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Preface 

Epileptic disorders need treatment for many years or even for life, and this makes 
a thorough understanding of the pharmacokinetics and possible hazards and side 
effects of the drugs used in treatment mandatory. During recent decades our 
knowledge in this field has considerably increased, not least as a result of the 
development of specific and sensitive methods for the determination of anti
epileptic agents in biological material. The clinical pharmacology of this group of 
drugs has been studied extensively and can today be regarded as well established. 
This does not necessarily mean that drug treatment of epilepsy is without 
problems. For example, it has recently been shown that one of the newer anti
epileptic drugs, greeted with great enthusiasm by clinicians, may in rare instances 
induce serious damage to the liver and the pancreas, and seems even to have a 
certain teratogenic potential. 

Clinical problems should be understood as a challenge to the experimental 
pharmacologist, who should try to find explanations for the clinical hazards, and, 
if possible, show new ways in which better drugs might be developed. In recent 
years interest has focused on the importance of the inhibitory transmitter 
'l'-aminobutyric acid (GABA) in the pathophysiology of epilepsy, and there have 
been a series of attempts to find useful antiepileptic drugs among substances 
interfering with GABA metabolism in the CNS. While the final success of these 
attempts cannot yet be judged, it seems worthwhile to assemble reports on the 
experimental pharmacology of the drugs presently in use in this volume in order 
to provide research workers interested in the field of antiepileptic drugs and 
in the treatment of the different forms of epilepsy with a comprehensive and 
critical review of our present knowledge. Beyond the general and individual 
pharmacology of antiepileptic drugs, this volume contains a fairly broad section 
dealing with the clinical pharmacology and practical use of these agents, an 
introductory section on epileptic diseases in man and animals, and a section 
concerned with the pathophysiological mechanisms active in these diseases. These 
mechanisms may provide important starting points for new approaches to the 
development of active and specific drugs. The editors hope that the structure 
of the volume will make it easy for the experimental pharmacologist and the 
clinician to find information which might not be obtained so simply and quickly 
from other sources. 

A chapter on the electrophysiology of the epileptic nerve cell was planned but 
had to be omitted because it would have delayed publication considerably, and 
thus deprived the book of its topicality. The editors would like to use this 
opportunity to thank all contributing authors, especially for the patience with 



VIII Preface 

which they respected special wishes from the publisher and the editors and 
tolerated the delay that is all but unavoidable when a book is written by about 
30 scientists from all over the world. We must also thank Professor HERKEN of 
the editorial board and the publisher for their sympathetic cooperation. Last 
but not least we thank the secretaries to the editors, Mrs. ANNE-EvA BARz and 
Mrs. ILSEBILL BROOKES, without whose capable assistance the task would have 
been unsurmountable. 

HANS-HASSO FREY 

DIETER JANZ 
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CHAPTER 1 

Epilepsy: Seizures and Syndromes 
D.JANZ 

A. Definition 

The term epilepsy refers to all pathological states or diseases which are character
ized by recurrent epileptic seizures. Single epileptic seizures provoked only by oc
casional causes are termed occasional epileptic seizures. Epileptic seizures are char
acterized by paroxysmal changes in the sensory system, motor system, subjective 
well-being, and objective behavior caused by a sudden, excessive, rapid discharge 
of gray matter of some part of the brain (JACKSON 1931). The wide range of symp
toms of epileptic seizures reflects the manifold functions of the brain in a patho
logically distorted manner. 

B. Epidemiology 

The assumption that 5% of all people will have an epileptic seizure at least once 
in the course of their lives is scarcely an exaggeration since 3%--4% alone - ac
cording to a careful study 33/1,000 (HAUSER and KURLAND 1975) - have febrile 
seizures in the first 5 years of life. The incidence of neonatal convulsions varies 
from 0.5% to 1.4% (WOODBURY 1977). Although their incidence is unknown, 
other occasional epileptic seizures (epileptische Gelegenheitsanfiillle) such as so-called 
stress convulsions (FRIIS and LUND 1974) are certainly not rare; the sampe applies 
to epileptic seizures after withdrawal of alcohol, barbiturates, and other drugs or 
in acute illnesses such as meningoencephalitis and in toxic conditions such as 
uremia or eclampsia. 

A reliable study in Rochester, Minnesota, recorded epilepsy in the strict sense 
in 6.57 of 1,000 persons (HAUSER and KURLAND 1975). This included all people 
who had had at least two seizures not provoked by fever, alcoholism, or other oc
casional causes - at least one of them in the previous 5 years - or who were taking 
antiepileptic drugs. 

The true prevalence, however, is probably higher as the figure does not include 
those patients who had previously only had minor seizures and who comprise 
about one-fifth of all patients with epilepsy in a clinical patient population (JANZ 
1969). Nor does it include those with active epilepsy who for various reasons had 
not been to a doctor and who, according to a field study (ZmLINSKI 1974), com
prise about one-third of all patients. Taking into account the assumption that 
even in a developed country about one-third of all patients with active epilepsy 
remain undiscovered, the US Plan for Nationwide Action on Epilepsy (US De-
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partment of Health, Education and Welfare 1977) assumes that epilepsy in the 
sense of recurrent seizures without occasional causes occurs in 1 % of the popu
lation. 

As regards the sociomedical significance, insofar as this can be expressed in 
figures, it can be assumed according to investigations and estimates that 0.25 
(JANZ 1973) to 0.36/1,000 (US Department of Health, Education and Welfare 
1977) of the population are hospitalized in institutions on account of epilepsy and 
that 3.33 (JANZ 1973) to 3.60/1,000 (US Department of Health, Education and 
Welfare 1977) of the population display particular medical and/or social prob
lems on account of epilepsy. The remainder presumably live largely adjusted lives 
in their society and, insofar as they are in medical care, require no special diag
nostic, therapeutic, or rehabilitative services. 

The distribution of various types of epileptic seizures varies according to 
whether predominantly children or adults are affected. In children we find more 
cases of epilepsy with minor generalized seizures and in adults more cases of 
epilepsy with minor focal seizures. 

In our patient population of a neurological hospital, epilepsy with only grand 
mal seizures was found in about 40%, epilepsy with major and minor seizures also 
in about 40%, and epilepsy with only minor seizures in about 20%. Epilepsies 
with minor focal seizures occurred in just under 40%, focal seizures with complex 
symptoms (psychomotor) being three times more frequent than those with simple 
symptoms (neocortical). In slightly less than 20% there were minor generalized 
seizures, whereby the propulsive seizures of West's syndrome (infantile spasms) 
and the myoclonic astatic seizures of the Lennox syndrome, together comprising 
just under 3%, are perhaps slightly underrepresented compared with a pediatric 
patient sample. Epilepsy with absences (of both pyknoleptic and nonpyknoleptic 
frequency) occurred in about 12% of the cases and epilepsy with myoclonic jerks 
of the impulsive petit mal type in slightly over 4% (Table 1). 

Table 1. Distribution of different types of seizure in 6,500 patients seen in 20 years at the 
University Department of Neurology, Heidelberg. (JANZ 1969) 

Type of seizure With Without Total % 
grand mal grand mal n 

Propulsive seizures 59 55 114 1.8 
(infantile spasms) 

Myoclonic astatic seizures 39 34 73 1.1 
Pyknoleptic absences 336 169 505 7.8 
Nonpyknoleptic juvenile absences 165 32 197 3.0 
Impulsive petit mal 253 27 280 4.3 

(juvenile myoclonic jerks) 
Complex focal seizures 1,265 725 1,990 30.6 
Simple focal seizures 278 288 566 8.7 
Pure grand mal 2,567 2,567 39.5 
U nclassifiable 165 43 208 3.2 

Total 5,127 1,373 6,500 100.0 
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C. Classification 

Epilepsies are classified as idiopathic or symptomatic according to whether no 
cause is detected or whether a morphologically definable brain lesion can be 
found. Epileptic seizures can be subdivided into major seizures (grand mal) and 
minor seizures, both of which can be further classified as major seizures with focal 
or generalized onset and minor seizures with focal or generalized onset, depend
ing on whether the clinical picture and the EEG begin with symptoms of focal or 
generalized discharges. According to the frequency of the seizures various types 
of course can be distinguished and are termed monoepilepsy (with a single sei
zure), oligo epilepsy (with occasional seizures), stationary epilepsy (when the fre
quency of seizures remains constant), and progressive epilepsy (seizures increas
ing in frequency). In the case of epilepsy with minor seizures the frequency of oc
currence is usually further specified as spanioleptic (with sporadic seizures), py
knoleptic (with several seizures per day), or cycloleptic (with seizures occurring 
periodically in clusters). With regard to the manifestation age we speak of 
neonatal seizures; epilepsy in babies, infants, school-children, puberty, and ado
lescence; and so-called late-onset epilepsy; or simply of age-related and age-unre
lated epilepsies. 

Such distinctions provide certain pointers to the nature and cause of the sei
zures and to the prognosis of course and therapy. Thus seizures with focal onset, 
for example, are usually the expression of symptomatic epilepsy; oligoepilepsies 
are in general solitary epileptic seizures (epileptische Gelegenheitsanfiille); infantile 
epilepsy is often the result of pre- and perinatal brain lesions; and seizures occur
ring after the age of 20, if they do not result from a brain injury and are not al
cohol withdrawal seizures, raise suspicion of a brain tumor. Particular types of 
seizure elicitation and a connection of seizures to certain situations can also serve 
as classification principles. Thus we speak of febrile convulsions, stress convul
sions, reflex epilepsy, sleep epilepsy, and epilepsy on awakening. Etiological fac
tors are the basis for the distinction between residual (after brain lesions) and 
processual (in progressive brain illnesses) epilepsy; topological factors are the ba
sis for the distinction between focal epilepsy of the temporal lobe, focal epilepsy 
of the frontal lobe, and focal epilepsy of the parietal or occipital region. 

Although proposals for an internationally uniform classification of epilepsy 
(MERLIS 1970) have not borne fruit, a classification of epileptic seizures accepted 
by the International League Against Epilepsy has been compiled (GASTAUT 1970) 
and was recently revised (DREIFUSS 1981) (Table 2). 

D. Epileptic Seizures 
The greatest step toward a rational treatment of epilepsy was the realization that 
the action of antiepileptic dr.,ugs depends not on the type of epilepsy but on the 
type of epileptic seizure. In 1945 LENNOX reported dramatic success in seizures of 
the so-called petit mal triade, which had until then been considered uncontrollable 
by a drug which-had no effect on convulsive seizures. Since then the terms an
ticonvulsant drug and antiepileptic drug have ceased to be synonymous as since 
this experience we know that there are antiepileptic drugs without anticonvulsant 
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Table 2. Revised clinical and electroencephalographic classification of seizures. (DREIFUSS 1981) 

I. Partial (focal, local) seizures 

Partial seizures are those in which, in general, the first clinical and electroencephalographic changes in
dicate initial activation of a system of neurons limited to part of one cerebral hemisphere. A partial sei
zure 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 conscious
ness 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 behavior (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 responsive
ness. 

There is considerable evidence that simple partial seizures usually have unilateral hemispheric in
volvement and only rarely have bilateral hemispheric involvement; complex partial seizures, however, 
frequently have bilateral hemispheric involvement. 

Partial seizures can be classified into one ofthe following three fundamental groups: 
A. Simple partial seizures 
B. Complex partial seizures 

1. With impairment of consciousness at onset 
2. Simple partial onset followed by impairment of consciousness 

C. Partial seizures evolving to generalized tonic-clonic convulsions (GTC) 
1. Simple evolving to GTC 
2. Complex evolving to GTC (including those with simple partial onset) 

Clinical seizure type 

A. Simple partial seizures 
(consciousness not impaired) 

1. With motor signs 
(a) Focal motor with 

march 
(b) Focal motor with 

march (Jacksonian) 
(c) Versive 
(d) Postural 
( e) Phonatory (vocaliz

ation or arrest of 
speech) 

EEG seizure type EEG interictal expression 

Local contralateral discharge Local contralateral discharge 
starting over the corre-
sponding area of cortical 
representation (not always 
recorded on the scalp) 

2. With somatosensory or special-sensory symptoms (simple hallucinations, e.g., tingling, light 
flashes, buzzing) 
(a) Somatosensory 
(b) Visual 
(c) Auditory 
(d) Olfactory 
(e) Gustatory 
(t) Vertiginous 

3. With autonomic symptoms or signs (including epigastric sensation, pallor, sweating, flushing, pi
loerection and pupillary dilatation) 
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Table 2 (continued) 

4. With psychic symptoms (disturbance of higher cerebral function). These symptoms rarely occur 
without impairment of consciousness and are much more commonly experienced as complex par
tial seizures 
(a) Dysphasic 
(b) Dysmnesic (e.g., 

dejavu) 
(c) Cognitive (e.g., 

dreamy states, distor
tions of time sense) 

(d) Affective (fear, anger, 
etc.) 

(e) Illusions (e.g., macro
psia) 

(f) Structured hallucina
tions (e.g., music, 
scenes) 

B. Complex partial seizures 
(with impairment of con
sciousness; may sometimes 
begin with simple 
symptomatology) 
l. Simple partial onset fol

lowed by impairment of 
consciousness 
(a) With simple partial 

features (A.I-A.4) fol
lowed by impaired 
consciousness 

(b) With automatisms 
2. With impairment of con

sciousness at onset 
(a) With impairment-of 

consciousness only 
(b) With automatisms 

C. Partial seizures evolving to 
secondarily generalized 
seizures 
(This may be generalized 
tonic-clonic, tonic, or clonic) 
1. Simple partial seizures (A) 

evolving to generalized sei
zures 

2. Complex partial seizures 
(B) evolving to generalized 
seizures 

3. Simple partial seizures 
evolving to complex par
tial seizures evolving to 
generalized seizures 

Unilateral or, frequently bi
lateral discharge, diffuse or 
focal in temporal or fron
totemporal regions 

Above discharges become sec
ondarily and rapidly gener
alized 

ll. Generalized seizures (convulsive or nonconvulsive) 

Unilateral or bilateral generally 
asynchronous focus; usually in 
the temporal or frontal regions 

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. Mo
tor manifestations are bilateral. The ictal electroencephalographic patterns initially are bilateral, and 
presumably reflect neuronal discharge which is widespread in both hemispheres. 
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Clinical seizure type 

A. 1. Absence seizures 

(a) Impairment of con
sciousness only 

(b) With mild clonic com
ponents 

(c) With atonic compo
nents 

(d) With tonic compo
nents 

(e) With automatisms 
(f) With autonomic com

ponents 
(b through f may be found 
alone or in combination) 

2. Atypical absence 

May have: 
(a) Changes in tone that 

are more pronounced 
thaninA.I 

(b) Onset and/or cessa
tion that is not abrupt 

B. Myoclonic seizures 
Myoclonic jerks (single or 
multiple) 

C. Clonic seizures 

D. Tonic seizures 

E. Tonic-clonic seizures 

EEG seizure type 

Usually regular and symmet
rical 3 c/sec but may be 2-4 
c/sec spike-and-slow-wave 
complexes and may have 
multiple spike-and-slow
wave complexes. Abnor
malities are bilateral 

EEG more heterogeneous; 
may include irregular spike
and-slow-wave complexes, 
fast activity or other parox
ysmal activity. Abnor
malities are bilateral but of
ten irregular and asymmet
rical 

Polyspike and wave, or some
times spike and wave or 
sharp-and-slow waves 

Fast activity (10 c/sec or 
more) and slow waves; oc
casional spike-and-wave 
patterns 

Low voltage, fast activity or a 
fast rhythm of9~10 c/sec or 
more decreasing in fre
quency and increasing in 
amplitude 

Rhythm at 10 or more c/sec 
decreasing in frequency and 
increasing in amplitude 
during tonic phase, inter
rupted by slow waves dur
ing clonic phase 

EEG interictal expression 

Background activity usually nor
mal although paroxysmal ac
tivity (such as spikes or spike
and-slow-wave complexes) 
may occur. This activity is 
usually regular and symmetri
cal 

Background usually abnormal: 
paroxysmal activity (such as 
spikes or spike-and-slow-wave 
complexes) frequently irregular 
and asymmetrical 

Same as ictal 

Spike-and-wave or polyspike
and-wave discharge 

More or less rhythmic discharges 
of sharp and slow waves, some
times asymmetrical. Back
ground is often abnormal for 
age 

Polyspike and waves or spike and 
wave, or, sometimes, sharp and 
slow wave discharges 



Table 2 (continued) 

Clinical seizure type 

F. Atonic seizures 
(Astatic) 
(combinations of the above 
may occur, e.g., Band F, B 
and D) 

m. Unclassified epileptic seizures 

EEG seizure type EEG interictal expression 

Polyspikes and wave or flat- Polyspikes and slow wave 
tening or low-voltage fast 
activity 

Includes all seizures that cannot be classified because of inadequate or incomplete data and some that 
defy classification in hitherto described categories. This includes some neonatal seizures, e.g., rhythmic 
eye movements, chewing, and swimming movements. 

IV. Addendum 
Repeated epileptic seizures occur under a variety of circumstances: 

1. as fortuitous attacks, coming unexpectedly and without any apparent provocation; 2. as cyclic at
tacks, at more or less regular intervals (e.g., in relation to the menstrual cycle, or the sleep-waking cycle); 
3. as attacks provoked by: (a) nonsensory factors (fatigue, alcohol, emotion, etc.), or (b) sensory factors, 
sometimes referred to as "reflex seizures. " 

Prolonged or repetitive seizures (status epilepticus). The term "status epilepticus" is used whenever 
a seizure persists for a sufficient length of time or is repeated frequently enough that recovery between 
attacks does not occur. Status epilepticus may be divided into partial (e.g., Jacksonian), or generalized 
(e.g., absence status or tonic-clonic status). When very localized motor status occurs, it is referred to as 
epilepsia partial continua. 

action. Therefore, in the development of new drugs we must not only investigate 
substances with anticonvulsant action but must also look for antiepileptic drugs 
which act specifically on various seizures types. From the pharmacodynamic 
point of view even the latest version of the seizure classification accepted by the 
International League Against Epilepsy is by no means ideal. As it was compiled 
with the help of relatively objective techniques of seizure monitoring it is, how
ever, the best of the classifications presently available for the purposes of clinical 
pharmacology. Whe therefore quote here in part the definitions of the various sei
zure types given by the Commission for Classification and Terminology of the In
ternational League Against Epilepsy (DREIFUSS 1981, see Table 2): 

Partial (Focal, local) Seizures 
The fundamental distinction between simple partial seizures and complex partial seizu

res is the presence or the impairment of the fully conscious state. 

A. Partial seizures 

1. With motor signs. Any portion of the body may be involved in focal seizure activity de
pending on the site of origin of the attack in the motor strip. Focal motor seizures may re
main strictly focal or they may spread to contiguous cortical areas producing a sequential 
involvement of body parts in an epileptic "march". The seizure is then known as a Jack
sonian seizure. Consciousness is usually preserved, however, the discharge may spread to 
those structures whose participation is likely to result in loss of consciousness and gener
alized convulsive movements. Other focal motor attacks may be versive with head turning 
to one side, usually contraversive to the discharge. If speech is involved, this is either in the 
form of speech arrest or occasionally vocalization. Occasionally a partial dysphasia is seen 
in the form of epileptic palilalia with involuntary repetition of a syllable or phrase. 

2. Seizures with autonomic symptoms such as vomiting, pallor, flushing, sweating, pilo
erection, pupil dilatation, boborygmi and incontinence may occur as simple partial seizu
res. 
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3. With somatosensory or special sensory symptoms. Somatosensory seizures arise from 
those areas of cortex subserving sensory function, and they are usually described as pins 
and needles or a feeling of numbness. Occasionally a disorder of proprioception or spatial 
perception occurs. Like motor seizures, somatosensory seizures also may march and also 
may spread at any time to become a complex partial or generalized tonic-clonic seizure as 
in AI. Special sensory seizures include visual seizures varying in elaborateness and depend
ing on whether the primary or association areas are involved, from flashing lights to struc
tured visual hallucinatory phenomena, including persons, scenes, etc. (see A4£). Like visual 
seizures, auditory seizures may also run the gamut from crude auditory sensation to such 
highly integrated functions as music (see A4£). Olfactory sensations, usually in the form of 
unpleasant odors, may occur. 

Gustatory sensations may be pleasant or odious taste hallucinations. 
Vertiginous symptoms include sensations of falling in space, floating, as well as rota

tory vertigo in a horizontal or vertical plane. 
4. With psychic symptoms (disturbance of higher cerebral function). These usually oc

cur with impairment of consciousness (i.e. complex partial seizures). 
a) Dysphasia - this was referred to earlier. 
b) Dysmnesic symptoms - a distorted memory experience such as a distortion of the time 

sense, a dreamy state, a flashback or a sensation as if a naive experience had been ex
perienced before, known as deja vu, or as if a previously experienced sensation had not 
been experienced, known asjamais-vu, may occur. 

c) Cognitive disturbance may be experienced. These include dreamy states, distortions of 
the time sense, sensations of unreality, detachment or depersonalization. 

d) With affective symptomatology. Sensation of extreme pleasure or displeasure, as well 
as fear and intense depression with feelings of unworthiness and rejection, may be ex
perienced during seizures ... 

e) Illusions. These take the form of distorted perceptions in which objects may appear de
formed. Polyoptic illusions such as monocular diplopia, distortions of size, macropsia 
or micropsia, or of distance may occur. Similarly, distortions of sound, including 
microacusia and macroacusia may be seen. Depersonalization, as if the person were out
side his body, may occur. Altered perception of size or weight of a limb may be noted. 

£) Structured hallucinations. Hallucinations may occur as manifestations or perceptions 
without a corresponding external stimulus and may affect somatosensory, visual, audi
tory, olfactory, or gustatory senses. 

B. Seizures with complex symptomatology, automatisms 

Ictal epileptic automatisms usually represent the release of automatic behavior under the 
influence of clouding of consciousness that accompanies a generalized or partial epileptic 
seizure (confusional automatisms). They may occur in complex partial seizures as well as 
in absence seizures. Postictal epileptic automatisms may follow any severe epileptic seizure, 
especially a tonic-clonic one, and are usually associated with confusion. 

Drowsiness or somnolence implies a sleep state from which the patient can be aroused 
to make appropriate motor and verbal responses. In stupor, the patient may make some 
spontaneous movement and can be aroused by painful or other vigorously applied stimuli 
to make avoidance movements. The patient in confusion makes inappropriate responses 
to his environment and is disoriented as regards place or time or person. 

Aura. The aura is that portion of the seizure which occurs before consciousness is lost 
and for which memory is retained afterwards. It may be that, as in simple partial seizures, 
the aura is the whole seizure. Where consciousness is subsequently lost, the aura is, in fact, 
the signal symptom of a complex partial seizure. 

Generalized Seizures 

A. Absence seizures 

The hallmark of the absence attack is a sudden onset, interruption of ongoing activities, 
a blank stare, possibly a brief upward rotation of the eyes. If the patient is speaking, speech 
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is slowed or interrupted; if walking, he stands transfixed; if eating, the food will stop on 
its way to the mouth. Usually the patient will be unresponsive when spoken to. The at
tack lasts from a few seconds to half a minute and evaporates as rapidly as it commenced. 

1. Absence with impairment of consciousness only. 
2. Absence with mild clonic components. Here the onset of the attack is indistinguishable 

from the above but clonic movements may occur in the eyelids, at the corner of the mouth 
or in other muscle groups which may vary in severity from almost imperceptible move
ments to generalized myoclonic jerks . 

. 3. Absence with atonic components. Here there may be a diminution in tone of muscles 
subserving posture as well as in the limbs leading to drooping of the head, occasionally 
slumping of the trunk, dropping ofthe arms and relaxation of the grip. 

4. Absence with tonic components. Here during the attack tonic muscular contraction 
may occur, leading to increase in muscle tone which may affect the extensor muscles or the 
flexor muscles symmetrically or asymmetrically. If the patient is standing the head may be 
drawn backward and the trunk may arch. This may lead to retropulsion. 

5. Absence with automatisms ... Purposeful or quasi-purposeful movements occurring 
in the absence of awareness during an absence attack are frequent and may range from lip 
licking, swallowing, to clothes fumbling or aimless walking. 

B. Tonic-clonic seizures 

The most frequently encountered of the generalized seizures are the generalized tonic-clonic 
seizures, often known as grand mal. Some patients suffering with this experience a vague 
ill-described warning, but the majority lose consciousness without any premonitory symp
toms. There is a sudden sharp tonic contraction of muscles and when this involves the res
piratory muscles there is stridor, a cry or moan and the patient falls to the ground in the 
tonic state, occasionally injuring himself in falling. He lies rigid on the ground and during 
this stage tonic contraction inhibits respiration and cyanosis may occur. The tongue may 
be bitten and urine may be passed involuntarily. This tonic stage then gives way to clonic 
convulsive movements lasting for a variable period of time and during this stage small gusts 
of grunting respiration may occur between the convulsive movements but usually the 
patient remains cyanotic and saliva may froth from the mouth. At the end of this stage deep 
inspiration occurs and all the muscles relax, after which the patient remains unconscious 
for a variable period of time and often stiff and sore all over. He then frequently goes into 
a deep sleep and when he awakens feels quite well apart from soreness and frequently head
ache. 

Myoclonic Seizures. [Myoclonic jerks (single or multiple)]. Myoclonic jerks are sudden, 
brief, shock-like contractions which may be generalized or confined to the face and trunk 
or to one or more extremities or even to individual muscles or groups of muscles. Myo
clonic jerks may be rapidly repetitive or relatively isolated. 

Many instances of myoclonic jerks and action myoclonus are not classified as epileptic 
seizures. The myoclonic jerks of myoclonus due to spinal cord disease, dyssynergia cerebel
laris myoclonica, subcortical segmental myoclonus, paramyoclonus multiplex and opso
clonus-myoclonus syndrome must be distinguished from epileptic seizures. 

Clonic Seizures. Generalized convulsive seizures occasionally lack a tonic component 
and are characterized by repetitive clonic jerks. As the frequency diminishes the amplitude 
of the jerks does not. The post-ictal phase is usually short. 

Tonic Seizures. To quote Gowers, a tonic seizure is "a rigid, violent muscular contrac
tion, fixing the limbs in some strained position. There is usually deviation of the eyes and 
of the head towards one side, and this may amount to rotation involving the whole body 
and may actually cause the patient to turn around, even two or three times. The features 
are distorted; the color of the face, unchanged at first, rapidly becomes pale and then 
flushed and ultimately livid as the fixation of the chest by the spasms stops the movements 
of respiration. The eyes are open or closed; the conjunctiva is insensitive; the pupils dilate 
widely as cyanosis comes on. As the spasm continues, it commonly changes in its relative 
intensity in different parts, causing slight alterations in the position of the limbs." 
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Atonic Seizures. A sudden diminutid'n in muscle tone occurs which may be fragmen
tary, leading to a head drop with slackening of the jaw, the dropping of a limb or a loss 
of all muscle tone leading to a slumping to the ground. When these attacks are extremely 
briefthey are known as "drop attacks". 

Unclassified Epileptic Seizures. This category includes all seizures which cannot be clas
sified because of inadequate or incomplete data. 

E. Syndromes of Epilepsy 
As it has been pointed out (LUND 1980), "during the past 2-3 decades epilepto
logical studies have led to the recognition of a number of syndromes of epilepsy 
which have gradually become defined on the basis of clinical observation as re
gards type of seizure, age of onset, electroencephalographic abnormalities and 
prognosis. These syndromes are to a great extent internationally accepted, and 
their terminology is used in daily informal communications between colleagues 
and as diagnostic entries on hospital records. They are also to some extent related 
to the effect of certain of the anticonvulsive drugs. The individual syndromes have 
been the subject of controlled clinical trials and other investigations which have 
been reported in the form of papers or even monographs." 

The characteristics EEG findings and the more or less specific treatment for 
each syndrome are to be found in Chap. 2 and 27 of this volume. 

F. Age-Related Syndromes 
I. Neonatal Convulsions (Neonatal Seizures) 

These comprise all epileptic manifestations during the first 10 days of life. Poly
morphism and topographic as well as temporal variability characterize these sei
zures. They occur more often with multifocal than with generalized jerks but can 
also involve a general or local increase in tone, alternating hemiclonic jerks, or 
more subtle phenomena such as yawning, lip-smacking or cycling movements; or 
can be manifested merely in the form of apnoic episodes, eye-rolling, blinking and 
general hypotension, and lack of responsiveness. Such seizures occur in 5-14 in 
every 1,000 neonates (BURKE 1954; WOODBURY 1977, FORFAR et al. 1972; KEEN 
and LEE 1973; DENNIS 1978). Frequent causes are ischemic or hemorrhagic brain 
lesions and the metabolic disorders hypoglycemia and hypomagnesemia. Rarer 
causes are malformations and infections of the CNS. Familial occurrence appears 
to be very rare (BJERRE and CORELIUS 1968; QUATTLEBAUM 1979). There seems to 
be no genetic relationship with epilepsy (LIPINSKI 1982). 

In the majority of cases the seizures do not recur. In many cases, however, the 
prognosis is clouded by the underlying brain damage. About one-fourth of the 
children affected die early. Of the surviving children about one-half remain re
tarded in their development. In about one-fourth chronic epilepsy develops, not 
infrequently in the form of infantile spasms (West's syndrome) or myoclonic-as
tatic seizures (Lennox-syndrome) (DENNIS 1978; KUROMORI et al.1976; LOMBROSO 
1974; NOLTE and BANTZ 1977; RAUTENSTRAUCH and BRUNNER 1980; SCHULTE 
1966; LAGENSTEIN 1980). 
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II. Febrile Convulsions 
Febrile convulsions are solitary infantile seizures (kindliche Gelegenheitskriimpfe) 
which occur in about 3%-4% of all children (33/1,000 according to HAUSER and 
KURLAND 1975) usually between the ages of9 and 20 months and are seldom seen 
after the 5th year of life. They are usually generalized tonic-clonic or generalized 
tonic convulsions, and rarely focal seizures (MATTHES 1977). The seizures are 
elicited by banal catarrhal infections, in which the rapidity of the temperature in
crease at the beginning of the infection appears to be the significant factor rather 
than the actual height of the temperature (MATTHES 1977). Twenty-five to fifty 
percent of affected children have one or more relapses and 2%-3% develop 
chronic epilepsy either immediately or after some time (TSUBOI and ENDO 1977; 
TSUBOI and YAMAMURA 1978; NELSON and ELLENBERG 1976,1978; LENNOX-BuCH
THAL 1973; ANNEGERS et al. 1979; ELLENBERG and NELSON 1980). Development 
into or occurrence of epilepsy is more likely in the presence of the following 
factors: familial occurrence of epilepsy, previous cerebral lesions, manifestation 
before the 4th months or after the 5th year, focal nature of seizures, duration 
greater than 30 min (crise prolongee or febrile status convulsivus), and frequent 
repetition of febrile convulsions (ANNEGERS et al. 1979; DOOSE et al. 1966; NELSON 
and ELLENBERG 1976, 1978). If the above factors are present complex febrile con
vulsions are said to occur. 

Etiologically, multifactorial (TSUBOI 1977 a) or dominant inheritance with in
complete manifestation is assumed (LENNOX-BuCHTHAL 1973) - in 25% of the 
cases a familial disposition to febrile convulsions is found (LENNOX-BuCHTHAL 
1973). There is also, however, a genetic relationship to epilepsy with generalized 
seizures. Children of parents with generalized epilepsy are more susceptible to fe
brile convulsions than children of parents with focal epilepsy (BECK-MANNAGET
TA et al. 1982). 

Prophylactic treatment with antiepileptic drugs can be considered in the case 
of complex febrile convulsions (FISHMAN 1980). In the case of fever, however, di
rect prophylaxis is also possible in the form of temperature reduction and preven
tive diazepam clysma. 

III. Epilepsy with Infantile Spasms (West Syndrome, 
Infantile Spasms, Epilepsy with Propulsive Petit Mal) 
West syndrome describes a triad occurring in babies and infants comprising 
epileptic seizures mainly involving short flexion spasms, retarded development, 
and a characteristic EEG pattern known as hypsarrhythmia (GIBBS and GIBBS 
1952). 

The seizures begin with a sudden bilateral symmetric muscle contraction 
which is either very short - as in the case of the more frequent lightning seizures 
- or lasts for a few seconds - as in the rarer salaam convulsions. They can occur 
in global form with generalized seizures or in partial form with variants limited 
to head movements and eye movements. The generalized seizures occur mostly 
as flexion spasms, less often as extension spasms, and not infrequently as com
bined flexion-extension spasms (JANZ and MATTHES 1955; JEAVONS and BOWER 
1974; GASTAUT et al. 1964; KELLAWAY et al. 1979). In the case of flexion spasms 
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the head, trunk, and legs are flexed, likewise the arms which are either adducted 
or abducted. On account of the predominant forward-bent position, seizures of 
this type are also called salaam convulsions (CLARKE 1841 cited by WEST 1941) 
or propulsive convulsions (ABRAHAMSON 1922; JANZ and MATTHES 1955). Partial 
variants are so-called head-nodding spells, in which only the head is jerked for
ward, and attacks of blinking or nystagmic bulbus movements (HORITA et al. 
1977). During or shortly after the seizures the child often cries out as though he 
or she has had a fright, or sometimes only a short whimper is heard. 

Usually several seizures occur per day, often occurring after awakening in 
series of 5-20 seizures which can accumulate to a status epilepticus. Sooner or 
later longer-lasting generalized tonic or clonic seizures (grand mal) can also occur, 
usually in sleep (JANZ and MATTHES 1955). 

The EEG shows a pattern described and depicted in Fig. 11, Chap. 2, this vol
ume and known as "hypsarrhythmia" (GIBBS and GIBBS 1952). 

The seizures can begin between the 3rd week and the 3rd year oflife, but onset 
is usually between the 3rd and 8th months of life with a peak at the age of 6 
months (JANZ 1969; LACY and PENRY 1976). 

It is assumed that in about one-half ofthe children the seizures disappear within 
2 years and that in the remainder they do not generally persist for longer than 4 
years (LACY and PENRY 1976). According to the only follow-up of cases not af
fected by modern treatment methods, after 4 years 11 % of the children had died 
and only 20% had become free of seizures. After 10 years 23% had died and only 
13% were free of seizures (JANZ and MATTHES 1955). Development into epilepsy 
with myoclonic astatic seizures is not infrequent (KRUSE 1968, OHTAHARA 1978), 
but progression to epilepsy with pyknoleptic absences is rare (RABE 1961). 

The illness affects mainly boys. Most studies show a predominance of boys 
over girls in a ratio of about 60% : 40% (JANZ and MATTHES 1955; LACY and PEN
RY 1976; JEAVONS et al. 1973). In only a third of the cases is the development of 
the children from birth to onset of the seizures unremarkable, while all others al
ready show signs of retarded development prior to onset (JANZ and AKOS 1967). 
About 80% of the children show more or less pronounced mental retardation in 
the course of the illness. About 70% also show neurological disturbances in the 
form of cerebral palsies, less often athetosis and ataxias (LACY and PENRY 1976). 

The etiology is not uniform. In only a minority of the cases can no etiologi
cally relevant factors be found. Very often these are congenital illnesses such as 
phacomatoses, fetal infections, connatal metabolic disorders, and congenital mal
formations or functional disturbances such as microcephaly, ocular symptoms, 
and callosal agenesis. Factors found relatively frequently are premature delivery 
and low birth weight (LACY and PENRY 1976). Postnatal circumstances probably 
have only the role of realization factors (JANZ 1969). We assume on the basis of 
a systematic study that the common pathogenetic factor is to be found in a mat
uration arrest of genetic or exogenous origin which affects the organism between 
the 4th week and the 4th month of the fetal period (JANZ and AKOS 1967). This 
view has not remained undisputed (JELLINGER 1970), but has been confirmed in 
more recent pathological-anatomical investigations (MEENCKE and GERHARD 
1984). 

In apparent contradiction to the assumption of a predOl;ninantly exogenous 
etiology the heritability is relatively high. The incidence of epileptic seizures in the 
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family is given as 7%-25% (LACY and PENRY 1976; JANZ and AKOS 1967; JANZ 
and MATTHES 1955; DOOSE 1964a). Homologous cases in the family (LACY and 
PENRY 1976), in siblings (JANz 1969), and in monozygotic twins (MUNDE 1969) 
have also been observed. 

Nosologically closely related to West syndrome is the rare Aicardi syndrome 
(AICARDI et al. 1969), a combination of infantile spasms with cerebral malfor
mations (agenesis of the corpus callosum, porencephalia, cortical heterotopia), 
malformations of the eyes (chorioretinopathy, coloboma), and vertebral 
anomalies, which begins in the first months oflife and has hitherto only been ob
served in girls. The Aicardi syndrome has a characteristic EEG pattern which 
consists of multifocal epileptiform abnormalities occurring on a burst-sup
pression pattern showing complete asynchrony between the two hemispheres 
(DENNIS and BOWER 1972; RENIER et al. 1973; JEAVONS and BOWER 1974; KARCH 
etal. 1980; FARIELLOetal. 1977). 

So-called early infantile epileptic encephalopathy with suppression-burst (OH
TAHARA 1978), a combination of infantile spasms which begin very early - before 
the 3rd month - and severe psychomotor retardation, a poor prognosis, and a 
characteristic EEG pattern which in time develops into hypsarrhythmia, appears 
to be closely related to this syndrome (OHTAHARA et al. 1976, YAMATOGI and OH
TAHARA 1981). 

IV. Epilepsy with Myoclonic-Astatic Seizures 
(Lennox-Gastaut Syndrome) 
The Lennox or Lennox-Gastaut syndrome is an epileptic syndrome beginning in 
early childhood and characterized by certain types of generalized seizures, signs 
of mental retardation, and slow variants of the spike-wave pattern in the EEG. 
A combination of astatic seizures, generalized tonic convulsions, and absences 
which can be accompanied by generalized tonic-clonic seizures with no particular 
relationship to the sleeping-waking cycle is typical of this syndrome. In the case 
of the astatic seizures the children can, without losing consciousness and without 
perceptible jerks, suddenly fall down and immediately get up again. Sometimes, 
however, sudden violent jerks through all their limbs throw them to the ground. 
In milder forms there is only a short throwing up of the arms and a short buckling 
of the knees or abrupt head nods (nodding spells). During the extremely short ab
sences there is a scarcely perceptible myoclonus of the eyelids and/or arms. The 
tonic seizures are of short duration, are often accompanied by a cry, and are either 
generalized or occur in abortive form restricted to the shoulders and face. The 
tonic seizures can occur only in sleep. Tonic seizures occurring during the day can 
also lead to a fall and are often followed by a postparoxysmal impairment of con
sciousness during which oral automatisms occur - "tonic-psychomotor seizures" 
(STENZEL and PANTEL! 1982). Usually several types of seizure occur in one and 
the same patient (AICARDI 1973; CHEVRIE and AICARDI 1972; CAPELLA et al. 1972; 
BLUME et al. 1973; BEAUMANOIR et al. 1968; DOOSE 1964 b; DOOSE et al. 1970; GAS
TAUT et al. 1966; KRUSE 1968; LAGENSTEIN 1980; LoISEAU et al. 1974; NIEDER
MEYER 1969; OLLER-DAURELLA 1972; SCHNEIDER et al. 1970; SOREL 1964). 

Several seizures occur in a day at intervals of days or weeks. They tend to oc
cur in series and in the form of a status epilepticus. Here status can occur with 
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more or less violent jactitations reminiscent of chorea as well as apathetic states 
in which only an occasional nodding of the head or buckling of the body are sug
gestive of seizures (KRUSE 1968). 

Electroencephalographically all variants of the spike-wave complex with a fre
quency of less than three per second are characteristic (see Fig. 10, Chap. 2, this 
volume). 

The manifestation age ranges from the 9th month to the 9th year but is usually 
between the 2nd and 4th years with a maximum in the 4th year. Onset in the 2nd 
decade has not infrequently been observed (NIEDERMEYER 1969; LIPINSKI 1977; 
OSAWA et al. 1976; STENZEL 1979; SENGOKU et al. 1976; HIGANO and OHTAKA 
1976; JANZ 1969; SOREL 1964). However, such late-onset astatic seizures can also 
occur in addition to already existing epilepsy which has begun with pyknoleptic 
absences and awakening grand mal, with psychomotor seizures and grand mal 
during sleep, or grand mal which is randomly distributed (LIPINSKI 1977). 

In a third of the cases psychomotor development is retarded before the onset 
of seizures and in about half of the cases it becomes impaired to a greater or lesser 
degree in the course of the illness (KRUSE 1968). As regards the nature and fre
quency of the seizures, the extent of psychic impairment, and the degree of ther
apeutic amenability, the course of the illness is very variable. The prognosis can
not, however, be considered generally unfavorable as a third of cases become sei
zure free after 4 years (KRUSE 1968). While transition from West syndrome to 
Lennox syndrome is not unusual (Y AMATOGI and OHTAHARA 1981), transitions 
from Lennox syndrome to Friedmann syndrome appear to be the exception (JANZ 
1969; KRUSE 1968; LAGENSTEIN 1977; OLLER-DAURELLA 1976; RARE 1961). 

From the etiological point of view, too, the Lennox syndrome comes between 
West's syndrome and the Friedmann syndrome. In about one-third of the cases 
no etiological factors can be found. The circumstances to which the syndrome is 
attributed include prenatal, perinatal, and postnatal damage (JANz 1969; 
SCHNEIDER et al. 1965; DOOSE et al. 1970; CAPELLA et al. 1972; CHEVRIE and AI
CARDI 1972; BLUME et al. 1973). 

Familial occurrence of epilepsy or solitary epileptic seizures is found in 
12.8%-27% of cases (BLUME et al. 1973; BEAUMANOIR et al. 1968; KRUSE 1968; 
SCHNEIDER et al. 1970). Reports of homologous illnesses in siblings are rare 
(DOOSE 1964 b; DOOSE et al. 1969; KRUSE 1968). 

