterol 286 
lichenoid 289 
lignocaine 199, 269 
lipids 180, 199 
lithium 190,268,285,576 
liver adenomas 458 

623 

liver disease 232, 284, 363, 401-403, 
508,509 

liver failure 289, 503, 506 
localization-related epilepsies 14, 486, 

488,501,502 
locomotor deficit 351 
locus coeruleus 99, 106,398,399 
long-term potentiation 103, 105,272 
lorazepam 368,395,414,415 
losigamone 160,520,521,523-525,543 
- adverse effects 525 
- chemistry 520 
- (+)- enantiomer 524 
- interactions 524 
- mechanisms of action 521 
- pharmacodynamics 520 
- pharmacokinetics 523 
loxepine 286 
1utenising hormone 287 
Ly300164 [GIKY 53773] 541 
lymphadenopathy 240, 252, 506 
L-arginine 105, 106 
L-aspartate 90 
L-g1utamate 90, 96 
L-iso1eucine 427 
L-leucine 425,427,428,430 
L-pheny1a1anine 428 

M 
macrolide antibiotics 285, 570 
macular oedema 210 
magnesium sulphate 592 
magnetic resonance spectroscopy 378 
malformations 14,202,240,439,440, 

469,495 
mania 494,610 
maximal electroshock seizures 10, 19, 

20,41,49,51,54,93,129,132,134, 
138,152,153,157-159,161,164,203, 
209,230,245,248,273,333,351,360, 
376,377,396,408,415,429,431,432, 
449,466,485,499,516,517,521, 
526-528,534,538,543 



624 

mecamylamine 100 
melanin 346 
memory 105,107,288,340,397,398, 

458,459,519,523,539,563 
memory deficit 458 
menstrual cycle 604 
mephenytoin 195,200,233,235, 

246-254,477 
- absorption 248 
- adverse effects 251 
- chemistry 247 
- clinical pharmacokinetics 250 
- interactions 251 
- metabolism 249 
- pharmacodynamics 248 
- pharmacogenetics 249 
- use 248 
meprobamate 139,499, 500 
merbendazole 286 
mesencephalon 79 
mesial temporal sclerosis 11, 14 
mesoridazine 199 
metabolism 69,74,131,134,177,193, 

195,196,200,205,229,233-236, 
238,243,245,247,249,250,254, 
257,275,278-280,285,286,319, 
324,325,347-350,365-368,385, 
386,401-403,409,413,430,434, 
436,447,454-457,475,491-493, 
504,507,524,525,528,530,536,539, 
541,554,557,558,562,563,565-567, 
569-575,577,579-583,598,599 

methadone 199,567 
methoin 200,246,247 
methsuximide 199,202,203,205, 

207,208 
- adverse effects 208 
- applied pharmacokinetics 107 
- chemistry 203 
- elimination 206 
- metabolism 205 
- use 206 
methylation 257, 348, 536 
methylphenobarbitone 175, 177, 

189-193,195-198,200-202,208, 
236,251,599 

- absorption 191 
- applied pharmacokinetics 197 
- biotransformation, stereoselective 

195 
- chemistry 189 
- distribution 192 
- electrophysiological actions 191 
- elimination 196 
- interactions 200 
- metabolism 195 

Subject Index 

- pharmacodynamics 190 
- use 190 
metocurine 576 
metoprolo1 199 
Mg2+ ion 92, 140,272,521 
mice 20,34-37,39-41,43,44,50, 

51,53,56,89,91,94,98,102,107, 
109-111,129,130,134-137,140, 
158,195,203,209,211,242,245,248, 
258,273,326,333,335,337,343,345, 
346,350,351,376,396,402,403,407, 
408,412,415,429,431-433,439,440, 
447,449,450,454,457,458,466,468, 
469,485,495,499,500,516-518,521, 
526-528,534,535,538,539 

- lethargic (lh/lh) 98 
micellar electrokinetic capillary 

electrophoresis 175 
microdialysis 88,90,96,99, 100, 137, 

138,181,336,342,364,449 
midazolam 286,395,398,415,416, 

521,567,573,607 
migraine 360, 610 
milacemide 160,515 
milk 192, 193,205,277,324,347,390, 