The distinction between primary and secondary or generalized and multifocal 
forms is justified less by the pathological-anatomical findings available to date 
(MEENCKE 1984; TCHICALOFFetal. 1974; VIANI et al. 1977) than by the expectation 
of prognostic and perhaps also genetic differences (BEAUMANOIR et al. 1968; 
DOOSE 1964 b,c; DOOSE et al. 1970; LAGENSTEIN 1977, 1980; GAsTAuTetal. 1973). 

The following hitherto not clearly defined subentities are closely related to the 
Lennox syndrome: epilepsy with infantile myoclonic seizures or myoclonic epilepsy 
of childhood (AICARDI and CHEVRIE 1971; LOISEAU et al. 1974; JEAVONS 1977) and 
epilepsy with infantile or "atypical" absences (RABENDING et al. 1981; JACOBI 1979; 
GAsTAUTetal.1974). 
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When FRIEDMANN (1906, 1912, 1915) originally described the syndrome of 
frequent minor seizures in children he understood it to be a nonepileptic parox
ysmal illness in the belief that it had generally cleared by puberty and did not in
volve personality changes. Since it has become known that major seizures often 
follow (ROSENTHAL 1935) and that the absences have a characteristic EEG pattern 
and a spike-wave complex of three per second (GIBBS et al. 1935; JUNG 1939; see 
also Fig. 7, Chap. 2, this volume), the Friedmann syndrome (DALBY 1969) is con
sidered a definite epileptic syndrome. 

The absences begin and end suddenly, i.e., an aura does not precede the 
abruptly beginning absence attack; the seizure usually lasts less than 10 sand 
mental clarity returns instantly at the end of the seizure. During the absences there 
are usually mild motor manifestations in the form of upward (retropulsive petit 
mal) (JANZ 1955) and less often sideward movements of the eyes and head, blink
ing, slight jerking of the arms, or, if the absences last longer, also mild auto
matisms. They recur several times a day, can become very frequent - thence the 
term "pyknoleptic" - and can accumulate to a series or to a status ("petit mal 
status" or "absence status") which can last for hours or days. 

This type of epilepsy manifests itself between 4 and 14 years of age. Three
fourths of all cases begin between the 5th and 11 th years, with a peak in the 7th 
and 8th years (JANZ 1969). In a minority of cases the onset of absences is preceded 
by major seizures (DALBY 1969; JANZ 1969). These are seldom neonatal seizures 
but more often febrile convulsions or other types of solitary grand mal. Girls are 
affected more often than boys in a ratio of 60:40 (JANZ 1969; BAMBERGER and 
MATTHES 1959). 

Spontaneously 16%-36% become seizure free, in 31 %-33% the minor seizu
res remain but their frequency decreases, and in 32%-53% major seizures ensue, 
occurring predominantly (88 %) after awakening in the form of awakening epilep
sy (JANZ 1969). There have recently been reports of both a worse (OLLER
DAURELLA and OLLER 1977) and - under therapy however - a distinctly better 
(SA TO et al. 1977) prognosis than hitherto assumed. 

Etiologically pyknolepsy is considered the prototype of primary (idiopathic) 
epilepsy. In 4%-14% (DALBY 1969; JANZ 1969) the history shows evidence of ex
ogenous, especially perinatal, lesions (COURJON et al. 1959; DALBY 1969; DOOSE 
et al. 1965), which are of pat hopl as tic rather than etiological significance. 

Family and sibling studies have shown this form of epilepsy to have a hered
itary basis although the type of heredity is still under discussion (METRAKOS and 
METRAKOS 1961; DOOSE et al. 1967; NEWMARK and PENRY 1980). 

Between the syndrome of pyknoleptic absences and the syndrome of juvenile 
myoclonic jerks (impulsive petit mal) lies a further form of age-related minor sei
zures which is characterized clinically by nonpyknoleptic or nonfrequent absences 
and electroencephalographically by rapid spike-wave complexes (JANZ 1969). In 
this syndrome, also known as juvenile absence epilepsy (DOOSE et al. 1965), usually 
only short simple absences occur which recur not with pyknoleptic frequency but 
in periodic clusters (cycloleptically) or in a spanioleptic manner (singly). In the 
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majority of cases age manifestation is between 10 and 14 years of age (JANZ 
1969). The difference between the syndrome of juvenile absences and epilepsy 
with impulsive petit mal, which is not infrequently also accompanied by simple 
absences, lies clinically in the absence of myoclonic jerks and electroencephalo
graphically in the absence of typical multispike-wave complexes. Features which 
it shares with the preceding and following syndromes are the frequent combina
tion with awakening grand mal, a high heritability, and the rarity of etiologically 
relevant noxae. 

VI. Epilepsy with Juvenile Myoclonic Jerks (Herpin-Janz Syndrome, 
Epilepsy with Impulsive Petit Mal, Juvenile Myoclonic Epilepsy) 
This is a form of epilepsy beginning in youth and characterized by abrupt jerks 
through the shoulders and arms occurring mainly on awakening, in combination 
with awakening grand mal, frequent familial occurrence, absence of exogenous 
etiological factors, and a multispike-wave EEG pattern (JANZ and CHRISTIAN 
1957; JANZ 1969; SIMONSEN et al. 1976; LUND et al. 1976; ENVILE-BACSAL and 
DELGADo-ESCUETA 1981; TSUBOI 1977b). 

The impulses or impulsive jerks through the arms and shoulders can be mild 
or violent, can occur singly or several times in succession, or can increase to a vol
ley or a genuine status of arrhythmic jerks (impulsive petit mal status) (GRUNBERG 
and HELMCHEN 1969; JANZ and CHRISTIAN 1957). It is not uncommon for short 
simple absences to occur in addition. The minor and the major seizures occur 
mainly after waking and are precipitated by lack of sleep and alcohol excess. On 
account of a neurotic instability of character, patients with jerks of the impulsive 
petit mal tend to have an irregular life-style which can impair compliance (LUND 
etal.1976; VOLZKEetal. 1981). 

An example of the characteristic multispike-wave EEG pattern is shown in 
Fig. 8, Chap. 2, this volume. From the electroencephalographic point of view the 
syndrome must be further extended to include pure grand mal epilepsies with sub
clinical multi spike-wave complexes which are as a rule also awakening epilepsies. 

The predilection age is between the 14th and 18th years of life with a broad 
span between the 9th and 27th year (JANZ 1969). 

Cases in which only jerks occur for decades appear to be rare. In the course 
of the illness major seizures usually soon occur. In a third of the cases the syn
drome begins with major seizures. 

Etiologically the frequency of familial occurrence is striking as are the not in
frequent reports of homologous cases in families (JANZ 1969; TSUBOI 1977b). 
Family studies indicate a genetic disposition of probably polygenic type (TSUBOI 
1977 b). 

VD. Awakening Epilepsy (Epilepsy with Nonfocal Grand Mal) 
According to their connection with the sleeping-waking cycle grand mal epilepsies 
can be divided into awakening epilepsy, sleep epilepsy, and random epilepsy. In 
the clinical, pathophysiological, and therapeutic respect these forms differ so dis
tinctly from each other that at least in the case of awakening epilepsy we can de
scribe a syndrome in its own right (JANZ 1953,1962,1969,1974). 
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The grand mal seizures occur mainly after awakening and occasionally, some
times also mainly, "around going home time." They usually begin between 10 and 
25 years of age whereas sleep epilepsy and random epilepsy show no age predilec
tion. Awakening epilepsies are usually idiopathic epilepsies while sleep epilepsies 
are symptomatic epilepsies in one-fourth of the cases and random epilepsies in 
over one-half of the cases. If they do not occur in pure form but combined with 
minor seizures, these usually take the form of frequent pyknoleptic or non
frequent absences and/or impulsive jerks, whereas combined sleep epilepsy is 
mainly associated with complex focal seizures and combined random epilepsy 
mainly with simple focal seizures. 

In its course awakening epilepsy can evolve into sleep epilepsy or random 
epilepsy, but sleep or random epilepsy never develops into awakening epilepsy. 
The seizures in awakening epilepsy are often precipitated by exogenous circum
stances (sleep withdrawal, alcohol, photosensitivity), which have less significance 
in the other forms. 

Substantiated experience indicates that the psychic and sleep-waking behavior 
of patients with awakening epilepsy differs clearly from that of patients with the 
other forms (JANz 1969, 1974). 

According to the EEG, awakening epilepsies are primary generalized epilep
sies while in the other two forms focal slow waves and discharges frequently sug
gest classification as focal epilepsy (JANZ 1969, 1974; KITAGAWA 1975; TSUBOI 
and CHRISTIAN 1976). 

VIII. Benign Focal Epilepsy of Childhood [Benign Epilepsy 
of Children with Rolandic (Centrotemporal) Foci] 

This is the only age-related form of epilepsy which involves focal and not gener
alized seizures. Further characteristics of this syndrome are the occurrence of the 
seizures mainly in sleep, unilateral centrotemporal sharp-wave focus in the EEG, 
and favorable prognosis (BANCAUD et al. 1958; BEAUSSART 1972; BLOM et al. 1972; 
LERMAN and KIVITY 1975; LIPINSKI 1980; LOISEAU and BEAUSSART 1973). 

Mainly short, unilateral, simple, brachiofacial focal seizures with paraesthesia 
and/or jerks; tonic hemifacial seizures with hypersalivation and speech arrest; and 
masticatory seizures, hemi-grand mal, and grand mal with focal onset occur. The 
seizures often recur only in sleep, less often also or only during waking. As a rule 
only a few seizures occur but there are cases with several seizures daily. 

The manifestation age ranges from 9 months to 12 years, with predilection be
tween 7 and 10 years. The syndrome affects boys more often than girls. 

The EEG is characterized by an isomorphous centrotemporal sharp-wave 
focus of high amplitude near the fissure of Rolando (see Fig. 4, Chap. 2, this vol
ume). It is possible for the focus to change sides. As a rule no etiological factors 
can be detected. The autosomal dominant mode of inheritance has been dis
cussed. 

Seizures and focus disappear completely at puberty. 
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G. Age-Unrelated Epilepsy Syndromes 
I. Epilepsies with Complex Focal (Psychomotor) Seizures 
(Temporal, Rhinencephalic, Limbic Epilepsy) 

D.JANZ 

The term temporal epilepsy is generally taken to mean epilepsy with complex fo
cal seizures. There are, however, two reasons why the two terms cannot be regard
ed as completely synonymous: 
1. There are cases where grand mal seizures are the additional or only manifes

tation of temporal epilepsy. Then they are, however, as a rule preceded by spe
cifically temporal seizure symptoms. 

2. Psychomotor or complex focal seizures can in rare cases also stem from ex
tratemporal foci (LUDWIG et al. 1975; SCHNEIDER et al. 1965; GEIER et al. 1976), 
whose discharges are projected into temporal regions. 
The diagnosis "temporal epilepsy" must therefore be supplemented by the 

type of seizure and the diagnosis "complex focal seizures" by the exact localiza
tion of the lesions. 

The lateral sections of the temporal lobe belong to the neocortex and the 
mediobasal portions to the paleocortex or the rhinencephalon, which is function
ally related to the entire limbic system. Thus with regard to localization we should 
distinguish two forms of temporal epilepsy, a neocortical and a paleocortical 
(rhinencephalic, limbic) form. 

The neocortical form is relatively rare. It originates from discharges of the 
four temporal gyri with the exception of the temporal pole. The predominant sei
zure symptoms are acoustic, visual, vestibular, and - over the dominant hemi
sphere - dysphasic auras. Dreamy states are also related to the temporal neocor
tex with the exception of the specific auditory and vestibular projection areas and 
the speech region. Temporolateral seizures appear to be accompanied less often 
by disturbed consciousness and by postictal cloudy states than rhinencephalic sei
zures and more often by adversive automatisms. 

The paleocortical form is the more frequent. It arises from discharges in the 
uncinatus region (JACKSON and COLMAN 1898) or the pararhinal region (GASTAUT 
1961). (With regard to the EEG, see Figs. 2,6, 12, 13, 16, Chap. 2, this volume.) 
The uncinatus region encompasses the nucleus amygdalae, the pars uncinata of 
the gyrus hippocampi, and the anterior insular and periinsular regions of the tem
porallobe, perhaps also the hippocampus and the area entorhinalis. The para
rhinal region additionally includes the substantia perforata anterior and the pos
terior portions of the gyri orbitales. The clinical symptoms are characterized by 
epigastric, olfactory, and gustatory auras, by stereotype oral automatisms, and 
by vegetative symptoms. The seizures are as a rule associated with disturbances 
of consciousness and terminate in postictal cloudy states with slow reorientation. 

Complex focal seizures as a rule recur in a cycloleptic manner (in periodic 
clusters): After seizure-free intervals of days to weeks several seizures or series of 
seizures occur in the course of a few days. There are undoubtedly also states which 
can be considered as status epilepticus of complex focal seizures, in which seizures 
or seizure fragments follow each other continuously or discontinuously over a 
prolonged period (GAsTAuTet al. 1956; KARBOWSKI 1980; WOLF 1970). The clini
cal spectrum ranges from phenomena which can be termed "aura continua" 
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(SCOTT and MASLAND 1953; WOLF 1982), through so-called epileptic delirium or 
epileptic cloudy states (PASSOUANT et al. 1957, PENFIELD and JASPER 1954) to 
frequent seizures with unremarkable behavior in the intervening periods (JANZ 
1969). 

The manifestation age shows no predilection. In our patient sample 29% had 
become ill in the 1st decade of life; in 50% seizures began after the 20th year of 
life (JANZ 1969). 

With regard to the course we can distinguish between a primary and a second
ary form. We talk of a primary form when it begins with complex focal seizures 
and of a secondary form when the onset of complex focal seizures is preceded by 
seizures of a different type. Grand mal seizures in combination with complex fo
cal seizures usually (55%) occur in the form of sleep epilepsy, often (30%) in the 
form of random epilepsy, and only relatively seldom (15%) in the form of 
awakening epilepsy (JANZ 1969). 

Etiologically, definable causes were known in 27% of the cases in our patient 
sample and not known in 73%. The most frequent causes were pre- and perinatal 
brain lesions (7.4%) and traumatic brain lesions (6.6%); these are followed by ce
rebral tumors (4.6%), brain infections (2.7%), and cerebrovascular diseases 
(0.9%). When the onset is in the 1st decade of life pre- and perinatal brain lesions 
are the most frequent causes while brain injuries predominate in the 3rd decade. 
In the 3rd and 4th decades brain injuries compete with brain tumors and the latter 
predominate in the 6th decade (JANZ 1969). 

The hereditary occurrence of epilepy in the family is only one-half to one-third 
of that in epilepsies with generalized seizures. It is worth noting that it is higher 
in children and institutionalized patients than in a neurological patient sample 
(JANZ 1969). Twin studies have shown a concordance of 38.5% in monozygotic 
twins and a concordance of 6% in dizygotic twins (LENNOX 1960). In the literature 
there are reports of a number of homologous cases in siblings and also in the as
cending line (BARSLUND and DANIELSEN 1963; ANDERMANN and METRAKOS 1969; 
BRAY and WISER 1965; DALY and BICKFORD 1951; GIBSON 1959/60; JENSEN 1975; 
LENNOX 1960; MATTHES 1961; NEWMARK and PENRY 1980; RODIN and WHELAN 
1960). 

II. Epilepsies with Simple Focal Seizures 
(Neocortical Epilepsy, Epilepsy with Jacksonian Seizures, 
Adversive Seizures, Sensory Auras, Sensory Seizures) 

Simple focal seizures begin with symptoms which reflect the functions of circum
scribed cortical areas. Thus seizures of the central region begin with somatomotor 
or somatosensory symptoms; seizures of the projection areas for the specific sen
ses with visual (optic), auditory (acoustic), or vertiginous sensations; and seizures 
of the dorsomedial and dorsolateral areas of the frontal lobe with postural 
changes and turning movements. Seizures of the speech region lead to dysphasic 
symptoms while seizures with speech disturbance (vocalization or arrest of 
speech) are of unspecific location. Whether seizures associated only with auto
nomic symptoms exist is questionable, as is their localizational correlate. 
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Common to all simple focal seizures is that consciousness is initially not im
paired, which is why the patients are able to describe the nature of the focal symp
toms from their own experience. Only when the discharge becomes secondarily 
generalized or when generalized convulsions occur is consciousness extinguished. 
The term simple focal seizures is not completely identical with the term neocor
tical seizures because although voluntary motor activity and the sensations of the 
"higher" senses are represented by the neocortex, sensations of the "lower" sen
ses, such as epigastric, olfactory, and gustatory sensations, are represented by the 
rhinencephalon, which belongs to the paleocortex, or by the limbic structures of 
the insular and parainsular regions and of the uncus region. 

As long as the seizures are only manifested in local symptoms we speak of mo
tor, sensorimotor, or sensory Jacksonian seizures, contralateral (mostly) or ipsi
lateral (rarely) versive seizures, sensory seizures (with optic, acoustic, vertiginous 
sensations), or dysphasic seizures. Simple focal seizures can develop into general
ized tonic-clonic seizures. They can, however, particularly when they are associ
ated with sensations of the "lower" senses, with complex hallucinations, and/or 
with a dreamy state, also develop into complex focal seizures. Finally there are 
also focal seizures which begin with simple symptoms and then progress via com
plex symptoms to generalized tonic-clonic convulsions. Focal seizures can thus 
remain focal, combine with grand mal seizures of focal onset, or only go along 
with focal grand mal seizures. 

Simple focal seizures can also occur in series or accumulate to a status. A 
status epilepticus ofversive seizures,is not infrequent but has not been described 
as such probably because in the case of such events focal grand mal seizures pre
dominate and are succeeded in the subsequent course by versive seizures which 
no longer generalize. A status of sensory seizures has often been described under 
the term aura continua (SCOTT and MASLAND 1953; WOLF 1982; HELMCHEN et al. 
1969). A status of focal-motor seizures is also known as epilepsia partialis con
tinua (Kojewnikow) (BAMBERGER and MATTHES 1959; JANZ 1969; JUUL-JENSEN 
and DENNy-BROWN 1966; BAROLIN et al. 1976; LemLER and PETERS 1974; THOMAS 
et al. 1977). By this we understand clonic jerks in a limited area occurring more 
or less continously over a prolonged period without impairment of consciousness. 
The state can occur in isolation but is frequently accompanied by Jacksonian sei
zures or by grand mal seizures which precede, interrupt, or follow it (for EEG see 
Fig. 15 c, Chap. 2, this volume). Speech disturbances of prolonged duration with 
epileptic discharges in the EEG above the temporal region of the dominant hemi
sphere have also been described as a status of dysphasic or aphasic seizures 
(GERSTLE DE PASQUET et al. 1976; HAMILTON and MATTHEWS 1979). 

Epilepsies with simple focal seizures usually begin in adulthood. In our patient 
sample only 12.5% had started in the 1st decade oflife; in 73% of the cases the 
seizures did not begin until after 20 years of age and in 21 % not until after 50 
years (JANZ 1969). 

As regards the course, primary forms (beginning with simple focal seizures) 
predominate by far over the secondary forms (beginning with focal grand mal sei
zures). Primary forms are caused by tumors in half the cases and secondary forms 
in only a fifth of the cases. Grand mal seizures in epilepsies with simple focal sei
zures of neocortical origin are unrelated to the time of day in half of the cases; in 
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over a third of the cases they occur mainly in sleep and only relatively seldom 
mainly after waking (JANZ 1969). 

Etiologically, epilepsies with simple focal seizures of neocortical origin are 
mainly symptomatic. But in our sample, too, the cause remains unknown in 29% 
of the cases. The most frequent cause is brain tumor (34 %), followed by traumatic 
(15%), pre- and perinatal (9%), inflammatory (3%), vascular (3%), and less com
monly (7%) brain lesions. Pre- and perinatal brain lesions predominate in the 1 st 
decade of life and traumatic brain lesions in the 2nd and 3rd decades; from pu
berty onward brain tumors increase gradually and go into the lead from the 4th 
decade on, while cerebrovascular diseases retain their subordinate role even in ad
vanced years (JANZ 1969). 

III. Status Epilepticus 

According to the revised seizure classification the term "status epilepticus is used 
whenever a seizure persists for a sufficient length of time or is repeated frequently 
enough that recovery between attacks does not occur" (DREIFUSS 1981). Within 
generalized status epilepticus, GASTAUT (1982) distinguishes between convulsive 
and nonconvulsive forms. He classifies as convulsive forms the historic "grand 
mal status", which can be generalized from the beginning or can have a focal on
set; a status of generalized tonic or generalized clonic seizures; and a status of 
massive bilateral myoclonia, which is further subdivided into that occurring in 
primary generalized epilepsy and that occurring in severe subacute or acute ence
phalopathies. As nonconvulsive generalized status forms he classifies the ab
sence status, which he again subdivides into that with typical and that with atypi
cal absences, and a status of atonic seizures. The forms of a focal status epilepticus 
such as the somatomotor form of epilepsia partialis continua (Kojewnikow), the 
somatosensory form of aura continua, and the possibility of a status with dys
phasic seizures have already been mentioned in connection with the syndrome of 
simple focal seizures and the status psychomotoricus in connection with the syn
drome of complex focal seizures. 

A status epi1epticus convulsivus or grand mal status is characterized by grand 
mal seizures which follow each other at short intervals usually of less than 1 h 
without the patient regaining clear consciousness in between (HEINTEL 1972; JANZ 
1969). Mortality even in recent years has still been 2.5%-25% (AMINOFF and 
SIMON 1980; HEINTEL 1972; JANZ and KAUTZ 1964; KAS and ORSZAGH 1976; KETZ 
and MEIER 1979; WHITTY and TAYLOR 1949; ROWAN and SCOTT 1970). However, 
death seldom occurs during the status but usually in the postparoxysma1 coma, 
mainly as a result of complications of the respiratory tract (HEINTEL 1972). The 
morbidity rate of a grand mal status in epilepsy is given as 1 %-10% (HEINTEL 
1972; HUNTER 1959/60; JANZ 1961; LENNOX 1960). The etiology of grand mal 
status is more often known than unknown (JANZ 1982). Among the specific 
causes brain trauma, brain tumor, and encephalitis are more frequent than ex
pected; vascular lesions and perinatal brain damage are not. 

Among brain tumors astrocytomas and among brain traumas open head in
juries show a significant predisposition to grand mal status (HEINTEL 1972). In 
epilepsies of unknown origin a grand mal status is relatively rare; its occurrence 



24 D.IANZ 

presupposes a long-standing course, in generalized epilepsy even longer than in 
focal epilepsy; it never marks the beginning of an idiopathic epilepsy (HEINTEL 
1972; JANZ 1961, 1982; HEYCOP TEN HAM et al. 1967). The semiological differenti
ation between a status as an isolated, an initial, or an intercurrent event can be 
of help in differential diagnosis insofar as an isolated and an initial status epilep
ticus almost always have an exogenous cause. The fact that a status epilepticus 
in cryptogenic epilepsies does not occur until after a long duration of the illness, 
on average 13 (JANZ 1961) to 15.5 (HEINTEL 1972) years, indicates that in crypto
genic epilepsies too a morphological brain lesion is the prerequisite for a status. 

In many cases a grand mal status appears to be a symptom of diffuse brain 
damage. When it is based on a circumscribed lesion it is mostly a unilateral lesion 
of the frontal lobes (JANZ 1964, 1982). Among the manifold circumstances which 
can be identified as precipiting factors, errors in medication and intercurrent in
fections are the most frequent (AMINOFF and SIMON 1980; HUNTER 1959/1960, 
KAs and ORSZAGH 1976; ROWAN and SCOTT 1970; JANZ 1982). 

IV. Syndromes of Seizures Elicited by Sensory Stimuli 
(So-called Reflex Epilepsies) 
Seizures occurring from time to time or regularly in comparable circumstances 
have previously been termed reflex epilepsies. This term is, however, clinically dif
fuse, etiologically meaningless, and pathophysiologically dubious. It is clinically 
diffuse because the precipitating circumstances and the nature of the seizures are 
very varied. The circumstances range from definable exteroceptive to indefinable 
interoceptive stimuli, biological constellations, and psychic situations. The clini
cal phenomena also include nonepileptic paroxysms such as syncopal and extra
pyramidal seizures. The term has no etiological meaning because precipitating 
circumstances are not causes. Also, the assumption that the elicitation of the sei
zures takes place in the same manner as a reflex is physiologically inadequate as 
the conditions of a reflex arc have never been shown to exist. Moreover, the 
epileptic seizures precipitated by stimuli are always the consequence of self-sup
porting afterdischarges whose intensity and duration are not strictly dependent 
on the stimulus (JASPER 1954). Finally, as sensory stimuli can also inhibit seizures, 
in such cases it is preferable to speak of sensory precipitation or inhibition (BICK
FORD 1954; BICKFORD and KLASS 1969; PENFIELD and JASPER 1954). 

According to the type of precipitation we distinguish among others between 
tactile (haptogenic), optic (photogenic), and acoustic (musicogenic) forms and 
forms precipitated particularly by reading, by movements, and by being startled. 

The seizures elicited by tactile stimuli are usually somatomotor and 
somatosensory cortical seizures (GOLDIE and GREEN 1959; JANZ 1969; KREIS 1968; 
PENFIELD and JASPER 1954; SCOLLO-LAVIZZARI and HESS 1967; SERVIT 1962; 
VIZIOLI 1962). 

That sensory seizures can also be precipitated by sensory stimuli is shown by 
the example of precipitation of optic auras by sudden alternation of light and 
dark (JANZ 1969; PENFIELD and JASPER 1954), of acoustic auras by acoustic stimuli 
(CRITCHLEY 1935; JANZ 1969), and of vestibular auras by vestibulogenic stimuli 
(BEHRMANN and WYKE 1958). 
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We speak of photogenic epilepsy when epileptic seizures are precipitated by in
termittent light stimuli. Occasionally a look into the sun will suffice (FRIEDMANN 
1912; RADOVICI et al. 1932; SCHRODER 1913), but usually blinking or some other 
alternation from light to dark is necessary to elicit seizures in the patients with 
the appropriate disposition (BICKFORD and KLASS 1969; JEAVONS and HARDING 
1975; KLASS 1976; NEWMARK and PENRY 1979; RABENDING and KLEPEL 1978). 
Clinically we usually find generalized primary epilepsies with awakening grand 
mal, pyknoleptic absences, or jerks of the impulsive petit mal type. Photogenic 
epilepsy or the so-called photosensitive seizures (RABENDING et al. 1981) are a spe
cial case of so-called photosensitive epilepsy, i.e., epilepsies with photosensitivity 
(JEAVONS and HARDING 1975). Photosensitivity is the ability of the brain to re
spond to intermittent light stimuli (photostimulation) with hypersynchronous 
discharges which appear in the EEG in the form of mostly bilateral spike and 
slow-wave complexes either limited to the occipital and temporal regions or gen
eralized (see Fig. 14, Chap. 2, this volume). Photosensitivity is a genetically deter
mined characteristic which is distinctly age related, with maximum penetrance be
tween the 5th and the 15th year of life and is mostly found in girls. 

Precipitation of seizures by patterns (pattern-sensitive epilepsy) is considered 
a rare subform of so-called photosensitive epilepsy. The seizures are generally 
elicited by looking at patterns or pictures with sharp contours. Usually absences 
or generalized tonic-clonic seizures occur (BICKFORD et al. 1953; BICKFORD and 
KLASS 1969; CHATRIAN et al. 1970a, b; DREYER 1972; WILKINS et al. 1979) but 
rarely focal seizures (MEYER and MEYER-WAHL 1975). 

We speak of musicogenic epilepsy when epileptic seizures occur only or with 
a certain regularity when listening to music. The first such case was described by 
MERZHEEVSKY in 1884 (cited by CRITCHLEY 1937). Some degree of fame was at
tained by the case observed by NIKITIN (1935) of a singer in whom seizures oc
curred only when he listened to or sang a certain aria and later even when he 
merely thought of it. Some patients, as in the case described by NIKITIN (1935), 
react only to a certain melody and others to a particular type of music, which is 
as a rule sentimental in character. It is undoubtedly the emotion elicited by the 
music which is decisive in precipitating the seizures, provided "the gun was 
loaded" (CRITCHLEY 1937, 1942). Clinically we find psychomotor or grand mal 
seizures, electroencephalographically practically always temporal epilepsy (BASH 
and BASH-LIECHTI 1959; DALY and BARRY 1957; JANZ 1969; JOYNT and GREEN 
1962; POSKANZER et al. 1962; TITECA 1965; TOIVAKKA and LEHTINEN 1965; WEBER 
1956). 

Audiogenic epilepsy in the strict sense is the constitutional ability of certain 
strains of mice and rats to respond to loud sounds with epileptiform seizures. This 
characteristic is used specifically for testing the anticonvulsant action of drugs 
(COLLINS and FULLER 1968; FULLER and COLLINS 1968; HERBERG et al. 1969; 
SCHLESINGER et al. 1968). In man seizures elicited by simple sounds or noises -
apart from startle seizures - have not been demonstrated. 

Vestibulogenic epilepsy in the sense of seizures repeatedly elicited by vestibular 
stimuli also appears to be the exception in man (BEHRMANN and WYKE 1958; OR
BAN and LANG 1963). 
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"Seizures elicited by movement" are not a clinically uniform syndrome. Under 
this heading numerous observations have been reported of fits of unilateral and 
bilateral tonic convulsions and/or athetotic and choreatic movements without im
pairment of consciousness which are of short duration, recur frequently, and are 
elicited by sudden active movements or postural changes, occasionally also by be
ing startled. On the basis of our own experience we share the opinion of PEREZ
BORJA et al. (1967), that at least two syndromes must be distinguished: (1) An extra
pyramidal-motor syndrome mostly occurring at school age, also showing familial 
occurrence and manifested paroxysmally in predominantly unilateral dystonic 
but also choreo-athetoid movements which lead to bizarre postures and are not 
accompanied by impairment of consciousness (FUCHS and JUNKERS 1973; HISHI
KAWA et al. 1973). (2) An age-unrelated focal epileptic syndrome mostly associ
ated with unilateral tonic seizures which can develop into complex focal or gen
eralized tonic-clonic seizures and presumably originates in the supplementary-mo
tor region (FALCONER et al. 1963; PENFIELD and JASPER 1954; JANZ 1969; KEN
NEDY 1959; OLLER-DAURELLA and DINI 1970). 

Seizures elicited by being startled also lack clinical uniformity. Although both 
are precipitated by surprising tactile or accoustic stimuli we distinguish between 
(1) a pathologically exaggerated startle reaction (hyperexplexia, synkinesie-sur
saut) (GASTAUT and VILLENEUVE 1967) in children with infantile hemiparesis or 
diplegia in the form of short unilateral or bilateral tonic cramps or clonic jerks 
and (2) epileptic seizures elicited by startle (startle epilepsy) such as not infre
quently occur in infantile spasms and in myoclonic astatic or tonic seizures (ALA
JOUANINE and GASTAUT 1955). 

Seizures precipitated by reading (reading epilepsy) are a clearly defined epilep
tic syndrome (MEYER and WOLF 1973; GILLIGAN 1969; BROOKS and JIRAUCH 
1971) since it was first described by BICKFORD (1954). After reading for a short 
or longer period the patients experience a feeling of tension in the masticatory 
muscles and in the lips, occasionally also clonic jerks in the jaw, tongue, and 
throat muscles. If the reading is not then interrupted a major epileptic seizure in
evitably occurs. Photo stimulation has no provoking effect. Reflex action to pro
prioceptive impulses from speech muscles or the eyes, a subvariety of photosen
sitive epilepsy, a multifactorial mechanism combining all these, and psycholog
ical factors such as attention, emotional, and conditioned responses have been 
suggested. Most interesting is that the mechanism of precipitation seems closely 
related to the processes of decoding of words as optic entities into its acoustic 
speech motor counterpart (WOLF 1978). In several cases, homologous cases in the 
family have been demonstrated (DALY and FORSTER 1975, LASATER 1962; MAT
THEWS and WRIGHT 1967). 
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CHAPTER 2 

Electroencephalography 
R.HESS 

A. Introduction 

Electroencephalography in the widest sense of the word means measuring and re
cording the bioelectrical potential changes of the brain, from animal experimen
tation to the auxiliary methods of neurology, i.e., the routine tests given to 
patients suspected of suffering from pathological cerebral conditions. For the 
physician as well as for the general public the word has this latter restricted mean
ing, and it is in this sense that it will be used in this chapter. 

Direct recording from the cerebral cortex is called electrocorticography 
(ECoG). The activity of deep-lying structures can be examined by depth elec
trodes; if this is performed under stereotactic conditions, it is called stereoelectro
encephalography (SEEG). These procedures, the use of which is restricted to 
neurosurgical units, will be dealt with briefly at the end of this chapter. 

The clinical EEG has the advantages of being innocuous and easily performed 
over almost any length of time. It reflects, however, one facet of the brain's func
tions only and is far from conveying an image of the subtle and intricate integra
tion of information and organization of outgoing commands, which is the func
tion of the cerebral cortex. The prominent potential changes in the normal EEG 
are rather a correlate of the resting state, in which excitability oscillates around 
an optimal level. Otherwise, the EEG is a fairly accurate indicator of the level of 
alertness and of the depth or stage of sleep. It does also show certain deviations 
from the normal state, which is its raison d'etre. 

Pathological changes represent disturbances of cortical function, but these 
changes must be gross and extended to be picked up through the scalp, skull, and 
cerebrospinal fluid by the recording electrodes. It has been calculated that po
tentials must change synchronously and in the same spatial orientation over a 
cortical area of several square centimeters in order to sum sufficiently to appear 
on the conventional EEG (COOPER et al. 1965). It is obvious that even substantial 
abnormalities in deep-lying cerebral structures, including mesial and basal sur
faces of the hemispheres, must in many cases remain undetected. Basically, this 
limitation also applies to epileptic dysfunction, a great part of which never 
reaches the surface (cf. SEEG). The propensity of epileptic discharges to spread 
and drive activity of remote cerebral structures is apt to lessen the handicap to 
some extent. 

The distinguishing features of the EEG - the often spectacular transient wave 
forms and complexes and their spatial distribution - were empirically correlated 
to clinical seizure types in the pioneer years (GmBs et al. 1938). In the meantime, 
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as clinical experience and animal experimentation have supplied us with a wealth 
of information about the underlying aberrant neurophysiological functions and 
as the role of transmitters in the various cerebral systems becomes increasingly 
obvious, we have had to gradually adapt and specify our concepts about epilepsy. 
Along with this evolution, many details of EEG interpretation have shifted in 
their significance, but the principal electroclinical correlations have remained re
markably valid. 

B. Main Forms of Epileptiform Patterns 

Generally, the mark of epilepsy is the presence of paroxysmal potential changes, 
which clearly stand out against the background activity by their different param
eters: Most cases show a sudden rise of amplitudes, but also changes in frequency 
and wave forms, single or in combination. The best known and most common are 
short transients, which are termed "spikes" if of less than 70 ms in duration and 
"sharp waves" if longer. No such clear-cut contrast exists of course in their bio
logical meaning, but it may be assumed that shorter transients are picked up di
rectly from restricted superficial areas, whereas blunt sharp waves are the result 
of nervous conduction at slightly different velocities (temporal dispersion: JASPER 

1949) or of recruitment of spikes over a wider area with different synaptic delays. 

Fig. I. Various forms of intercritical paroxysmal patterns, taken from different EEG re
cords. a, spikes; b, spike wave complexes (left) and sharp wave complexes; c, train of spikes 
(center) passing over into repetitive sharp wave complexes, some with unobtrusive faster 
components; d, section out of a record, with bipolar leads showing the right anterior tem
poral epileptogenic area. Note phase reversal of the highest sharp waves near the anterior 
electrode; smaller spikes are seen close to the mid-temporal electrode 
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Fig. 2. Short seizure recorded from the cortex in a case of right temporal epilepsy, operated 
on under local anesthesia. Channels 1-4, TI from the temporal pole to the posterior tem
poral; Channels 5-8, above the Sylvian fissure. The bottom half of the figure ist the imme
diate continuation. Note the initial paroxysmal complex in the temporal lobe. Subsequent 
fast activity spreads rapidly, slows down, and increases in amplitude. The bottom half 
shows further slowing and an abrupt end of the seizure. x, no response to call; xx, respon
sive again 

These rapid deflections are as a rule of negative sign (in reference recording, the 
pen goes upward, in bipolar recording the pens of the two adjoining channels 
move toward each other). Pure monophasic spikes and sharp waves represent the 
simplest but not the most common type: More often they are multiphasic and fol
lowed by a slow wave which is thought to be the sign of an inhibitory influence 
(hyperpolarization) terminating the paroxysmal discharge. Such "spike~wave 
complexes," single or groups of spikes, sharp waves, etc., which do not usually 
last longer than Y2-1 s, are called interictal or intercritical (Fig. 1). 

If the inhibition fails and paroxysmal activity goes on, it develops into a (criti
cal) seizure discharge, i.e., into longer-lasting pathological overactivity, as it is of
ten seen during clinical attacks. Basic features are: onset with low-voltage fast ac
tivity, gradually growing higher and slowing down, at the same time spreading 
over wider areas. When the frequency reaches the O-band (4-7/s) the regular 
trains are broken up and interrupted by slow waves, thus forming a rhythm of 
alternating fast and slow waves, which also tends to slow down to 2- 3/s. The end 
is fairly abrupt in most cases (taken as evidence of an inhibitory effect; Fig. 2). 
Subsequent flattening of the record is possible, followed by irregular slow waves, 
possibly due to metabolic exhaustion. 



38 R.HESS 

Fig.3. Subclinical discharge, consisting essentially of a train of 1.5/s sawtooth-shaped 
waves, best seen in the left temporal leads but spreading to the parietal region. This spatial 
distribution permits us to conclude that there is a deep origin in the left posterior quadrant. 
The form of the rhythmic waves suggests that they are distant effects of repetitive sharp 
waves (bilateral frontal single slow waves are K-complexes in a light sleep stage) 

The above description is a simplification, because it is rarely encountered in 
practice in such a regular succession of phases. The discharge patterns may mix, 
may vary from one place to another (most clearly observed in the ECoG; Fig. 15), 
or may change back to earlier phases, etc. As not more than one-fifth of the cortex 
lies close to the convexity, the initial phases may be lacking or only part of the 
seizure activity may reach the scalp EEG, often in the form of indirectly induced 
changes, as rhythmical slow waves, repetitive single sharp waves, or irregular fast 
activity (Figs. 3,16). Occasionally, the EEG fails altogether to reflect the clinical 
attack. 

If the whole sequence of a bioelectrical seizure is recorded, its different phases 
correlate grossly with the clinical signs: the low-voltage fast activity with the aura, 
the regular rhythms of increasing voltage and shifting from the p- through the oc
to the O-band with the tonic muscle contraction (in the case of a motor attack), 
the interrupted multiple spike-slow wave rhythm with the clonic phase. The flat
tening may correspond to a postparoxysmal palsy. 

It is particularly in short, aborted, or atypical seizure discharges that no overt 
clinical signs can be observed. This is then called a subclinical discharge (Fig. 3). 
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On the other hand, excessive epileptic activity may exceptionally last for hours 
or days, either in the form of repeated complete seizures in rapid succession (cor
related to an epileptic status) or as paroxysmal complexes occurring more or less 
continuously in a restricted area: The clinical equivalent is epilepsia partialis con
tinua, aura continua, or sometimes none (Fig. 15 c, e). 

It must be realized of course that the boundaries between the described cate
gories are fluid and that the patterns as recorded in the clinical EEG are an incom
plete reflection of what is going on at depth, where long-lasting discharges may 
occur when the surface is reached by intercritical paroxysmal outbursts only. Al
though ictal discharges are of the highest diagnostic value, the interictal ones are 
of much higher incidence and, insofar as they can be specific for certain types of 
epilepsy, essentially they account for the clinical value of the EEG. 

Paroxysmal patterns exist in almost numberless variations, but some are more 
common than others and an overall division, corresponding to that of the clinical 
seizures, suggests itself: In the first place focal patterns must be distinguished from 
bilateral or generalized ones. 

C. Focal Epileptiform Activity 

Focal epileptiform activity corresponds most closely to the general description 
(Sect. B) when originating in the superficial cortex of the convexity; it then corre
lates with neocortical partial seizures (Fig. la). Focal spikes and sharp waves 
usually indicate the presence of a localized lesion and are known to develop in 
its borderline area. Higher amplitudes, faster 'spikes, more complex bursts, and 
seizure discharges are generally most significant, both for indicating susceptibility 
to epileptic seizures and for the location of the underlying lesion. Simple parox
ysmal transients are less reliable, particularly so in the older and the youngest age 
groups. In elderly people monophasic sharp waves are commonly seen in the tem
poral regions, assumably as a consequence of inadequate vascular supply. This 
does not as a rule imply the danger of epileptic seizures, nor has it, in the case 
of an expansive lesion, any localizing value (VAN DER DRIFT and MAGNUS 1961). 
In small children, on the other hand, especially around the age of 4 years, occipi
tal focal sharp waves are not usually evidence of a local lesion but rather of a gen
eral hyperexcitable state, with or without clinical signs of epilepsy. They are also 
observed in children with impaired eyesight (LAIRY et al. 1964). In children of 
school age such sharp waves are most often localized in the centroparietal region. 
Many of these children do not suffer from clinical epilepsy; those who do may 
have focal seizures (mainly nocturnal), but corresponding structural lesions are 
rarely found and the prognosis is favorable (Fig. 4; BEAUSSART et al. 1970; GAS
TAUT 1952; LOISEAU et al. 1967). 

Epileptic discharges originating at some depth but still reaching the cortex 
may have special features. Apart from the sharp waves being broader, they also 
tend to recede behind the accompanying slow waves. Often a paroxysmal compo
nent consisting of a rapid positive deflection in the O-band is locked to a large neg
ative slower wave; occasional preceding small negative sharp waves confirm the 
epileptic implication (Fig. 1 c). Even a train of slow rhythms without sharper com-
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Fig.4. Rolandic sharp waves in a boy of 14 suffering from benign epilepsy with focal 
features. Primary focus in the left central region; mirror focus on the right with incomplete 
phase reversal, owing to synchronous occurrence over the posterior half of the hemisphere 

ponents may represent indirect evidence of epileptic activity at a distance (Fig. 3). 
If such changes are clearly separated from the rest of the record with well-defined 
onset and end, their epileptic nature is reliable and they represent a common form 
of" subclinical focal attacks. " 

A special constellation with deep-lying epileptogenic areas is represented by 
the group of limbic epilepsies, the clinical expression of which is complex partial 
or psychomotor seizures in their various forms. The amygdala and hippocampus 
are mainly involved, but the other limbic structures as well as the temporal 
neocortex usually playa role (cf. paragraph on SEEG). In the scalp EEG, the 
great majority of intercritical paroxysmal graphoelements consist of anterior tem
poral sharp waves (Fig. I d). They are often found on both sides, simultaneously 
(cf. mirror foci) or independently. Other secondary foci may be situated in the 
posterior temporal area (often less conspicuous). 
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Fig. S. Focal motor epileptic status (left arm) after cardiac surgery. Section shows four 
channels leading from the right hemisphere. Top, "semicritical" onset with increasing inci
dence of irregular spikes. Bottom (immediate continuation), rhythmic discharge with wider 
spread (tonic phase) 

Ictal discharges in neocortical focal seizures are in accordance with the general 
description (Sect. B), supplemented by specifications concerning spatial distribu
tion: They start in a defined area, spread within seconds over the involved cere
brallobe and further (Fig. 5). If it has not already aborted, the excessive activity 
reaches the contralateral hemisphere usually in the late tonic phase (coinciding 
with the loss of consciousness), and eventually the whole of the convexity, when 
the clinical attack becomes generalized. In small children the seizure discharges 
may also remain restricted to one hemisphere, continue status-like for a long pe
riod, and leave in their wake severe depression of all activity or slowing. This cor
responds to clinical hemiconvulsions with subsequent hemiparesis. 

In limbic seizures, ictal discharges occur in many different variations. Fairly 
common is an initial flattening of the record, either in a restricted area (effect of 
circumfocal inhibition? PRINCE and WILDER 1967) or generalized (arousal effect 
owing to aura?) Thereafter, the most common concomitant of the psychomotor 
seizure consists of bilateral slow rhythms, which are most pronounced in the para
sagittal frontal regions, but often more marked over one temporal lobe, where 
furthermore faster rhythms or repetitive sharp waves may prevail (Fig. 6). It is, 
however, not uncommon that limbic seizures are reflected on the surface EEG by 
minor and equivocal abnormalities only; on occasions the EEG remains virtually 
unchanged (Fig. 16). 

Multiple epileptogenic foci are not rare, particularly in children, often with ex
tended or multiple lesions (GIBBS and GIBBS 1964). Still more frequently seen are 
secondary foci, most often in the homologous area of the primary ones: so-called 
mirror foci . They are common at the age-dependent predilection sites, namely oc
cipital in small children, centroparietal in schoolchildren (Fig.4), and anterior 
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Fig. 6. Section of a psychomotor seizure. After a long aura with a "funny feeling" and focal 
slowing over the left temporal lobe, slow rhythms appear in both frontal regions, higher 
on the left and corresponding to focal sharp transients in the left temporal region, in part 
with frontal spread. At this stage clouding of consciousness is noted 

temporal in adults. Such mirror sharp waves tend to be of a lower voltage than 
in the primary focus, less pointed, not sharply localized, and only exceptionally 
showing a measurable delay. In temporal foci especially, such differences are of
ten missing and sharp wave complexes occur independently on both sides. There 
is some evidence that a pure mirror focus, which reflects the commissural prop
agation, is transformed by the chronic bombardment into an independent focus, 
including local structural changes (MORELL 1960). It is interesting to note that ic
tal discharges are not transmitted in a similar form to the homologous area: If 
they do reach the contralateral hemisphere it is in the context of a more extended 
seIzure. 

D. Bilateral Epileptiform Patterns 
Bilateral epileptiform patterns correlate broadly with the generalized epilepsies. 
Bilateral synchrony, often used for definition, is true only as a first approxima-
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Fig. 7. Juvenile petit mal. Induced by hyperventilation, a short spike wave complex is fol
lowed by a long train of regular, symmetrical alternating spikes and slow waves at a fre
quency of 3/s at the onset, 2/s at the end, tapering off within 1 s. Muscle potentials in tem
poralleads (x) are connected to clinical expression of absence 

tion, since accurate measurements show that one or other hemisphere may be 
leading by milliseconds (GOTMAN 1981). All forms of paroxysmal potential 
changes may occur bilaterally, but the majority consist of spikes or sharp waves 
and slow waves, in varying combinations. Series of spikes with few or no slow 
components are rather rare, as are paroxysmal bilateral slow waves alone; much 
more common is a fairly regular alternation of slow and fast waves, which is in
terpreted as sustained hyperactivity interrupted by inhibition (JUNG 1949; GLOOR 
1979). The typical patterns are commonly called "spikes and waves" (abbreviated 
SAW or SW). They are characterized by a more or less sudden onset, often with 
a short buildup of slowing (J-waves, sometimes asymmetrical at the beginning, 
and thereafter by regular trains of 3.5-3/s rhythms, gradually slowing to 2.5-2/s. 
The amplitude is highest in the parasagitta1 frontal regions. Regularly locked to 
the rhythmic slow waves are high-voltage spikes, often multiphasic and usually 
symmetrical, occasionally with a temporal maximum on one or both sides. These 
spikes are most marked as a rule in the early phase, then diminish in amplitude; 
sometimes they alternate, every second one being smaller. The end is usually 
abrupt, and less commonly the slow rhythms taper off (Fig. 7; cf. JASPER and 
DROOGLEEVER-FoRTUYN 1947). 

The spectacular trains of periodical 3/s spikes and waves represent a special 
case with fairly well-defined clinical implications: In the first place, this pattern af
fords almost certain evidence of the presence of overt epilepsy (SILVERMAN 1954), 
in particular of the "centrencephalic" form, which means a notable hereditary 
factor and a negligible risk of a gross organic lesion, although exogenic causal 
factors - mostly perinatal - may playa role (LENNOX 1960). Runs lasting more 