490,605 
minipumps 164 
MK-801 109,159,344,515 
monitoring 2,165,173-176,178-183, 

230,237,238,245,328,360,390,475, 
477-480,495,501,570,583,590,591, 
596,606 

monkeys 33,55,135,139,320,347, 
348,364,409,469,529,532 

monohydroxycarbazepine 319, 320, 
324-326,328,541 

monotherapy 11, 138, 162, 167,209, 
255-257,281-283,291,319,321, 
323,326,332,347,359,366,369, 
377,378,381,389,436,438,440, 
441,453,454,459,460,472,473, 
475-477,486,489,492,494,500, 
501,503-505,537,562,571,591, 
592,599,601 

morphine 343,344 
mossy fibres 102, 104, 112, 113 
muscarinic effects 31, 100, 140, 340, 

468 
muscimol 35 
mutagenic assay 469 
mutagenic assays 469 
mutagenicity 292, 326,439,458, 523 
mycosis fungoides 289 
myocardial infarction 284 
myocarditis 290 
myoclonic absences 34 



Subject Index 

myoclonic epilepsy 7,8, 10, 14,34,35, 
37,54,190,209,268,274,383,384, 
431,489,502,595,608 

myoclonic jerks 63, 75, 77, 379, 384 
myoclonic seizures 5,7,35,37,39,42, 

53-55,152,166,190,248,253,268, 
323,359,412,415,449,486,543,608 

myoclonic-astatic seizures 34 
myoclonus 3,8,37,55,268,290,344, 

434,450,460,610 
myokymia 268 
myotonia 268, 610 

N 
N-acetyl-3-(sulfamoylmethyl)-

1,2-benzisoxazole 491 
N-methyl-D-aspartate, see NMDA 
W-cyclohexyladenosine 104 
W-cyclopentyl adenosine 104 
N-desmethylclobazam 409 
N -desmethylclobazam-3' ,4' -dihydriol 

409 
N-methyl gabapentin 434 
N-valproyl-g1ycinamide 542 
Na+ channels 2,11,52, 123-125, 129, 

132-134,140,191,231,269,319, 
336-339,362,397,431,466,486,501, 
523,527,528,532,538,539,542,543 

Na+ currents 124, 129, 133, 138, 140, 
158,231,338,501 

nafcillin 566 
nafimidone 160,285,515,571 
naproxen 285,457,574,581 
necrotisinf panniculitis 213 
nefazodone 285 
neonatal seizures 192,193,195,197, 

296,234,268 
neonates 196,202,363,365,604 
nephritis 201,291 
neurogenesis 110, 113 
neuroleptic malignant syndrome 290 
neuronal excitability 66,80,87,467 
neuronal firing 68, 166, 340, 361, 518 
neuropathic pain 344,345,499,501 
neuropathy 201 
neuropeptide 101, 102, 112 
neuropeptide Y 102 
neuroprotective effects 134, 141, 341 

343,377,500,542 
neurosteroids 97, 125 
neurotrophic factors 110, 111 
neurotrophin-3 (NT-3) 110 
neurotrophin 4/5 (NT4/5) 110 
neutral amino acid transporter 131 , 

132,430 
neutral amino acid uptake system 131 
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nicotinamide 285, 569 
nicotine 241,360,520 
nifedipine 109, 133, 135, 141,285,320, 

339,571 
nimodipine 160, 199,286,516,562, 

575 
nipecotic acid 427,447,448 
nirvanol 247,249,252 
nitrazepam 395,396,415 
nitric oxide 105,342,343 
nitric oxide synthase 105,342,343 
NMDA 2,11,30,31,43,52,53,91-93, 

97,98,105,106,10 9,130,139-141, 
159,191,340-342,344,361,427,430, 
432,467,468,500,501,516,517,521, 
526-529,532,539,541 

nocturnal frontal lobe epilepsy 101 
non-linear kinetics 492 
nor-mephenytoin 250 
noradrenaline 98, 99, 209, 270, 398, 