44 R. HESS 

~~~~--~~~~,~~~~~~~ 

.v--x.o ............ v----.\r-,'v-.\ \..--yJ,..........~W 

h~V.Vl'~MVw'rlJrlJr 

Fig. 8. Juvenile myoclonic epilepsy. Left, myoclonic status with irregular jerking of the neck 
muscles. The lowermost channel records the electromyogram from the left musculus sterno
cleidomastoideus. Note the approximate correspondence of EEG sharp waves and EMG 
spikes. Right, same child in the interval: bilateral multiple spike waves, usually coinciding 
with jerks of the upper extremities 

than a few seconds are generally associated with a clinical "absence," which may 
range from the slightest impairment of mental function to a full-blown petit mal 
with twitching of eyes and head at the rhythm of the SW complexes. Unobtrusive 
automatisms are common especially in longer runs. Short bursts of 1- 3 s are 
usually subclinical; the boundaries are fluid. 

Spikes and waves can occasionally occur in a status-like form for long periods, 
either as closly spaced absences (accompanied by an undulating level of con
sciousness: absence status) or more continually in a somewhat distorted form [ac
companied by varying degrees of impaired mental functions: petit-mal stupor 
(NIEDERMEYER and KALIFEH 1965)]. 

Typical spikes and waves are definitely age linked, insofar as they are most 
commonly seen in schoolchildren, hardly ever before the age of 3 years, and 
gradually less after adolescence, although cases of patients 60 years and older 
with spikes and waves are occasionally met with (METRAKOS and METRAKOS 
1961 ). 

Far more common in adult patients are shorter and more irregular bursts as 
intercritical signs of "centrencephalic" epilepsy, and as signs of pure grand mal 
epilepsy, into which the petit mal of childhood often develops (see Chap. 1, this 
volume, Sect. F.VI.). Myoclonic jerks are as a rule associated with a paroxysmal 
burst of high-voltage spikes, followed by one or several slow waves ("multiple spi
kes and waves"). They are not, however, pathognomonic for myoclonus epilepsy 
(Fig. 8). 

The critical activity during grand mal (GM) attacks is as described for the fo
cal seizures, but bilateral from the beginning or nearly so. The preliminary, initi
ating increasing fast activity starts mainly over the frontal lobes. A paroxysmal 
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Fig.9. Youth in a status of tonic extension seizures. The EEG shows a short attack of 
"grand mal" type: onset with a group of high-voltage spikes, subsiding for a fraction of 
a second, resuming with low amplitudes which rapidly increase, and terminated by a large 
slow wave. Bifrontal maximum throughout. Superimposed muscle artifact in temporal 
leads 

spike wave complex may precede by one or a few seconds. During a full-blown 
seizure the record is usually marred by a massive artefact (Fig. 9). 

In children, generalized epilepsy often manifests itself in age-specific forms: in 
toddlers up to preschool age a syndrome named after Lennox and Gastaut (cf. 
GASTAUT et al. 1966; Chap. 1, this volume). The EEG correlate, intercritical and 
during the absences, is a pattern called slow spikes and waves, consisting of alter
nating sharp and slow waves at 2- 2 Y2/S. Spatial distribution is bilateral, some
times asymmetrical, the amplitude maximum is frontal, and onset and end are 
rather gradual (Fig; 10). Other forms of attacks may show different critical activ
ity, often a series of spikes or a short interruption of the ongoing slow spike-and
wave activity. 

In infants of 6-18 months, or occasionally older, the West syndrome occurs, 
consisting of short flexion spasms along with mental deterioration. The EEG 
shows the pattern called "hypsarrhythmia" (GIBBS and GIBBS 1952), which is com
posed of multifocal spikes and sharp waves on a background of high-voltage gen
eralized slow activity (Fig. 11). The typical massive flexion spasms are accom-
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Fig. 10. Sharp and slow waves ("spike-and-wave variant") in a child of I 0 years with mental 
infirmity and episodic behavior disorder. The 2.5/s sharp-and-slow waves gradually devel
op out of and change back into pure or notched slow waves, along with some alpha activity 
- normal for the age - in posterior aspects 

panied either by more prominent bilateral sharp-and-slow wave complexes or by 
a short flattening of the record, often along with increased fast activity. 

In newborn babies, in which, apart from generalized convulsions, focal attacks 
of varying localization are typical, multiple independent foci of spikes and sharp 
waves represent the intercritical patterns. During the seizures, strictly localized 
discharges are seen in the appropriate area, which may also shift from one place 
to another (DREYFUSS-BRISAC and MONOD 1964). 

It thus appears that age-specific bilateral epileptic patterns are irregular and 
diffuse in the youngest age group and become more organized in time and space 
as the brain develops toward maturity. After adolescence, the tendency of par ox
ysmal patterns to spread over wider areas seems to decrease, and with increasing 
age they become infrequent, even when clinical attacks persist. 

E. Activation Procedures 

A noncontributive EEG is a nuisance, particularly in otherwise unclear cases. 
Various methods are used to coax more information out of the reticent brain. 
Sphenoidal or pharyngeal leads occasionally produce evidence of a spike focus re
stricted to the basal part of the temporal pole (Fig. 12). These procedures can also 
be used in conjunction with true activation methods: 

Hyperventilation, easy to perform in patients able to cooperate, has found 
widest application. The changes in blood gas concentration thus induced facilitate 
excessive synchronization and markedly increase the incidence of spike-and-wave 
discharges in particular (Fig. 7). Inasmuch as over breathing also involves some 
physical strain, a certain arousal effect counteracts the activating influences; they 
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Fig. 11. Hypsarrhythmia in an infant with malignant flexion spasms. The main features are 
multifocal spikes and sharp waves on a background of high-voltage irregular generalized 
slow activity 

may prevail subsequently, when the effort ceases and a degree of drowsiness fol
lows. This is when focal epilepsies often become manifest. 

Lowering the level of alertness is a most effective facilitating factor for epilep
tic disturbances, especially so in temporal foci. Sleep records were first advocated 
by GIBBS and GIBBS (1947) and they are now in general use (MATTSON et al. 1965; 
Fig. 13). Sleep deprivation is a useful means of obtaining a sleep EEG, and further
more it is in itself an activating factor (PRATT et al. 1968). 

Photic stimulation acts in a different way (WALTER and WALTER 1949; BICK

FORD et al. 1969): Series of short light flashes lead to a massive increase of visual 
afferences. Inasmuch as rhythmicity and a frequency of between 10 and 20/s are 
important prerequisites for an activating effect, it is obvious that a resonating 
mechanism is involved. More or less generalized paroxysmal outbursts are often 
induced. Their diagnostic significance is highest if they become self-sustained 
when stimulation is discontinued. Sometimes they take the form of spike-wave 
discharges with or without clinical signs. Positive effects are essentially restricted 
to generalized (centrencephalic) epilepsies, with rare exceptions (Fig. 14). 

Pharmocological activation - application of convulsant agents, usually by in
traveneous injection - is the easiest way to produce epileptiform EEG changes, 
even in healthy people; its vast application in earlier times led to many false-posi
tive results and the proposed "seizure threshold" was an unreliable measure. 
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Fig. 12. Temporal epilepsy examined with pharyngeal electrodes, inserted through the nose 
into the nasopharyngeal cavity. Many sharp waves show highest amplitudes at the fron
totemporal convexity, whereas a few fine spikes are picked up from the mediobasal surface 
of the temporal pole only 

While the method is unsuitable for distinguishing epileptics from nonepileptics, 
it can still be used to demonstrate a focus in a case of established epilepsy but of 
undetermined nature. This is of special importance if surgical therapy is consid
ered in a drug-resistant patient. 

The most natural way of increasing positive EEG results should be to take the 
record at the time when experience shows that attacks are most likely to occur. 
In women the menstrual cycle may give a lead. For practical reasons, the EEG 
cannot always be carried out at the desired time, and the attempt to "catch a sei
zure" is all too often unsuccessful, except when many repeats are possible. This 
is decidedly the most innocuous method to get more positive results. 
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Fig. 13. Right frontotemporal spike complex in a waking record (w). In light sleep (s), 
epileptifo rm activity is enhanced and paroxysmal complexes appear on the left side, 
presumably induced by the epileptifonn activity and with a short delay with respect to the 
primary focus 

F. Electrocorticography and Depth-recording 

While conventional EEG is a routine method, eJectrocorticography (direct record· 
ing from the cortical surface) and recording from depth with multicontact needle 
electrodes arc invasive methods reserved fo r neurosurgical units. They are subject 
to strict medical indications and are almost exclusively used for detailed delimi
nation of epileptogenic areas with the aim of their possible surgical removal (PEN
FlELD and J ASPER 1954). 
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Fig. 14. Positive effect of photic stimulation. The patient is exposed to short bright light 
flashes (monitored by a photocell in the bottom line, F). On the left a short burst of gener
alized spikes is induced, terminated by an occipital slow wave (the one in the frontal leads 
is an eye artifact). On the right a train of spikes and waves is triggered: the excessive 
neuronal activity has become self-sustained 

Electrocorticography (ECoG) requires the opening of a bone flap and of the 
dura. The electrodes (small silver balls, saline-soaked cotton pads, etc.) are 
brought into contact with the cortical surface and are fixed with a mounting de
vice, preferably clamped to the border of the bone. As the electrodes are much 
closer to the source of the electrical activity than in scalp EEG, the recorded am
plitudes are higher (approximately a 1 : 10 ratio). On the other hand, less potential 
changes between the electrodes are picked up with recordable voltage, since the 
gain of the amplifiers has to be reduced. Narrow spacing of the electrodes is thus 
required, in order to cover the area adequately (Fig. 15). 

Epileptic activity in deep-lying cortical areas - in fissures, at basal and medial 
surfaces - cannot be recognized initially by ECoG. It will, however, show up 
when, after a first removal of abnormally functioning cortex, control recordings 
are made from the remaining structures. It is also possible to complement the 
ECoG by depth electrodes, particularly in cases where the surface record is oflittle 
localizing significance. Although such depth probes can cover but a few points, 
the most important ones are often known in advance; they comprise almost in
variably the amygdala and hippocampus. 

The success rate of surgical therapy based on this diagnostic procedure is 
moderate. The main drawback lies in the failure of obtaining accurate direct re
cordings from brain areas other than those made accessible by the craniotomy. 
Better results can be expected by multiple depth recordings prior to surgery; it 
should in most cases include both mediobasal temporal structures. 

The most systematic approach under strict stereotactic conditions has been in
troducted by BANCAUD and T ALAIRACH (1965) and is called stereoelectroence
phalography (SEEG). The procedure is expensive and time consuming, but re
markably successful. Multicontact electrodes are inserted (through small burr 
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Fig.1S. Sections of electrocorticograms sampled from different patients operated on for in
tractable epilepsy, to show the diversity of epileptic activity. a-d are leads from the tempo
ral convexity; b shows showers of fine spikes, too fast to reach the scalp electrodes; c is 
taken during epilepsia partialis continua; few of the multiple spikes will be recorded on the 
EEG because of the restricted spread of the others; d shows repetitive sharp waves 
gradually evolving from small to high amplitudes, subsiding suddenly, to reappear in the 
same manner - a cycle repeating itself status-like for many minutes; e ECoG during epilep
tic status. The first two channels record from the lateral, the next two from the medial bor
der of an old traumatic cyst in the right frontal lobe. Note the different form of regional 
epileptic activity 

holes) into the brain at the presumed main sites of epileptic activity, and it can 
thus be demonstrated that - in the selection of cases in which these procedures 
are indicated - the major part of the abnormalities picked up at depth are not re
flected in the simultaneously recorded scalp EEG (WIESER 1981). It takes massive 
discharges spreading over wide areas or many electrode contacts to show up in 
a discernible form over the scalp (Fig. 16). 

The epileptiform patterns as sampled from individual deep-electrode sites 
present a spectacular variety of forms from single spikes to multifarious complex-
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Fig. 16. Spontaneous short seizure recorded with depth electrodes, simultaneously with sur
face EEG (only four temporal leads represented). Large figures refer to composite needle 
electrodes, smallfigures to individual contacts: 1 at the tip, 7 and 8 close to the surface. Af
ter a widespread semi-ictal prelude, partially represented on the posterior temporal EEG, 
a focal discharge starts in the right nucleus amygdalae (8/1- 2), spreading to the anterior 
hippocampus (7/2-3) and to the parahippocampal gyrus (6/2-3). The patient announces 
epigastric aura; pallor, anxious behaviour, and pupillary dilatation are observed. Note 
the change of heart rate and respiratory arrest (channels 5 and 6). The surface EEG fails 
to reflect the excessive discharges. After lOs (the record of this epoch is left out), the epilep
tic activity becomes intermittent. At this stage, the surface EEG again shows some poste
rior temporal abnormality, without patterns specific to epilepsy, however. (Courtesy ofPD 
Dr. H. G. Wieser) 

es and long-lasting intermittent or continuous discharges, in most cases without 
overt signs of a seizure, but sometimes associated with symptoms which otherwise 
might not be suspected to have epileptic connotations. It is only when excessive 
discharges spread to a number of other sites that clinical signs of a seizure mani
fest themselves. If they correspond to the patients' habitual attacks, the approxi
mate area of origin - the real epileptogenic focus - is established; it is not neces
sarily that of maximal interictal activity (BANCAUD and TALAIRACH 1970). While 
this is the main objective of the procedure, the way of seizure spread may also be 
conjectured, and secondary foci (common in homologous regions of the primarily 



Electroencephalography 53 

involved limbic structures) and their importance for triggering and maintaining 
the ictal event can often be recognized. 

From this information the epileptologist assesses the feasibility, likely ben
efits, and possible risks of surgical intervention. In cases with multiple epileptic 
foci, where seizures start from more than one site, or where the main point of or
igin is situated in a cortical area of high value, surgery must be dismissed. Other 
patients, however, stand a much better chance than with conventional pro
cedures: the epileptogenic cortex can be removed with minimal damage to the rest 
of the brain, especially if microsurgical methods are used. 

Important as systematic investigations with depth electrodes are for the han
dling of severe reticent epilepsies, their theoretical contributions must not be over
looked. Their impact on epileptology has been considerable, and more insight in
to the nature of the condition is to be expected. There are reasons to believe that 
depth-recording will help toward a better understanding of surface EEG. 
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CHAPTER 3 

Epilepsy in Animals 
T. A. HOLLIDAY 

A. Introduction 
The similarity of certain animal diseases to human epilepsy has been recognized 
for at least 300 years. In the seventeenth century Paracelsus said that epilepsy 
"exists not only in man but in all living creatures." Paracelsus also recognized the 
disease could be inherited and, in stating that "some species of animals suffer the 
disease by heredity," has permitted us to deduce that he believed some species 
might suffer diseases now termed "acquired epilepsy" (for Paracelsus' quotations, 
see LENNOX and LENNOX 1960). 

Epilepsy of animals will be defined here as any of several brain disorders 
which cause recurrent seizures that are accompanied by characteristic paroxysmal 
EEG events. This definition includes those seizure disorders caused by genetically 
determined primary brain dysfunction (inherited epilepsy) and those brain dis
eases that, although once active, have run their course and have become inactive 
but have left the brain in a seizure-prone state (acquired epilepsy). Excluded from 
this definition are genetically determined intracranial disorders that cause seizu
res simply as one manifestation of a spectrum of clinical signs and structural 
changes; also excluded, regardless of chronicity, are acquired disorders that cause 
seizures as a part of progressive, brain-destructive processes. 

In the centuries since Paracelsus, many recurrent seizure disorders of animals 
have been likened to human epilepsy. Designation of these conditions as epileptic 
often has been based entirely or almost entirely on observations of recurrent sei
zures. In the light of our present-day understanding of epilepsy and modern tech
nological analysis, some of these conditions do not fulfill the requirements of a 
definition of epilepsy such as that given above; nevertheless a substantial number 
of diseases of animals, either inherited or acquired, meet those criteria and war
rant designation as epilepsy. 

B. Acquired Epilepsies in Animals 
The ease with which chronic epileptogenic foci can be induced experimentally 
(W ARO 1972; LEWIN 1972) suggests a rather high level of susceptibility to acquired 
epilepsy in some animals, and the existence of naturally occurring acquired 
epilepsy in animals is alluded to by many authors in the veterinary literature (OE
LAHUNTA 1977; HOERLEIN 1978; HOLLIDAY et al. 1970; PALMER 1976). Neverthe
less, there are few reports of systematic investigations of its incidence and causes, 
or of its clinical, EEG, or pathological manifestations in animals. Outstanding 
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among those available are the reports by GASTAUT et al. (1958 a), who studied 19 
dogs including some that probably had acquired epilepsy. Also, there is a report 
by VAN BOGAERT (1973) on clinical and pathological observations of seizure dis
orders in 212 captive subhuman primates from a zoological garden, some of 
which had focal seizures, suggesting acquired epilepsy. (Interestingly, in the latter 
report, the author also mentions observing baboons with myoclonic seizures.) 
Unfortunately, none of the existing reports permits adequate characterization of 
acquired epilepsies in any animal species. From the available information and 
from the author's personal experience, it appears that naturally occurring ac
quired epilepsies occur in such an unpredictable fashion that they are not useful 
for the study of underlying pathophysiological mechanisms or pharmacological 
characteristics. However, it seems possible that systematic studies of the ep
izootiology of acquired epilepsies in animals might be of value, particularly if the 
investigations were focused on species that live in close association with man in 
many societies (e.g., dog). 

Because of the scarcity of information available, acquired epilepsies in ani
mals are not discussed further here. 

c. Inherited Epilepsies in Animals 
Inherited epilepsies have been described in a large number of vertebrates, encom
passing one primate species, dogs, domestic fowl, several rodent species, swine, 
and cattle. The large number of species and the extensive literature on some of 
them necessitate limiting this review to only a few; thus only the epilepsies of the 
baboon, dog, Mongolian gerbil, and domestic fowl will be discussed here. 

The reader is referred to other sources for information on the conditions of 
mice (HARE and HARE 1979; NOEBELS 1979; SEYFRIED 1979), rats (CONSROE et al. 
1979), rabbits (ANTONITIS et al. 1954; HOHENBOKEN and NELLHAUS 1970; NACHTS
HElM 1939; NELLHAUS 1958), and Syrian hamsters (YOON et al. 1976); and the re
view of audiogenic seizures by COLLINS (1972); other useful sources are CONSROE 
and EDMONDS (1979) and NEWMARKET and PENRY (1980). The disorders that have 
been reported in swine (SAUNDERS 1952), Brown Swiss cattle (ATKESON et al. 
1944), and Swedish Red cattle (ISAKSSON 1943) lack adequate pathological, bio
chemical, or EEG evidence for epilepsy and are not discussed here. 

This review attempts to provide an overview of the inherited epilepsies of the 
baboon, dog, Mongolian gerbil, and domestic fowl because of the promise they 
hold for future contributions to our understanding of basic mechanisms of epilep
sy and its causes, prevention, and treatment in man. 

The available neurochemical, neuropharmacological, and biochemical infor
mation on these conditions is presented elsewhere in this volume and therefore 
is not discussed here except for some data on the epilepsies of dogs and chickens. 

I. Photomyoclonic Seizures in the Baboon (Papio papio) 
1. Introduction 
A photomyoclonic syndrome in Papio papio was first reported by KILLAM et al. 
(1966 b). Extensively studied since that time, this genetically determined trait has 
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proven to be extremely valuable because of its many similarities to human epilep
sies. 

2. Electroencephalographic and Clinical Characteristics 

Intermittent light stimulation (ILS) of affected P. papio at 25 Hz elicits "follow
ing" responses in the occipital cortex, with spikes, spike waves, and polyspike 
waves appearing suddenly as bifrontal discharges; the discharges spread to in
volve the entire cortex, internal capsule, pons, and brain stem and finally include 
other deep structures. The step-by-step involvement of structures suggests an or
ganized progression rather than simply a randomly spreading generalized 
paroxysm (KILLAM et al. 1969; FISCHER-WILLIAMS et al. 1968). A relative electro
graphic independence of the frontal and occipital cortex may be observed, with 
the ILS "following" response occuring in occipital regions at the time a seizure 
discharge has begun in the frontorolandic regions; the occipital cortex may be
come incorporated in the paroxysmal activity later. Somewhat analogously, par
oxysmal activity in the rhinencephalon tends to occur later than in other deep 
structures and consists of higher voltage more irregular multiple spikes without 
spike-wave complexes; these persist independently after discharges in other struc
tures have ceased (FISCHER-WILLIAMS et al. 1968). 

Within a few seconds after the EEG discharges, clinical manifestations ap
pear, beginning with small, regular, rapid, bilateral clonic movements in the 
eyelids and periocular muscles. As the electro graphic paroxysms increase, the 
clonic movements spread to the face and neck. There may be intense isolated jerks 
of the head, groups of clonic jerks of the body, tonic spasms of the facial muscles, 
and generalized clonic jerks with flexion of the head and upper body and tonic 
extension of the legs; these may be followed by generalized clonus. Clinical signs 
lessen as the EEG paroxysms subside (KILLIAM 1979; KILLIAM et al. 1967 a; FI
SCHER-WILLIAMS et al. 1968). If ILS is interrupted within a few seconds after EEG 
or clinical signs appear, the latter disappear immediately. Interruption ofILS 5-
10 s after generalized body movements have begun may either end the seizure, or 
a "self-sustained" seizure may result. The latter may vary in severity from clonic 
jerking to generalized clonus followed by generalized tonus and gradually dimin
ishing clonic jerks (KILLAM 1979; KILLIAM et al. 1967 a). 

In animals which respond to 25-Hz ILS with maximal seizure patterns, the 
visual evoked responses (VER) to low frequency (1-5 Hz ILS) differ from less
sensitive subjects. In less-sensitive animals, there is no difference in the form of 
VERs elicited with the eyes open or closed, and the VERs are found only in oc
cipital regions. VERs recorded from sensitive animals when the eyes are open are 
similar to those of nonsensitive animals, but when VERs are recorded with the 
eyes closed there are short latency responses in the frontal regions, longer latency 
responses from parietal regions, and increased amplitude in the occipital regions 
(KILLAM et al. 1967 b, 1969; MELDRUM et al. 1970). In these respects, the VERs 
of photosensitive baboons resemble their human counterparts; they differ, how
ever, in that the most effective rate of ILS in P. papio is about 25 Hz whereas in 
man 14-17 Hz is more effective. 
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Seizure responses have not been observed in animals under 5 months of age 
(BALZAMO et al. 1975) or 7.5 months of age (KILLAM 1979), and severity increases 
with age until stabilizing at 2-3 years of age (KILLAM 1979). 

The animals are affected to varying degrees, with ILS responses falling into 
three categories: consistently maximal responses, responses varying from eye 
clonus to a maximal seizure, and responses rarely proceeding beyond eye clonus. 
The phenomenon does not appear to be some sort of exaggerated proprioceptive 
reflex because the EEG events precede the motor events and the complete EEG 
sequence can be recorded from curarized animals (FISCHER-WILLIAMS et al. 1968). 

ILS is not the only effective provocative agent in P.papio. Hyperventilation, 
overexercise, and the stresses of capture, restraint, or heat and humidity can in
duce seizures or render them more severe (BALZAMO et al. 1975; KILLAM 1979; 
KILLAM et al. 1967 a). Also, even in the absence of light, EEG paroxysms occur 
during sleep; they appear in association with spindles or as isolated phenomena 
and are more frequent during rapid eye movement sleep (KILLAM et al. 1967 a, 
1969). Further, the threshold for convulsant effects of pentylenetetrazol is much 
lower in affected individuals and the response to ILS may be minimal before ad
ministration of chlorpromazine, and yet maximal seizures can be elicited by ILS 
after chlorpromazine; the enhanced sensitivity remains for 5-7 days after a single 
dose (KILLAM et al. 1967 a, 1969). 

3. Inheritance 
The incidence of ILS susceptibility in P.papio populations varies with their geo
graphical origin, being lower in groups in eastern Senegal and highest (above 
70%) in those from the Casamance area of Senegal (KILLAM 1979; KILLAM et al. 
1969; NAQUET and MELDRUM 1972; KITSIKIS et al. 1970; BALZAMO et al. 1975). ILS 
sensitivity was found in 7 of 12 P.papio that were of unknown origin but were 
members of a colony that had been resident in a zoo for 20 years (KILLAM et al. 
1967 a). The incidence ofILS sensitivity in other Papio species (P. hamadryas, P. 
anubis, P. cynocephalus, P. nes) is very low and is generally less than 10% (KILLAM 
et al. 1967 c, 1967; KITSIKIS et al. 1970). In studies of other subhuman primates, 
including members of ten species from seven genera, the incidence of sensitivity 
to ILS has been equally low (KILLAM et al. 1966a, 1969; STARK et al. 1968; RHo
DES et al. 1969; NAQUET et al. 1967; WADA et al. 1972; NAQUET and MELDRUM 
1972). 

These data suggest that sensitivity to ILS is not a characteristic of genus or 
species but is a unique feature of P.papio from the Casamance area. Genetic 
transmission of this characteristic seems clear but the exact mode of inheritance 
has not been defined. No definite sex linkage has been shown (KILLAM 1979), al
though BALZAMO et al. (1975) noted a tendency for a higher incidence ofILS sen
sitivity in young females than in young males. It has been pointed out that 
nongenetic factors might influence the variations in light sensitivity that are seen 
in P. papio (BALZAMO et al. 1975). 

4. Pathology 
Very little information has been published regarding pathological changes in 
epileptic P. papio. In an early report, no abnormalities were found in the brains 
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of 15 animals (KILLAM 1969 P 237) and, in subsequent studies, no lesions have 
been found (K. F. KILLAM 1982, personal communication). 

5. Remarks 

Some of the most valuable uses of P.papio as a model of human seizure disorders 
result from the position of this animal high on the phylogenetic scale relative to 
other spontaneously epileptic animals. The comparatively large body size, long 
life span, and high intelligence of this subhuman primate permit experiments to 
be designed to detect some of the more subtle effects of the disease itself or of 
drugs used to treat it. Thus, studies of P. papio born and reared in the laboratory 
have revealed differences in learning ability and emotionality in untreated af
fected individuals (WEINBERGER and KILLAM 1979). These seem to parallel the be
havior and intellectual performance of some human epileptics and have offered 
the opportunity to study this particular type of correlate of epilepsy in an ex
perimental context more similar to that of human epilepsy than is found in other 
experimental inherited epilepsies. Also, in epileptic baboons the behavioral effects 
of anticonvulsant drugs can be studied, in order to discern the "behavioral price" 
(KILLAM 1979) of seizure control; finally, the summated effects of the disease and 
its various treatments on this subhuman primate can be studied (PAULE and KIL
LAM 1979; STANTON et al. 1977; WEINBERGER and KILLAM 1978). 

Photomyoclonic epilepsy in P. papio provides a reproducible model of the 
analogous human syndrome. It permits study of pathophysiology of seizures, spe
cial opportunities for testing anticonvulsant drugs, and excellent possibilities for 
studying the effects of the disease and its treatment in an animal that is relatively 
close to man on the phylogenetic scale. 

II. Inherited Epilepsy in Dogs 
1. Introduction 

There is evidence for genetic transmission of epilepsy in beagle dogs and in Hor
ak's breed of laboratory dogs. These conditions have been well characterized by 
researchers in the United States and Europe and, at this time, the data suggest 
that these may be two different forms of the disease because of apparent differ
ences in the mode of inheritance and because of differences in the manner in which 
seizures can be induced (Sect. C.I1.2.c, C.I1.3.c). 

In addition, many veterinarians in North America, Western Europe, and 
Great Britain have concluded that epilepsy occurs in certain other breeds of dogs 
simply on the basis of the frequency with which the disease is encountered in these 
breeds as compared with the dog population at large; evidence tending to confirm 
that impression, for some breeds at least, is presented in Sect. C.I1A. 

2. Inherited Epilepsy in Beagle Dogs 

a) Introduction 

Several colonies containing large numbers of Beagle dogs were formed in the 
United States during the 1960 s for the purpose of producing dogs for use in re-
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search. Shortly after these colonies were established it became apparent that a 
rather high proportion of colony-reared dogs were amicted with recurrent seizure 
disorders. Early publications on the subject recognized the existence of the prob
lem (KOESTNER and REHFELD 1968; REDMAN and WEIR 1969) and began its genetic 
(BIELFELT et al. 1971), pathological (HOLLAND et al. 1970), and electroencephalo
graphic characterization (REDMAN et al. 1972; CUNNINGHAM 1971). Subsequently, 
there have been further descriptions of clinical and EEG characteristics of the syn
drome and studies ofthe pathology, biochemistry, neurochemistry, and pharma
cology. 

b) Electroencephalographic and Clinical Characteristics 

Seizures are reported to begin at about 1--4 years of age (KOESTNER and REHFELD 
1968; BIELFELT et al. 1971). CUNNINGHAM (1971) observed seizures and EEG 
paroxysms in beagle dogs less than 1 year of age; however, his dogs were progeny 
of epileptic x epileptic matings which might have concentrated gene(s) influenc
ing age of onset. 

Both generalized seizures and brief episodes limited to ataxia, jaw movements, 
salivation, pupillary dilatation, and staring have been noted (WIEDERHOLT 1974; 
BIELFELT et al. 1971). At least outwardly, the latter appear to be partial seizures 
similar to the "psychomotor seizures" of dogs described by GASTAUT et al. (1958 
a, b). 

Partial seizures sometimes occur without sequellae and sometimes are fol
lowed by generalized seizures. It is not clear, from available reports, whether gen
eralized seizures occur without prodromal signs or whether some such signs occur 
at the onset of every generalized seizure. The generalized paroxysms consist of 
generalized, symmetrical, clonic-tonic contractions of the axial and appendicular 
muscles, with opisthotonus, salivation, and apparent unconsciousness (BIELFELT 
et al. 1971; KOESTNER and REHFELD 1968; CUNNINGHAM 1971; REDMAN and WEIR 
1969; REDMAN et al. 1972). Generalized seizures persist for only a few moments 
and usually are followed by a period of walking or running movements of the legs 
that lasts several minutes. This, in turn, is followed by a period of quietness, after 
which the animal arises and may be ataxic and appear dazed for a brief period 
or may seem outwardly normal (CUNNINGHAM 1971; EDMONDS et al. 1979). 

Either partial or generalized seizures occur at seemingly random intervals, of
ten with interictal periods of a month or more (KOESTNER and REHFELD 1968; 
BIELFELT et al. 1971). The animals usually are not maintained under continuous 
observation; therefore, some seizures probably are not observed (BIELFELT et al. 
1971). 

Neither clinical signs nor EEG paroxysms can be provoked in epileptic beagle 
dogs with ILS (REDMAN et al. 1972; WIEDERHOLT 1974; KOESTNER and REHFELD 
1968) and, to date, no regularly effective stimulus for seizures has been found ex
cept pentylenetetrazol (PTZ) and maximal electric shock (REDMAN et al. 1972; 
WIEDERHOLT 1974; EDMONDS et al. 1978). 

The convulsion threshold for PTZ has been reported to be lower in epileptic 
beagle dogs (WIEDERHOLT 1974; REDMAN et al. 1972; EDMONDS et al. 1978); how
ever, CUNNINGHAM (1971) and EDMONDS et al. (1979, unpublished data) reported 
no significant differences in this characteristic. 
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Systematic EEG studies using chronically implanted cortical and depth elec
trodes have been reported by WIEDERHOLT (1974) and CUNNINGHAM (1971). 
WIEDERHOLT (1974) reported that during interictal periods bilateral spike dis
charges occurred independently in the temporal cortex, amygdala, and hippo
campus and less often from central or rostral cortical areas. WIEDERHOLT (1974) 
did not report EEG observations during spontaneous seizures because of the un
predictability of seizure occurrence, but did describe EEG changes after PTZ, 
methohexital, and thiopental administration. PTZ infusion at first caused myo
clonic jerks and generalized spike discharges; as the PTZ infusion was continued, 
15- to 20-Hz waves appeared in the temporal regions, amygdala, hippocampus, 
and frontal and central cortical areas. This activity rapidly spread to all areas, and 
a generalized seizure occurred. High-frequency acitivity (300-500 Hz) occurred in 
the pontine and tegmental reticular formation for a few seconds before the gen
eralized seizure discharge. Methohexital and thiopental activated spike dis
charges in a somewhat similar manner (WIEDERHOLT 1974). 

CUNNINGHAM (1971) also could not record during spontaneous seizures; his 
results were similar to those of WIEDERHOLT (1974). 

c) Inheritance 

BIELFELT et al. (1971) reported that "maximal" seizures occurred in 5.7% of 1,200 
beagle dogs in the colony at Albuquerque. The incidence in offspring of an epilep
tic male was 15.3%. Male offspring were affected approximately five times as of
ten as females. A two-locus inheritance with a suppressor gene located on the X 
chromosome has been postulated as a probable mode of inheritance (BIELFELT et 
al. 1971), but this hypothesis has not been verified by appropriate trial matings. 
In CUNNINGHAM'S (1971) studies two epileptic beagle dog females and an epileptic 
Siberian Husky female were mated to an epileptic beagle dog male; within the 1st 
year oflife, 5 of 13 pups had developed recurrent seizures and another 4 had spike 
complexes in their EEGs; all pups that had seizures developed EEG abnormalities 
before clinical seizures were observed. Neither clinical seizures nor EEG abnor
malities occurred in control animals; the sex of the affected F 1 animals was not 
reported (CUNNINGHAM 1971). These reports seem to establish that epilepsy in the 
beagle dog is transmitted genetically. More work is necessary to determine the 
precise inheritance. 

d) Pathology 

KOESTNER and REHFELD (1968) and EDMONDS et al. (1979) reported that blood 
chemistry studies of epileptic beagle dogs did not reveal evidence for extracranial 
metabolic diseases that might cause seizures. 

At necropsy of three dogs, polysaccharide-rich, diastase-resistant intracyto
plasmic inclusions resembling Lafora bodies (LB) were found in the thalamus, 
caudate, and dentate nuclei by HEGREBERG and PADGETT (1976), who noted also 
the presence of periodic acid-Schiff positive material in reticuloendothelial cells 
of the liver, spleen, and lymph nodes. Other lesions found in the brains of these 
dogs probably were associated with their terminal status epilepticus. These work
ers called attention to the similarity of the clinical and pathological changes in 
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epileptic beagle dogs to Lafora's disease (progressive myoclonic epilepsy) of man 
(HEGREBERG and PADGETT 1976). 

However, the relationship ofLB to the seizures in these dogs is uncertain since 
LB have been observed in the brains of normal dogs, even in areas believed to be 
intimately related to seizure physiology (HOLLAND et al. 1970; MACKENZIE and 
JOHNSON 1976; NEWBERNE et al. 1960; SUZUKI et al. 1979a, b). These observations 
indicate that the presence of LB in the dog brain, even in structures intimately re
lated to seizure physiology, is not sufficient to produce seizures; if LB are related 
to seizures in dogs then some additional factor(s) must be necessary for seizures 
to occur. 

e) Biochemistry 

VAN GELDER et al. (1980) reported that amino acid profiles of serum, CSF, and 
parietal cerebral cortex biopsies from epileptic and seizure-free sibling beagle 
dogs did not differ in absolute amounts. When the amounts were expressed as 
percent ages of total free amino acids, ten significant correlations between pairs 
of amino acids were found in the epileptic dogs but only one such correlation was 
found in the normal dogs. Seven of the ten correlated amino acids involved gluta
mate or taurine, and those amino acids which were correlated (taurine, glycine, 
glutamine, glutamate, alanine) all use sodium-dependent membrane transport 
processes (VAN GELDER et al. 1980). The sum of aspartate, glutamate, and glycine 
in serum of epileptic beagle dogs was lower than that of controls, but no differ
ences in the concentration of these substances in brain or CSF were found (VAN 
GELDER et al. 1980). The authors suggested their data might indicate that epileptic 
beagle dogs had a diminished capacity for sodium-dependent high-affinity renal 
transport of acidic and certain small amino acids. On the basis of the report by 
BULANOVA (1957, cited by VAN GELDER et al. 1980) oflowered serum glutamate 
in dogs with "reflex" epilepsy, their own findings, and considerations of sodium
dependent transport systems, they suggested that sodium-dependent amino acid 
transport systems and central mechanisms of sodium homeostasis might be impli
cated in the pathogenesis of "idiopathic" canine epilepsy (VAN GELDER et al. 
1980). 

3. Inherited Epilepsy in Horak's Laboratory Dogs 

a) Introduction 

MARTINEK and HORAK (1970) reported that seizures could be induced in some in
dividuals of Horak's breed of laboratory dogs by conditions that produce emo
tional excitement or fright. Subsequently it has been determined that the trait is 
inherited, and some of its characteristics have been described. 

b) Electroencephalographic and Clinical Characteristics 

Emotionally stressful circumstances tended to elicit seizures. Placing the animal 
in a completely empty room was found to be an effective means of producing sei
zures and one which could be standardized (MARTINEK and HORAK 1970); seizu
res did not develop if a person in whom the dog seemed to have confidence was 
present in the room (MARTINEK and DAHME 1977). 
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Two types of seizures were described, "minor seizures" and "generalized con
vulsive (grand mal) seizures" (MARTINEK and HORAK 1970). Most of the dogs had 
minor seizures for a period of time before major seizures were observed. In ani
mals not selectively bred for the trait the mean age of onset of observed minor 
seizures was 662 days. The mean age of onset of generalized seizures in six dogs 
was 808 days; the mean interval between onset of minor seizures and onset of gen
eralized seizures was 151 days. Interestingly, once a generalized seizure was ob
served a minor seizure was never again recorded (MARTINEK and HORAK 1970). 
Except for animals selectively bred for the trait, no convulsive attacks were ob
served in "prepuberal" dogs (MARTINEK and HORAK 1970). 

Minor seizures began with characteristic masticatory movements of the 
tongue and jaw which resembled those of an animal attempting to chew food or 
to expel an object from its mouth. These low-frequency movements occurred 
while the animal was standing or walking and were accompanied by increased sa
livation. The duration of these episodes was not more than "a few dozen sec
onds"; occasionally the episodes terminated in vertical head jerks (MARTINEK and 
HORAK 1970). 

The generalized seizures usually began with the dog standing rigidly with its 
head bent down, after which chewing movements began that quickly evolved into 
"convulsions of the masticatory muscles." The latter led to a period when the 
mouth was held wide open (tonically) while the head was held back in opis
thotonus and turned to one side or the other. Soon the animal sat on the floor 
and began to turn its body in the direction of the head. At this time one foreleg 
might be held flexed and undergo clonic movements; if this occurred, it was al
ways in the foreleg opposite the direction in which the head was turned. The ani
mal then lost its balance and fell to the floor where clonic-tonic movements began. 
These movements did not occur in clearly separable phases but were intermingled, 
with one or the other predominating; in rare cases tonus was absent, and fre
quently tonus might occur in one limb and clonus in the opposite limb. Clonic 
convulsions began in the rear limbs and were accompanied by whirling move
ments of the tail. When the animal first fell to the ground the spine was curved 
with the head pointing forward or bent toward the forelimbs ("emprosthotonus") 
with the mouth still widely opened; as the clonic-tonic movements progressed the 
posture gradually changed to opisthotonus and the mouth became partly closed. 
Also, during the clonic-tonic phase, snarling movements occurred in the facial 
muscles and there was salivation and urination; defecation was not observed. The 
mean duration of the clonic-tonic phase was 64 s (MARTINEK and HORAK 1970). 

Following the clonic-tonic phase a period of "automatisms" appeared. Dur
ing this period there were coordinated movements of the limbs; these occurred at 
a rate approximating that of a trotting animal. The movements became weaker 
and weaker until the animal finally attempted to arise or, in some animals, until 
it finally lay motionless. The mean duration of the entire seizure, from onset until 
the animal first attempted to rise, was 140 s (MARTINEK and HORAK 1970). 

Seizures could be elicited only during so-called periods of crisis, usually not 
more often than every 1-2 weeks, and usually could not be elicited during the in
tervening periods (MARTINEK and DAHME 1977). 

Electroencephalographic studies of these dogs are not yet available. 
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c) Inheritance 

MARTINEK and HORAK (1970), MARTINEK and DAHME (1977), and MARTINEK 
(1980) have published pedigrees of epileptic Horak's dogs which strongly suggest 
the trait is inherited by a simple recessive mode. Males and females are affected 
in approximately equal numbers, indicating that sex-linked suppressors do not af
fect expression of the gene as has been suggested for epileptic beagle does (BIEL
FELT et al. 1971). 

d) Pathology 

Detailed studies of the brains of six of the dogs revealed no evidence of 
neuropathological lesions that appeared to be related to the genesis of the seizu
res; interestingly, none of the cellular changes often believed to result from seizu
res were found (MARTINEK and DAHME 1977). 

4. Epilepsy in Other Breeds of Dogs 

a) Introduction 

The frequency with which epilepsy has been encountered in certain breeds of dogs 
has led many veterinarians to believe that genetically transmitted epilepsy occurs 
in numerous breeds. In most ofthese, however, the evidence for inheritance must 
be regarded as anecdotal. Data in support of inheritance has been adduced only 
for epilepsy of German Shepherd, (British Alsatian) dogs, Belgian (Tervueren) 
Shepherd dogs, and dogs of the Keeshond breed [a paper with evidence regarding 
genetic transmission of epilepsy in Collie dogs by URBICH (1973) was not available 
to the author in time for review; the following remarks refer only to the above 
breeds]. 

b) Clinical, Electroencephalographic, and Pathological Characteristics 

Aside from the evidence for inheritance in these breeds, very little has been done 
to characterize their seizure disorders. Seizures are described as generalized 
clonic-tonic with opisthotonus, salivation, urination, defecation, and apparent 
unconsciousness. In one paper, convulsions in German Shepherd (British Alsa
tian) dogs are described as beginning with contractions of the masticatory and fa
cial muscles similar to those described in the seizures of beagle dogs and Horak's 
dogs (BARKER 1973). This has not been reported by other authors; therefore, it 
is not certain that this typpe of onset occurs in all breeds or occurs only in dogs 
of the above breeds. 

The seizures of dogs of these breeds tend to occur in clusters of 2-30 or more 
in 1-,2-, or 3-day periods at intervals of several weeks. No explanation for this 
periodicity is available, nor have any reliable seizure-inducing stimuli been re
ported. 

EEGs recorded during interictal periods are usually stated to be normal. No 
systematic studies of ictal EEGs have been reported. 

No systematic search for pathological changes has been reported except for 
that of PALMER (1972), who examined necropsy material from 40 dogs that had 
had "fits," including 12 dogs classified as having had "idiopathic" epilepsy; no 
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lesions were found in the latter group, which contained seven beagle dogs. 
Routine gross and microscopic examination of epileptic dogs of these breeds at 
the author's institution has failed to reveal lesions in the nervous system that 
seemed causally related to seizures (personal observation). 

c) Inheritance of Epilepsy in German Shepherd (British Alsatian) Dogs, 
Belgian (Tervueren) Shepherd Dogs, and Dogs of the Keeshond Breed 

Numerous references in the literature, based on the frequency with which 
veterinarians encountered seizure disorders in the breed, led FALCO et al. (1974) 
to analyze the pedigrees of 289 German Shepherd dogs, 68 of which had had sei
zures prior to the study. The authors concluded that their data made it appropri
ate to say that dogs of this breed inherited a "liability to seizures." The data in
dicated also that males were more at risk than females by a ratio of 3.6: 1, and 
the authors concluded that this more likely reflected sex modification of the trait 
rather than sex linkage (FALCO et al. 1975). Their conclusions on inheritance of 
the trait were based largely on high coefficients of inbreeding and the frequent ap
pearance of a common ancestor (their dog 18) in the pedigrees of affected pro
bands in the population they studied. Since the population apparently was drawn 
entirely from Great Britain, the trait might not exist in the breed in other nations. 
However, in the United States at least, the breed is widely believed by 
veterinarians to have a hereditary epilepsy because of the frequency with which 
they encounter recurrent generalized seizure disorders in German Shepherd dogs 
(DE LAHUNTA 1977; CHRISMAN 1982). 

VAN DER VELDEN (1968) reported a pedigree analysis of 216 dogs of the Ter
vueren variety of Belgian Shepherd dogs in the Netherlands. The results suggested 
that an inherited tendency for seizures existed among the dogs in the study. No 
information about sex differences in expression of the trait was mentioned in the 
text; however, in the pedigree chart published with the paper, males and females 
appear with approximately equal frequency among the dogs for which informa
tion was available. 

The view that a genetically transmitted tendency for seizures exists in dogs of 
the Keeshond breed was suggested by CROFT and STOCKMAN (1964) and CROFT 
(1968). This was followed by a pedigree analysis and EEG study of 321 dogs and 
pedigree analysis of an additional 108 which failed to confirm genetic trans
mission of the trait but did leave open that possibility of a familial nature for it 
(WALLACE 1975). 

5. Remarks 

The partial seizures of epileptic beagle dogs and Horak's dogs consist largely of 
masticatory movements of the lips, jaws, and tongue. The generalized seizures of 
these breeds and also those of epileptic German Shepherd dogs are reported to 
begin with the same movements (BARKER 1973; EDMONDS et al. 1979; MARTINEK 
and HORAK 1970; WIEDERHOLT 1974). As noted earlier, it has not been established 
that this is a characteristic of generalized seizures iin all breeds of dogs; however, 
PARRY (1949) described masticatory movements as typical events in "grand mal" 
seizures of dogs, and similar movements were observed by GASTAUT et al. (1958 
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a, b). The presence of these masticatory movements in some canine seizures has 
led to a likening of canine epilepsy to human psychomotor epilepsy (GASTAUT et 
al. 1958a, b). However, these movements need not be accompanied by complex 
behavioral manifestations but can occur separately and independently, as in 
beagle dogs and Horak's dogs; therefore, it seems incorrect to regard them nec
essarily as "psychomotor" manifestations. As noted above, seizure discharges 
were widespread in the cortex of epileptic beagle dogs, involving areas in addition 
to those related to psychomotor seizures (WIEDERHOLT 1974), and it seems rea
sonable that the temporal pole and hippocampal discharges which were observed 
were simply reflections of a widespread cortical hyperexcitability, as suggested by 
WIEDERHOLT (1974). As an alternative explanation, it seems possible that the reg
ular appearance of masticatory movements might occur early in the generalized 
seizures of these various types of canine epilepsy as a manifestation of the wide 
cortical representation of mouth and jaw movements in the canine cortex 
(BREAZILE and THOMPSON 1967; WOOLSEY 1933) as first suggested by PARRY 
(1949). 

The ease of inducing seizures and the lack of sex differences in the incidence 
of epilepsy in Horak's dogs (MARTINEK and HORAK 1970; MARTINEK and DAHME 
1977; MARTINEK 1980) suggest that the disease might be governed by a different 
gene(s) than that which causes epilepsy in beagle dogs (BIELFELT et al. 1971). Dif
ferent genes might determine the inheritance of epilepsies of dogs in a manner 
analogous to that in mice, where evidence indicates that single gene defects at one 
of multiple chromosomal loci can cause similar epileptic patterns (NOEBELS 1979). 
Alternately, at least with regard to sex differences in the frequency of epilepsy, 
there might be absence, in Horak's dogs, of the X-chromosome suppressor genes 
that are believed to modify the expression of epilepsy in beagle dogs (BIELFELT et 
al. 1971). 

III. Inherited Epilepsy in Mongolian Gerbils 
(Meriones unguiculatus) 

1. Introduction 

A seizure disorder of Mongolian gerbils (Meriones unguiculatus) was first report
ed by THIESSEN et al. (1968), who recognized the trait in animals in their labora
tory at the University of Texas. Later studies of the disorder have described its 
clinical and electro graphic characteristics, and neurochemical and pharmacolog
ical studies have been reported. 

2. Electroencephalographic and Clinical Characteristics 

Seizures in gerbils occur in response to stimulation and this has led to designation 
of the disorder as a "reflex epilepsy." The type of stimulus seems to be unimport
ant, the primary or essential requirements being simply that the stimulus be of suf
ficient intensity and that it be novel (THIESSEN et al. 1968; LOSKOTA et al. 1974). 
Effective stimuli include handling, cage cleaning, bright lights, exposure to activ
ity wheels or visual cliffs, and placing in unfamiliar cages (THIESSEN et al. 1968; 
LOSKOTA et al. 1974). Animals that are caged singly have more seizures than ani-
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mals maintained in groups of eight (PETTUOHN 1978). The animals show habitu
ation and refractoriness to the stimuli, as might be expected in a "reflex epilepsy" 
(LosKoTAetal. 1972, 1974; THIESSEN et al. 1968). 

The mean age of onset of seizures in a colony where breeding stock had been 
selected for seizures was 54±3 days (males 57±3 and females 47±3 days); the 
sex difference was not significant (LOSKOTA et al. 1974). 

The clinical signs vary in severity from very slight to severe. LOSKOTA et al. 
(1974) describred seven levels of severity, varying from grade 0, no seizures, to 
grade 5, severe clonic-tonic seizures, and grade 6, clonic-tonic seizures ending 
fatally (during the course of their study three of their animals died while in seizu
res). Grade 1 seizures consisted of movements of the vibrissae and flattening the 
pinnae against the head. During grade 2 seizures these events occured and the ani
mal also stopped moving about the cage. In grade 3 seizures myoclonic jerks were 
superimposed on the previously described movements, after which the animal re
mained quiescent for a while and then suddenly resumed normal motor activity. 
Grade 4 seizures began as in the lower grades but progressed to opisthotonus 
while standing with the pelvic limbs splayed and the forelegs jerking, causing the 
animal to jump vertically; this was followed by tonic extension of all legs and then 
by a quiescent period. In grade 5 seizures, following a period of opisthotonus, the 
animal began torsion movements of the body and, after falling down, rapidly 
righted itself and stood on the floor in tonic extensor rigidity. Thereafter it slowly 
regained normal locomotion while undergoing incoordination, salivation, and 
various behavioral abnormalities. Some seizures were preceded by rapid thump
ing of the hind limbs and some animals would vocalize before falling or during 
myoclonus. Defecation and urination were common during seizures (LoSKOTA et 
al. 1974). 

U sing a transducer and recorder, LOSKOTA et al. (1974) were able to quantitate 
the motor activity of epileptic gerbils and correlate that data with the character
istic phases of the seizures. They found that seizure patterns varied among indi
viduals but tended to remain fairly constant and predictable within individual 
animals (LOSKOTA et al. 1972; LoSKOTA and LOMAX 1975). The mean latency of 
seizures varied with the severity from 22.5 ± 4.1 s for grade 1 to 35.2 ± 5.3 s for 
grade 5. Duration varied from 9.4± 1.1 s in grade 1 to 286.6±5.5 s in grade 5 
(LosKoTAetal. 1974). 

LoSKOTA and LOMAX (1975) recorded EEGs from epileptic gerbils using chroni
cally implanted dural and depth electrodes. During mild seizures there were local
ized EEG bursts. With generalized myoclonus and the subsequent behavioral de
pression there were equivalent EEG changes including high-amplitude electro
graphic bursts during myoclonic jerking. At the time of severe seizures accom
panied by unique postural movements, which the authors likened to auto
matisms, there was high-voltage activity in many leads and spikes or spike-wave 
complexes in the hippocampus. Severe clonic-tonic seizures were accompanied by 
continuous high-frequency activity in all leads. Some ictal EEG paroxysms of 
epileptic gerbils had focal onset in parietal derivations (LOSKOTA and LOMAX 
1975; SUZUKI and NAKAMOTO 1978). LOSKOTA and LOMAX (1975) suggested this 
might be related to the stimulus-bound nature ofthe seizures. Interictal paroxys
mal EEG activity was observed in these investigations (LosKOTA and LOMAX 
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1975; SUZUKI and NAKAMOTO 1978), which might reflect the existence of se1f
sustaining foci or, as suggested by LOSKOTA and LOMAX (1975), this might be a 
reflection of an unstable neuronal population that is readily affected by the pre
cipitating environmental stimuli. 

3. Inheritance 

Epileptic gerbils have been produced by selective mating of seizure-sensitive ani
mals and as high as 97% of the progeny have had seizures by 6 months of age 
(LOSKOTA et al. 1974; THIESSEN et al. 1968). Gerbils selected for seizure resistance 
and maintained in the same colonies do not develop seizures (LOSKOTA et al. 
1974). Despite these strong indications of genetic transmission of the trait, the ex
act mode of inheritance apparently has not been determined. 

4. Pathology 

Both gross and microscopic changes have been observed in the brains of epileptic 
gerbils. In seizure-sensitive gerbils, SCHONFELD and GLICK (1979) found the left 
and right rostral cerebral arteries maintained separate courses to the frontal lobes 
of the cerebrum. In seizure-resistant subjects, these arteries united before passing 
between the cerebral hemispheres, which were supplied by branches of the single 
artery formed by the union. The anomaly was found in a majority (80%) but not 
in all seizure-sensitive gerbils, and a direct relationship, if any, to the pathogenesis 
of seizures was not evident. The same anomaly has been reported in gerbils that 
developed brain infarction after unilateral carotid artery ligation (LEVINE and 
SOHN 1969). 

Using microscopic and submicroscopic methods, PAUL et al. (1981) reported 
that seizure-sensitive and seizure-resistant gerbils differed in presynaptic and in 
postsynaptic structures of cells in areas CA3 and CA4 of the hippocampus. CA3 
and CA4 cells of seizure-sensitive gerbils had significantly fewer dendritic spines 
per unit length of dendrite, but the neocortical cells did not differ from seizure
resistant gerbils in this respect. Also, in seizure-sensitive gerbils, the area of mossy 
tuft containing synaptic vesicles was greater in axons and axon collaterals project
ing from dentate granule cells into hippocampal CA3 and CA4 areas (stratum 
oriens and stratum pyramidale), and the area of mossy tuft occupied by spines 
was smaller (PAUL et al. 1978). These authors pointed out the similarity of these 
changes to those found in chronic irritative foci (WESTRUM et al. (1964), epileptic 
human temporal lobe (SCHEIBEL et al. 1974), and isolated cortical slabs (RUT
LEDGE 1978). PAUL et al. (1981) noted that, in the circumstances where these 
changes had been observed previously, exogenous agents, chronic scarring, or 
long-term surgical manipulation might have contributed to their development, 
whereas these conditions could not apply to the epileptic gerbil. Their data did 
not reveal whether the decreased number of spines occurred over the entire 
neuron or whether it occurred only in certain strata; they suggested the latter 
might be of great importance in explaining episodic phenomena such as seizures 
(PAuLetal.1981). 
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5. Remarks 

The low cost and ready reproducibility of the epileptic gerbil lend it great appeal 
as a model for epilepsy research. It should have great value for studies of bio
chemistry and pathophysiology because of the above features and also because 
of the ease of production of seizures. At the same time, the latter characteristic 
places sharp limits on the use of this animal for certain types of investigations, 
in particular, the screening of potential antiepileptic drugs. The results of the 
pharmacokinetic studies by FREY et al. (1981) emphasize the need for drug effi
cacy trials to be based upon precise knowledge of the metabolism of the drugs be
ing tested in the species used for the test. 

IV. Inherited Epilepsy in Domestic Fowl 
1. Introduction 

At least two inherited paroxysmal disorders of the central nervous system of the 
domestic fowl have been reported. One of these, so-called "paroxysm," caused 
seizures in response to sudden auditory or visual stimuli. Inherited as a sex-linked 
trait, affected individuals all died by the age of 15 weeks, a characteristic which 
might limit the usefulness of these animals for study of epilepsy (COLE 1961). 

A second mutation that caused spontaneous convulsions was first reported by 
CRAWFORD (1969, 1970). This condition, designated "epi," was first observed in 
chickens of the Fayoumi breed but was later introduced into chickens of other 
breeds (CRAWFORD 1970). 

2. Electroencephalographic and Clinical Characteristics 

Seizures can be initiated on the day of hatching or later by stimuli which induce 
vigorous muscular exertion and by rhythmical auditory stimuli (beating on the 
wire cages), by combined rhythmical auditory and photic stimulation, or by ILS 
alone (CRAWFORD 1970; JOHNSON et al. 1979). Affected chicks are highly suscep
tible to ILS at 14 Hz; heterozygous chicks are clinically normal and are unaffected 
byILS. 

Seizures induced by all stimuli follow the same general course; however, the 
timing of events in the seizures can be determined most precisely if ILS is used. 
After 12-20 s of 14-Hz ILS, affected chickens appear to show increased alertness 
and then dorsiflexion and rotation of the head and neck (apparently analogous 
to the opisthotonus of seizures in other species). In 5-7 s the chickens lose control 
of postural muscles of the legs and assume a sitting position with wings extended 
and directed downward. After a few seconds in this position, running movements 
of the legs and flapping movements of the wings begin and the violence of these 
movements causes the chicken to fall and roll about the cage. This phase of the 
seizure continues for 25-30 s and is followed by a period of apparent postictal de
pression and disorientation. CRAWFORD (1970) reported that, in seizures induced 
by various stimuli, the period of apparent increased alertness at the onset of the 
seizure was accompanied sometimes by vocalization and violent pecking motions; 
during the immediate postictal period, a variable period of apparent coma oc
curred after which the bird appeared to be totally blind or, at least, refractory to 
visual stimuli. 
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The interictal EEG of epileptic chickens has a high-amplitude, slow wave pat
tern. During ILS the interictal background rhythms are replaced by "following" 
waves at the ILS rate. These develop into high-voltage spikes and, at that time, 
clinical manifestations appear (CRICHLOW and CRAWFORD 1974; JOHNSON et al. 
1979). 

3. Inheritance 

This form of epilepsy of the fowl is inherited as an autosomal recessive. Some chicks 
of affected parents are clinically normal and somewhat fewer chicks from matings 
of heterozygous parents are affected, indicating that the gene has incomplete pen
etrance (CRAWFORD 1970). Test matings made to determine the location of the 
mutation on the domestic fowl linkage map were unsuccessful (CRAWFORD 1970). 
The trait was observed first in chickens of the Payoumi breed but was introduced 
later into chickens of other breeds (CRAWFORD 1970), and a crossbred "synthetic" 
population has been maintained for experimental purposes (JOHNSON et al. 1979). 
Affected chickens have a higher than normal early post-hatching mortality be
cause they are slower to adapt to cage rearing; once adapted, the life span of af
fected individuals is said to be normal (JOHNSON et al. 1979). 

4. Pathology 

At this time there are no reports of gross or microscopic studies of the brains of 
epileptic fowl. 

5. Neurochemistry and Neuropharmacology 

Neurochemical studies of the brains of epileptic fowl have included determi
nations of the concentrations of monoamines, acetylcholinesterase, and choline
acetyltransferase. 

Epileptic chickens had lower concentrations of 5-hydroxytryptamine (5-HT) 
and of dopamine (DA) in their cerebral hemispheres than did normal (heterozy
gous) chickens, but norepinephrine (NE) levels were higher; no significant differ
ences were found in the concentrations of these substances in the optic "lobes" 
(tectum), brain stem, or cerebellum (JOHNSON et al. 1979, 1981). In acute ex
periments, elevation of 5-HT in the cerebral hemispheres, produced by adminis
tering tryptophan and phenelzine, did not reduce seizure susceptibility. Similarly, 
no change in seizure susceptibility occurred after DA concentrations were in
creased by administration of L-dopa. Administration of the alpha-adrenergic 
blocking agents phenoxybenzamine and phentolamine, or administration of the 
beta-adrenergic blocker propanolol, did not affect seizure susceptibility (JOHNSON 

et al. 1979, 1981). These data suggest that the differences in concentrations of 
these substances in the cerebral hemispheres of epileptic versus normal chickens 
are not related to the generation of their seizures. 

Epileptic chickens were found to have higher acetylcholinesterase and lower 
choline-acetyltransferase activities; a relationship of these data to the pathophys
iology of the seizures has not been established (JOHNSON et al. 1979). 
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6. Remarks 

The domestic fowl, normal or epileptic, has low initial and low maintenance costs, 
and large numbers of genetically defined subjects can be produced with relative 
ease. The results of the investigations described above suggest that the fortuitous 
occurrence of an epileptic mutant in the domestic fowl has indeed provided re
searchers with an extremely valuable means for large-scale testing of antiepileptic 
drugs. It seems likely that other uses will be found for this unique model of epilep
sy in the future. 

D. Concluding Remarks 
The inherited epilepsies discussed above occur in species that are widely separated 
phylogenetically. Despite the divergence of species there are similarities in the 
clinical mainfestations of their epilepsies. Movements of the facial, masticatory, 
or lingual muscles, movements of the eyelids or pinnae, or movements of the head 
appear early in their seizures; if the seizures do not stop at this point, involvement 
of the major postural muscles occurs, with rapid progression from cranial to 
caudal parts of the body. These similarities suggest similarities in basic patho
physiological mechanisms. The differences in details of the seizures may well arise 
from differences in relative development of parts of the nervous system that are 
important in the generation of clinical signs of seizures. For example, the develop
ment of the limbic system relative to that of the neocortex, or even a more limited 
area such as the sensorimotor cortex, might be important in determining the pre
dominant clinical signs during the onset of seizures. Differences in threshold of 
specific areas or in precise time of their involvement in the spread of the seizure 
discharge also might be important determinants of the order of appearance of 
clinical signs. Audiogenic seizures of one strain of rats have been reported to be
gin with facial myoclonus (KRUSHINSKY et al. 1970); however, it is more typical 
for audiogenic seizures of both rats and mice to begin with a burst of wild running 
(CONSROE et al. 1979; SEYFRIED 1979), suggesting the possibility of marked differ
ences in the pathophysiology of seizures in these species. Nevertheless, it appears 
possible that the differences in clinical characteristics and in electrographic spread 
of the seizures in all these widely divergent species might be explained to a great 
extent on the basis of neuroanatomical or neurophysiological differences that 
need not reflect differences in basic pathophysiological mechanisms. If this is, in 
fact, true then each of the available animal "models" has value as an experimental 
tool, a value that is based primarily on its usefulness for answering the particular 
questions at hand rather than on the similarity of details of its clinical or electro
graphic characteristics to those of epilepsies in any other species, including man. 

One of the most important potential uses of experimental animals with in
herited epilepsy is in the testing of new drugs for antiepileptic potency. Determi
nation of the responsiveness of the seizures of each of the species to drugs having 
known efficacy against the major types of human epilepsies, as exemplified by the 
work of DAVIS et al. (1978a, b) and JOHNSON et al. (1979) with the fowl, might be 
helpful in establishing a specific type of epilepsy for which each experimental ani
mal is most suited for drug testing. In this regard, the work of FREY et al. (1981) 
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illustrates the need for pharmacokinetic studies in a test species as a basis for ac
curate assessment of the efficacy of drugs being tested. 

The low inital and maintenance costs of the small rodents and domestic fowl 
and the ease with which their seizures can be initiated make these species appear 
to be valuable for large-scale testing of new drugs. The present need to initiate 
seizures in epileptic beagle dogs by the use of PTZ or electroshock would seem 
to limit their usefulness for drug testing; however, this limitation does not apply 
to epileptic Horak's dogs. The costs of producing and maintaining dogs in the 
numbers necessary for drug testing would seem to restrict sharply the usefulness 
of either of the canine models. As noted earlier, the epileptic baboon offers unique 
opportunities for testing the more subtle effects of drugs on behavior in an ex
perimental paradigm that might permit more accurate prediction of drug effects 
inman. 

The ultrastructural changes in CA3 and CA4 hippocampal neurons of epilep
tic gerbils (PAUL et al. 1981) constitute the first report of this sort in an inherited 
epilepsy. Confirmation of this work and the demonstration of similar changes in 
the gerbil or in other species prior to or coinciding with the onset of seizures could 
be of great significance in the understanding of seizure pathophysiology. Future 
studies of these or other structural or functional abnormalities in animals with in
herited epilepsy should help to identify those cellular characteristics common to 
all of them and hence those that might most accurately reflect the basic alterations 
that lead to the production of seizures in all species, including man. 
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CHAPTER 4 

Intermediary Metabolism 
B. E. DWYER and C. G. WASTERLAIN 

A. Introduction 
Metabolism can be divided, for convenience, into anabolism, the enzymatic syn
thesis of macromolecules from simple precursors, and catabolism, the degrada
tion of precursor molecules of either intra- or extracellular origin to simple or
ganic molecules and waste products. Examples of the former are lipid, protein, 
and nucleic acid synthesis and of the latter proteolysis, glycogenolysis, and the en
ergy-producing reactions of glycolysis and the mitochondrial respiratory chain. 
Intermediary metabolism encompasses the compounds which are intermediates 
in the processes and the regulatory mechanism which maintain their homeostasis. 
These reactions serve to ensure there is adequate energy in the form of ATP for 
production of essential cell substances (structural macromolecules, enzymes, and 
neurotransmitters), uninterrupted operation of essential cell processes (mainte
nance of ionic concentration gradients), and elimination of metabolic waste prod
ucts (ammonia fixation). 

Seizures place a tremendous strain on the ability of brain to maintain homeo
stasis. Anabolic processes are halted (VESCO and GIUDITTA 1968; COTMAN et al. 
1971; WASTERLAIN 1974a, 1977; DWYER et al. 1982) presumably so that energy 
may be used for essential cell functions. In spite of this, prolonged seizures are 
known to damage brain cells. This chapter will review the effects of seizures on 
intermediary metabolism and the possible link between metabolic imbalance and 
mechanisms of cell injury. 

B. Brain Energy Reserves and the Cell Redox Potential 

I. Cerebral Energy Use During Seizures 

Epileptic seizures place one of the most severe energy demands known on brain 
tissue. ATP utilization has been estimated to increase from three to five times dur
ing the seizure discharge (SACKTOR et al. 1966; KING et al. 1967; COLLINS et al. 
1970; FERRENDELLI and McDOUGAL 1971 a). Repeated membrane depolarization 
by seizure discharge requires substantial energy expenditure to restore ion 
gradients. 

Single seizures induced by a variety of convulsants reduce brain high-energy 
phosphates (Table 1). Energy depletion is found shortly after seizure onset when 
electroconvulsive shock (ECS) (KING et al. 1967; COLLINS et al. 1970; FERRENDEL
LI and McDOUGAL 1971 a; MCCANDLESS et al. 1979), sound (FERRENDELLI and 
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Table 1. Effect of single seizures on brain high-energy phophate compounds in freely con-
vulsing animals 

Species Convulsant ATP" Phospho- Literature 
creatine" source 

Mouse, 10 days old Flurothyl 85 50 (30 s) b SACKTOR et al. 
Cerebral hemisphere (Indoklon) (1966) 

40 Ill/Liter air 80 47 (60 s) 

Mouse, adult MaximalECS 71 24 ( 3 s) KINGetal. 
Cerebral cortex 14 6 (20 s) (1967) 

Mouse, adult ECS 59 26 ( 4 s) COLLINS et al. 
Cerebral hemisphere 43 22 (10 s) (1970) 

Mouse,20 g DL-Methionine FOLBERGROV A 
Cerebral cortex sulfoximine NS NS et al. (1969) 
Cerebellum (300 mg/kg, NS NS 
Subcortical forebrain I.P.) NS NS 

Mouse, 21-28 days ECS FERRENDELLI 
Cerebral cortex 78 30 ( 5 s) and 

44 12 (17 s) McDoUGAL 
Thalamus 70 41 ( 5 s) (197Ia) 

39 18 (17s) 
Cerebellum 75 38 ( 5 s) 

45,51 8 (17 s) 

Mouse, 21-28 days Sound FERRENDELLI 
Cerebral cortex NS NS and 
Thalamus 82 55 ( 3.5 s) McDoUGAL 
Cerebellum NS 80 ( 3.5 s) (197Ib) 

91 51 (20 s) 

Mouse, 5 weeks DL-Homocys- 14 60 (during FOLBERGROVA 
Cerebral cortex teine first (1974) 

Thiolactone HCI clonic sei-
(5.5 mmol/kg, zure) 
IP) 

Mouse, 25-29 g ECS McCANDLESS 
Cerebellum et al. (1979) 
Molecular layer 41 13 (10 s) 
Purkinje cell-rich layer 48 17 (10 s) 
Granular layer 
White matter 42 17 10 s) 

67 NS (10 s) 

NS, differences not statistically significant 
" Results expressed as a percentage of control; control = 100 
b Time after seizure onset that the animal was killed 

McDOUGAL 1971 b), and homocysteine were employed as convulsive stimuli, but 
not after seizures induced by methionine sulfoximine (FOLBERGROVA et al. 1969). 
Most of the reduction of high-energy phosphate compounds could be prevented 
by paralyzing animals and ventilating them with oxygen during the seizures 
(Table 2). This is also true during prolonged, continuous seizures (status epilep-
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Table 2. Effect of single seizures on brain high-energy phophate compounds in paralyzed 
and oxygenated animals 

Species Convulsant ATP" Phospho- Literature 
creatine" source 

Mouse, adult ECS NS NS COLLINS et al. 
Cerebral hemi- (1970) 
sphere 

Cat, adult Flurothyl 88 86 (10 S)b HOWSE et al. 
Cerebral cortex (0.05 ml/kg) 92 76 (30 s) (1974) 

Mouse, adult ECS NS NS (10 s) DUFFY et al. 
Cerebral hemi- (1975) 
sphere 

Mouse, adult Flurothyl 85 51 (10 s) DUFFY et al. 
Forebrain (20 Ill) (1975) 
Cerebellum 78 41 (10 s) DUFFY et al. 

(1975) 
Brain stem NS NS DUFFY et al. 

(1975) 

Mouse, adult Pentylenetetrazol NS NS (20 s) DUFFYetal. 
Cerebral hemi- (150 mg/kg, I.P.) 96 .81 (45 s) (1975) 
sphere 

Rat, adult ECS 96 84 (10 s) DUFFY et al. 
Cerebral cortex Pentylenetetrazol 60 70 (60 s) (1975) 

(120 ml/kg i.a.) 

NS, differences not statistically significant 
" Results expressed as a percentage of control; control = 100 
b Time after seizure onset that the animal was killed 

ticus) when animals are paralyzed and oxygenated (Table 3). The energy charge 
potential! was reduced by a small but significant extent after seizures induced by 
ECS, pentylenetetrazol (PTZ), flurothyl, or bicuculline (BCC) (DUFFY et al. 1975; 
CHAPMAN et al. 1977; HOWSE 1979; FOLBERGROVA et al. 1981). ATP in rat cerebral 
cortex falls within 1 min (CHAPMAN et al. 1977), but following this initial reduc
tion it is maintained close to control values until seizures become self-sustaining 
in the absence of convulsive stimuli. 

1 The energy charge potential (ECP) as defined by ATKINSON (1968) is given by the 
equation: 

[ATP] + 1/2 [ADP] 
ECP= [ATP]+[ADP]+[AMP] 

and is a measure of the availability of high-energy phosphate bonds for performing 
cell work 
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Table 3. Effect of status epilepticus on brain high-energy phosphate compounds in 
paralyzed and oxygenated animals 

Species Convulsant ATp· Phospho- Literature 
creatine" source 

Mouse, adult 5ECS b 95 NS(lOs)C DUFFY et al. 
Cerebral hemi- lOECS 97 NS ( 10 s) (1975) 
sphere 25ECS 89 64 ( 10 s) 

(status) 

Mouse, adult 5-Flurothyl b 91 66 ( 10 s) DUFFYetal. 
Cerebral hemisphere (20 ~) (1975) 

IO-Flurothyl 84 43 ( 10 s) 
20-Flurothyl 65 41 ( 10 s) 

(status) 

Mouse, adult 5-Flurothyl b 90 67 ( 10 s) DUFFY et al. 
Cerebellum IO-Flurothyl 90 67 ( 10 s) (1975) 

20-Flurothyl 90 NS ( 10 s) 
(status) 

Mouse, adult Pentylenetetrazol 89 59 ( 5 min) DUFFYetal. 
Cerebral hemi- (150 mg/kg, J.P.) (1975) 
sphere 

Rat, adult Bicuculline 91 50 (30 s) CHAPMANet 
Cerebral cortex (1.2 mg/kg, LV.) 91 65 ( 5 min) al. 

NS 55 (120 min) (1977) 

Cat, adult Pentylenetetrazol 88 67 ( 30 min) HOWSE (1979) 
Cerebral cortex (120 mg/kg, LP.) 94 59 ( 60 min) 

87 63 (120 min) 

Cat, adult Pentylenetetrazol 91 48 ( 60 min) HOWSE (1979) 
Cerebral cortex (120 mg/kg, J.P.) 91 46 (120 min) 

Rat, adult Bicuculline 93 71 ( 20 min) FOLBERGROVA 
Cerebral cortex (1.2 mg/kg, LV.) 89 58 (120 min) et al. (1981) 

Hippocampus 90 76 ( 20 min) 
89 77 (120 min) 

Rat, adult Bicuculline 95 85 ( 20 min) FOLBERGROVA 
Cerebellum NS NS (120 min) et al. (1981) 

NS, differences not statistically significant 
• Results expressed as a percentage of control; control = 100 
b ECS and flurothyl seizures given at 2-min intervals 
C Time after last seizure that the animal was killed 

From these data we can conclude that gross energy failure in brain, resulting 
from the increased energy demand of seizure activity, can be prevented when con
vulsive activity is prevented by paralysis and when adequate cerebral oxygenation 
is maintained. Presumably in the adult brain ATP production by oxidative phos
phorylation can increase sufficiently to meet increased demands for ATP utiliza
tion. 
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Cytosol Mitochondrion 

Aspartate9 

Glutamate9 

H+ a-ketoglutarate2-

\.. Glutamic -~fj--
acid 

-~~ Aspartate9 

Fig. I. The malate aspartate shuttle of electrons. NADH generated in the cytosol cannot 
penetrate the mitochondrial membrane. The accumulation ofNADH will shift the equilib
rium of cytosolic malate dehydrogenase in favor of malate formation from oxaloacetate. 
Malate can penetrate the mitochondrial membrane, where it is oxidized in the mitochon
drial matrix-forming NADH, which can be utilized by electron transport chain enzymes 
intheproductionofATP (MCGILVERY 1979) 

II. Brain Redox Potential and Lactic Acidosis 

Seizures result in a nonhypoxic lactic acidosis in brain. The cytoplasmic redox 
potential (NADH/NAD+) becomes more reduced. Lactate and pyruvate are ele
vated in brain; the ratio of lactate to pyruvate is increased despite adequate ox
ygenation (Table 4). 

HOWSE and DUFFY (1975) suggested that the redox potential may be regulated 
in part by the energy charge potential similar to a system proposed for liver 
(KREBS and VEECH 1970; STUBBS et al. 1972). However, the possibility that during 
seizures the increased cytoplasmic ratio ofNADH/NAD+ could result from im
paired or saturated transport ofNADH-reducing equivalents into the mitochon
dria (e.g., via the malate-aspartate shuttle shown in Fig. 1) could not be excluded. 
Nicotinamide adenine dinucleotide takes part in many intracellular reactions. 
Among the most conspicuous are those catalyzed by (NADH-NAD+)-linked de
hydrogenases which produce NADH that is subsequently oxidized by compo
nents of the mitochondrial electron transport chain. 

A shift toward a more reduced cell cytoplasm during seizures would presum
ably ensure that adequate NADH was available for supporting maximal rates of 
oxidative phosphorylation. On the other hand, elevation of the NADH/NAD+) 
ratio would shift the equilibrium of the lactate dehydrogenase reaction [Eq. (1)] 
in favor oflactate production. 

Pyruvate+NADH+H+ -+lactate + NAD + (1) 
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While it appears that H + is consumed in this reaction, the overall stoichiom
etry for the formation of lactate from glucose [Eq. (2)] makes it clear why 
anaerobic glycolysis is accompanied by acidosis. 

Glucose-+2(lactate)- +2H+ (2) 

High levels of intracellular lactic acid are thought to cause brain-cell damage 
(MYERS 1977; DECOURTEN et al. 1981). It is possible that the cytoplasmic redox 
shift is balanced so that adequate amounts ofNADH are available to support in
creased rates of oxidative phosphorylation, while at the same time lactic acid pro
duction is held below a rate which would result in a lethal cellular lactic acidosis. 

c. Seizures and Glycolytic Flux 
The adult brain is an obligate glucose user. Since brain glucose and glycogen 
stores are limited and can only support cerebral metabolism for a very short time, 
proper cerebral function requires continuous transport of glucose from blood to 
brain. 

Rates of cerebral glucose utilization increase severalfold during seizures 
(BORGSTROM et al. 1976; HAWKINS et al. 1979). Single seizures in freely convulsing 
animals rapidly reduce brain glucose and glycogen and result in a marked eleva
tion of lactate. Paralysis and oxygenation can prevent the initial reduction of glu
cose and glycogen after one ECS but not the elevation of lactate in brain (DUFFY 
et al. 1975). These authors did find glucose and glycogen reduction in mouse fore
brain 10 s after onset of a flurothyl-induced seizure. This difference may reflect 
the severity of seizure discharge as ATP and phosphocreatine were reduced by the 
latter treatment but not by the former. The conclusion to be drawn is that seizures 
result in increased glycolytic flux which initially is more rapid than glucose trans
port from blood to brain. As seizures are more prolonged brain glucose progres
sively falls (see Table 4). It is possible that a new balance is never achieved in brain 
regions like the cortex and hippocampus, which are known to have high rates of 
glucose utilization during seizures (HAWKINS et al. 1979). In this case transport 
of glucose from blood to brain may become rate limiting for glucose utilization, 
and late in the course of status epilepticus could result in brain glucose depletion 
(FOLBERGROVA et al. 1981). While transport limitation and brain glucose deple
tion have been demonstrated in normoglycemic neonates during status epilep
ticus (WASTERLAIN and DUFFY 1976; DWYER and WASTERLAIN 1981; WASTERLAIN 
and DWYER 1982), this is a recent concept for the adult brain. 

I. Regulation of Glycolysis: Phosphofructokinase 
When transport of glucose from blood to brain is not the rate-limiting step for 
glucose utilization, regulation of glycolytic flux is exerted primarily at the level 
of phosphofructokinase (PFK), while hexokinase and possibly pyruvate kinase 
serve in a lesser role (LOWRY and PASSONNEAU 1964). 

Seizures reduce glucose 6-phosphate (G6P) and fructose 6-phosphate (F6P) in 
brain. Where hypoxemia was prevented by paralysis and oxygenation, similar 
changes were found within 1 min of the onset of seizures (Fig. 2). After several 
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Fig. 2. Changes in fructose-6-phospate, glucose-6-phosphate, and fructose 1,6-diphosphate 
of cerebral cortex tissue during the first 5 min of BCC-induced seizures in rats. The values 
are given as percentages of controls. Filled symbols indicate statistically significant changes 
(P<O.05) (CHAPMANetaI.1977) 

minutes levels of G6P, F6P and fructose diphosphate (FDP) approached control 
values, suggesting hexokinase and possibly pyruvate kinase were also activated. 
Phosphofructokinase stimulation probably results from a combination of the ef
fects of increased amounts of 5' -AMP, 3',5' -cyclic AMP, inorganic phosphate ion, 
FDP, and NH4 , which stimulate the enzyme, and reduced levels of ATP, which 
release the enzyme from inhibition (MAKER et al. 1976). 

II. Hexokinase 

Hexokinase may be regulated by the distribution of enzyme between the free and 
mitochondrial bound forms, the latter being more active (WILSON 1968). During 
ti:r;nes of energy need (reduced ratio of intracellular ATP / ADP) the bound state 
is favored (KNULL et al. 1973). This form of the enzyme from calf brain has a 
lower Km for ATP (FROMM and ZEWE 1962; COPLEY and FROMM 1967) and is less 
sensitive to product inhibition by G6P (TUTTLE and WILSON 1970). Inorganic 
phosphate may partially release the enzyme from inhibition by G6P. Seizures 
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which reduce A TP and G6P and elevate inorganic phosphate favor activation of 
hexokinase and increased glucose flux through this control point. 

III. Pyruvate Kinase 

Pyruvate kinase (PK) catalyzes the formation of pyruvate from phosphoenol
pyruvate, forming ATP in the process. PK may also be a glycolytic control point. 
It is presumed that flux of triosephosphates through this enzyme is increased dur
ing seizures, based on the fact that the overall glycolytic rate is accelerated (CHAP
MAN et al. 1977). Possibly the brain enzyme is activated by FDP, which relieves 
inhibition by ATP (MCGILVERY 1979), although this would not be the case after 
several minutes when levels of FDP approach control values. The pyruvate thus 
formed can then diffuse into the mitochondrial compartment, where it is con
verted via pyruvate dehydrogenase to acetyl coenzyme A (CoA), which then en
ters the citric acid cycle. 

D. The Citric Acid Cycle and Epileptic Seizures 
I. Energy Metabolism 

The citric acid cycle (CAC) provides the means by which acetylCoA derived from 
glucose, fatty acid, or amino acid catabolism can be oxidized to CO2 and H 20 
via (NAD+)-linked dehydrogenase enzymes in the mitochondria (Fig. 3). NADH 
is oxidized by mitochondrial respiratory chain enzymes to produce ATP. In 
paralyzed and oxygenated rats seizures result in the elevation of most CAC inter
mediates, with the exception of transient reductions in the levels of oc-ketoglu
tarate and oxaloacetate immediately after seizure onset (HOWSE and DUFFY 1975; 
CHAPMAN et al. 1977). The expanded size of the pool ofCAC intermediates is sug
gestive of increased CAC activity, but the exact magnitude of the increase is not 
known. However, CAC activity appears adequate since energy failure is not 
found to occur in these animals. 

II. Amino Acid Metabolism 

Intracellular pools of citric acid cycle intermediates and amino acids are linked 
enzymatically so the CAC is also involved in the regulation of amino acid and am
monia metabolism in the brain (Fig. 3). 

Brain glutamate falls early after the onset of convulsive seizures (WHISLER et 
al. 1968; NAHORSKI et al. 1970) although not after one electroshock in paralyzed 
and oxygenated rats (HOWSE and DUFFY 1975). Alpha-ketoglutarate also falls af
ter the onset of convulsive seizures in mice (KING et al. 1973) and in the cortex 
of paralyzed and oxygenated rats (HOWSE and DUFFY 1975; CHAPMAN et al. 1977), 
although the difference in the study of HOWSE and DUFFY did not reach statistical 
significance. It is probable that ictal energy demands increased flux through the 
citric acid cycle, reducing levels of oc-ketoglutarate. Alpha-ketoglutarate can be re
placed via conversion of glutamate by amino acid transaminase reactions. 
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Fig.3. Citric acid cycle. AcetylCoA which enters the citric acid cycle by condensing with 
oxaloacetate to form citrate can be derived from glucose, fatty acid, or amino acid catab
olism. Amino acid metabolism is linked with the citric acid cycle via transaminase reactions 
shown in the figure. Glutamate which can be derived from IX-ketoglutarate via transamina
tion can be used for the production of gamma-amino butyric acid (GABA) or for removal 
of NAt via the glutamine synthetase reaction (MAKER and LEHRER 1972) 

The equilibrium constant for such reactions is close to 1.0 so that they are 
freely reversible. The relatively large brain content of glutamate measured by 
CHAPMAN et al. (1977) (12.74±0.14 ).tmol/g), the relatively low concentration of 
a-ketoglutarate (0.159 ± 0.006 ).lffiol/g), and the magnitude of the reduction of a
ketoglutarate in the 1st min after seizures (approximately 0.05-0.06 ).tmol/g) pre
cludes a significant reduction in glutamate being measured by these authors. A 
similar argument may be made for aspartic acid. Oxaloacetate appears to fall im
mediately after seizures begin (CHAPMAN et al. 1977; HOWSE and DUFFY 1975). 
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NAHORSKI et al. (1970) found a small decrease in aspartate during the tonic phase 
of a pentylenetetrazol seizure while no reduction was found up to 3 min after the 
onset of flurothyl seizures (SACKTOR et al. 1966) or lOs after electroshock (DUFFY 
et al. 1975). CHAPMAN et al. (1977) found a small but significant fall in aspartate 
at 1 min of BCC seizures. Thus we speculate that the initial seizure-induced fall 
in oxaloacetate is followed by increased conversion of aspartate into oxaloacetate 
via transamination. Since the normal brain concentration of aspartate is high 
(3.60±0.08 ~mol/g) and that of oxaloacetate low [0.0072 ~mol/g reduced to 
0.004410 s after electroshock (HOWSE and DUFFY 1975)], the precision with which 
aspartate was measured would preclude finding a significant difference. 

III. Ammonia Metabolism 

In paralyzed and oxygenated rats brain NH4 increases immediately after onset of 
BCC seizures and then reaches a plateau after about 5 min (CHAPMAN et al. 1977). 
Between 5 and 20 min brain glutamate and aspartate begin to fall while glutamine 
and alanine increase. Glutamate is utilized as a substrate for glutamine syn
thetase, which catalyzes the ATP-dependent formation of glutamine, as well as 
for gamma-aminobutyric acid (GABA) production. Glutamate can be replen
ished via the CAC (and hence from glucose) by transamination of aspartate with 
oc-ketoglutarate. This may account in part for the steady fall in brain aspartate 
as the duration of seizures increases, although formation of asparagine to detoxi
fy NH4 may also be occurring. The marked increase in alanine undoubtedly re
flects increased transamination of pyruvate. When rats are similarly treated ex
cept for being deprived of food for 24 h prior to administration of seizures a strik
ing result is failure to "fix" NH4. Thus at 5 min after seizure onset brain NH4 was 
severalfold higher in starved than in well-fed counterparts. As the seizure dura
tion lengthened NHt continued to increase while glutamine was unchanged and 
the elevation of alanine was not sustained as it was in well-fed rats. Furthermore, 
glutamate was reduced to a greater extent and aspartate was elevated (BLENNOW 
et al. 1979). The reason for reduced glutamine synthesis is not known, but it is 
an ATP-dependent reaction and the energy charge potential in brains of starved 
rats was lower than in well-fed counterparts. Reduced formation of alanine prob
ably reflects reduced levels of pyruvate possibly as a result of reduced glucose 
transport into brain as blood glucose falls. Glutamate may fall as a result of con
sumption following transamination to oc-ketoglutarate, and aspartate may in
crease as a result of transamination of oxaloacetate with glutamate. This could 
conceivably provide a shunt mechanism by which glutamate can be introduced 
into the CAC at the level of oc-ketoglutarate (oc-KG) and exit at the level of ox
aloacetate. From this shunt (Fig. 3) 1 mol NADH capable of generating 3 mol 
ATP is produced per mole of glutamate entering the CAC at the level of oc-KG, 
and 1 mol GTP is produced by substrate level phosphorylation during the hydro
lysis of succinyl CoA to succinate. Such a mechanism may provide an additional 
source of A TP when blood and brain glucose levels can only marginally support 
A TP production. 



90 

OJ --0 

E 
::t. 

-..c. 
OJ 

C1l 
3 
a; 
5; 

0.2 

0.1 

o 
c 1 3060 

16:0 

...1.. 

. . 
1 

· • · 

. 
.1 

c 1 3060 
18:0 

B.E. DWYER and c.G. WASTERLAIN 

c 1 3060 
18: 1 

· · · 

Fig. 4. Changes in the cerebral cortex concentrations of some free fatty acids during BCC
induced status epilepticus of 1-, 30-, and 60-min duration. The values are means ± SE in 
lJlIlolJg wet weight for groups of six animals. C,control. **,P<O.OI; ***,P<O.OOI (CHAP
MAN et al. 1980) 

E. Free Fatty Acid Metabolism 
Following ECS and PTZ seizures, free fatty acids are found to accumulate both 
in freely seizing animals (BAZAN 1976; MARION and WOLFE 1978) and in paralyzed 
and oxygenated rats within 1 min after BCC seizures (CHAPMAN et al. 1977, 1980; 
Fig.4). Levels of arachidonic acid were highest at I min after seizure onset, but 
were significantly elevated at 30 and 60 min also (CHAPMAN et al. 1980). Arachi
donic acid can be metabolized to prostaglandins and leukotrienes, which may 
playa role in epileptic brain damage (SmsJO 1981). 

F. Metabolic Mechanisms of Neuronal-Cell Damage 
During Status Epilepticus 

I. Role of Extracerebral Factors 

Single seizures in adults are not associated with brain damage. The probable ex
planation is that, while energy reserves are severely reduced, it is a transient phe
nomenon, and shortly after the seizure discharge energy reserves are restored. 
However, the situation is entirely different when seizures become continuous. 
Both brain damage and death are common occurrences during uncontrolled 
status epilepticus (MELDRUM and HORTON 1973; MELDRUM and BRmRLEY 1973). 
Death often follows from cardiac arrhythmias most likely reSUlting from the com
bination of hypoxemia and intense vagal and sympathetic discharges. Lactic aci-
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dosis, arterial hypotension, CO2 retention, and hyperthermia may also contribute 
to brain damage and mortality. In such instances, failure to maintain adequate 
oxygenation of cerebral tissue may lead to gross energy failure and cell damage 
evident to the histopathologist as ischemic cell change (SCHOLTZ 1959; NORMAN 
1964; MELDRUM and BRIERLEY 1973; CORSELLIS 1982). Since most deaths in un
controlled status epilepticus ensue from systemic factors, immediate therapeutic 
measures during human status epilepticus are aimed at providing adequate oxy
genation, preventing muscular convulsions, and supporting cardiovascular func
tion. 

II. Role of Sustained Cell Firing 

It is now becoming clear that, while brain damage is more severe and widespread 
in freely seizing animals (MELDRUM and BRIERLEY 1973), it is also evident in key 
neuronal populations when the systemic effects of seizure activity are prevented 
and adequate cerebral blood flow and oxygenation is maintained (MELDRUM et 
al. 1973; BLENNOW et al. 1978; SODERFELDT et al. 1981). 

It is of immediate clinical importance to ascertain the mechanisms of 
neuronal-cell damage during EEG seizures when cardiovascular and respiratory 
function is maintained. It is often the case where epileptiform activity is obvious 
in the EEG while convulsive activity is absent as for example in neonates on res
pirators or when seizures are continuous but not life threatening as in some cases 
of complex partial status epilepticus. In such instances, aggressive treatment to 
prevent prolonged epileptiform activity and the resulting brain damage may be 
warranted. 

After BCC-induced status epilepticus in paralyzed and oxygenated rats, 
neuronal-cell damage is found extensively in pyramidal cells of the hippocampus 
and layer 3 of the cerebral cortex and to a lesser extent in the thalamus and 
striatum (MELDRUM et al. 1973; BLENNOW et al. 1978; SODERFELDT et al. 1981). 
Purkinje cells in the cerebellum are spared during seizures when animals are 
paralyzed and oxygenated. Status spongiosis has been described in the cerebral 
cortex after 1 and 2 h of seizures, and is found predominantly in cortical layer 3 
(SODERFELDT et al. 1981). The severity increased with increasing seizure duration. 

III. Role of Energy Failure 
Seizures are characterized by dramatic increases in cerebral metabolism and, con
sequently, energy failure would seem an attractive hypothesis to explain neuronal 
damage. Available evidence suggests that this explains why brain damage de
velops so quickly during convulsive seizures, with their accompanying anoxemia, 
lactic acidosis, shock, and failure of cerebral blood flow. Massive cerebral energy 
failure develops (KING et al. 1967). Initially, increased blood pressure assures in
creased blood flow, as autoregulation is abolished (PLUM et al. 1974). However, 
severe lactic acidosis results from the convulsive activity (W ASTERLAIN 1974b). It 
leads to arterial hypotension and to a fall in cerebral blood flow no longer pro
tected by autoregulation (W ASTERLAIN 1980). This increases further the oxygen 
debt and the brain's energy debt, a situation partially reversed by correction of 
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the lactic acidosis (yV ASTERLAIN 1974 b, 1980). However, energy failure cannot ex
plain the neuronal necrosis observed in animals paralyzed and ventilated with 
oxygen (SODERFELDT et al. 1981). Seizures result in a two- to threefold elevation 
in the cerebral metabolic rate of glucose and oxygen consumption (CHAPMAN et 
al. 1975; MELDRUM and NILSSON 1976; BORGSTROM et al. 1976; SIEsJO and ABDUL
RAHMAN 1979; HAWKINS et al. 1979). Parallel increases in cerebral blood flow ac
company elevated rates of glucose utilization. SIESJO (1982) postulated that a 
mismatch between blood flow and metabolic rate may result in local energy 
failure, and indeed has shown that while metabolic rate of glucose utilization re
mains elevated in cortex and hippocampus, local cerebral blood flow falls be
tween 20 and 120 min. HOWSE (1981) showed cell damage in the area of highest 
metabolic activation such as substantia nigra. However, it is clear that energy 
charge potential is upheld in these regions even at 120 min (FOLBERGROVA et al. 
1981) when extensive histopathological evidence for cell damage is evident 
(SODERFELDT et al. 1981). Furthermore, it is known from experimental hypogly
cemia that energy failure does not always lead to cell damage (AGARDH et al. 1981; 
AGARDH and SIEsJO 1981). 

If energy failure is not a cause of brain damage, then the answer may lie in 
the metabolic response of cells to elevated rates of energy metabolism required 
to sustain massive neuronal discharges. 

IV. Lactic Acidosis 
Accumulation of lactic acid in cells has long been held to be an important factor 
in brain damage from perinatal anoxic-ischemic insults (MYERS 1977). 