399,448,468 
norethindrone 349,477 
nortriptyline 199,286 
nystagmus 210,237,246,252,258, 

282,288 
N-desmethylclobazam 407-411,555 
N-glucosides 193-195,199 
N-methyloxazepam 401,402 
n-valproyl glycinamide 161 

o 
occipital lobe epilepsies 26 
oculogyric crisis 290 
oestriol 199 
olfactory cortex neurons 140 
ophthalmoplegia 290 
opiates 286 
oral contraceptives 199,325,438,477, 

505,562,567,572,580 
osteomalacia 201,243,609 
ouabain 360 
overdosage 237,251,282,283,288, 

328,460,480,494,596,604,605 
oxaprozin 180 
oxazepam 49,401-403 
oxazolidinediones 154,160,189 
oxcarbazepine 123,134,135,160,163, 

319-328,336,337,504,533,541,542, 
580,581,591 

- adverse effects 326 
- biochemical pharmacology 319 
- chemistry 319 
- clinical pharmacokinetics 324 
- elimination 324 
- in human epilepsies 321 
- interactions 325 
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oxcarbazepine 
- metabolism 324 
- pharmacodynamics 319 
- pharmacokinetics 324 
- teratogenicity 326 

p 
p-(3-aminopropyl)-p-diethoxymethyl-

phosphinic acid 158 
p-hydroxyphenyl felbamate 504 
p-hydroxyphenobarbitone 193 
P450, see cytochrome P 450 

palpitations 525 
pancreatitis 291, 369 
pancytopmia 208, 252 
pancuronium 576 
Papio papio 41, 137,290,203,273, 

407,415 
paracetamol 350, 562, 579 
parahydroxylation 504 
paraldehyde 607 
paranoid 258 
parietal lobe epilepsies 26 
partial epilepsy 26,27,30,63, 71, 

90,101,162,209,211,273,274, 
388,396,425,426,434,465,469, 
472,478,488,501,525,533,539, 
596 

partial seizures 3,5, 7, 8, 10, 11, 13, 
14,20,21,25-27,29,32,40,43-45, 
52,64,69,88,94,95,135,136, 
138,139,151,152,158,160-163, 
167,197,203,209,230,248,253, 
258,268,274,282,319,321-323, 
332,334,359,360,379-381,382, 
412,431,432,434,440,447,450-454, 
465,466,473,481,487,488,502,517, 
531,536,537,542,543,593,595,597, 
601,607 

parva1bumin 95, 107 
penicillin 49, 54,44, 135,203,230,272, 

319,360,396,539 
pentylenetetrazole 29,49,52-54, 102, 

107,109,110,134,137,139,155-159, 
161,203,204,209,230,248,253,256, 
258,273,333,407,431,432,449,499, 
516,517,520,521,526,532,534, 
538-543 

percussion injury 500 
periodic paralysis 210 
perirhinal cortex 109 
pethidine 199,567 
petit mal 7,34,42, 106,202,274,534 
pharmacodynamic interactions 198, 

207,210,257,284,349,350,456, 
476,558,575,582,583,602 

Subject Index 

pharmacodynamics 190,203,209,211, 
213,230,245,248,253,256,268,319, 
333,360,375,395,399,407,412,426, 
466,485,516,520,526,532,533 

pharmacokinetic interactions 199,203, 
208,211,257,284,349,457,476,491, 
533,554,558,576,580,583,602,603, 
606 

pharmacokinetics 20, 177, 191, 204, 
207-209,211,213,232,236,245,248, 
250,253,254,257,267,274,281,319, 
324,325,345,347-350,362,365,366, 
384,385,400,403,409,410,413, 
434-438,447,454-457,474,475, 
477,486,489,492,503,518,519, 
523-525,529,530,532,535,539,569, 
576,577,579,581,582 

phenacetamide 
- absorption 257 
- adverse effects 258 
- chemistry 256 
- clinical phatrmacokinetics 247 
- interactions 257 
- metabolism 257 
- pharmacodynamics 256 
- use 256 
phencyclidine 159,340,528,529 
phenobarbitone 10, 11,24,26,29,30, 

32,35-44,49,53,132,153,166, 
177-179,181-183,189-202,207, 
208,210,212,241,247,248,274,283, 
285,333-335,340,349,365,368,408, 
411,430,438,460,492,504,505,519, 
521,533,536,555,558,559,561,562, 
565-567,569,571,572,574,575,577, 
579-581,593,594,599,603-605,607 

- absorption 191 
- adverse effects 200 
- applied pharmacokinetics 197 
- - biochemical effects 191 
- chemistry 189 
- distribution 192 
- effects on foetus and neonate 202 
- elimination 196 
- interactions 198 
- metabolism 193 
- pharmacokinetics 191 
- [S]-phenobarbitone-N-glucoside 194 
- use 190 
phensuximide 
- adverse effects 208 
- applied pharmacokinetics 207 
- chemistry 202 
- elimination 206 
- metabolism 205 
- use 203 



Subject Index 

pheny1acety1urea 199,256 
pheny1-p-quinone 433 
phenylbutazone 566, 574 
pheny1ethy1ma1onamide 190, 193, 195, 

196,569 
phenytoin 18,19,31,35-39,42-51, 

55,56,130-132,134-136,139,141, 
142,145,158,160,161,170,171, 
173,182,185-189,206,207,209, 
215-217,219,236-253,258-264, 
266,270,275,284,286-289, 
321-323,327,333-340,345,349, 
351,359,365,367,368,386,397, 
406,408,411,430-432,436,438, 
440,457,467,475-477,485,486, 
492,493,499,501,502,504,505, 
507,508,519,521,524,525,530-532, 
536,540,555,559,562-577, 
579-582,592,594,597-599, 
603-605,607,609 

- absorption 232 
- adverse effects 238 
- biochemical actions 231 
- chemistry 229 
- clinical pharmacokinetics 236 
- chronic toxicity 242 
- distribution 232 
- electrophysiological actions 230 
- elimination 236 
- interactions 237 
- metabolism 233 
- pharmacodynamics 230 
- pharmacogenetics 235 
- pharmacokinetics 232 
- teratogenicity 240 
- toxicity 242 
- use 230 
phlebitis 240 
photomyoclonic seizures 21,41,42, 

50,203 
photosensitive epilepsy 21, 407, 

519,538 
pilocarpine 31, 32, 44, 48, 113, 274, 

337,517 
plasma concentration, of drugs 20, 178, 

181,192,193,198-200,207,212,232, 
235,236,239,245,248,250,251, 
275-277,283,285,286,324,325,345, 
346,350,351,362,363,369,384,386, 
400,402,403,405,409-411,413,429, 
435-438,474-477,492,493,503, 
518,524,525,529,530,535,539,541, 
555,558,561-563,567,570-574, 
579-582,590,591,597,598,600, 
602-604 

plasma free fraction 363, 365, 366 
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plasma protein binding 192, 208, 238, 
276,284,291,363-366,401,403,454, 
489,491,563,566,573,574,605 

platelets 379, 507 
pneumonitis 290 
pneumothorax 202 
PNU-151774 542 
polytherapy 164, 165,257,365,367, 

369,454,536,553,554,571,576,582 
ponsinomycin 570 
porphyria 201,208,291,506 
post-herpetic neuralgia 268 
post-traumatic epilepsy 28 
praziquantal 286, 568 
prednisolone 199, 286 
prednisone 14 
pregnancy 11,14,192,196-198,202, 

232,236,241,255,258,276,283,291, 
292,328,347,363,369,388,441,460, 
469,479,562,595,604-606 

primates 28, 41, 344, 351 
primidone 24,26,29, 38, 39,42, 123, 

132,160,177,178,189-193,200,210, 
208,210,212,259,285,286,519,532, 
536,555,569,571,573-575,577,594, 
599,610 