Several studies show that elevated blood glucose increases mortality from ce
rebral ischemia in rat (SIEMKOWICZ and HANSEN 1978; SIEMKOWICZ 1981) and 
that recovery of cerebral blood flow, glucose utilization, and cerebral metabolites 
in cat brain after a period of ischemia was poor if blood glucose was elevated by 
glucose pretreatment (GINSBERG et al. 1980; WELSH et al. 1980). These results have 
been confirmed in rat brain where tissue damage following ischemia was corre
lated with the degree of tissue lactic acidosis (REHNCRONA et al. 1981; KALIMO et 
al. 1981 a, b). Levels of lactic acid associated with ischemic cell damage are well 
in excess of 20 J..Lmo1jg. Such high levels are not found during status epilepticus 
as long as cerebral perfusion and oxygenation are adequate so that tissue lactic 
acidosis is not a likely cause of seizure-induced brain damage. This is particularly 
true in the neonate, where lactate is easily transported from brain to blood by the 
lactate carrier, abundant in the blood-brain barrier of suckling animals. 

V. Calcium "Cytotoxicity" 
MELDRUM (1982) and SIEsJO (1981) recently proposed a mechanism by which 
abormally large entry of calcium into selectively vulnerable cells during seizures 
would lead to cell death. Calcium has previously been implicated in heart and 
liver cytotoxicity (yVROGEMANN and PENA 1976; SCHANNE et al. 1979). 

Sustained entry of Ca 2 + into neurons can occur as a result of burst firing in 
these neurons associated with a paroxysmal depolarization shift in membrane 
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potential during epileptic seizures (SCHWARTZKROIN and WYLER 1979). When the 
ability of the cell to maintain low intracellular Ca 2 + levels is exceeded, it has been 
postulated that accumulation of Ca2+ results in swollen and possibly damaged 
mitochondria (although actual damage in isolated mitochondria has never been 
demonstrated) and in activation of intracellular lipases and proteases which leads 
to ischemic cell change and neuronal death. It is not clear whether or how energy 
failure intervenes in this process as a result of mitochondrial Ca2+ accumulation 
and concomitant swelling. One attractive aspect of this hypothesis is that it sug
gests a reason why cerebellar Purkinje cells are not damaged during prolonged 
seizures when animals are paralyzed and oxygenated. It is suggested that burst 
firing in neurons, which enhances Ca 2 + influx, requires an excitatory input. Burst 
firing in cerebellar Purkinje cells, which can be induced by excitatory afferent 
stimulation resulting from peripheral motor activity, is absent in paralyzed ani
mals and so is Purkinje-cell damage. Aspects of this hypothesis are testable. Pre
sumably drugs which limit intracellular Ca2+ accumulation should reduce sei
zure-related brain damage. Secondly, stimulation of Purkinje-cell afferents, 
which cause burst firing in this cell population (and presumably Ca2 + influx as 
well), may be expected to result in cerebellar Purkinje-cell damage during pro
longed seizures in paralyzed and oxygenated rats. 

A primary role for Ca2+ ion has also been envisioned by SIEsJO (1981, 1983). 
Increased intracellular Ca 2 + resulting from the repetitive seizure discharge would 
overwhelm cell mechanisms which sequester Ca in the cell or extrude it to the ex
tracellular space. These processes divert respiratory energy which would otherwise 
be utilized for A TP production. Increased intracellular Ca 2 + activates various hy
drolases, including phospholipase A2 , resulting in accumulation of free fatty acids 
including a manyfold increase in arachidonic acid (BAZAN 1976; CHAPMAN et al. 
1980). Increased extracellular K + released from neurons during the seizure is 
taken up into the glia. This and the free fatty acid accumulation may contribute 
to the swelling of astrocyte processes observed during sustained seizures (SODER
FELDT et al. 1981). Since K + uptake into astrocytes is O2 dependent, this and as
trocyte swelling may further impede delivery of energy substrate to neurons. Last
ly, the increased accumulation of arachidonic acid in the presence of O2 may re
sult in the formation of prostaglandins and leukotrienes (via cyclooxygenase and 
lipoxygenase, respectively) possibly contributing to microcirculatory problems 
and to the formation of cell-damaging free radicals. 

Purkinje cells have a high Ca2+ conductance, and, like MELDRUM (1981), SIES
JO (1981) makes the assumption that the voltage-dependent Ca2 + influx in these 
cerebellar Purkinje cells is only moderate, sparing them from damage. Reduced ac
cumulation of free fatty acids in the cerebellum during seizures (SIESJO 1982) may 
also contribute to the sparing effect. This exciting hypothesis, however, does not 
explain all the available data. The well-documented finding that energy failure 
does not occur during seizures would argue against the proposition that ion 
pumping or edema may impede substrate supply and neuronal energy metabo
lism. Direct evidence for damaging free radical formation during seizures is lack
ing at present and would hardly explain why brain damage is accelerated by anox
ia, which reduces free radical formation. 
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G. Epileptic Seizures in the Neonate 
The neonatal brain is physiologically quite different from that of the adult. Cur
rent evidence indicates that it is in some ways protected from the damaging effects 
of seizures but in other ways is more vulnerable. Possibly the most important fac
tor protecting the neonate's brain is that cerebral metabolic rate and energy 
requirements are low, possibly 1/10-1/20 of that of the adult's brain. However, 
epileptic seizures can elevate cerebral metabolic rate nearly fourfold in the neo
nate's brain (W ASTERLAIN and DWYER 1982), and this relative increase is similar 
to what is found in the adult brain (CHAPMAN et al. 1975; BORGSTROM et al. 1976; 
MELDRUM and NELSON 1976; ABDUL-RAHMAN et al. 1979) even if the absolute 
metabolic rate is relatively low. A second protective factor in the newborn is the 
presence in the blood-brain barrier of large amounts of lactate carrier (CREMER 
et al. 1976, 1979) so that lactate produced in brain easily escapes into blood as 
long as circulation to the brain is maintained. Lactate concentrations in brain 
during neonatal seizures have never been found to reach levels associated with cell 
damage (W ASTERLAIN and DUFFY 1976, WASTERLAIN and DWYER 1982). 

Several factors, however, place the neonatal brain at great risk during sei
zures: first, its supply of glucose is more precarious than that in the adult. Second, 
protein synthesis and growth, two energy-intensive processes that are easily com
promised by metabolic stress, are a necessity for its harmonious development. 

I. Mobilization of Glycogen Reserves 

Glycogen reserves in the neonate are as great as in the adult (VANNUCCI and V AN
NUCCI 1980). They can sustain cerebral energy demands for significantly longer 
periods during hypoxic episodes and seizures. The ability to mobilize glycogen re
serves in the neonatal brain may be less than in the adult owing to lower levels 
of phosphorylase and phosphoglucomutase (VANNUCCI and VANNUCCI 1980; 
SHAPIRO and WERTHEIMER 1943) and during seizures owing to a lower accumula
tion of cyclic adenosine monophosphate (cAMP) (W ASTERLAIN 1978) necessary 
for activation of a protein kinase to transform phosphorylase B to phosphory
lase A, which is active in glycogenolysis. In spite of this slow mobilization, glyco
gen is able to provide significant amounts of substrate for meeting cerebral energy 
requirements (VANNUCCI and VANNUCCI 1980; WASTERLAIN and DWYER 1982). 
When seizures are prolonged, however, they may be insufficient and brain glucose 
can rapidly become depleted in the neonate. 

II. Limited Transport Capacity of the Blood-brain Barrier 
The problem lies in the low capacity for glucose transport across the immature 
blood-brain barrier. Its maximal rate has been estimated at one-fifth the rate of 
the adult (MOORE et al. 1971). On the other hand, glycolytic rates can be relatively 
high (Table 5). Thus in spite of normal or elevated blood glucose levels, brain glu
cose rapidly falls after onset of seizures in newborn rats, rabbits, and marmosets 
(W ASTERLAIN and DUFFY 1976; W ASTERLAIN and DWYER 1982), possibly reaching 
levels which are rate limiting for brain hexokinase and hence energy production. 
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Table 5. Cerebral energy balance during neonatal seizures 

Blood (Glucose 27 mg-% 90mg-% 

Max. rate of glycolysis 0.69 0.69 
(nmol~Pjkgjmin)a 

Max. rate of glucose transport 0.072 0.168 
(nmolfkgjmin) 

Max. rate of glycolysis from glucose 0.144 0.336 
transported across the blood-brain 
barrier (nmol '" P jkg) 

Energy reserves (nmol '" P jkg) 24 24 

Max. rate of reserve mobilization 0.37 0.37 
(nmol~ Pjkg) 

Energy balance 
Calculated - 0.176 + 0.016 
Measured Negative - 0.028 
(nmol ~ P jkgjmin) 

a "', high-energy phosphate bonds 

Table 6. Blood glucose concentration and transport across 
the blood-brain barrier 

V= Vmaxx(S) 
Km+(S) 

Blood (glucose) 
27 mg% = 1.8 mM 
90mg%= 5 mM 

200mg%=11 mM 

(Transport rate) 
18% V max=0.07 mmoljkgjmin 
42% Vmax =0.17 mmoljkgjmin 
61 % V max=0.24 mmolfkgjmin 

95 

200mg-% 

0.69 

0.24 

0.48 

24 

0.37 

+ 0.160 
Positive 

The healthy, suckling neonate's brain may attain as much as one-third of its 
energy from ketone bodies, which cannot be utilized in anoxic states (such as con
vulsive seizures) because molecular oxygen is needed to regenerate NAD+ from 
NADH. This increases the brain's reliance on glucose during seizures and anoxia, 
and makes glucose supply even more critical. 

Since the Km for glucose transport into brain is about 7 mM, the carrier is less 
than half saturated at physiological blood glucose concentrations (5 mM). In
creasing blood glucose levels can increase transport of glucose from blood to 
brain as shown in Table 6 and prevent brain glucose depletion in neonatal rats, 
rabbits, and marmosets during seizures (Fig. 5). Thus glucose supplements may 
offer a strategy to protect the brain of human neonates during seizures. The role 
of glucose supplements in maintaining adequate cerebral energy supplies during 
seizures has been extensively discussed elsewhere (W ASTERLAIN and DWYER 

1982). 
It should be kept in mind that other factors may playa role in normal brain 

development. Thus seizures during the neonatal period, even where not causing 
cell loss (WASTERLAIN 1976), may contribute to brain damage by inhibiting cell 
growth (JORGENSEN et al. 1980; DWYER and WASTERLAIN 1982) and brain pro-
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Fig. 5 a, b. Blood and brain glucose concentration during status epilepticus in the newborn. 
Epileptic seizures were induced in 4-day-old rats by exposure to the volatile convulsant 
flurothyl and in l-day-old rabbits and 5-day-old marmoset monkeys with BCe. The results 
shown in a were obtained from animals which were pretreated with isotonic saline 30 min 
prior to seizure activity (rats: 10% of body weight, i.p.; rabbits: 5% of body weight s.c.). 
Marmosets were not pretreated before seizures. b shows the effects of seizures on blood 
and brain glucose in rats and rabbits which had been pretreated with isotonic glucose 30 
min before seizures were induced (rats: 10% of body weight, i.p.; rabbits: 5% of body 
weight, s.c.). The Hatched areas represent the mean ± SE of untreated controls 

tein synthesis (DWYER and W ASTERLAIN 1980) or by disrupting the chronology of 
numerous processes whose close coordination is required for proper development 
of the nervous system. 

Acknowledgement. This work was supported by research grant # NS 13515 from 
NINCDS and the Research Service of the Veterans Administration. 

References 

Agardh CD, Siesjo BK (1981) Hypoglycemic brain injury: phospholipids, free fatty acids, 
and cyclic nucleotides in the cerebellum of the rat after 30 and 60 minutes of severe in
sulin-induced hypoglycemia. J Cereb Blood Flow Metaboll :267-275 

Agardh CD, Kalino H, Olsson Y, Siesjo BK (1981) Hypoglycemic brain injury: metabolic 
and structural findings in rat cerebellar cortex during profound insulin induced hypo
glycemia and in the recovery period following glucose administration. J Cereb Blood 
Flow Metaboll :71-84 

Atkinson DE (1968) The energy charge of the adenylate pool as a regulatory parameter. 
Interaction with biofeedback modifiers. Biochemistry 7:4030--4034 

Bazan NG (1976) Free arachidonic acid and other lipids in the nervous system during early 
ischemia and after electroshock. In: Porcellati G, Amaducci L, Galli C (eds) Function 
and metabolism of phospholipids in the central and peripheral nervous system. Adv 
Exp Med BioI 72:317-335 

50 

30 



Intermediary Metabolism 97 

Blennow G, Brierley JB, Meldrum BS; Siesjo BK (1978) Epileptic brain damage. The role 
of systemic factors that modify cerebral energy metabolism. Brain 101 :687-700 

Blennow G, Folbergrova J, Nilsson B, Siesjo BK (1979) Effects ofbicuculline-induced sei
zures on cerebral metabolism and circulation of rats rendered hypoglycemic by starva
tion. Ann Neuro15:139-151 

Borgstrom L, Chapman AG, Siesjo BK (1976) Glucose consumption in the cerebral cortex 
of rat during bicuculline-induced status epilepticus. J Neurochem 27:971-973 

Carl JL, King LJ (1970) Hexose and pentose phosphates in brain during convulsions. J 
Neurochem 17:293-295 

Chapman AG, Meldrum BS, Siesjo BK (1975) Cerebral blood flow and cerebral metabolic 
rate during prolonged epileptic seizures in rats. J Physiol (Lond) 254:61-62P 

Chapman AG, Meldrum BS, Siesjo BK (1977) Cerebral metabolic changes during pro
longed epileptic seizures in rats. J Neurochem 28: 1025-1035 

Chapman A, Ingvar M, Siesjo BK (1980) Free fatty acids in the brain in bicuculline-in
duced status epilepticus. Acta Physiol Scand 110:335-336 

Collins RC, Posner JB, Plum F (1970) Cerebral energy metabolism during electroshock sei
zures in mice. Am J Physio1218:943-950 

Copley M, Fromm HJ (1967) Kinetic studies of the brain hexokinase reaction. A reinves
tigation with the solubilized bovine enzyme. Biochemistry 6:3503-3509 

Corsellis JAN (1983) Neuropathology of status epilepticus. In: Delgado-Escueta AV, 
Wasterlain C, Treiman D, Porter R (eds) States epilepticus. Raven, New York 

Cotman CW, Banker G, Zornetzer SF, McGaugh JL (1971) Electroshock effects on brain 
protein synthesis: relation to brain seizures and retrograde amnesia. Science 173:454-
456 

Cremer JE, Braun LD, Oldendorf WH (1976) Changes during development in transport 
processes of the blood-brain barrier. Biochim Biophys Acta 448:633-637 

Cremer JE, Cunningham VJ, Pardridge WM, Braun LD, OldendorfWH (1979) Kinetics 
of blood-brain barrier transport of pyruvate, lactate and glucose in suckling, weanling, 
and adult rat. J Neurochem 33:439-445 

De Courten GM, Myers RE, Yamaguchi S (1981) Serum glucose concentration as deter
miner of brain pathologic response to marked hypoxia with hypotension. Neurology 
31:131 

Duffy TE, Howse DC, Plum F (1975) Cerebral energy metabolism during experimental 
status epilepticus. J Neurochem 24:95-934 

Dwyer BE, Wasterlain CG (1980) Regulation of the first step of the initiation of brain pro
tein synthesis by guanosine diphosphate. J N eurochem 34: 1639-1647 

Dwyer BE, Wasterlain CG (1981) Prolonged seizures deplete brain glucose in normogly
cemic neonates. Neurology 31: 162 

Dwyer BE, Wasterlain CG (1982) Electroconvulsive seizures selectively impair myelin 
accumulation in the immature rat. Exp Neurol 78:616-628 

Dwyer BE, Donatoni P, Wasterlain CG (1982) The effect of status epilepticus on local rates 
of brain protein synthesis. Trans Am Soc Neurochem 12:115 

Ferrendelli JA, McDougal DB Jr (1971 a) The effect of audiogenic seizures on regional 
CNS energy reserves, glycolysis and citric acid cycle flux. J N eurochem 18: 1207-1220 

Ferrendelli JA, McDougal DB Jr (1971 b) The effect of electroshock on regional CNS en
ergyreserves in mice. JNeurochem 18:1197-1205 

Folbergrova J (1974) Energy metabolism of mouse cerebral cortex during homocysteine 
convulsions. Brain Res 81 :443-454 

Folbergrova J, Passonneau N, Lowry OH, Schulz DW (1969) Glycogen, ammonia and re
lated metabolites in the brain during seizures evoked by methionine sUlphoximine. J 
Neurochem 16:191-203 

Folbergrova J, Ingvar M, Siesjo BK (1981) Metabolic changes in cerebral cortex, hippo
campus, and cerebellum during sustained bicuculline-induced seizures. J Neurochem 
37: 1228-1238 

Fromm HJ, Zewe V (1962) Kinetic studies of the brain hexokinase reaction. J Biol Chern 
237:1661-1667 



98 B. E. DWYER and C. G. WASTERLAIN 

Ginsberg MD, Welsh FA, Budd WW (1980) Deleterious effect of glucose pretreatment on 
recovery from diffuse cerebral ischemia in the cat. I. Local cerebral blood flow and glu
cose utilization. Stroke 11 :347-354 

Hawkins R, Hass WK, Ransohoff J (1979) Measurement of regional brain glucose utiliza
tion in vivo using [2_14C] glucose. Stroke 10:690-703 

Howse DCN (1979) Metabolic responses to status epilepticus in the rat, cat and mouse. 
Can J Physiol PharmacoI57:205-212 

Howse DCN (1983) Cerebral energy metabolism during experimental status eplilepticus. 
In: Delgado-Escueta AV, Wasterlain C, Treiman D, Porter R (eds) Status epilepticus. 
Raven, New York 

Howse DC, Duffy TE (1975) Control of the redox state of the pyridine nucleotides in the 
rat cerebral cortex. Effect of electroshock-induced seizures. J Neurochem 24:935-940 

Howse DC, Caronna JJ, Duffy TE, Plum F (1974) Cerebral energy metabolism, pH and 
blood flow during seizures in the cat. Am J PhysioI227:1444-1451 

Jorgensen OS, Dwyer BE, Wasterlain CG (1980) Synaptic proteins after electroconvulsive 
seizures in immature rats. J Neurochem 35:1235-1237 

Kalimo H, Rehncrona S, Soderfeldt B (1981 a) the role of lactic acidosis in the ischemic 
nerve cell injury. Acta Neuropathol (Berl) [Suppl] 7:20-22 

Kalimo H, Rehncrona S, Soderfeldt B, Olsson Y, Siesjo BK (1981 a) Brain lactic acidosis 
and ischemic cell damage: 2. Histopathology. J Cereb Blood Flow Metaboll:313-327 

Kalimo H, Rehncrona S, Soderfeldt B (1981 b) The role of lactic acidosis in the ischemic 
nerve cell injury. Acta Neuropathol [Suppl VII]:20-22 

King LJ, Carl JL, Lao L (1973) Carbohydrate metabolism in brain during convulsions and 
its modification by phenobarbitone. J Neurochem 20:477--485 

King LJ, Lowry OH, Passonneau J, Venson V (1967) Effects of convulsants on energy re
serves in the cerebral cortex. J Neurochem 14:599-611 

Knull HR, Taylor WF, Wells WW (1973) Effects of energy metabolism on in vivo distribu
tion of hexokinase in brain. J BioI Chern 248:5414-5417 

Krebs HA, Veech RL (1970) Regulation of the redox state of the pyridine nucleotide in 
rat liver in pyridine nucleotide-dependent dehydrogenases. In:Sund H (ed) Pyridine nu
cleotide dependent dehydrogenases. Springer, Berlin Heidelberg New York, pp 413-
434 

Lowry OH, Passonneau JV (1964) The relationship between substrate and enzymes of gly
colysis in brain. J BioI Chern 239:31--42 

Maker HS, Lehrer GM (1972) Carbohydrate chemistry in the brain. In: Albers RW, Siegel 
GJ, Katzman R, AgranoffBW (eds) Basic neurochemistry. Little Brown, Boston 

Maker HS, Clarke DD, Lajtha A (1976) Intermediary metabolism of carbohydrates and 
amino acids. In: Siegel GJ, Albers RW, Katzman R, Agranoff BW (eds) Basic neuro
chemistry. Little Brown, Boston, pp 279-307 

Marion J, Wolfe LS (1978) Increase in vivo of unesterified fatty acids prostaglandin F 2a 

but not thromboxane B2 in rat brain during drug induced convulsions. Prostaglandins 
16:99-110 

McCandless DW, Feussner GK, Lust WD, Passonneau JV (1979) Metabolite levels in 
brain following experimental seizures: the effects of maximal electroshock and pheny
toin in cerebellar layers. J Neurochem 32:743-753 

McGilvery RW (1979) In: Biochemistry. A functional approach. Saunders, Philadelphia, 
p 719 

Meldrum BS (1983) Metabolic factors during prolonged seizures and their relation to nerve 
cell death. In: Delgado-Escueta AV, Wasterlain C, Treiman D, Porter R (eds) Status 
epilepticus. Raven, New York 

Meldrum BS, Brierley JB (1973) Prolonged epileptic seizures in primates. Ischemic cell 
change and its relation to ictal physiological events. Arch Neurol28: 10-17 

Meldrum BS, Horton RW (1973) Physiology of status epilepticus in primates. Arch Neurol 
28:1-9 

Meldrum BS, Nilsson B (1976) Cerebral blood flow and metabolic rate early and late in 
prolonged epileptic seizures induced in rats by bicuculline. Brain 99:523-542 



Intermediary Metabolism 99 

Meldrum BS, Vigoroux RA, Brierley JB (1973) Systemic factors and epileptic brain dam
age. Prolonged seizures in paralyzed, artificially ventilated baboons. Arch Neurol 
29:82-87 

Moore TJ, Lione AP, Regen OM, Tarpley HL, Raines PL (1971) Brain glucose metabolism 
in the newborn rat. Am 1 Physiol221: 1746-1753 

Myers RE (1977) Experimental models of perinatal brain damage: relevance to human pa
thology. In: Intrauterine asphyxia in the developing fetal brain. Gluck L (ed) Yearbook 
Medical, Chicago, pp 37-97 

Nahorski SR, Roberts 01, Stewart GG (1970) Some neurochemical aspects of penta me thy
lenetetrazole convulsive activity in rat brain. 1 Neurochem 17:621-631 

Norman RM (1964) The neuropathology of status epilepticus. Med Sci Law 4:46-51 
Plum F, Howse DC, Duffy TE (1974) Metabolic effects of seizures in brain dysfunction 

in metabolic disorders. Plum F (ed) Res Publ Assoc Nerv Ment Dis 53: 141-157 
Rehncrona S, Rosen I, Seisjo BK (1981) Brain lactic acidosis and ischemic cell damage: 1. 

Biochemistry and neurophysiology. 1 Cereb Blood Flow Metaboll :297-311 
Sacktor B, Wilson IE, Tiekert CG (1966) Regulation of glycolysis in brain, in situ, during 

convulsions. 1 Bioi Chern 241 :5071-5075 
Schanne FAX, Kane AB, Young EE, Farber lL (1979) Calcium dependence of toxic cell 

death: a final common pathway. Science 206:700-702 
Scholtz W (1959) The contribution of patho-anatomical research to the problem of epilep

sy. Epilepsia 1:36-55 
Schwartzkroin PA, Wyler AR (1979) Mechanisms underlying epileptiform burst dis

charges. Ann Neuro17:95-107 
Shapiro B, Wertheimer E (1943) Phosphorolysis and synthesis of glycogen in animal tis

sues. Biocheml 37:397-403 
Siesjo BK (1981) Cell damage in the brain: a speculative synthesis. 1 Cereb Blood Flow 

Metaboll:155-185 
Siesjo BK (1983) Local cerebral circulation and metabolism in bicuculline-induced status 

epilepticus: relevance for development of cell damage. In: Dalgado-Escueta AV, 
Wasterlain C, Treiman 0, Porter R (eds) Status epilepticus. Raven 

Siesjo BK, Abdul-Rahman A (1979) A metabolic basis for the selective vulnerability of 
neurons in status epilepticus. Acta Physiol Scand 106:377-378 

Siemkowicz E (1981) Hyperglycemia in the reperfusion period hampers recovery from ce
rebral ischemia. Acta Neurol Scand 64:207-216 

Siemkowicz E, Hansen Al (1978) Clinical restitution following cerebral ischemia in hypo-, 
normo- and hyperglycemica rats. Acta Neurol Scand 58: 1-8 

Soderfeldt B, Kalino H, Olsson Y, Siesjo BK (1981) Pathogenesis of brain lesions caused 
by experimental epilepsy. Light and electronmicroscopic changes in the rat cerebral 
cortex following bicuculline induced status epilepticus. Acta Neuropathol (Berl) 
54:219-231 

Stubbs M, Veech RL, Krebs HA (1972) Control of the redox state of the nicotinamide-ad
enine dinucleotide couple in rat liver cytoplasm. Biochem 1 126:59-65 

Tuttle IB, Wilson IE (1970) Rat brain hexokinase: a kinetic comparison of soluble and par
ticulate forms. Biochim Biophys Acta 212:185-188 

Vannucci Sl, Vannucci RC (1980) Glycogen metabolism in neonatal rat brain during anox
ia and recovery. 1 Neurochem 34: 1100--1105 

Vesco C, Giuditta A (1968) Disaggregation of brain polysomes induced by electroconvul
sive treatment. 1 Neurochem 15:81-85 

Wasterlain CG (1974a) Inhibition of cerebral protein synthesis by epileptic seizures 
without motor manifestations. Neurology 14: 175-180 

Wasterlain CG (1974b) Mortality and morbidity from serial seizures. An experimental 
study. Epilepsia 15:155-176 

Wasterlain CG (1976) Effects of neonatal status epilepticus on rat brain development. 
Neurology 26:975-986 

Wasterlain CG (1977) Effects of epileptic seizures on brain ribosomes: mechanism and re
lationship to cerebral energy metabolism. 1 Neurochem 29:707-716 

Wasterlain CG (1978) Neonatal seizures and brain growth. Neuropadiatrie 9:213-228 



100 B. E. DWYER and C. G. W ASTERLAIN: Intermediary Metabolism 

Wasterlain eG, Duffy TE (1976) Status epilepticus in immature rats. Arch NeuroI33:821-
827 

Wasterlain CG, Dwyer BE (1983) Brain metabolism during prolonged seizures in the ne
onate. In: Status epilepticus. Delgado-Escueta AV, Wasterlain C, Treiman D, Porter 
R(eds). Raven, New York 

Wasterlain CG, Graham SL (1980) Loss of autoregulation of cerebral blood flow: an asset 
during single seizures, a liability during status epilepticus. Ann Neurol8:94 

Welsh FA, Ginsberg MD, Rieder W, Budd WW (1980) Deleterious effect of glucose pre
treatment on recovery from diffuse cerebral ischemia in the cat. II. Regional metabolite 
levels. Stroke II :355-363 

Whisler KE, Tews JK, Stone WE (1968) Cerebral amino acids and lipids in drug-induced 
status epilepticus. J Neurochem 15:315-320 

Wilson JE (1968) Brain hexokinase. A proposed relation between soluble-particulate dis
tribution and activity in vivo. J BioI Chern 243:3640-3647 

Wrogemann K, Pena SDJ (1976) Mitochondrial calcium overload: a general mechanism 
for cell-necrosis in muscle diseases. Lancet 1 :672-674 



CHAPTER 5 

Monoamines and the Pathophysiology 
of Seizure Disorders 
E. PRZEGALINSKI 

A. Introduction 

One of the ways of understanding the pathophysiology of seizure disorders is by 
learning about the effects of the various factors that modulate susceptibility to 
seizures in experimental conditions. Obviously, neurochemical factors come into 
prominence here, and among them neuromediators attract especial interest. In 
this chapter, some of these will be reviewed, namely the monoamines, i.e., the cat
echolamines (noradrenaline and dopamine) serotonin (5-hydroxytrytamine), and 
histamine. 

Interest in the role of the central monoamines in seizures dates back to the dis
covery of CHEN et al. (1954), who found that reserpine lowers the seizure thresh
old to various seizure-provoking agents [electrical current, pentylenetetrazol 
(PTZ), caffeine], and to the subsequent discovery by others that this drug also 
lowers the levels of catecholamines and 5-hydroxytrytamine (5-HT) in brain. 
Since then, with an increasing number of new drugs and substances which modu
late the activity of the central monoaminergic systems and with the introduction 
of new experimental models, this problem has become the subject of numerous 
publications and of several reviews (e.g., BOGGAN 1973; LOVELL 1971; MAYNERT 
1969; MAYNERTetal. 1975). 

There are many experimental approaches to the study of the role of brain 
monoamines in seizures. The most common method used is based on pharmaco
logical intervention in the function of a monoaminergic system and subsequent 
observation of how this affects seizures induced by various agents. With other 
methods, susceptibility to seizures is determined in animals which are known to 
differ with respect to the level and turnover rate ofmonoamines; or, conversely, 
the levels and turnover rate of monoamines are determined in animals with dif
ferent susceptibilities to seizures. The present review is based mainly on results ob
tained with the above-outlined experimental procedures; it will not, however, deal 
with studies on the effect of compounds modulating monoaminergic system in the 
action of antiepileptic drugs, or the effect of the latter on the disposition of brain 
monoamines, because this type of study is more suitable for assessing the role of 
neuromediators in the mechanism of action of antiepileptics than for studying the 
actual phenomenon of seizures. 

Pharmacological intervention in the function of monoaminergic systems is 
based on the employment of drugs or substances which affect neurotransmission; 
this is regarded as a process of the release of neurotransmitter from the nerve ter
minals into the synaptic cleft and its subsequent interaction with postsynaptic re-
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ceptors. In this way, substances that decrease or increase the concentration of a 
neuromediator at the receptor inhibit or facilitate neurotransmission, respec
tively. The use of drugs which directly stimulate (agonist) or block (antagonist) 
postsynaptic receptors is another way in which neurotransmission can be af
fected. 

Within the catecholaminergic system, neurotransmission can be inhibited 
with compounds that prevent storage [reserpine, tetrabenazine, 2-hydroxy-2-
ethyl-3-iso butyl-9, 1 O-dimethoxy-l ,2,3,4,6,7 -hexahydro-ll bH-benzoquinolizine 
(Ro 4-1284)], inhibit synthesis [the inhibitor of tyrosine hydroxylase - IX-methyl
p-tyrosine (IX-MT); inhibitors of aromatic L-amino acid decarboxylase -IX-methyl
m-tyrosine (IX-MMT), lX-methyl-3,4-dihydroxyphenylalanine (IX-methyl-DOPA), 
and others; inhibitors of DA-p-hydroxylase - disulfiram, diethyldithiocarbamate 
(DDC), (bis(4-methyl-l-homopiperazinylthiocarbonyl)disulfide) (Fla-63)], dam
age catecholaminergic nerve terminals [6-hydroxydopamine (6-0HDA), 6-hy
droxy-DOPA (6-0HDOPA)], or block postsynaptic NA receptors (e.g., phen
oxybenzamine, phentolamine - blockers of IX-adrenoceptors) propranolol - (a 
blocker of p-adrenoceptors) or DA receptors (neuroleptics, i.e., haloperidol, pi
mozide). The facilitation of catecholaminergic transmission results from the ac
tion of inhibitors of enzymatic degradation of catecholamines [inhibitors of 
monoamine oxidase (MAO) or catechol-O-methyl transferase]; precursor (DO
PA); releasers (e.g., amphetamine); inhibitors of uptake (imipramine, desmethyl
imipramine, cocaine); agonists of NA (e.g., clonidine) or DA receptors (e.g., 
apomorphine); and the amines (NA and DA) themselves. The amines, as well as 
6-0HDA, must be administered intracerebroventricularly (i.c.v.) or intracister
nally because of the impermeability ofthe blood-brain barrier. 

The inhibition of neurotransmission within the 5-HT system is brought about 
most often withp-chlorophenylalanine (PCPA), which is an inhibitor oftrypto
phan hydroxylase; 5,6-dihydroxytryptamine (5,6-DHT) or 5,7-dihydroxytrypt
amine (5,7-DHT), both of which cause damage to 5-HT nerve terminals; and 5-
HT receptor blockers (cyproheptadine, methysergide, metergoline). To facilitate 
5-HT transmission, precursors [tryptophan, 5-hydroxytryptophan (5-HTP)], re
leasers (e.g., fenfluramine, p-chloroamphetamine), inhibitors of the reuptake 
(e.g., fluoxetine), 5-HT receptor agonists Oysergic acid diethylamide (LSD), qui
pazine, m-chlorophenyl-piperazine], or 5-HT itself (i.c.v. or intracisternally) are 
used. 

When analyzing the results of investigations with the above-listed compounds 
and drugs used as pharmacological tools their limitations should be borne in 
mind. For instance, the majority of substances which interfere with catecholamin
ergic transmission simultaneously affect the NA and DA system. Moreover, some 
substances (storage inhibitors, inhibitors of aromatic L-amino acid decarboxyl
ase, MAO inhibitors, some reuptake inhibitors, e.g., imipramine) also modify the 
5-HT system; DOPA can be decarboxylated not only in catecholaminergic but al
so in 5-HT neurons and can subsequently release 5-HT (in analogy with the effct 
of DOPA, 5-HTP may release catecholamines). Only inhibitors of DA-P-hy
droxylase (which selectively lower levels ofNA), some uptake inhibitors (e.g., des
methylimipramine), and agonists and antagonists of catecholamine receptors 
may be regarded as relatively specific pharmacological tools. Among the com-
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pounds affecting the serotonergic system a number of 5-HT antagonists also have 
cholinolytic and antihistaminic activities. 

The inhibition or facilitation ofneurotransmission may also be obtained with 
electrical lesions or electrical stimulation of cell bodies of neurons which produce 
a neuromediator (the locus ceruleus for NA, the substantia nigra for DA, and the 
raphe nuclei for 5-HT). 

The second component in the study of the role of central monoamines in con
vulsive phenomena is the assessment of susceptibility to seizures. For this purpose 
seizures are evoked in laboratory animals by various agents (electrical current, 
chemical compounds, sound, light, etc.). Moreover, some experimental models 
are used in forms which enable separate components of convulsive behavior 
(clonus, tonus) or involvement of particular brain structures (e.g., amygdaloid 
kindling) to be assessed. Since many data indicate that the involvement of central 
monoamines in susceptibility to seizures may depend on a particular agent 
evoking seizures or on the type of seizures evoked, the problem ofthe involvement 
of central monoamines in susceptibility to seizures will be discussed here 
seperately with reference to each experimental model. 

B. Catecholamines 
I. Electrically Induced Seizures 
1. Minimal Electroshock Seizure Threshold (EST) 
a) Low-Frequency EST 

In mice, depletion of brain catecholamines does not influence susceptibility to sei
zures in this model. CHEN et al. (1954) reported a decrease in the seizure threshold 
after the administration of reserpine, but they used a high dose of the drug (8 mg/ 
kg). Other authors (BUTERBAUGH and LONDON 1977; YEOH and WOLF 1968) ad
ministered reserpine at lower doses (2-2.5 mg/kg), but still high enough to pro
duce a severe depletion of brain catecholamines (and 5-HT), and found it to be 
ineffective. Moreover, the lack of effect was shown after the administration of 
other depletors of catecholamines, i.e., IX-MMT (yEOH and WOLF 1968) and IX-MT 
(BUTERBAUGH and LoNDON 1977). 

On the other hand, the IX-I adrenoceptor antagonist phenoxybenzamine was 
found to decrease the seizure threshold in mice (YEOH and WOLF 1968), but the 
specificity of this effect is doubtful as it was shown only for a very high dose of 
the drug (37 mg/kg) and since it could not be demonstrated in animals depleted 
of brain catecholamines by reserpine or IX-MMT. Actually, if the effect of phen
oxybenzamine depended on IX-I blockade, then catecholamine depletors should 
rather potentiate it. The same authors also reported alterations in the seizure 
threshold after the administration of drugs acting on the fJ-receptor. They found 
a decrease in the threshold after the administration of fJ-receptor agonist isopren
aline and an increase after fJ-receptor antagonists (propranolol and pronethalol). 
But again, these effects were shown after very high doses of the drugs and the ef
fects induced by isoprenaline and pronethalol- but not by propranolol- were an
tagonized by reserpine or IX-MMT. Moreover, isoprenaline -like other drugs in 
their experiments - was given systemically, so its effect, because of poor penetra
tion into the brain, may originate mainly from the periphery. 
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GERALD and RIFFEE (1973) studied the effects of d- and I-amphetamine. Both 
isomers, given at a high dose of 15 mg/kg, decreased the seizure threshold, and 
since d-amphetamine was only about twice as active as the I-isomer, the authors 
suggested that the dopaminergic rather than the noradrenergic mechanism is in
volved. 

In the light of all the data presented above the participation of central cate
cholamines in the low-frequency EST seems doubtful. The deficit in brain cate
cholamines is of no importance, whereas those few positive effects observed after 
noradrenergic agonists and antagonists do not seem to be sufficiently specific. 
The hypothesis of the involvement of the dopaminergic system (GERALD and RIF
FEE 1973) should be verified by more specific means. 

b) High-FrequencyEST 

The impairment of catecholaminergic transmission decreases the seizure thresh
old in mice and rats. This was shown not only after reserpine (AZZARO et al. 1972; 
BUTERBAUGH and LONDON 1977; PICCHIONI et al. 1962; WENGER et al. 1973) and 
tetrabenazine (AZZARO et al. 1972), which deplete both catecholamines and 5-
HT, but also after or:-MT (BUTERBAUGH 1978; BUTERBAUGH and LONDON 1977) or 
intracisternally administered 6-0HDA (BROWNING and MA YNERT 1978 b), which 
reduce brain levels ofNA and DA and leave the concentration of brain 5-HT un
changed. Although time-response studies have shown a lack of correlation be
tween reserpine- or tetrabenazine-induced increase in susceptibility to seizures 
and the depletion of brain catecholamines produced by these drugs (AZZARO et 
al. 1972; PICCHIONI et al. 1962), there is some evidence that their pharmacological 
effect may depend on the deficit of central NA and/or DA. Thus, AZZARO et al. 
(1972) found that DOPA given alone or in combination with a MAO inhibitor 
antagonized the reserpine-induced decrease in the threshold, and AZZARO et al. 
(1972) and WENGER et al. (1973) reported that inhibitors of catecholamine synthe
sis (or:-MT and disulfiram) prolong this effect of reserpine. The finding that the in
hibitor of DA-p-hydroxylase disulfiram produces the same effect as does the in
hibitor of tyrosine hydroxylase or:-MT may indicate the importance ofNA but not 
DA. 

On the other hand there are some data which are not in line with the above 
results. PICCHIONI et al. (1962) found that the MAO inhibitor iproniazid did not 
influence the minimal seizure threshold in rats at a time when maximum increase 
in the brain levels of NA and 5-HT (DA not measured) occurred and when the 
threshold for maximal seizures was enhanced. Moreover, BROWNING and 
MAYNERT (1978 a) reported that i.c.v. injection ofNA or DA in rats produced the 
same effect as catecholamine depletors, i.e., they decreased the threshold. How
ever, this effect ofNA and DA was accompanied by the decrease in body temper
ature and was not demonstrated in animals sufficiently supplied with external 
heat to prevent hypothermia. 

It should also be added that among the several p-adrenoceptor antagonists 
studied (JAEGER et al. 1979; Madan and BARAR 1974) only one D-( - )-I-(4-nitro
phenyl)-2-isopropylaminomethanol (D( - )INPEA) was shown to increase 
susceptibility to seizures (MADAN and BARAR 1974). 
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Thus, most of the data indicate that brain catecholamines - and most prob
ably NA - play an inhibitory role in the control of susceptibility to minimal sei
zures induced by high-frequency electroshock, and that p-adrenoceptors are not 
involved in this function. 

2. Maximal Electroshock Seizures 

A large body of evidence indicates that central catecholamines are attenuators of 
maximal seizures induced by electroshock; most of this evidence is based on 
changes in the threshold for these seizures after pharmacological modification of 
catecholaminergic activity. 

Thus, drugs which deplete the brain of catecholamines lower the threshold, 
i.e., they increase susceptibility to seizures in mice and rats (Table 1). Such an ef
fect has been reported not only after reserpine, tetrabenazine, and Ro 4-1284, 
which additionally decrease the concentration of brain 5-HT, but also after drugs 
which leave the level of indoleamine unchanged. They include guanethidine, in
hibitors of catecholamine synthesis (rx-MT and a number ofDA-p-hydroxylase in
hibitors) and a catecholamine neurotoxin (6-0HDA). The latter drug increases 
susceptibility to seizures not only after i.c.v. injection but also after its systemic 
administration to newborn rats (prior to the full development of the blood-brain 
barrier) with the measurement of susceptibility during their adult lives (OSUIDE 
and W AMBEBE 1979). Furthermore, the decrease in seizure threshold was also 
found by some authors after rx-adrenoceptor blocking agents and DA antago
nists, whereas several p-adrenoceptor blockers were found to produce the oppo
site effect, which was manifested as an increase in the threshold as well as a virtual 
anticonvulsant action. However, strong evidence has been presented that the ef
fects of the latter drugs are not related to P-blockade (JAEGER et al. 1979; MADAN 
and BARAR 1974; MURMANN et al. 1966). It should also be underlined that the ab
sence of changes in susceptibility to seizures reported after the other two catechol
amine (and 5-HT) depletors (rx-MMT and rx-methyl-DOPA) probably depends on 
the formation of their catabolites, which may act as false neurotransmitters at cat
echolaminergic receptors. 

On the other hand, the pharmacologically induced enhancement of catechol
aminergic function (Table 2) obtained by the inhibition of catecholamine catab
olism (MAO inhibitors), treatment with their precursor (DOPA), their release 
(amphetamines), or the inhibition of NA uptake (imipramine, cocaine) leads in 
most cases to decrease in susceptibility to seizures. A similar effect was reported 
after administration of the DA receptor agonists piribedil and apomorphine, 
though the effect of the latter drug in mice is questionable. In contrast, another 
DA agonist amantadine and i.c.v.-administered DA or NA produced the oppo
site effect, i.e., they increased susceptibility. As to the specificity of these results 
the following reservations, however, should be made: (1) DOPA-induced increase 
in the threshold in mice was antagonized neither by the rx-adrenoceptor antago
nist phentolamine nor by neuroleptics, and 5-HT release was suggested to be re
sponsible for this effect of DOPA (KLEINROK et al. 1978); (2) the effects ofimipra
mine and cocaine do not depend on NA uptake inhibition as desmethylimipra
mine, another inhibitor of the amine uptake, was ineffective (Table 2); and (3) a 



Table 1. The effects of drugs reducing catecholaminergic activity in susceptibility to maxi
mal electroshock seizures in mice (M) and rats (R) 

Drug Susceptibility References 
to seizures 
(animal species) 

Reserpine Increase (M) BUTERBAUGH and LoNDON (1977), CHEN et 
al. (1954, 1968a, b), CHOW and HENDLEY 
(1959), JENNEY (1954), JENNEY and PFEI-
FER (1956), PRZEGALINSKI (1976a), RUD-
ZIK and JOHNSON (1970) 

Increase (R) GRAY and RAUH (1971), JOBE et al. (1974), 
PIccmoNI et al. (1962), PRoCKOP et al. 
(1959), PRZEGALINSKI (1976b), RUDZIK 
and JOHNSON (1970) 

Tetrabenazine Increase (M) CHENetal. (1968b) 

R04-1284 Increase (R) JOBE et al. (1974), STULL et al. (1973, 1977) 

Guanethidine Increase (R) PF'EIFERetal. (1964) 

IX-MT Increase (M) BUTERBAUGH and LONDON (1977), CHEN et 
al. (1968a, b), KILIAN and FREY (1973), 
RUDZIK and JOHNSON (1970) 

No effect (M) GRAY and RAUH (1971), PRZEGALINSKI 
(1976a), ROUSSINOV et al. (1976) 

Increase (R) KILIAN and FREY (1973), PRZEGALINSKI 
(1976b), RUDZIK and JOHNSON (1970) 

No effect (R) GRAY and RAUH (1971) 

IX-MMT No effect (M) CHEN et al. (1968b) 

IX-Methyl-DOPA No effect (M) CHEN et al. (1968b) 

6-0HDA (i.c.v. or Increase (M) FUKUDA et al. (1975) 
intracisternally) Increase (R) BROWNING and MA YNERT (1978b), LONDON 

and BUTERBAUGH (1978), QUATTRONE and 
SAMANIN (1977), QUATTRONE et al. (1978) 

DA-p-hydroxylase Increase (M) CHEN et al. (1968b), KILIAN and FREY 
inhibitors (1973), RunZIK and JOHNSON (1970), 

ROUSSINOV et al. (1976) 

Increase (R) KILIAN and FREY (1973), RUDZIK and 
JOHNSON (1970) 

IX-Blockers Increase (M) CHEN et al. (1968b), KILIAN and FREY (1973) 

No effect (M) GRAY and RAUH (1974) 

p-Blockers Decrease (M) CHEN et al. (1968b), LESZKOVSZKY and 
T ARDOS (1965), MADAN and BARAR 
(1974), MENNEAR and RunZIK (1968), 
M URMANN et al. (1966) 

No effect (M) CHEN etal. (1968b), GRAY and RAUH 
(1974), KILIAN and FREY (1973), MUR-
MANN et al. (1966) 

Decrease (R) JAEGER et al. (1979),LESZKOVSZKY and 

DA antagonists TARDOS (1965) 

(neuroleptics) Increase (M) CHEN et al. (I 968b), KLEINROK et al. (1978) 

No effect (M) Emu GYORGY (1979), KILIAN and FREY (1973), 
KLEINROK et al. (1978) 
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Table 2. The effects of drugs enhancing catecholaminergic activity in susceptibility to maxi-
mal electroshock seizure in mice (M) or rats (R) 

Drug Susceptibility to References 
seizures (animal 
species) 

MAO inhibitors Decrease or no CHEN et al. (1968a, b), CHOW and HENDLEY 
effect(M) (1959), P'ANetal. (1961), RUOZIK and 

JOHNSON (l970) 

Decrease (R) PIccmoNI et al. (1962), P' AN et al. (1961), 
PROCKOP et al. (1959) 

DOPA a Decrease (M) CHEN et al. (1968b,), KILIAN and FREY 
(1973), KLEINROK et al. (1978), 
KcKENZIE and SOROKO (l972, 1973), 
RUOZIK and JOHNSON (1970) 

Decrease (R) KILIAN and FREY (1973), McKENZIE and 
SOROKO (1972) 

NA (i.c.v.) Increase (R) BROWNING and MA YNERT (1978a) 

DA(i.c.v.) Increase (R) BROWNING and MAYNERT (1978a) 

Amphetamine Decrease (M) FREY (1964), KILIAN and FREY (1973), 
KLEINROK et al. (1978), McKENZIE and 
SOROKO (l972), RUOZIK and JOHNSON 
(l970) 

Decrease (R) RUOZIK and JOHNSON (1970), KcKENZIE 
and SOROKO(1972) 

N-Methylamphetamine Decrease(M) RUOZIK and JOHNSON (l970) 

Decrease (R) RUOZIK and JOHNSON (1970) 

Imipramine Decrease (M) CHEN et al. (1968a, b), CHOW and HENDLEY 
(l959) 

Desmethylimipramine No effect (M) CHENetal. (1968a) 

Cocaine Decrease (M) CHEN et al. (1968a) 

Apomorphine No effect (M) KLEINROK et al. (1978), McKENZIE and 
SOROKO (1972) 

Decrease (M) GYORGY (1979) 

Decrease (R) McKENZIE and SOROKO (1972) 

Piribedil Decrease (M) GYORGY (1979) 

Amantadine Increase (M) KLEINROK et al. (1978) 

a In some experiments mice pretreated with MAO inhibitors were used 

rather unexpected increase in susceptibility to seizures induced in mice by 
amantadine was not prevented by DA antagonists (KLEINROK et al. 1978), and 
the same effect produced by i.c.v.-administered DA or NA in rats was attributed 
to the hypothermic action of these amines (BROWNING and MAYNERT 1978 a). 

Further evidence indicating the involvement of catecholamines originates 
from experiments in which a reserpine-, tetrabenazine-, Ro 4-1284-, or IX-MT-in-
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duced increase in susceptibility to seizures was reversed if brain catecholamines 
were restored by MAO inhibitors (CHEN et al. 1968 a, b; CHOW and HENDLEY 
1959; PICCHIONI et al. 1962; STULL et al. 1977) or by DOPA given alone, in com
bination with an MAO inhibitor, or with an inhibitor of extracerebral aromatic 
L-amino acid decarboxylase (CHEN et al. 1968 b; JOBE et al. 1974; STULL et al. 
1977). Furthermore, the effects of reserpine and tetrabenazine were also antago
nized by amphetamines (RUDZIK and JOHNSON 1970) and by NA uptake in
hibitors including desmethylimipramine (CHEN et al. 1968 a, b). 

Similar conclusions may also be drawn from the papers of SCHLESINGER et al. 
(1968 b) and SCUDDER et al. (1966), who studied susceptibility to seizures in sev
eral strains of mice with different levels of brain monoamines and found it to be 
raised in strains with low concentrations of catecholamines (and 5-HT), and from 
the results reported by GoLDBERG et al. (1975), who have shown increased suscep
tibility to seizures in spontaneously hypertensive rats which have a slow turnover 
rate of brain NA and DA. 

On the other hand, when depletors of central monoamines were studied in 
spontaneously nonextensor rats, restoration of hind limb tonic extension (a crite
rion for maximal seizures) was found after administration of reserpine 
(BUTERBAUGH 1978; KOSLOW and ROTH 1971) but not after administration of 0(

MT (BUTERBAUGH 1978), and this is the only finding against the participation of 
catecholamines. 

On the basis of all the above-cited data it is, however, difficult to differentiate 
the importance of NA and DA, as most treatments used in pharmacological ex
periments affect both amines. Nevertheless, the increase in susceptibility to sei
zures after the administration of DA-p-hydroxylase inhibitors and the decrease 
after the administration of NA uptake inhibitors, which also antagonize the ef
fects of reserpine and tetrabenazine, suggest the involvement ofNA, whereas the 
increase in the convulsive threshold after apomorphine and piribedil (antago
nized by haloperidol- GYORGY 1979) and the opposite effect of most DA antag
onists may indicate the involvement ofDA. 

Other data, however, seem to indicate the importance ofNA and exclude the 
participation ofDA. They are: (I) The antagonism of the anticonvulsant action 
of DOPA (in mice pretreated with an MAO inhibitor) by an inhibitor of DA-P
hydroxylase (McKENZIE and SOROKO 1973); (2) the increase in susceptibility to 
seizures in rats with a selective depletion of brain NA by benztropine+6-0HDA 
treatment (SIMONTON and BROWNING 1977) but not with a selective reduction of 
brain DA concentration by a desmethylimipramine- or protriptyline-6-0HDA 
combination (QUATTRONE et al. 1978; SIMONTON and BROWNING 1977); and (3) 
increased susceptibility to seizures in rats with a selective depletion of forebrain 
NA (after a microinjection of 6-0HDA into NA fibers in the mesencephalon) but 
not with a selective DA depletion after a microinjection of 6-0HDA into the 
nigrostriatal bundle (MASON and CORCORAN 1979b). Interestingly, depletion of 
forebrain NA induces only a prolongation of maximal seizures, whereas the de
crease in the threshold was shown by the same authors (MASON and CORCORAN 
1979 a) after a selective depletion of spinal cord NA. 

On the other hand, an amphetamine-induced decrease in susceptibility to sei
zures in mice was antagonized by phentolamine as well as by several DA antag-
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onists (KLEINROK et al. 1978). The reversal of Ro 4-1284-induced increase in the 
susceptibility in rats by DOPA (+ an MAO inhibitor) was not antagonized by 
pimozide or by an inhibitor ofDA-p-hydroxylase alone but was completely abol
ished by their combined administration (JOBE et al. 1974). Moreover, the above
mentioned effect ofRo 4-1284 in rats was antagonized not only by i.c.v.-admin
istered NA (STULL et al. 1977), but also by apomorphine or i.c.v.-injected DA 
(STULL et al. 1973, 1977). In addition, these effects of apomorphine and DA were 
blocked by pimozide (STULL et al. 1973). Therefore, it may be concluded from 
these studies that both NA and DA are involved. It is relevant to add that phar
macological data suggest the involvement ofDA (DE SCHAEPDRYVER et al. 1962) 
or both NA and DA (BILLIETet al. 1970) in susceptibility to maximal seizures also 
in rabbits. 

3. Amygdaloid Kindling 
The repeated electrical stimulation of different brain structures with a stimulus 