- absorption 192 
- applied pharmacokinetics 198 
- chemistry 190 
- distribution 193 
- elimination 196 
- interactions 200 
- metabolism 195 
- pharmacodynamics 190 
- use 190 
progabide 158,285 
progesterone 158,562 
prolactin 271,378 
propoxyphene 199,325,572 
propylene glycol 229,243,399 
prostaglandin E2 242, 344 
prostaglandin H synthetase 242 
protein binding 181,182,192,208,211, 

232,238,244,246,248,254,276,284, 
291,335,346,363-366,386,401,403, 
409,413-415,454,455,460,476,489, 
491,504,508,541,563,566,573,574, 
576,577,581,605 

protein-energy malnutrition 284 
protein kinase C 97 
pseudo-dementia 213 
pseudo lymphoma 240, 289 
psoriatiform rash 289 
psychosis 28,30,258,268,290,386, 

388,389,459,505,509,537,574 
pulmonary oedema 202 
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purinoceptors 104 
pyknolepsy 34 
pyramidal neurons 66,95, 103, 107, 

108,130,338,427,449 
pyridoxal phosphate 136, 208, 432 

Q 
quinidine 199 
quinine 199,285 
quinolinic acid 49, 130,341 
quisqua1ate-induced seizures 140 

R 
R(-)-2-phenylhydantoic acid 254 
R(-)-nor-mephenytoin 249 
ralitoline 515 
ranitidine 571 
rashes 162,200,213,240,2252,255, 

258,259,289,326,327,351,459,503, 
506,507 

Rasmussen's syndrome 8 
rats 20,27-32,34,36,39-41,44,45, 

48-55, 76, 79, 88-90, 92-94, 
96-100,102-104,128-130,134, 
137-139,158,193,195,203,205,209, 
210,270,271,273,274,278,280,286, 
287,320,326,332-337,340-348, 
350,351,376,377,397,409,415,429, 
431-435,439,440,449,450,454,455, 
457,458,466-469,485,490-492, 
495,499,505,507,516-518,521,523, 
526-529,534,535,537-539,542 

rectal administration 15,362,406,409 
rectal pain 268 
reflex epilepsy 21,34,38,43,50,433 
refractory epilepsy 162, 164, 167,323, 

351,382,481,531,601 
remacemide 160,177,285,286, 

525-531,543 
- adverse effects 531 
- chemistry 526 
- interactions 530 
- mechanism of action 527 
- N-hydroxy-desglycinyl metabolite 

528 
- pharmacodynamics 526 
- pharmacokinetics 529 
- p-hydroxy-desglycinyl metabolite 

528 
renal calculi 478,479,486,494 
renal clearance 248, 350, 385, 436, 

437,474-476,504 
renal disease 246, 284, 366 
renin 199 
reserpine 98, 468 
respiratory failure 282 

Subject Index 

restless legs 268 
reticular formation 204,377 
retigabine 161 
Rhesus monkey 135, 139,272,348,528, 

532,534 
rifampicin 208, 286 
rodent models 71, 158,518,532 
rotarod test 41, 518 
rufinamide 531 
- adverse effects 533 
- interactions 532 
- pharmacodynamics 532 
- pharmacokinetics 532 

S 
salicylate 232,284,457,566,581 
salivary concentrations, of drugs 192, 

193,605 
SB-204269 543 
sedation 98, 163, 167, 198,201,229, 

248,251,284,320,326,340,349, 
369,386,397,398,415,433,450, 
457,509,518,523,525,540,541, 
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581,582,591,596 

- absorption 455 
- adverse effects 457 
- applied pharmacokinetics 456 
- biochemical pharmacology 448 
- chemistry 447 
- distribution 455 
- electrophysiology 448 
- elimination 456 
- human studies 450,458 
- in animal models of epilepsy 449 
- interactions 456 
- metabolilsm 455 
- 5-oxo-thiolene isomers 455 
- pharmocodynamics 448 
- pharmacokinetics 454, 455 
- teratogenicity 458 
tic douloureux 230 
tics 200, 290 
Tmax 191,192,204,275,454,490, 