which is initially subconvulsive produces EEG seizure responses and behavioral 
(clonic) convulsions in rats, rabbits, and other species, and this phenomenon is 
called "kindling." Among the brain structures, the limbic system seems to be the 
most sensitive. Hence amygdaloid kindling in rats was used by several authors to 
study the role of brain catecholamines - and other neurotransmitters - in this 
model of epileptogenesis. 

ARNOLD et al. (1973) were the first to find that rats treated with 6-0HDA 
(i.c.v.) or reserpine required fewer stimulations to induce motor seizures than 
nontreated control animals, and they suggested that this effect results from the 
depletion of central catecholamines. The influence of i.c.v.-administered 
6-0HDA was also studied by CORCORAN et al. (1974), who reported the facilita
tion of seizure development in animals treated with an MAO inhibitor and 6-0H
DA (a substantial depletion of both NA and DA) but not with 6-0HDA alone 
(the preferential depletion ofNA). Therefore, they supposed that the destruction 
of either catecholaminergic or only dopaminergic neurons is responsible for this 
effect. 

However, further studies with 6-0HDA or other drugs affecting catechol
aminergic transmission indicate that NA is more important. Thus, McINTYRE et 
al. (1979) have shown that the depletion of both NA and DA after 6-0HDA 
(i.c.v.) but not ofDA alone (desmethylimipramine+6-0HDA) facilitates the de
velopment of behavioral convulsions. Furthermore, a similar effect was found 
when 6-0HDA was injected into the bilateral trajectories of the NA-ascending 
fibers, selectively depleting forebrain NA (CORCORAN and MASON 1980; MOHR 
and CORCORAN 1981), but not when forebrain DA was selectively depleted as the 
result of a 6-0HDA injection into the ascending DA fibers in the mesencephalon 
(CORCORAN and MASON 1980). It was also reported that fewer stimulations were 
necessary to evoke seizures in rats treated with (X-MT or disulfiram during the 
kindling procedure (CALLAGHAN and SCHWARK 1979). A similar effect was shown 
by these authors after the administration of propranolol, whereas phenoxy benz
amine, clonidine, pimozide, and apomorphine were inactive in their study. Inter
estingly, they also found that amygdaloid kindling decreases the NA level in sev
eral brain structures, leaving the DA concentration unchanged. All these results 
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confirm the importance of NA but not DA. Additionally, they indicate the in
volvement of p- rather than (X-receptors in this phenomenon. 

It should also be added that the impairment ofNA transmission not only fa
cilitates the development of behavioral seizures but also enhances EEG responses, 
increasing the duration of afterdischarges, leaving only the first of them intact 
(CALLAGHAN and SCHWARK 1979; CORCORAN et al. 1974; CORCORAN and MASON 
1980; MOHR and CORCORAN 1981). The latter finding and the lack of influence 
of drugs reducing NA activity on the afterdischarge threshold (ARNOLD et al. 
1973; CORCORAN and MASON 1980; MOHR and CORCORAN 1981) suggest that the 
facilitation of kindling observed under such experimental conditions is a result of 
disinhibition of the spread of epileptiform activity and not of an increase in 
epileptogenicity of the stimulated brain structure (amygdala). In other words 
under physiological conditions NA would be a neurotransmitter playing an in
hibitory role in the propagation of seizure activity during kindling. 

In all the above-cited studies the development of seizures was investigated 
when drugs used to modify the catecholaminergic function were given before the 
start or during the kindling procedure. However, there are also some data on the 
effect of these drugs in kindled rats with fully developed behavioral convulsions. 
Reserpine was shown to potentiate them (ARNOLD et al. 1973; CORCORAN et al. 
1974), clonidine and propranolol were found to have an anticonvulsant effect 
(ASHTON et al. 1980), whereas (X-MT, phenoxybenzamine, haloperidol, and 
apomorphine were reported as inactive (ASHTON et al. 1980; CORCORAN et al. 
1974; McINTYRE et al. 1979). So, the picture is unclear, especially since the effect 
of propranolol was suggested to be unspecific and clonidine, used as an NA ag
onist, could at the effective dose (0.16 mg/kg) stimulate the (X-2 receptor and ac
tually decrease NA activity, producing at the same time an effect opposite to that 
of reserpine. These results suggest that a quite different, or more, neurotransmit
ter system(s) may be involved in the expression of kindled seizures than in their 
development. However, further studies are necessary to elucidate this problem. 

II. Seizures Induced by Chemical Agents 

1. Pentylenetetrazol 

a) Clonic Convulsions 

In spite of the large amount of research carried out no clear conclusion can be 
drawn as to the role of catecholamines in pentylenetetrazol (PTZ)-induced clonic 
convulsions in mice. As shown in Table 3, there is no correlation between pharma
cologically changed catecholaminergic activity and susceptibility to PTZ-induced 
seizures. Even if some particular drugs are taken into consideration (e.g., reser
pine or a low dose of amphetamine), different results (decrease or increase in 
susceptibility to seizures or no effect) were reported. 

The reasons for these discrepancies are not completely clear. Some of them 
may result from the different strains of mice used in experiments as, for example, 
GERALD and RlFFEE (1973) using ICR mice found no effect, whereas using CD-l 
mice in another study they (RIFFEE and GERALD 1976) found a decrease in suscep
tibility to seizures after a low dose of amphetamine. Other discrepancies may de-
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Table 3. The effects of drugs affecting catecho1aminergic activity in PTZ-induced clonic 
convulsions in mice 

Drug Susceptibility 
to seizures 

Drugs reducing catecho1aminergic activity 

Reserpine 

oc-MT 

6-0HDA (i.c.v.) 

6-0HDOPA 

DA-p-hydroxy1ase 
inhibitors 

oc-Blockers 

p-Blockers 

DA antagonists 
(neuro1eptics) 

Increase 

No effect 

Decrease 

Increase 
No effect 

No effect 

Decrease 

Increase 

No effect 

No effect 

Decrease 

Increase 

No effect 

No effect 

Decrease 

Drugs enhancing catecho1aminergic activity 

MAO inhibitors No effect 

DOPA" 

Amphetamine 
(low dose) b 

Amphetamine 
(high dose) C 

C10nidine 

Decrease 

Decrease 

No effect 

Increase 

Increase 

Increase or no 
effect 

References 

CHIMOTE and MOGHE (1977), LITTLE and 
CONRAD (1960), PRZEGALrNSKI (1975) 

CHEN and BOHNER (1956,1961), CHEN et al. 
(1954), KOBINGER (1958b) 

GERALD and GUPTA (1977) 

KILIAN and FREY (1973) 
GERALD and GUPTA (1977) 

OISHI et al. (1979b) 

GERALD and GUPTA (1977) 

CHIMOTE and MOGHE (1977), KILIAN and 
FREY (1973) 

GERALD and GUPTA (1977) 

RIFFEE and GERALD (1976), KILIAN and 
FREY (1973) 

OISHI et al. (1979b) 

KILIAN and FREY (1973) 

RIFFEE and GERALD (1976) 

KILIAN and FREY (1973), PRZEGALINSKI 
(1975), RIFFEE and GERALD (1976) 

CHIMOTE and MOGHE (1977) 

KLEINROK etal. (1977), KOBINGER (1958b), 
PRZEGALINSKI (1975) 

KILIAN and FREY (1973), KOBINGER (1958b) 

GERALD und GUPTA (1977), KILIAN and 
FREY (1973), RIFFEE and GERALD (1976, 
1977) 

GERALD and RIFFEE (1973), WOLF and 
STOCK (1966) 

WOLF et al. (1969) 

GERALD and GUPTA (1977), GERALD and 
RIFFEE (1973), RIFFEEand GERALD (1976, 
1977), WOLF et al. (1969), WOLF and 
STOCK (1966) 

OISHI et al. (1979b) 

" In some experiments mice pretreated with MAO inhibitors were used 
b Refers to 2-5 mg/kg d-amphetamine 
C Refers to 8-16 mg/kg d-amphetamine 
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pend on the experimental procedure used. For example, OISHI et al. (1979b) have 
shown that clonidine was ineffective if the PTZ seizure threshold was measured, 
whereas the drug enhanced the incidence of generalized clonic convulsions after 
the injection of a fixed dose ofPTZ. 

It is also noteworthy that some results presented by the same authors even in 
the same report seem to lead to opposite conclusions. Thus, GERALD and GUPTA 
(1977) found that the decrease in susceptibility to seizures induced by a low dose 
of amphetamine was antagonized by reserpine, oc-MT, 6-0HDOPA, or an inhibi
tor of DA-p-hydroxylase; this suggests the inhibitory role of catecholamines or 
NA. On the other hand, they also showed that the increase in susceptibility after 
a high dose of amphetamine - though not antagonized by any of the above-men
tioned drugs - was prevented by the combined treatment with reserpine and oc
MT; this indicates rather a facilitatory effect of catecholamines. 

These and other facts indicate that, as far as clonic convulsions in mice are 
concerned, the interaction between PTZ and the drugs which affect catecholamin
ergic transmission cannot be explained by alteration in catecholaminergic activ
ity. 

Much less study was carried out on rats. SPENCER and TURNER (1969) reported 
the potentiation of PTZ clonic convulsions in this species by amphetamine and 
antagonism of this effect by oc-MT but not DDC. Therefore they suggested that 
DA is responsible for the amphetamine effect. However, as neither oc-MT nor 
DDC influenced susceptibility to seizures in animals treated with PTZ only, the 
facilitatory function of DA (or NA) seems dubious. Other studies unanimously 
indicate the inhibitory role ofNA. Thus, KILIAN and FREY (1973) have shown a 
decrease in the PTZ threshold not only after oc-MT but also after DA-P-hy
droxylase inhibitors. BHATTACHARYA et al. (1978) reported an increase in suscep
tibility to seizures after the administration of reserpine, oc-MT, and DDC and in
hibition of the seizures after the administration of DOPA, with the effect of the 
latter drug being antagonized by DDC. Moreover, they also found some tendency 
for susceptibility to increase after administration of the oc-adrenoceptor antago
nist phenoxybenzamine and administration of the p-adrenoceptor blocker pro
pranolol but not after administration of the DA antagonist haloperidol. OISHI et 
al. (1979a) studied the correlation between susceptibility to the PTZ convulsions 
and changes in NA contents of different brain regions, and suggested the inhibi
tory role of brain stem NA. They found a decrease in the PTZ threshold in adult 
rats after i.c.v.-administered 6-0HDA, which produced the depletion of NA in 
several brain structures (including the brain stem) and ofDA in the striatum. On 
the other hand, when 6-0HDA was given by the same route to 8-day-old animals 
and the PTZ challenge was carried out 14-18 weeks after birth, no effect on 
susceptibility to seizures was shown. In these animals the level of NA was de
creased in all examined structures except the brain stem (where it was elevated), 
and striatal DA was profoundly depleted. Moreover, the lack of an effect on 
susceptibility was also shown after microinjections of 6-0HDA into the dorsal or 
ventral NA bundle which were accompanied by the depletion ofNA in the cortex 
and hypothalamus but not in the brain stem. In this context it is interesting to 
underline that the 6-0HDA-induced depletion of cerebellar or spinal NA does 
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not affect clonic convulsions produced by PTZ in rats (MASON and CORCORAN 
1979 a). 

b) Tonic Convulsions 

Similarly to clonic convulsions, the participation of central catecholamines in 
PTZ-induced tonic seizures in mice is also doubtful. On the one hand - as can be 
seen in Table 4 - the increase in susceptibility to seizures was found not only in 
animals depleted of brain catecholamines and 5-HT (reserpine, tetrabenazine) but 
also in those with only the catecholamine level decreased (prenylamine, 6-0HDA 
i.c.v.) or even with selective depletion ofNA (guanethidine). Furthermore, the ef
fects of reserpine, tetrabenazine, prenylamine, and guanethidine were reversed if 
brain catecholamines were restored by MAO inhibitors (CHEN and BOHNER 1961; 
KOBINGER 1958b; LESSIN and PARKES 1959; PFEIFER and GALAMBOS 1967 a) and 
that of reserpine was additionally antagonized by DOPA (+ an MAO inhibitor), 
NA uptake inhibitors (imipramine and cocaine), and i.c.v.-administered NA or 
DA (CHEN and BOHNER 1961; JONES and ROBERTS 1968). It should also be added 
that mice of a strain characterized by a low concentration of catecholamines (and 
5-HT) in the brain are more susceptible to PTZ seizures than those with a higher 
level of the monoamines (SCHLESINGER et al. 1968 b). 

On the other hand, depletion of brain catecholamines by ex-MMT, ex-methyl
DOPA, ex-MT, and some DA-p-hydroxylase inhibitors had no effect on the PTZ 
threshold. Inasmuch as the depletion of catecholamines induced by ex-MMT and 
ex-methyl-DOPA may be counteracted by the catabolites of these depletors (see 
Sect. B.L2), the lack of an effect of ex-MT and some DA-p-hydroxylase inhibitors 
is strong evidence against the involvement of cerebral catecholamines. Data on 
catecholaminergic antagonists are also controversial. A low dose of the ex-adreno
ceptor blocker phentolamine (1 mg/kg) was found inactive, whereas a higher dose 
of the drug (10 mg/kg) increased the PTZ threshold. Since this effect did not ap
pear in mice pretreated with 6-0HDA (i.c.v.), OISHI et al. (1979b) suggested that 
it results from the blockade of presynaptic ex-2 receptors and from the increased 
release of NA. The DA antagonist haloperidol is ineffective whereas P-blockers 
produce different effects including the decrease in the PTZ threshold after a low 
dose of propranolol (KILIAN and FREY 1973) and virtual anticonvulsant action 
after higher doses of propranolol and pronethalol (MURMANN et al. 1966). The 
latter effect does not seem to be specific, however, as other p-antagonists do not 
share this property (MADAN and BARAR 1974; MURMANN et al. 1966). 

Regarding the drugs which enhance catecholaminergic activity (Table 4), 
both DOPA and MAO inhibitors produce different effects, including a rather un
expected increase in susceptibility to seizures. However, such an effect was found 
for some MAO inhibitors shortly after their injection and it seems to be unrelated 
to the increase in brain monoamines (SPOERLEIN and ELLMAN 1961). The effect 
of DOPA was shown after a very high dose (500 mg/kg), which, not being antag
onized by haloperidol, enables at least the participation of DA to be excluded 
(LAZAROVA and ROUSSINOV 1978). In other studies the MAO inhibitors and DO
PA were either ineffective or decreased susceptibility. A decrease in susceptibility 
was also reported after i.c.v. adIninistration ofDA but not NA. However, the in
hibitory function ofDA seems doubtful as apomorphine was inactive whereas an-



Table 4. The effects of drugs affecting catecholaminergic activity on PTZ-induced tonic con
vulsions in mice 

Drug Susceptibility 
to seizures 

Drugs reducing catecholaminergic activity 

Reserpine Increase 

Tetrabenazine Increase 

Prenylamine Increase 

Guanethidine Increase 

IX-MT No effect 

IX-MMT No effect 

IX-Methyl-DOPA No effect 

6-0HDA (i.c.v.) Increase 

DA-p-hydroxylase Increase or no 
inhibitors effect 

Phentolamine No effect 

Decrease 

P-Blockers Different effects a 

Haloperidol No effect 

Drugs enhancing catecholaminergic activity 

References 

CHEN et al. (1954), CHEN and BOHNER (1956), 
KOBINGER (1958a, b), LESSIN and PARKES (1959) 

LESSIN and PARKES (1959) 

PFEIFER and GALAMBOS (1967a) 

PFEIFER and GALAMBOS (1967a) 

KILIAN and FREY (1973), ROUSSINOV et al. 
(1976), RUDZIK and JOHNSON (1970) 

PFEIFER and GALAMBOS (1967a, b) 

PFEIFER and GALAMBOS (1965) 

Olsm et al. (1979b) 

KILIAN and FREY 1973) MAl and VETULANI 
(1970), ROUSSINOV et al. (1976), RUDZIK 
and JOHNSON (1970) 

KILIAN and FREY (1973) 

OISmetal. (1979b) 

KILIAN and FREY (1973), MADAN and 
BARAR (1974), MURMANN et al. (1966) 

KILIAN and FREY (1973), LAZAROVA and 
ROUSSINOV (1978) 

MAO inhibitors Different effects a KLEINROK et al. (1977), KOBINGER (1958b), 

DOPA b 

NA(i.c.v.) 

DA(i.c.v.) 

Amphetamine (low 
dose)C 

Amphetamine (high 
dose) 

Apomorphine 

Amantadine 

Clonidine 

Different effects a 

No effect 

Decrease 

No effect 

Increase 

No effect 

Decrease 

No effect 

Increase 

Increase 

LESSIN and PARKES (1959), PFEIFER and 
GALAMBOS (1967a), PRocKopet al. 
(1959), SPOERLEIN and ELLMAN (1961) 

KILIAN and FREY (1973), KOBINGER (1958b), 
LAZAROVA and ROUSSINOV (1978), LESSIN and 
PARKES (1959), RunZIK and JOHNSON (1970) 

JONES and ROBERTS (1968) 

JONES and ROBERTS (1968), RoussINovand 
LAZAROVA (1978) 

GERALD and RIFFEE (1973), KILIAN and FREY 
(1973), RUDZIK and JOHNSON (1970) 

LAZAROVA and ROUSSINOV (1978) 

RUDZIK and JOHNSON (1970) 

GERALD and RIFFEE (1973) 

LAZAROVA and ROUSSINOV (1978) 

LAZAROVA and ROUSSINOV (1978) 

Olsmetal. (1979b) 

a Increase, decrease, or no effect. b In some experiments mice pretreated with MAO inhibitors 
or with an inhibitor of extracerebral aromatic L-amino acid decarboxylase were used. C Refers 
to 1-5 mg/kg d-amphetamine. d Refers to 10-25 mg/kg d-amphetamine 
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other DA agonist, amantadine, even facilitated PTZ-induced tonic convulsions. 
The latter effect, however, is rather unspecific since it was not prevented by halo
peridol (LAZAROVA and ROUSSINOV 1978). Results obtained with amphetamine 
are too variable to be useful for any conclusion whereas the increase in suscepti
bility to seizures after the NA agonist clonidine was suggested to be a result of 
the stimulation of presynaptic 1X-2 receptors and of the inhibition of NA release 
(OISHI et al. 1979 b). The prevention of this effect by phentolamine was considered 
as evidence. However, the effect of clonidine was still present in 6-0HDA-pre
treated mice when the presynapic parts ofNA synapses were destroyed. 

In rats, there is some evidence indicating the inhibitory role ofNA. Although 
DE LA TORRE and MULLAN (1970) found that neither IX-MT nor the DA-P-hy
droxylase inhibitor disulfiram affect susceptibility to PTZ-induced seizures, only 
the inhibitory and not the proconvulsant effect could be detected in their experi
ment - at least if tonic convulsions are taken into consideration. On the other 
hand, an increase in susceptibility was reported after administration of reserpine 
(EICHBAUM and Y ASAKA 1973; PFEIFER and GALAMBOS 1965) as well as after i.c.v.
administered 6-0HDA (CORCORAN et al. 1973, 1974). Moreover, the same effect 
was shown in rats with selective depletion of forebrain NA induced by the 
microinjection of 6-0HDA into ascending noradrenergic pathways (MASON and 
CORCORAN 1978, 1979 b). 

As to the involvement of DA, FARIELLO and HORNYKIEWICZ (1979) studied 
the PTZ threshold after electrolytic lesions of the substantia nigra. They found 
a decrease in the threshold 12 h after the lesion when striatal DA and its metab
olites were augmented and a considerable increase in the threshold at a time when 
striatal DA and its metabolites were reduced. This suggests the facilitatory role 
of the amine. In line with this conclusion the increase in susceptibility to PTZ was 
also reported after DOPA, amphetamine, and amantadine ( LAZAROVA and 
ROUSSINOV 1978; SAFTA et al. 1976), though the effect of the latter drug was sug
gested to be unspecific (SAFTA et al. 1976). In contrast neither the selective deple
tion of striatal DA after a microinjection of 6-0HDA into the nigrostriatal 
bundle (MASON and CORCORAN 1979 b) nor apomorphine and haloperidol 
(LAZAROVA and ROUSSINOV 1978) modify susceptibility to PTZ-induced tonic 
convulsions in rats. 

2. Other Chemical Agents 

There is some evidence that brain catecholamines may playa role in the convul
sions produced by other chemicals. As it was reported that not only reserpine, IX
MT, and IX-methyl-DOPA but also DA-p-hydroxylase inhibitors increase suscep
tibility to caffeine- (CHEN and BOHNER 1956, 1961; CHEN et al. 1954; RUDZIK and 
JOHNSON 1970), bemegride- (CHIMOTE and MOGHE 1977; RUDZIK and JOHNSON 
1970), and procaine-induced seizures (CHIMOTE and MOGHE 1977), NA was sug
gested to be an attenuator of the convulsions induced by these drugs. The inhibi
tory role of the amine was also suggested in bicuculline-evoked convulsions as IX
blockers potentiated them and antagonized the anticonvulsant effect of neurolep
tics (WORMS and LLOYD 1979). Some other reports indicate that brain catechol
amines also participate in hexafluorodiethyl ether- or morphine-induced seizures 
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(AYHAN 1976; BROWNING and MAYNERT 1978 b; TRUITT and EBERSBERGER 1962); 
however, it is not clear whether NA or DA is involved. 

On the other hand central catecho1amines do not seem to be involved in con
vulsions produced by strychnine (CHEN and BOHNER 1956,1961; CHEN et al. 1954; 
EICHBAUM and YASAKA 1973; PROCKOP et al. 1959) or cocaine (MASON and COR
CORAN 1979 b). 

III. Reflex Epilepsy Models 
1. Audiogenic Seizures 
Most studies on the role of catecholamines in audiogenic seizures were carried out 
on susceptible strains of mice. These studies have shown that substances which 
lower the catecholamine level in the brain (reserpine, tetrabenazine, Ro 4-1284, 
a-MT, 6-0HDA) increase susceptibility to seizures (ALEXANDER and KOPELOFF 
1976; BOGGAN and SEIDEN 1971; LEHMANN 1968, 1977; SCHLESINGER et al. 1968a, 
1970), whereas drugs which increase brain catecholamine concentrations (DOPA, 
MAO inhibitors, pyrogallol) bring about the opposite effect, that is, they inhibit 
audiogenic convulsions (ALEXANDER and KOPELOFF 1976; BOGGAN and SEIDEN 
1971; BOGGAN et al. 1971; KELLOGG 1976; LEHMANN 1967; SCHLESINGER et al. 
1968 a, 1970, 1975). The above data do not permit the differentiation of the roles 
of NA and DA, because all these substances affect the level of both catechol
amines, and most of them also affect the 5-HT level. A similar limitation, in this 
respect, is seen in a study of COLEMAN and SCHLESINGER (1965), who found in
creased susceptibility to seizures in mice maintained on a diet with pyridoxine 
deficiency, since the vitamin is a cofactor in the synthesis of both catecholamines 
and also of other neurotransmitters (5-HT, y-aminobutyric acid). 

There exists, however, a large body of additional data which discusses sepa
rately the involvement ofNA and DA. Time-response studies in mice treated with 
reserpine, a-MT, and MAO inhibitors have shown some correlation between the 
endogenous level of brain NA (and also 5-HT) and susceptibility to audiogenic 
seizures (SCHLESINGER et al. 1970). The relationship was not perfect, however, and 
the authors did not measure the concentration ofDA. LEHMANN (1977) reported 
that the i.c.v. administration of 6-0HDA increases susceptibility to seizures in 
such a way that it transforms clonic seizures into tonic convulsions in a clonic 
mouse strain. This effect did not appear, however, if 6-0HDA-induced depletion 
of brain NA - but not DA - was effectively prevented by a pretreatment with des
methylimipramine. It should be added here that not only central but also periph
eral NA may be of some inportance for the nature of the audiogenic seizure re
sponse, as ALEXANDER and KOPELOFF (1978) and LEHMANN (1977) found that sys
tematically injected 6-0HDA increases the number of lethal seizures in mice 
which before the treatment had responded with tonic convulsions. 

In line with the above results SCHLESINGER et al. (1969) found that an intra
cranial injection of NA reduced the incidence of lethal seizures. Moreover, some 
NA receptor agonists (clonidine, oxymetazoline, UK 14,304) have been reported 
to antagonize audiogenic seizures (HORTON et al. 1980; KELLOGG 1976). However, 
these agonists preferentially stimulate a-2 receptors and therefore the reduction 
rather than activation ofNA transmission can be expected under their influence. 
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Furthermore, the anticonvulsant effect of these agonists was blocked by (X-2 an
tagonists (yohimbine, piperoxan, phentolamine) but not by the (X-I antagonist 
phenoxybenzamine (HORTON et al. 1980). The latter drug was, however, given in 
too small a dose (5 mg/kg) to exclude completely the involvement of (X-I recep
tors. Neither of the above-mentioned (X-2 and (X-I antagonists showed their own 
action in aUdiogenic seizures, though since the almost maximum effect was ob
served in control groups only antagonistic action could be demonstrated in this 
experiment (HORTON et al. 1980). 

The anticonvulsant effect of the p-adrenoceptor antagonist propranolol has 
been described by ANLEZARK et al. (1979). However, this effect seems to be unre
lated to P-blockade since (-) and (+) enantiomers of the drug acted with similar 
potency, whereas the ( - ) enantiomer is 10-100 times stronger as a p-antagonist. 

Other arguments supporting the role ofNA come from studies in which a cor
relation between susceptibility to audiogenic seizures and the level or metabolism 
of the amine was sought in various strains of mice. Thus, SCHLESINGER et al. 
(1965) compared three strains of mice (DBA/2J, B6D2Fl, C57BL/6J) and 
showed that DBA/2J mice demonstrated greatest susceptibility to seizures and the 
lowest level ofNA (and also of 5-HT) in the brain whereas C57BL/6J mice, which 
were resistant to audiogenic seizures, had a significantly higher concentration of 
brain NA (and 5-HT). Similar results were reported by KELLOGG (1971, 1976), 
who found a lower NA level in the forebrain and hindbrain and reduced MAO 
activity in the whole brain of DBA/2J mice in comparison to C57BL/6J ones. 
Other authors described the lower activity of catechol-O-methyl transferase, but 
not of MAO, in the brain of the susceptible strain of mice (SCHLESINGER et al. 
1975). The above differences pertaining to the NA level as well as catechol-O
methyl transferase and MAO activity were most conspicuous in 2l-day-old mice, 
which is the age when DBA/2J mice showed the greatest susceptibility to seizures. 
On the other hand MCGEER et al. (1969) found no difference in the brain NA con
centration between DBA/2J and C57BL/6J mice. However, these authors per
formed their study on 6-week-old animals, which is the age when - according to 
SCHLESINGER et al. (1965) - DBA/2J mice are almost nonresponsive to audiogenic 
shock. 

As to the role of DA in mice, the most important finding is that several ago
nists of DA receptors (apomorphine, N-n-propyl-norapomorphine, bromocryp
tine, ergometrine, ergocornine, piribedil) decrease susceptibility to seizures (AN
LEZARK and MELDRUM 1975; ANLEZARK et al. 1976, 1978; ASHTON et al. 1976; 
KELLOGG 1976) and that this effect is blocked by the neuroleptic agent haloperi
dol (ANLEZARK et al. 1976). Further evidence has been reported by BOGGAN and 
SEIDEN (1971), who found that DOPA antagonizes audiogenic seizures and rever
ses the reserpine-induced increase in susceptibility to seizures. Both effects were 
better correlated with the increase in brain DA than NA concentrations. On the 
other hand, LEHMANN (1977) could not demonstrate any changes in seizures 
reactivity in clonic and tonic strains of mice after central DA depletion (des
methylimipramine + 6-0HDA i.c.v.), and PLOTNIKOFF (1960) reported that - de
pending on the strain of mice used - the DA antagonist chlorpromazine had ei
ther no effect or antagonized audiogenic seizures. Moreover, no significant differ-
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ences in brain DA levels were found when mice susceptible to aUdiogenic seizures 
and nonsensitive mice were compared (KELLOGG 1976; MCGEER et al. 1969). 

Considering the role of catecholamines there are relatively few data from stud
ies performed on rats. JOBE et al. (1973 b, c) showed the increase in susceptibility 
to audiogenic seizures after administration of Ro 4-1284. This effect was better 
correlated with the depletion of brain NA than DA and was potentiated not only 
by (X-MT but also by DDC. The same authors also found that imipramine, which 
by itself shows anticonvulsant action, antagonized the Ro 4-1284-induced in
crease in susceptibility to seizures and the depletion of brain NA but not DA. They 
also demonstrated a marked intensification of audiogenic seizures after i.c.v. ad
ministration of reserpine and after combined treatment with (X-MT and (X-MMT, 
or (X-MT and lithium carbonate. Also in these experiments the pharmacological 
effect was better correlated with the depletion of brain NA than DA. A weak 
point of these studies that should be underlined is that (X-MT, given alone, had 
no influence on audiogenic seizures although it lowered brain NA and DA levels 
considerably. On the other hand, the lack of the influence ofDDC should be as
sociated with the experimental conditions used (dose, treatment time) where this 
inhibitor ofNA synthesis did not change the level of that amine. 

The results of studies where 6-0HDA was used also suggest the involvement 
ofNA rather than DA. BOURN et al. (1972,1978) found an increase in convulsive 
seizure intensity after its i.c.v. administration. This effect was strongly antago
nized by pretreatment with desmethylimipramine, which at the same time pre
vented the depletion of brain NA but not DA. The same authors (BOURN et al. 
1977) administered 6-0HDA also systemically to newborn rats and found that 
at an age of 60 days these animals were more susceptible to audiogenic seizures 
and had a much lower concentration of NA, and not DA, in some brain struc
tures. The results of JERLICZ et al. (1978 b), who described the increase in suscep
tibility to seizures In rats with bilateral lesions of the locus ceruleus, should also 
be regarded as important evidence for the involvement of brain NA. On the other 
hand, it should be mentioned that MCGEER et al. (1969) compared the levels of 
tyrosine, NA, and DA and the activity of tyrosine hydroxylase in the brain of rats 
susceptible and not susceptible to audiogenic seizures and found no significant 
differences. 

2. Photogenic Seizures 
The intermittent light stimulation induces a paroxysmal myoclonic response and 
paroxysmal EEG activity in the Senegalese baboon, Papio papio, and studies in 
recent years have shown that this reaction is modified by many substances affect
ing brain catecholamines. The results of those studies are, however, too remotely 
related to be used here to draw a definite conclusion pertaining to the role ofNA 
or DA. The interpretation of some of those results is also made difficult by the 
absence of appropriate biochemical data (brain levels ofNA and DA) in this spe
cies, especially after administration of substances which are assumed to be able 
to modify the levels of those amines. Therefore - in contrast to studies performed 
on other species (mice, rats) - it is difficult to assess whether suitable experimental 
conditions (dose, treatment time, etc.) were chosen for such drugs as reserpine, 
(X-MT, DOPA, and MAO inhibitors. 
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The depletion of brain catecholamines seems to have no influence, as oc-MT 
was shown to be ineffective (BALZAMO and MELDRUM 1972; MELDRUM and BAL
ZAMO 1971). These authors (BALZAMO and MELDRUM 1972) also did not demon
strate the effect of reserpine, although others (ALTSHULER et al. 1976) have report
ed its inhibitory or proconvulsant effect after acute or chronic treatments, respec
tively. On the other hand, the increased availability of catecholamines at their re
ceptors seems to produce an anticonvulsant effect. This was shown after the 
MAO inhibitor tranylcypromine (BALZAMO and MELDRUM 1972; MELDRUM et al. 
1972) and - most interesting - after i.c.v. administration of NA or adrenaline 
(ALTSHULER et al. 1976). However, NA uptake inhibitors (imipramine, 
desmethylimipramine, maprotiline) are inactive or even enhance photically in
duced seizures (KILLAM 1976; TRIMBLE et al. 1977). 

Several DA receptor agonists (apomorphine, N-n-propylnorapomorphine, 
piribedil, ergometrine, ergocornine, bromocryptine) decrease susceptibility to sei
zures (ANLEZARK and MELDRUM 1978; ASHTON et al. 1976; MELDRUM et al. 1975). 
A similar effect has been found after administration of amphetamine (KILLAM 
1976), the DA and NA uptake inhibitor nomifensine (TRIMBLE et al. 1977), and 
DOPA. The latter drug, however, was only effective when given together with an 
MAO inhibitor (MELDRUM et al. 1972) and not alone (ALTSHULER et al. 1976; 
BALZAMO and MELDRUM 1972; MELDRUM et al. 1972). In line with the above re
sults the DA receptor antagonists (haloperidol, pimozide) enhanced reactivity to 
photic stimulation though the effect was limited to only paroxysmal EEG activity 
whereas the myoclonic response remained unchanged (MELDRUM et al. 1975). The 
conclusion which could be proposed in this situation, that DA plays a central in
hibitory role in the photosensitive baboons Papio papio, was recently weakened 
when ALTSHULER et al (1976) showed that i.c.v. administration ofDA did not af
fect the photomyoclonic syndrome. 

IV. Other Models of Epilepsy 

Recently, there have appeared some reports on the effect of drugs affecting cen
tral catecholamines in convulsions or the EEG pattern in some other models of 
epilepsy. Thus, Cox and LOMAX (1976) studied handling-induced seizures in 
Mongolian gerbils of the strain (WJLjUC) susceptible to seizures. They suggested 
an inhibitory role of central NA and DA since D,L-threo-dihydroxyphenylserine 
(an immediate precursor ofNA) and apomorphine exerted an anticonvulsant ac
tion. Admittedly they also found an anticonvulsant effect of two depletors of cat
echolamines (oc-MMT and DDC), but both drugs were administered in doses pro
ducing serious sedation so their unspecific effect cannot be excluded. Moreover, 
the authors suggested that the anticonvulsant effect of DDC depends on the in
crease of central DA, though the brain level of the amine was not measured. Re
sults supporting the involvement of DA were also reported by SCHONFELD and 
GLICK (1980), who described an anticonvulsant effect of amphetamine and 
apomorphine and an increase in susceptibility to seizures after administration of 
haloperidol. On the other hand, they found no effect of oc-MT, but in this experi
ment an almost maximal seizure score was observed in the control group so an 
increase in susceptibility to seizures could not be demonstrated. 
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In rats with cobalt-induced epilepsy Dow et al. (1974) reported that several 
dopaminergic drugs (amphetamine, apomorphine, ergocornine) suppressed 
epileptiform activity in EEG recordings. Furthermore, they found that this effect 
was reduced by the DA antagonist spiroperidol, which itself exacerbated cobalt
induced discharges. Similarly, SCUVEE-MoREAU et al. (1977) found an antagonis
tic effect of DOPA in rats pretreated with an inhibitor of extracerebral aromatic 
L-amino acid decarboxylase. ALTAMURA et al. (1978) measured the activities of 
tyrosine hydroxylase, aromatic L-amino acid decarboxylase, and other neuro
transmitter-synthesizing enzymes in some brain areas of rats with cobalt-induced 
epilepsy and found a significant reduction in the cortex. The reduction, however, 
was not correlated with the development ofEEG epileptic manifestations, and the 
authors suggested that it depends on nerve degeneration produced by the ex
perimentallesion. 

KOBAYASm et al. (1976) studied the involvement of catecholamines in the 
penicillin-induced epileptic focus of the cat cerebral cortex. Levels ofNA and DA 
were significantly lower in the focus during the first and second - but not during 
the third - stage of propagation. On the other hand, only DOPA and DA - but 
not NA - inhibited the penicillin-induced spike discharges after topical applica
tion. Moreover, DOPA was also effective after systemic administration. 

c. Serotonin 
I. Electrically Induced Seizures 
1. Minimal EST 

a) Low-Frequency EST 

Neither the depletion of brain monoamines (including 5-HT) after reserpine 
(Sect. B.1.1.a) nor the selective inhibition of 5-HT synthesis by means of p-chlo
rophenylalanine (PCPA) (BUTERBAUGH and LoNDON 1977) modify susceptibility 
to seizures in this model in mice. Other data are not available. Though the in
volvement of the serotonergic system seems to be questionable, other studies are 
necessary. 

b) High-Frequency EST 

The selective depletion of brain 5-HT by PCPA was shown to have no effect in 
rats (BUTERBAUGH 1978) and to decrease the threshold (BUTERBAUGH and LON
DON 1977) or have no effect (AZZARO et al. 1972) in mice. Rather unexpectedly, 
a decrease in the threshold was also found after an i.c.v. injection of 5-HT in rats, 
but this effect was attributed to the hypothermic action of the amine (BROWNING 
andMAYNERT 1978 a). 

On the other hand, the reserpine-induced increase of susceptibility to seizures 
in mice was prolonged by PCPA (AZZARO et al. 1972; WENGER et al. 1973) and 
partially antagonized by 5-HTP given alone or in combination with an MAO in
hibitor (AZZARO et al. 1972). 

On the basis of these data the involvement of central 5-HT in the control of 
susceptibility to minimal electroshock seizure, but only in mice, cannot be exclud
ed. The amine might be an attenuator of the seizures. 
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2. Maximal Electroshock Seizures 
As shown in Table 5 drugs which reduce the brain level or turnover of 5-HT in
crease susceptibility to seizures in mice, i.e., they decrease the threshold for maxi
mal convulsions. This effect was found by most authors after administration of 
PCP A and also after subacute treatment with p-chloroamphetamine. On the 
other hand, data on 5-HT antagonists, which could be expected to produce simi
lar effects, are not so unequivocal. KILIAN and FREY (1973) reported an increase 
in susceptibility after administration of cyproheptadine whereas PRZEGALINSKI 
(1976a) found no effect for cyproheptadine and methysergide and even a decrease 
in susceptibility after administration of danitracen. The latter drug, however, in
creased seizure threshold only when given at a high dose so the specificity of this 
effect may be questioned. 

Among the drugs which induce serotonergic activation in mice (Table 5) p
chloroamphetamine and p-chloro-N-methylamphetamine (5-HT releasers) have 
been shown to decrease susceptibility. Some authors found a similar effect after 
5-HTP whereas others reported that this precursor of 5-HT had no influence. An
other 5-HT precursor tryptophan and 5-HT receptor agonist LSD were found to 
be inactive. It should be emphasized, however, that (a) the negative results of 
RUDZIK and JOHNSON (1970) were undoubtedly connected with the too small dose 
of 5-HTP (10 mg/kg) used in their experiment, (b) the 5-HTP-induced decrease 
in susceptibility is easier to demonstrate in mice pretreated with MAO inhibitors 
(CHEN et al. 1968b; PRZEGALINSKI 1976a) or especially with the monoamine up
take inhibitor imipramine (CHEN et al. 1968 a), and (c) 5-HTP (+ MAO inhibi
tor) abolishes the increase in the susceptibility induced by reserpine (CHEN et al. 
1968b). 

It is also noteworthy that when several strains of mice with different brain 
levels of catecholamines and 5-HT were compared, those with low concentrations 
of the monoamines were more susceptible to maximal electroshock convulsions 
(SCHLESINGER et al. 1968b; SCUDDER et al. 1966). Moreover, 5-HTP decreased 
susceptibility in these animals (SCHLESINGER et al. 1968 b). 

Only few data suggest the involvement of 5-HT in rats (Table 5). They include 
a decrease in maximal seizure threshold found by several authors after the inhibi
tion of 5-HT synthesis with PCPA, an increase in the threshold after 5-HTP and 
- as reported by PROCKOP et al. (1959) - anticonvulsant effect of the 5-HT pre
cursor in animals pretreated with an MAO inhibitor. Although 5,6-DHT (i.c.v.) 
produced an effect similar to PCPA, the depletion of brain 5-HT by means of an
other 5-HT neurotoxin 5,7-DHT (i.c.v. or intracisternally) was shown to be inef
fective. Moreover, only one 5-HT antagonist, methysergide, increased suscepti
bility to seizures whereas several others (cyproheptadine, metergoline, dani
tracen) were inactive. As to the direct or indirect 5-HT receptor agonists only fen
fluramine was shown to decrease susceptibility, whereas p-chloroamphetamine, 
p-chloro-N-methylamphetamine, quipazine, and m-chlorophenylpiperazine were 
ineffective. Furthermore, the effect of fenfluramine was not antagonized by me
tergoline (CRUNELLI et al. 1979). 

Other evidence against the involvement of 5-HT in susceptibility to maximal 
seizures in rats is as follows: (a) 5-HTP given alone (LONDON and BUTERBAUGH 
1978) or in combination with an inhibitor of peripheral aromatic L-amino acid 



Table 5. The effects of drugs affecting serotonergic activity in susceptibility to maximal elec
troshock seizures in mice (M) and rats) (R) 

Drug Susceptibility References 
to seizures 
(animal species) 

Drugs reducing serotonergic activity 

PCP A Increase (M) 

5,6-DHT (i.c.v.) 

5,7-DHT (i.c.v. or 
intracisternally) 

p-Chloroamphet
amine (subacute) 

Cyproheptadine 

Methysergide 

Metergoline 

Danitracen 
(W A-335-BS) 

No effect (M) 

Increase (R) 

Increase (R) 

No effect (R) 

Increase (M) 

Increase (M) 

No effect (M) 

No effect (R) 

No effect (M) 
Increase (R) 

No effect (R) 

Decrease (M) 

No effect (R) 

Drugs enhancing serotonergic activity 

Tryptophan No effect (M) 

5-HTP Decrease (M) 

5-HT (i.c.v.) 

p-Chl.oroamphet-
amme 

p-Chloro-N-methyl-
amphetamine 

Fenfluramine 

LSD 

Quipazine 

m-Chlorophenyl-
piperazine 

No effect (M) 

Decrease (R) 

Increase (R) 

Decrease (M) 

No effect (R) 

Decrease (M) 
No effect (R) 

Decrease (R) 

No effect (M) 

No effect (R) 

No effect (R) 

BUTERBAUGH and LONDON (1977), CHEN et 
al. (1968a), GRAY and RAUH (1971), 
KILIAN and FREY (1973), PRZEGALINSKI 
(1976a) 

RUDZIK and JOHNSON (1970) 

CRUNELLI et al. (1979), GRAY and RAUH 
(1971), KILIAN and FREY (1973), KOE and 
WEISSMAN (1968), PRZEGALINSKI (1976b), 
RUDZIK and JOHNSON (1970) 

PRZEGALINSKI (1976b) 

CRUNELLI et al. (1979), LoNDON and 
BUTERBAUGH (1978) 

KILIAN and FREY (1973) 

KILIAN and FREY (1973) 

PRZEGALINSKI (1976a) 

PRZEGALINSKI (1976b) 

PRZEGALINSKI (1976a) 
PRZEGALINSKI (1976b) 

CRUNELLIetal. (1979) 

PRZEGALINSKI (1976a) 

PRZEGALINSKI (1976b) 

PRZEGALINSKI (1976a) 

CHEN et al. (1968b), KILIAN and FREY 
(1973), PRZEGALINSKI (1976a) 

CHEN et al. (1968a), RUDZIK and JOHNSON 
(1970) 

KILIAN and FREY (1973), PRZEGALINSKI 
(1976b) 

BROWNING and MAYNERT (1978a) 

KILIAN and FREY (1973), RUDZIK and 
JOHNSON (1970) 

RUDZIK and JOHNSON (1970) 

RUDZIK and JOHNSON (1970) 
RUDZIK and JOHNSON (1970) 

CRUNELLI et al. (1979) 

PRzEGALINSKI (197 6a) 

GRUNELLI et al. (1979) 

GRUNELLI et al. (1979) 
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decarboxylase (JOBE et al. 1974) does not antagonize the tetrabenazine- or reser
pine-induced increase in susceptibility to seizures, (b) neither electrolytic and 5,7-
DHT-induced lesions of the dorsal raphe nucleus (CRUNELLI et al. 1979) nor elec
trolytic lesions of the nucleus raphe medianus (QUATTRONE et al. 1978) affect the 
maximal seizure threshold, and (c) 5,6-DHT injected into the spinal cord does not 
change the threshold (CRUNELLI et al. 1979). 

Interesting studies have been performed by BUTERBAUGH (1978) on rats clas
sified by maximal electroshock stimulation as extensors or nonextensors. The 
authors showed that the enhancement of serotonergic function by means of 5-
HTP, p-chloroamphetamine, fenfluramine, fluoxetine, or 5-methoxy-N,N-di
methyltryptamine prevents hind limb extension in extensor rats, whereas the re
duction of serotonergic activity by means of reserpine, PCPA, or subacute treat
ment with p-chloroamphetamine restores hind limb extension in nonextensor 
rats. Moreover, the effects of p-chloroamphetamine, fenfluramine, and fluoxetine 
in extensors were antagonized by PCPA. In contrast to these results, however, 5-
HT receptor antagonists (cyproheptadine and methysergide) did not induce ef
fects similar to 5-HT depletors in nonextensors and behaved like 5-HT agonists 
(i.e., they prevented hindlimb extension) in extensors. 

Altogether 5-HT does not seem to participate in the control of maximal elec
troshock seizures in rats, while its inhibitory function in mice canot be excluded. 

3. Amygdaloid Kindling 
There are only a few reports on the participation of 5-HT in the development of 
seizures kindled from the amygdala. RACINE and COSCINA (1979) studied the ef
fect of PCPA and midbrain raphe lesions in rats. They have shown that lesions 
of both dorsal and median raphe nuclei facilitate seizure development as fewer 
stimulations were required to evoke behavioral convulsions. At the same time no 
effect on the afterdischarge duration but a decrease in the afterdischarge thresh
old was observed. These results could indicate that 5-HT inhibits the propagation 
of epileptiform activity and - possibly - the epileptogenicity of the amygdala. On 
the other hand, however, the same authors - though using a different kindling 
procedure - found that PCPA delayed rather than facilitated the development of 
motor seizures without any effect on afterdischarge duration. Furthermore, a 
similar effect of PCP A (with some decrease in afterdischarge duration) and no ef
fect for 5-HTP (plus an inhibitor of extracerebral aromatic L-amino acid decar
boxylase) were shown in rabbits chronically treated with these drugs during kin
dling (LAZAROVA et al. 1981; STACH et al. 1981). The reason for these conflicting 
data is not clear. It should be emphasized, however, that the anticonvulsant effect 
of PCPA has been reported by some authors in another model of epilepsy (see 
Sect. CIII.l) - though RACINE and COSCINA (1979) have shown the potentiation 
of the convulsions kindled from the cortex by the drug - and that midbrain raphe 
lesions in the study of the latter authors also produced some damage outside the 
raphe nuclei and therefore the destruction of other than 5-HT system(s) could not 
be excluded. This makes it somewhat harder to draw unequivocal conclusions 
and further studies are necessary. 

The role of 5-HT in relation to already developed kindled seizures is also not 
clear. In this model drugs or other treatments used to affect the serotonergic sys-
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tern were given acutely when full behavioral convulsions were established. Thus, 
KOVACS and ZOLL (1974) reported that electrical stimulation of the median raphe 
nucleus decreased the intensity of kindled seizures in rats. In contrast, ASHTON 
et al. (1980), using the same animal species, have shown the potentiation (pro
longation in duration) of the seizures after administration of 5-HTP (plus an in
hibitor of extracerebral aromatic L-amino acid decarboxylase) and inhibition (re
duction in duration) after administration of the 5-HT receptor antagonists meter
goline and mianserine. However, the effective doses of these antagonists were very 
high (20 and 40 mg/kg, respectively) so their effect could be unspecific. SIEGEL and 
MURPHY (1979) performed their experiments on cats and found a strong inhibi
tory effect (increase in the threshold current to produce seizures) after electrical 
stimulation of the nucleus raphe dorsalis and after treatment with the selective in
hibitor of 5-HT uptake fluoxetine. On the other hand, p-chloroamphetamine (ad
ministered in such a way that depletion of the central 5-HT could be expected) 
was inactive. In rabbits, 5-HTP (plus an inhibitor of peripheral aromatic L-amino 
acid decarboxylase) and another 5-HT uptake inhibitor femoxetine, but not the 
5-HT receptor agonist quipazine, were shown to increase the duration (but not 
intensity) of kindled convulsions, whereas PCPA and the 5-HT receptor blocker 
cyproheptadine reduced the duration and intensity (PCPA only) of the convul
sions (STACH et al. 1981). From all these data it can be seen that electrical stim
ulation of the raphe nuclei antagonizes kindled seizures; this would indicate an 
inhibitory function of 5-HT. On the contrary, pharmacological data - especially 
from rats and rabbits -lead toward the opposite conclusion. A possible explana
tion is that pharmacological intervention induces alterations in the 5-HT neuro
transmission of the whole brain whereas the stimulation of the raphe nuclei re
lease 5-HT only in target structures, i.e., structures receiving serotonergic input 
from the respective raphe nucleus. 

II. Seizures Induced by Pentylenetetrazol 
a) Clonic Convulsions 

Regarding the involvement of 5-HT in PTZ-induced clonic convulsions, there 
seems to be a species-related difference between mice and rats. 

Participation of this amine in mice seems to be dubious. In some studies PCPA 
has been found to decrease the PTZ seizure threshold (CHIMOTE and MOGHE 1977; 
PRZEGALINSKI 1975), whereas it is increased by tryptophan (CHIMOTE and MOGHE 
1977), 5-HTP (KILIAN and FREY 1973), p-chloroamphetamine (KILIAN and FREY 
1973), and the combination of an MAO inhibitor with the 5-HT agonist 5-
methoxytryptamine (KLEINROK et al. 1977). However, other data do not confirm 
these findings. Thus, KILIAN and FREY (1973) and KLEINROK et al. (1977) found 
PCPA to be inactive, and KLEINROK et al. (1977), KOBINGER (1958 b), and PRZE
GALINSKI (1975) found no effect for 5-HTP. Moreover, the lack of an effect was 
shown after p-chloroamphetamine given subacutely as well as after fenfluramine 
and several 5-HT antagonists (KILIAN and FREY 1973; KLEINROK et al. 1977; 
PRZEGALINSKII975). 

On the other hand, most data indicate the importance of 5-HT in rats. An in
crease in susceptibility to seizures was shown in this species after the depletion of 
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brain 5-HT by PCPA (ALEXANDER and KOPELOFF 1970; BHATTACHARYA et al. 
1978; KILIAN and FREY 1973) or by i.c.v.-administered 5,6-DHT (BHATTACHARYA 
et al. 1978) as well as after 5-HT receptor blockade with methysergide (BHAT
TACHARYA et al. 1978), whereas the opposite effect, i.e., decrease in susceptibility, 
was found after administration of5-HTP (BHATTACHARYA et al. 1978; KILIAN and 
FREY 1973). It should be added, however, that there is also one report (SPENCER 
and TURNER 1969) indicating a lack of effect with PCP A. 

b) Tonic Convulsions 

A similar species-related difference also seem to exist when the role of 5-HT in 
PTZ-induced tonic convulsions is considered. 

In mice some controversial data have been reported and no explicit conclusion 
is possible. For example, PCPA was found to increase susceptibility to seizures 
(KILIAN and FREY 1973; LAZAROVA et al. 1980; RUDZIK and JOHNSON 1970) or to 