518,537 
tolbutamide 457, 566 
tolerance 12,19,42,201,211,237, 

273,320,333,382,397,398,400, 
408,411,412,415,449,458,459, 
499,521,526,534,538,598 

tonic seizures 5,25,36,43,50,51,129, 
139,376,431,516 

tonic-clonic seizures 5, 12, 76, 92, 130, 
32,135,138,152,162,163,190,197, 
203,208,212,268,274,282,319, 
323,380,396,412,454,465,473, 
479,481,486-488,501,502,543, 
593-595,597,608 

topiramate 11,35, 123, 138, 139, 160, 
162,177,274,285,335,465-470, 
472-481,516,579,580,591,596 

- absorption 474 
- adverse effects 478 
- biochemical pharmacology 466 



630 

topiramate 
- chemistry 465 
- distribution 474 
- elimination 475 
- human studies 469 
- in animal models of epilepsy 466 
- interactions 476 
- metabolism 475 
- pharmacodynamics 466 
- pharmacokinetics 474 
- toxicology 468 
- use 479 
tottering mice 37,44,50 
toxicity 10, 151, 158, 164,212,213, 

235,238,239,241-243,245,247, 
252,254,258,267,272,288,291, 
341,350,351,395,434,438,441, 
457,458,468,478,488,499,506, 
507,509,523,525,535,539,554, 
555,562-567,570,575,577,579, 
581 

transgenic mice 36,91,94, 109, 110 
trazodone 572 
tremor 36, 190,203,268,343,344, 

369,458,459,505,576,582,610 
trigeminal neuralgia (also see tic 

douloureux) 268,273,282,501,610 
trimethadione 31,32,35,36,41,42, 

45,53, 127, 128, 154, 189,521 
tryptophan 271,287 
tuberous sclerosis 8, 14, 162,383 
tungstic acid 485 

U 
UDP-g1ucuronosy1 transferase 278, 

286,324 
uraemia 180, 232, 366, 401 
uric acid 287 

V 
va1noctamide 285, 572 
valproate (and valproic acid) 10-12, 

14,24,28,29,31,32,34-39,41,42, 
44,49,55,106, 123, 128, 129, 151, 
152,154,155,160,162-164,166,174, 
178,182,199,203,207,208,232, 
269,274,282,285,286,321-323, 
326,327,335,350,352,359-369, 
397,408,411,426,430,431,438, 
457,476,477,485,486,488,489, 
492,493,499,501,502,504,505, 
507-509,519,521,525,530, 
532-534,536,542,558,562,566, 
567,569-575,577,580-582, 
593-596,598,602,605,607,610 

- absorption 362 

Subject Index 

- adverse effects 369 
- biochemical pharmacology 360 
- fJ-oxidation 504 
- chemistry 359 
- distribution 363 
- elimination 364 
- interactions 367 
- metabolism 366 
- pharmacodynamics 360 
- use 359 
valpromide 572 
valproylcamitine 366 
vecuronium 286, 576 
venlafaxine 573 
verapamil 285,325,571,581 
veratrine 133,336,337,342 
vigabatrin 8, 11, 14,26,35, 52, 95, 

123,135-137,152,157,158,162, 
163,177,178,274,335,375-381, 
383-390,449,479,504,505,533, 
576,577,580,582,591,596,604, 
606,610 

- absorption 384 
- adverse effects 386 
- biochemical pharmacology 375 
- chemistry 375 
- clinical pharmacokinetics 385 
- distribution 385 
- elimination 385 
- in animal models of epilepsy 376 
- in human epilepsy 379 
- interactions 385 
- metabolism 385 
- neuroprotective effects 377 
- pharmacodynamics 375 
- pharmacodynamics in humans 377 
- teratogenicity 388 
- use 375,389 
viloxazine 285,581 
visual field defects 388 
vitamin D 243, 287 
vitamin E 199 
vitamin K 202, 605 
Vrnax 236 
volume of distribution 192, 193, 205, 

211,232,245,248,256,257,276, 
281,346,363,385,400,403,409, 
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