be without effect (KLEINROK et al. 1977; KOSTOWSKI et al. 1978). The lack of effect 
has also been reported after administration of metergoline and methysergide 
(KLEINROK et al. 1977; KOSTOWSKI et al. 1978), whereas another 5-HT receptor 
antagonist, cyproheptadine, was shown to increase susceptibility (KILIAN and 
FREY 1973; KOSTOWSKI et al. 1978) or to be ineffective (KLEINROK et al. 1977). 
As to the drugs which increase serotonergic activity, KILIAN and FREY (1973) 
found 5-HTP to be inactive, whereas several other authors reported a decrease 
in susceptibility to seizures after the 5-HT precursor given alone or in combina
tion with MAO inhibitors (KLEINROK et al. 1977; KOBINGER 1958b; KOSTOWSKI 
et al. 1978; LAZAROVA et al. 1980; LESSIN and PARKES 1959; RUDZIK and JOHNSON 
1970). A decrease in susceptibility has also been reported after administration of 
p-chloroamphetamine and p-chloro-N-methylamphetamine (KILIAN and FREY 
1973; PFEIFER and GALAMBOS 1967b; RUDZIK and JOHNSON 1970), but not after 
administration of another 5-HT-releasing agent, fenfluramine, or after adminis
tration of the direct 5-HT receptor agonist 5-methoxytryptamine - the latter giv
en together with an MAO inhibitor (KLEINROK et al. 1977). On the other hand, 
5-HTP, p-chloroamphetamine, and LSD have been shown to antagonize the re
serpine-induced facilitation of tonic convulsions evoked by PTZ (CHEN and BOH
NER 1961; LESSIN and PARKES 1959; PFEIFER and GALAMBOS 1967b). 

Though only a few studies have been performed on rats, their results seem to 
indicate the inhibitory role of 5-HT in this species. Such a conclusion is supported 
by the facilitation of tonic convulsions after administration of PCP A (DE LA TOR
RE and MULLAN 1970; DE LA TORRE et al. 1970; LAZAROVA et al. 1981) and by 
their inhibition after administration of p-chloroamphetamine (PFEIFER and 
GALAMBOS 1967b) or 5-HTP, but only if given to animals pretreated with an in
hibitor of extracerebral aromatic L-amino acid decarboxylase (DE LA TORRE and 
MULLAN 1970; DE LA TORREet al. 1970). 

III. Reflex Epilepsy Models 
1. Audiogenic Seizures 

According to SCHLESINGER et al. (1965), seizure-prone DBA/2J mice have a lower 
level of brain 5-HT (and also NA) than seizure-resistant C57BL/6J mice. More-
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over, the most pronounced difference was found at 21 days of age, which corre
sponds to the time of maximal susceptibility to seizures in DBA/2J mice. These 
results were confirmed by KELLOGG (1971,1976), who compared the same strains 
of mice and suggested that D BA/2J mice possess a markedly inefficient 5-HT sys
tem. The author found that they have not only a lower endogenous 5-HT level, 
but also -probably as a compensatory mechanism - a faster rate of5-HT synthe
sis (measured in the whole brain as 5-HT accumulation or 5-hydroxyindoleacetic 
acid disappearance after MAO inhibition or in the hindbrain as 5-HTP accumu
lation after inhibition of central aromatic L-amino acid decarboxylase). On the 
contrary, MCGEER et al. (1969) reported no significant differences either in brain 
5-HT concentrations between susceptible and nonsusceptible mice or in brain 5-
HT levels and tryptophan hydroxylase activity between sensitive and nonsensitive 
rats. However, these results - at least in mice - should be interpreted with caution 
as the authors used mice of the susceptible strain (DBA/2J) at an age of 6 weeks 
when - according to SCHLESINGER et al. (1965) - their reactivity to audiogenic 
shock is very low. 

Table 6. The effects of drugs affecting serotonergic activity in susceptibility to audiogenc 
seizures in mice (R) 

Drug Susceptibility 
to seizures 

Drugs reducing serotonergic activity 

PCPA Increase 

No effect 

Decrease 

IX-Propyldopacetamide No effect 

Methysergide 

Cyproheptadine 

Metergoline 

Decrease 

Decrease 

Decrease 

Drugs enhancing serotonergic activity 
5-HTP a Decrease 

5-HT (intracranial) Decrease 

p-Chloro-N-methyl- Decrease 
amphetamine 

LSD Decrease 

Quipazine Decrease 

References 

SCHLESINGER et al. (1968a, 1970) 

LEHMANN (1968) 

ALEXANDER et al. (1971), ALEXANDER and 
KOPELOFF (1976), KOSTOWSKI et al. 
(1978) 

ALEXANDER and KOPELOFF (1976) 

ANLEZARK et al. (1976), KOSTOWSKI et al. 
(1978) 

KOSTOWSKI et aI. (1978) 

KOSTOWSKl et al. (1978) 

ALEXANDER and KOPELOFF (1976), BOGGAN 
et al. (1971), KELLOGG (1976), KOSTOW
SKI et al. (1978), SCHLESINGER et al. (1968, 
1970) 

SCHLESINGERetaI. (1969) 

LEHMANN (1967) 

ANLEZARKetal. (1976,1978) 

ANLEZARK et al. (1978) 

a In some experiments mice pretreated with MAO inhibitors were used 
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Pharmacological intervention in the activity of the 5-HT system modifies 
susceptibility to audiogenic seizures in mice and rats; however, the results ob
tained do not permit any definite conclusion. The effects of such substances as 
reserpine, tetrabenazine, Ro 4-1284, and MAO inhibitors have already been dis
cussed (Sect. B.I11.1). The effects observed in mice under the influence of sub
stances intervening in a more selective manner in the activity of the 5-HT system 
are shown in Table 6. They show that the activation of that system leads to a de
crease in susceptibility to seizures since the anticonvulsant effect was found not 
only after the intracranial administration of 5-HT but also after administration 
of 5-HTP, the 5-HT receptor agonists quipazine and LSD, and the 5-HT-releas
ing agent p-chloro-N-methylamphetamine. Inasmuch, however, as the effect of 5-
HTP was correlated with an enhancement of brain 5-HT level (ALEXANDER and 
KOPELOFF 1976; SCHLESINGER et al. 1970), the decrease in susceptibility to seizures 
after quipazine and LSD, observed after high doses of these drugs (50 and 9 mg/ 
kg, respectively) questions the specificity of their effect. For example, DA recep
tor stimulation induced by LSD cannot be excluded as a mechanism responsible 
for the anticonvulsant effect of the drug (ANLEZARK et al. 1976, 1978). 

Considerably more controversial results have been obtained when susceptibil
ity to audiogenic seizures was influenced by substances reducing serotonergic 
transmission. Although SCHLESINGER et al. (1968a, 1970) - as could be expected 
- have shown that PCPA increases susceptibility to seizures in mice, other 
authors, however, have obtained different results. Thus, LEHMANN (1968) de
scribed the lack of effect of this inhibitor of 5-HT synthesis, and ALEXANDER et 
al. (1971), ALEXANDER and KOPELOFF (1976), and KOSTOWSKI et al. (1978) even 
observed its anticonvulsant activity in this species. Inasmuch, however, as ALEX
ANDER et al. (1971) and ALEXANDER and KOPELOFF (1976) found such an effect 
shortly (2-4 h) after PCP A administration - when the 5-HT level in the brain had 
not yet been lowered and the above pharmacological effect could have been as
sociated with the activity of the amino acid itself - KOSTOWSKI et al. (1978) ob
served a decrease in susceptibility to seizures 24 and even 48 h after PCPA admin
istration, with a concomitant profound reduction in brain 5-HT concentration. 
Moreover, ALEXANDER and KOPELOFF (1976) found no effect of a:-propyldo
pacetamide (another inhibitor of 5-HT synthesis), and ANLEZARK et al. (1976) 
and KOSTOWSKI et al. (1978) reported the anticonvulsant effect of several 5-HT 
receptor antagonists (methysergide, cyproheptadine, metergoline). The effect of 
the least-mentioned drugs occurred, however, after relatively high doses and it is 
difficult to accept it as absolutely specific. 

The role of 5-HT in audiogenic convulsions in rats is also not completely clear. 
JOBE et al. (1973 a) found that Ro 4-1284 and PCPA increase susceptibility to sei
zures, whereas 5-HTP (in iproniazid-pretreated animals) decreases it. Moreover, 
the Ro 4-1284-induced effect was antagonized by iproniazid, and this action of 
the MAO inhibitor was completely prevented by PCPA. Interestingly, 5-HTP 
(plus MAO inhibitor) decreased susceptibility to seizures not only in normal rats, 
but also in animals with a severe depletion of brain catecholamines (a:-MT and 
cold-induced stress). The increase in susceptibility to seizures in rats after admin
istration of PCPA was confirmed by JERLICZ et al. (1978a), but they - on the 
other hand - could not demonstrate any effect for the lesion of the median or dor-
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sal raphe nuclei. In the light of these results it is possible to suggest that depletion 
of whole brain 5-HT is more important for the increase in susceptibility to seizu
res in rats. Such an effect can be obtained under the influence of PCP A, in con
trast to the raphe lesion which depletes 5-HT only in those areas of the brain 
which receive serotonergic input from the respective raphe nuclei. 

There is also one report on the role of 5-HT in audiogenic seizures in rabbits 
(NELLHAUS 1968). The author found that rabbits of a genetic strain highly suscep
tible to the seizures had a lower brain 5-HT concentration than animals ofa non
sensitive strain. 

2. Photogenic Seizures 

Several drugs increasing the activity of the central serotonergic system inhibit 
photically induced epileptic responses in baboons, Papio papio. Such an effect has 
been reported after administration of tryptophan (but only in animals pretreated 
with an MAO inhibitor - MELDRUM et al. 1972), 5-HTP (BALZANO and MELDRUM 
1972; TRIMBLE et al. 1977), 5-HT receptor agonists LSD and N,N-dimethyltrypt
amine (MELDRUM and NAQUET 1970; WALTER et al. 1971), and the 5-HT-releasing 
drugs fenfluramine and norfenfluramine (KILLAM 1976). In addition, the seroton
ergic mechanism, besides the dopaminergic one, has been implicated in the an
ticonvulsant action of ergot alkaloids (ANLEZARK and MELDRUM 1978). On the 
other hand, when brain 5-HT is presumably depleted with PCPA, some enhance
ment of photosensitivity has been observed (BALZANO and MELDRUM 1972). All 
these results would indicate that central5-HT serves an inhibitory function in the 
phenomenon of photically induced epilepsy. 

There are, however, some other data which do not support such a hypothesis. 
First of all, 5-HT administered i:c.v. - in contrast to NA or adrenaline (Sect. 
B.III.2) - does not influence susceptibility to photogenic seizures (ALTSCHULER 
et al. 1976). Moreover, the 5-HT uptake inhibitor chlorimipramine lowered the 
seizure threshold (TRIMBLE et al. 1977), whereas 5-HT receptor antagonists (meth
ysergide and metergoline) were shown to have anticonvulsant activity (MELDRUM 
and NAQUET 1970). However, the chlorimipramine-induced decreased in the sei
zure threshold was antagonized by 5-HTP, and the anticonvulsant action of the 
5-HT receptor blockers was found after doses which produced sedation and loss 
of muscle tone. This suggests that the above effects of chlorimipramine and 5-HT 
antagonists may be unspecific. 

D. Histamine 
In contrast to the abundant literature on catecholamines and 5-HT, data on the 
role of histamine in susceptibility to seizures are rather sparse. KOHN and MIL
LICHAP (1958) have shown that the i.c.v. administration of histamine (200--500 
J.lg) produced clonic convulsions in mice and guinea pigs. These convulsions were 
prevented not only by some anticonvulsants but also by antihistaminics (tripelen
namine and diphenhydramine). However, the antagonistic effect of these antihis
taminics was partial and was found only in guinea pigs, but not in mice. In con
trast to these results GERALD and RICHTER (1976) observed no convulsions in mice 



Monoamines and the Pathophysiology of Seizure Disorders 129 

after the i.c.v. administration of histamine, though lower doses of the amine 
(12.5-200 Jlg) were used in this study. 

Some authors have also investigated the influence of various substances modi
fying the activity of the histaminergic system on the susceptibility of mice and rats 
to PTZ-induced seizures. In this respect ABBOZZO et al. (1951) have shown that 
the antihistaminic mepyramine antagonizes in low doses, but in higher doses po
tentiates this kind of convulsion in mice. DASHPUTRA et al. (1966) have investi
gated 11 antagonists of the H -1 receptor in rats. They have shown that these drugs 
fall into three different groups: those that prevent PTZ-induced convulsions (di
phenhydramine, mepyramine, thonzylamine), those that potentiate them (an
tazoline, dimetindene), and those that have no effect (promethazine, phenir
amine, chlorcyclizine, phenindamine, methapyrilene, thenalidine). A more precise 
investigation was carried out on mice by GERALD and RICHTER (1976). They 
showed that neither I-histidine nor i.c.v.-administered histamine affected the 
minimal (clonic) or maximal (tonic) seizures induced by PTZ. On the other hand, 
they found that brocresine (an inhibitor of histidine decarboxylase) enhanced the 
threshold for minimal seizures and decreased the threshold for maximal seizures. 
The same authors have also studied the influence of many H-1 receptor antago
nists, and burimamide and metiamide (H-2 antagonists). Among the H-I antag
onists, cyclizine, diphenhydramine, mepyramine, and tripelennamine increased 
susceptibility to minimal seizures and reduced the incidence of maximal seizures. 
Chlorpheniramine and dexbrompheniramine increased susceptibility to minimal 
seizures, phenindamine antagonized maximal seizures, whereas chlorcyclizine 
and parathiazine were inactive. Burimamide and metiamide administered sys
temically did not affect the threshold for clonic convulsions, but metiamide in
creased susceptibility to maximal seizures. By contrast, after the i.c.v. administra
tion of the latter drug an increase in risk to minimal seizures was observed. The 
above results show that whereas a reduction in histaminergic transmission modi
fies susceptibility to PTZ, an enhancement in the transmission is without effect. 
However, the fact that depletion of brain histamine (after brocresine) on the one 
hand and the blockade ofH-1 or H-2 receptors on the other lead to rather oppo
site effects, shows that they are not specific. 

E. Conclusions 
The analysis of the data reviewed here indicates that the participation of central 
monoamines in convulsive phenomena is varied. The main role is undoubtedly 
played by NA, for which an inhibitory role was demonstrated in the vast majority 
of experimental seizure models. The inhibitory role ofNA in susceptibility to sei
zures appears regardless of the convulsogenic factor (electric current, chemical 
substances, sound) and the type of seizures (clonic, tonic). All that is somewhat 
doubtful is the importance of NA in PTZ-induced seizures in mice (but not in 
rats), for photogenic seizures, and for the fully developed kindled seizures from 
the amygdala. The only clear exception is the low-frequency minimal elec
troshock seizure threshold; in this model the modification of activity of the NA 
system has no effect on susceptibility to seizures. Since this model reflects dis
charge of neurons responsible for a clonic seizure with little discharge spread and 
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since, on the other hand, NA inhibits susceptibility to seizures in high-frequency 
minimal electroshock seizure threshold which reflects more intense discharge of 
neurons responsible for a clonic seizures and more discharge spread, this - taken 
all together - may indicate that NA does not participate in events directly initi
ating seizure activity, but may be important for the efficiency of the generation, 
spread, and propagation of the discharges from their initial site. A similar conclu
sion may be drawn from the results obtained in a different model- the develop
ment of kindling convulsions from the amygdala. A pharmacological manipula
tion of the NA system does not affect the afterdischarge threshold and the dura
tion of the first afterdischarge, whereas it changes the number of stimulations nec
essary to produce behavioral seizures. This indicates that NA is not involved in 
the epileptogenicity of the amygdala, but participates in the spread of epilepti
form activity from this stimulated structure. 

There are relatively few studies on the role ofNA in the various regions of the 
central nervous system. Thus, forebrain NA has been found to be involved in 
susceptibility to seizures in maximal electroshock seizures, in the development of 
kindling convulsions from the amygdala and in PTZ-induced tonic convulsions, 
but not in PTZ-induced clonic seizures. Brain stem NA seems to be important for 
PTZ-induced clonic convulsions, whereas cerebellar NA does not participate in 
this model. Spinal cord NA system has been shown to have an inhibitory function 
in maximal electroshock seizures but not in PTZ-induced clonic convulsions. 

In contrast to NA, the cerebral DA seems to participate only in some types 
of convulsions. Many findings indicate its inhibitory role in the photogenic sei
zures in Papio papio baboons. Some, but not all, data also indicate its inhibitory 
role in some models of electrogenic seizures (high-frequency minimal elec
troshock seizure threshold, maximal electroshock seizures) and in aUdiogenic sei
zures in mice (but not in rats). In other models negative results concerning the in
volvement ofDA predominate. 

There is much controversy and doubt surrounding the role of 5-HT. This 
amine does not participate in low-frequency minimal electroshock seizure thresh
old, but possibly plays an inhibitory role in high-frequency minimal electroshock 
seizure threshold, in maximal electroshock seizures (in mice only), in PTZ-in
duced clonic and tonic convulsions (in rats only), in audiogenic convulsions (in 
rats only), and in photogenic seizures. However, even in these latter models re
sults appear which contradict the assumption about the inhibitory role of 5-HT. 
The most controversial results were obtained in amygdaloid kindling convulsions 
(development of seizures and established seizures). In this model results were ob
tained which indicate either an inhibitory or a facilitatory role for 5-HT. 

The participation of histamine has been the subject of only a few studies. Al
most all the data pertain to PTZ-induced convulsions and suggest that histamine 
plays no significant role. 
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CHAPTER 6 

Acetylcholine 
C. BIANCHI and L. BEANI 

A. Introduction 
It is generally accepted that transmitters and modulators playa key role in epilep
sy and that they are involved in attack initiation, spread, and termination. Thus, 
the altered synaptic availability of some excitatory and inhibitory messengers 
could represent an essential bridge between nerve cell physiology and pathology. 
To date, scientists dealing with epilepsy have focused their attention on the pos
sible role played by the better known putative transmitters, like monoamines, 
gamma-aminobutyric acid (GABA), and acetylcholine (ACh) (MAYNERT et al. 
1975; KARKZMAR 1979). Following the development of new experimental models, 
such as kindling, the value of ACh in the field of epileptogenesis has recently in
creased dramatically (McNAMARA et al. 1980; GIRGIS 1981). 

B. Effect of Cholinergic Drugs 
on Susceptibility to Seizures 
The large body of contradictory results makes it difficult to draw definitive con
clusions about susceptibility to seizures caused by drugs acting on the cholinergic 
system. 

In view of their desynchronizing properties cholinomimetic compounds may 
counteract particular types of seizures, such as the repetitive discharges of cortical 
isolated slabs (VASQUES and KRIPP 1973) and cobalt-induced epilepsy (HOOVER et 
al. 1977), although by themselves they are epileptogenic and lower the threshold 
of convulsant drugs and electric shock (CHEN et al. 1968; KARCZMAR 1967). 

Similarly atropine, perhaps as a consequence of its hypersynchronizing ac
tion, may facilitate other kinds of convulsions, such as the repetitive discharges 
of cortical isolated slabs (VASQUES and KRIPP 1973), although by itself it is ca
pable of counteracting clonic seizures (GREER and ALPERN 1977) or electrically 
induced extensor seizures (CHEN et al. 1968). To make this picture even more com
plicated, both ACh agonists and antagonists cause seizures when they are locally 
applied to the cortex at high concentrations. 

In order to propose an acceptable explanation for these contradictory find
ings, a distinction is needed between general and local drug treatment. When ACh 
antagonists or agonists are given systemically, they can change the safety factor 
in nicotine excitatory synapses and the extent and duration of muscarinic inhibi
tory and excitatory modulation. Assuming that both functional components 
(nicotinic and muscarinic) are involved in controlling brain excitability, it is not 
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surprising that ACh-related drugs may reduce or increase susceptibility to sei
zures, depending on the dose and experimental conditions. 

Recently, KRNJEVIC and ROPERT (1981) described the positive muscarinic con
trol exerted by the cholinergic septohippocampal pathways on the firing rate of 
CAl pyramidal cells, normally inhibited by other noncholinergic cells. Since 
nicotinic receptors are also present in this area, their involvement in the regula
tion of the inhibitory input, as happens in the somesthetic cortex, caudate, and 
thalamus, cannot be excluded. 

Consequently, depending on this particular circuit arrangement, the 
antimuscarinic or antinicotinic agents may counteract or favor the repetitive fir
ing rate. Similar two-sided consideration can also be given to the ACh agonists. 
The generally recognized desynchronizing action of the ACh agonists may sup
port the claims concerning the antiepileptic properties sometimes displayed by 
physostigmine (KARCZMAR 1979). On the other hand, the excessive, prolonged ac
tivation of the cholinoceptive cells is capable of promoting certain alterations in 
their membrane properties, similar to those found in the epileptic neurons. 
Therefore, the use of ACh agonists can resolve or worsen the convulsive state. 

Examining now the topical application of ACh agonists and antagonists, our 
first criticism concerns the extremely high concentrations (1 %-10%) generally 
used. In our opinion, cholinergic block is the most probable consequence of such 
procedures. In fact, agonists such as ACh at 1 %-5% can be suspected to induce 
receptor desensitization, while antagonists such as atropine at 1 % surely cause a 
full muscarinic blockade, together with other unspecific "local anesthetic" effects. 
In both circumstances, excluding cholinergic (and other) signals from the multi
transmitter interplay could cause functional imbalance between inhibitory and 
excitatory inputs and induce hypersynchrony. 

C. Effect of Experimental and Spontaneous Seizures 
on the Cholinergic System 
I. Electroshock and Convulsant Drugs 

In anesthetized animals, EEG seizures or motor convulsions caused by penty
lenetetrazol, strychnine, picrotoxin, or bicuculline are associated with increased 
ACh effiux from the cerebral cortex (MITCHELL 1963; BELESLIN et al. 1965; HEMS
WORTH and NEAL 1968; CELESIA and JASPER 1968; PEPEU 1974; GARDNER and 
WEBSTER 1977). 

This suggests cholinergic activation during drug-induced imbalance between 
excitatory and inhibitory mechanisms controlling the cortex. The cholinergic 
pathways, related to both the primary sensory inflow through the thalamus and 
the diffuse "reticular" and "limbic" projections, could be simultaneously acti
vated (COLLIER and MITCHELL 1966; DUDAR and SZERB 1969). The partial dissoci
ation reported between ACh release and EEG activity may be due to cholinergic 
interspike activity inhibition (PHILLIS and YORK 1968; STONE 1972). 

As a logical consequence of increased ACh release, not only compensatory in
crease in ACh synthesis (SIMON et al. 1976) but also a reduction in transmitter 
brain levels would be expected. However, the reports of different groups conflict. 
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According to RICHTER and CROSSLAND (1949) and KUROKAVA et al. (1963), a 
single electroshock lowers brain ACh levels, but after multiple electroshocks the 
transmitter content quickly returns to or exceeds the control levels. These ob
servations have been refuted by HERKEN and NEUBERT (1953). Probably ACh re
leased during seizures induces feedback inhibition in cholinergic cells (SAELENS 
and SCHUMAN 1974), and the procedures of killing affect the results. 

As a rule, convulsant drugs lower the brain ACh content (ELLIOT et al. 1950; 
GIARMAN and PEPEU 1962; BEANI et al. 1969; KUROKAVA et al. 1963). However, 
in some species (e.g., mouse) the central stimulants have no appreciable effect on 
transmitter levels (CONSOLO et al. 1972), while in others (e.g., rat) bicuculline in
creases ACh in the frontal cortex, hippocampus, midbrain, and medulla pons, at 
variance with pentylenetetrazol, which causes reduction in the same areas. Inter
estingly, strychnine-induced convulsions are associated with decreased ACh 
levels in the hippocampus and caudate nucleus only (PEDATA et al. 1976). In con
clusion, most of the above reports agree that brain ACh levels are reduced during 
experimental convulsions. Since, in some instances, increase or no change of ACh 
content has. been found, the possible dissociation between convulsions and cho
linergic-cell activity must be considered. 

II. Spontaneous and Audiogenic Convulsions 

The existence of genetically determined animal strains which are susceptible to 
sensory or postural convulsions is well known, but very little data concerning the 
cholinergic mechanism involvement in these particular models is available 
(MAYNERT et al. 1975). NARUSE et al. (1960) found that mice susceptible to sei
zures induced by physical stimuli exhibited high levels of brain ACh, the increase 
in susceptibility to seizures and in ACh levels being directly related to age. 
KUROKAVA et al. (1963) reported that during seizures certain strains of highly 
susceptible mice showed a marked reduction of "bound" ACh, which during in
terictal periods was twice as high as in normal animals. 

Recently a comparison was made between acetylcholinesterase (AChE) and 
choline acetyltransferase (CAT) content in the brains of homozygous epileptic 
and heterozygous nonepileptic chicks (JOHNSON et al. 1979). The epileptic animals 
showed higher AChE activities in their cerebral hemispheres and lower CAT ac
tivities than the nonepileptic fowl. 

In agreement with KUROKAVA et al. (1963) and JOHNSON et al. (1979), FUJI
WARA (1980) found higher ACh levels and AChE activity in the brain (mostly in 
the diencephalon) of mice with inbred convulsive disposition to postural stimuli, 
i.e., E1 and CBA mice. EBEL et al. (1975) reported abnormally high CAT activity 
in the cochlea of mice sensitized for audiogenic seizures, as well as in the cochlea 
of mice susceptible to audiogenic seizures. Therefore, at the level of the auditory 
input, some changes in the cholinergic system are demonstrable. 

It remains to be elucidated whether the higher levels of ACh and CAT in the 
first acoustic relay represent an epileptogenic cofactor or are a consequence of ex
cessive sensory input. CAT was also reported higher in the brains of mice suscep
tible to audiogenic seizures (SHENOY et al. 1981). This differs from JOHNSON'S re
port and may depend on the various animal species and epilepsy models. When 
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limiting analysis to audiogenic seizures, the above-summarized circumstantial ev
idence points to cholinergic activation during the seizures (as shown by increased 
ACh release) and intervention of compensatory mechanisms (as shown by in
creased CAT and AChE activities). Exclusion of the cholinergic system from the 
etiopathogenesis of these seizures, however, is strengthened by the fact that oxo
tremorine antagonizes attacks (ARONSTOM et al. 1979). 

III. Focal Epilepsy 
Focal epilepsies may be useful models for simultaneously studying different func
tional parameters and for assessing drug effects on them. In freely moving guinea 
pigs, provided with cortical electrodes and epidural cups (to collect the transmit
ters released from the cerebral cortex), acute focal epilepsy is easily produced, e.g., 
by warming the eserinized solution filling the cup to 40 DC. This experimental ap
proach allowed BIANcm et al. (1975) to investigate behavior, electrocorticogram 
(ECoG), and cortical ACh release and to establish how the antiepileptic drugs af
fected the investigated parameters. 

Focal epileptogenesis is also induced or favored by many drugs and pro
cedures, i.e., cobalt, alumina gel, penicillin, freezing, undercutting, periodic sub
liminal electrical stimulation, and "kindling" (WARD 1969; PURPURA et al. 1972; 
PENRY and PORTERI979). 

The experimentally induced foci are characterized by unspecific increased ex
citability of the involved neuronal population and derangement of the cell mem
brane electrical properties (KRNJEVIC et al. 1970). Indeed, certain similarities exist 
between the behavior of denervated skeletal muscle and epileptic neurons. Not 
only is the membrane potential reduced and unstable, while the electrical input 
resistance is almost doubled, but often a certain degree of ACh supersensitivity 
has been found. The lack of general agreement on this point could depend on the 
fact that loss of dendritic spines, characteristic of the epileptic neurons, could be 
accompanied by an increase in the number of dendritic, but not somatic, cholin
ergic receptors. Since the usual microionophoretic procedure considers only soma 
responses, dendritic activity cannot be detected (KRNJEVIC et al. 1970). 

Apart from these considerations, the epileptic neurons show: (a) spontaneous 
interictal spikes, i.e., sharp waves detected in the EEG recording between seizures 
(AYALA et al. 1973), which are inhibited by cholinomimetic agents (PHILLIS and 
YORK 1968; STONE 1972) and/or, (b) interictallarge paroxysmal depolarization 
with superimposed high-frequency spiking, followed by hyperpolarization (CRILL 
1980). The possible ACh involvement in the epilepsy models is now briefly dis
cussed: 

1. Undercutting 
After weeks or months, the isolated cortex shows spontaneous epileptic dis
charges. At the same time, increased ACh sensitivity has been reported ( FER
GUSON and JASPER 1971; ECHLIN 1975; FERGUSON and CORNBLATH 1975; CORN
BLATH and FERGUSON 1976). However, SPEHLMAN (1971) and SPEHLMAN et al. 
(1971) found no selective ACh supersensitivity in the denervated occipital cortex 
and considered the increased ACh effectiveness in inducing seizures as an obvious 
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consequence of the intrinsic focus abnormality. Furthermore, the spontaneous 
discharges were inhibited not by atropine but by GABA. Thus, SPEHLMAN con
cluded that the seizure activity in isolated slabs did not involve a cholinergic step 
and that ACh supersensitivity, if present, was not essential to neuron discharges. 

2. Penicillin 
Sodium benzyl penicillin is often used to induce quickly an acute epileptic focus 
in different parts of the brain, mostly in the cortex. The paroxysmal depolariza
tion shift (PDS) is similar to that found in other models of focal epilepsy. Both 
indirect and direct evidence support the contention that PDS is a large excitatory 
postsynaptic potential (EPSP), but its exclusive synaptic origin remains to be 
settled (CRILL 1980). 

Around the penicillin focus, neuronal hyperpolarization prevails, possibly re
presenting a protective mechanism against the spread of seizure activity. Cholin
ergic involvement in this experimental model is uncertain. GUBERMAN and GLOOR 
(1974) found that cholinomimetic drugs sometimes have an anticonvulsant effect 
and concluded that no simple, unified role could be ascribed to ACh. 

GOODMAN and LEBOVITZ (1982), however, reported that lesions of medial sep
tal nucleus, i.e., removal of the tonic excitation cholinergic input to the hippocam
pus, decrease the excitability within the penicillin focus, while the interictal spikes 
can be accelerated by physostigmine or carbachol. 

Recently, DINGLEDIN and GJERSTAD (1980) found that penicillin reduced the 
GABAergic inhibitory postsynaptic potentials (IPSP) evoked by subthreshold 
antidromic stimulation in CAl hippocampal pyramidal cells studied in vitro (see 
Chap.7, this volume). Consequently, the mixed EPSP-IPSP induced by ortho
dromic stimulation was converted by penicillin into a pure EPSP, with a higher 
probability of causing cell discharges. Although additional observation suggested 
the existence of increased neuronal excitability, the prevailing penicillin mecha
nism could be due to disinhibition and not to an enhanced cholinergic excitatory 
signal. 

3. Alumina and Cobalt 
The chronic histological lesions produced by local alumina or cobalt application 
are associated with increased neuronal excitability, which is responsible for recur
rent epileptic attacks. In guinea pigs with alumina-induced hippocampal epileptic 
foci, a generalized AChE increase in both cortical and subcortical structures was 
found. Increased enzyme activity was more pronounced in the hemisphere con
taining the secondary focus and was interpreted as compensating for increased 
synaptic ACh availability (GUERRERO-FIGUEROA et al. 1964). Similar ob
servations were reported by BAXTER (1967) and GROSSMAN (1963). 

BAKAY'S (1981) report concerning the biochemical changes found in alumina
induced foci in the monkey cortex agrees with these conclusions (see also McNA
MARA 1978; ASHTON et al. 1980). The epileptic cortex showed a markedly reduced 
receptor binding to GABA (70%) and quinuclidyl-benzylate (QNB) (30%), to
gether with a nonspecific cellular dropout, involving other neurotransmitter re
ceptors. 
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In the primary focal area of "cobalt" rats, GoLDBERG et al. (1972) detected a 
significant reduction in cholinergic enzymes. A similar trend was observed in the 
controlateral cortex. Neuronal loss of transsynaptic influences could be respon
sible for the above changes, since histological examination showed terminal and 
fiber degeneration in ispilateral brain areas connected with the focus, as well as 
in homotropic contralateral areas (EMSON and JOSEPH 1975). 

Reduction of many transmitter-related enzymes, such as glutamate decarbox
ylase, aromatic acid decarboxylase, AChE, and CAT, were simultaneously mea
sured. Thus, it was impossible to establish the net effect (i.e., corrected for 
neuronal loss) of cobalt focus on the cholinergic system. On the other hand, the 
threshold for homocysteate excitation of cortical neurons and the proportion of 
acetylcholine-sensitive cells revealed no consistent changes in the motor cortex of 
cobalt rats (PuMAIN et al. 1977). 

Moreover, 3 weeks after cobalt application on the rat frontal cortex (i.e., when 
the epileptiform activity was well established): (a) the ACh content in the tissue 
surrounding the necrotic area was normal; (b) physostigmine or diiosopropyl 
fluorophosphate (DFP) reduced both seizure activity and interictal spiking; and 
(c) hemicholinum-3 was less effective in depleting ACh levels in the cerebral cor
tex around cobalt lesions than in control rats. Therefore, cholinergic neurons ad
jacent to the cobalt implant were less active than normal cells, and anti-ChE 
agents antagonized the focal hypersynchrony, which is responsible for recurrent 
attacks. In summary, in neither alumina nor cobalt epilepsy do the cholinergic 
structures seem to playa direct role. Instead, the variations observed appear to 
depend on tissue damage or adaptive processes. 

FARIELLO (1976) did not reach the same conclusions, experimenting with 
amygdaloid acute focus induced in the cat by locally injecting conjugated estro
gens. While caudate nucleus stimulation inhibited interictal epileptic activity in 
the homolateral amygdala (probably by enhancing DA and GABA control), sep
tal stimulation at a low frequency triggered amygdaloid spiking, and, at high 
frequencies, invariably evoked seizures. Consequently, FARIELLO (1976) postu
lated that septal stimulation caused a massive ACh release in the amygdala, thus 
facilitating seizures. 

D. Kindling and the Cholinergic System 

In general, the hippocampal formation shows a low seizure threshold. A possible 
cause of this is the presence of Schaffer collaterals, which originate from pyrami
dal cell axons and make excitatory synaptic connections with the apical dendrites 
of neighboring pyramidal cells and with the granule cells located in the dentate 
gyrus. Thus, strong excitation in one cellular population can be immediately 
transmitted to other parts of the whole structure. Since the hippocampal neurons 
are unusually tightly packed, increased concentration of extracellular K + (due to 
increased neuronal firing) could be an essential link in the chain of events initiat
ing seizure (SMITHIES and ADEY 1970; MA YNERT 1975). 

Therefore, the particular cytoarchitecture of the limbic system determines its 
plasticity (RACINE et al. 1971; BLISS and LOME 1973) and its tendency to show the 
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kindling phenomenon (McNAMARA et al. 1980). The hippocampus and the amyg
dala receive both interoceptive and exteroceptive inputs. Visceral information 
elaborated in the basal forebrain reaches the hippocampus via the cholinergic 
pathway from the septum (DUDAR 1975) while most somatic information, pro
cessed in the thalamus and in the entorhinal cortex, is sent to the hippocampus 
via the perforant noncholinergic pathway (SMYTIES and MEY 1970). The ratio be
tween these two inputs changes during waking and sleep and, in this context, it 
may be of interest to draw attention to certain forms of epilepsy which occur ex
clusively during sleep, i.e., when the septohippocampal input predominates. 

Looking now at limbic kindling from the cholinergic point of view, some re
ports are in favor and some are against the cholinergic hypothesis. 

ARNOLD et al. (1973) reported that atropine treatment delayed kindling in 
rats. Similarly, Vosu and WISER (1975) showed that repeated carbamylcholine in
jections in the amygdala cause a gradual seizure development, antagonized by 
atropine. 

Similar findings were presented by WASTERLAIN et al. (1978) and ALBRIGHT 
et al. (1979). GIRGIS (1981) reported that few electrical stimuli potentiate physo
stigmine seizures. The hypersensitivity to anti-ChE agents paralleled kindling 
progression and scopolamine suppressed kindling-induced seizures. 

Recently KIMURA et al. (1981) proved that the presence of a cholinergic input 
favors development of kindling. In fact, lesions in substantia innominata signifi
cantly reduced amygdala kindling. Finally, CAIN (1982) reported the bidirectional 
transfer between electrical kindling of the rat amygdala and intracerebrally ad
ministered carbachol. In summary, the presence or enhancement of the choliner
gic signal in the limbic system seems to induce or favor kindling. 

In agreement with a cholinergic link in limbic kindling, BURCHFIELD et al. 
(1979) reported the parallel development of prolonged neuronal hypersensitivity 
to microionophoretically applied acetylcholine (with no change compared with 
GABA and glutamate) and the progression of kindled epileptic patterns. How
ever, the increased responsiveness to muscarinic agents does not necessarily mean 
generalized worsening of the focal electroencephalographic signs. For instance, 
spontaneous interictal spiking (SIS) in the amygdala is activated by atropine and 
antagonized by physostignine (FITZ and McNAMARA 1979). Therefore, the stim
ulation of muscarinic receptors, per se capable of determining kindling and sei
zures, suppresses peculiar signs of electrical abnormality such as SIS. It has been 
suggested that SIS may reflect some protective inhibitory mechanisms, designed 
to reduce the likelihood of subsequent seizures; consequently, ACh could mediate 
a breakdown of this inhibition (MUCHA and PINEL 1977; FITZ and McNAMARA 
1979). 

Enhanced ACh sensitivity and SIS development are associated with other rel
evant changes, such as reduction in the number of muscarinic receptors in the lim
bic system of kindled animals (McNAMARA 1978; FITZ and McNAMARA 1979; 
BYRNE et al. 1980; SAVAGE and McNAMARA 1981; DASHEIFF et al. 1981; but see 
NODAetal.I981). 

On the other hand, the time course of receptor reduction has suggested a 
muscarinic step in the development (but not in the maintenance) of kindling and 
strenghthened the idea that the decrease in cholinergic neuronal communications 
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was a consequence of/or a compensatory mechanism to seizures (DASHEIFF et al. 
1981). 

Such a mechanism is not localized to the stimulated areas but is well evident 
in other functionally interconnected regions. Thus, amygdala kindling is associ
ated with cholinergic receptor decline not only in the amygdala, but also in both 
hippocampal formations (BYRNE et al. 1980), which could be considered the tar
get structure of kindled amygdala. On the other hand, evidence exists that the 
down regulation of muscarinic receptors is independent of cholinergic input. 

In fact, DASHEIFF and McNAMARA (1980) reported that, during amygdala 
kindling, hippocampal muscarinic receptors continued to decline in rats previ
ously submitted to medial septum lesions. Therefore, muscarinic receptor reduc
tion can only represent one of the compensatory mechanisms to repeated 
neuronal depolarization (FISHMAN and NELSON 1981) and is independent of cho
linergic pathway activation. To date, there is no information about possible 
changes in the number of nicotinic receptors which are surely present in the hip
pocampus (KRNJEVIC and ROPERT 1981). 

The complexity of brain adjustments to kindling is confirmed by the contra
dictory reports about cholinergic enzyme changes. CAT activity increases accord
ing to NODA et al. (1981), but neither CAT nor AChE change in DASHEIFF'S ex
periments (1981). Similarly, high-affinity choline uptake (HACU) is unchanged 
by amygdala kindling, while it is increased by pentylentetrazol (PTZ) convulsions 
(DASHEIFF et al. 1981). 

There is doubt that increased ACh responsiveness, muscarinic receptor reduc
tion, and other biochemical and functional changes involving other neuronal 
pools (KALICHMAN et al. 1980; ASHTON et al. 1980; GODDARD 1980; SHAVIT et al. 
1981; TUFF et al. 1981) constitute a complex intertwining of causative and com
pensatory factors, simultaneously involved in the kindling process. This is mor
phologically demonstrated by the sprouting of fibers into the neuronal circuit, 
which is altered by repetitive stimulation (RACINE et al. 1971; MESSENHEIMER et 
al. 1979). On the other hand, the term "kindling" may represent a class of differ
ent pathological conditions with seizures as the end effect. Recently, KILBEY et 
al. (1979) showed that periodic systemic administration of sub convulsive doses of 
cocaine and other local anesthetics ultimately leads to generalized seizures. LAL 
et al. (1981) and CAIN (1981) reported that chronic PTZ treatment causes a pro
gressive sensitization to the drug convulsant property and to electrically induced 
kindling, with no appreciable changes in benzodiazepine or QNB binding. Also 
penicillin injections in the neocortex cause kindling (COLLINS 1978). Therefore, 
systems other than the cholinergic are involved in drug-induced kindling. 

E. Conclusions 
At the end of this brief survey, a definitive answer concerning the pathophysio
logical role of ACh in epilepsy cannot be given. The few certainties are overshad
owed by many negative and contradictory reports. Clearly, the cholinergic sys
tem, which originates in the basal nuclei, controls the whole neo- and archicortex, 
as well as other subcortical structures, where it mainly exerts excitatory influence 
through muscarinic (and also nicotinic) receptors. 
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No doubt, the increased cholinergic activity obtained with cholinomimetic 
drugs, however they are applied, causes generalized or localized convulsions, 
counteracted by proper antagonists. In addition, convulsant drugs or procedures 
simultaneously induce seizures and increased ACh release, whereas spontaneous 
epilepsies are associated with biochemical signs of cholinergic "hyperactivity." 

On the other hand, the desynchronizing properties of the physiological ACh 
signal argue against the hypothesis of a cholinergic hypersynchrony, which is an 
essential prerequisite for inducing an epileptic focus. Since hypersynchrony is ob
tained only with very high, toxic doses of cholinomimetics, receptor desensitiza
tion or blockade is suspected. 

The proved ACh involvement in certain types of local epilepsy does not nec
essarily mean that the increased ACh synaptic availability is a causative, essential 
step for epileptogenesis. In fact, the operative model of cholinergic transmission 
is characterized by a high degree of safety, and many synaptic mechanisms coop
erate to reduce temporary excessive neurosecretion. 

Considering now human pathology, increased AChE in epileptic focus has 
been definitively excluded (TOWER and ELLIOT 1952; PAPPIUS and ELLIOT 1958; 
RApPORTet al. 1975). 

To date, no additional reports on this point or on other possible traces of al
tered cholinergic activity in human epileptic foci have been published. In other 
words, a morphological or biochemical basis to support cholinergic involvement 
in human epilepsy is lacking. 

These negative conclusions are strengthened by other arguments. The old ob
servations that atropine was able to block spontaneous and hyperventilation-in
duced spike-and-wave discharges in patients with petit mal and, occasionally, in 
grand mal seizures (WILLIAMS 1941) have not been confirmed. A proper assess
ment of this antimuscarinic agent as an antiepileptic drug is precluded by its wide
spread peripheral and central actions, as pointed out by WOLFF (1956) and GARD
NER and WEBSTER (1977). 

Furthermore, the presence of muscarinic excitatory and inhibitory receptors 
in the cortex (STONE 1972) makes drug end effects difficult to establish. 

In contrast to the cholinergic hypothesis, KARCZMAR (1976) has reviewed the 
circumstances in which physostigmine, because of its desynchronizing effects, was 
capable of reducing or preventing petit mal seizures. The only field which remains 
to be investigated concerns the possible usefulness of scopolamine in preventing 
late, post-traumatic limbic epilepsy, which may be related in some way to ex
perimental kindling (GIRGIS 1981). Indeed, this is not sufficient to support the hy
pothesis that the cholinergic system plays a key role in convulsive disorders. 
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CHAPTER 7 

GABA and Other Amino Acids 
B. S. MELDRUM 

A. Introduction: Amino Acids as Neurotransmitters 
Among the neutrotransmitter substances so far identified in the mammalian ner
vous system the amino acids are by far the most ubiquitous (in terms of the pro
portion of neurons containing them) and the most functionally consistent (in 
terms of their postsynaptic actions). Thus the neutral amino acids, glycine and 
GABA (gamma-amino butyric acid), when tested iontophoretically are univer
sally inhibitory, and the dicarbocylic amino acids, asfartate and glutamate are 
universally excitatory (CURTIS and WATKINS 1963; CURTIS and JOHNSTON 1974). 
Comparable generalisations are not possible in the case of noradrenaline (nor
epinephrine), dopamine, serotonin, or acetylcholine, which occur in a very 
restricted proportion of neurons and have actions that vary according to the site 
and other local circumstances. 

Many convulsant and anticonvulsant drugs have potent effects on amino acid 
metabolism or on their synaptic function. Impairment of GABAergic or of gly
cinergic inhibition can explain the convulsant action of several different classes 
of convulsant drugs. 

Enhancement of GABAergic inhibition probably plays an important part in 
the anticonvulsant actions of barbiturates and benzodiazepines and possibly 
other clinically useful antiepileptic agents such as valproate. However, a great 
deal remains to be elucidated in relation to amino acids and epilepsy. In partic
ular, excitatory amino acids probably playa major role in the development and 
spread of seizure activity but their involvement in antiepi1eptic drug effects is 
poorly understood. 

This chapter summarises biochemical, physiological and pharmacological 
data relating to inhibitory and excitatory amino acids in the brain. It indicates key 
elements linking them to pathophysiological mechanisms in epilepsy, and thus 
provides part of the basic science background to consideration of the mechanism 
of action of anticonvulsant drugs. 

B. Amino Acids Producing Inhibition 
I. Introduction 
Table 1 lists amino acids that both occur naturally in the brain and inhibit 
neuronal firing when applied iontophoretically at the single-cell level. These 
amino acids are characterised by a zwitterionic state in neutral solution. They 

. vary greatly in the concentration in which they occur and in their regional dis
tribution within the brain. 
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Evidence of several kinds is required to establish that an amino acid acts as 
an inhibitory transmitter at a specific site in the brain. This includes evidence that 
the amino acid occurs in relatively high concentration in synaptosomes (or in syn
aptic vesicles), that the enzyme or enzymes responsible for its synthesis are simi
larly concentrated in synaptosomes (or are selectively localised in nerve terminals 
in histochemical or immunocytochemical studies), that the amino acid is released 
in a calcium-dependent fashion following electrical stimulation of the neuronal 
pathway, and that the action of the amino acid when applied exogenously is 
physiologically and pharmacologically comparable to the action of the endoge
nously released compound. A selective sodium-dependent reuptake system seems 
to be characteristic of amino acid transmitter systems. However, the presence of 
a sodium-dependent high- (or low-) affinity uptake system for an amino acid is 
only evidence of a secondary or supporting nature. Similarly the presence of a "re
ceptor" for an amino acid, as demonstrated either by a physiological response or 
by binding of isotopically labelled ligand helps confirm the status of an already 
identified neurotransmitter, but is not itself persuasive evidence. 

Of the neutral amino acids, GABA is undoubtedly an inhibitory transmitter 
at sites in the cortex, hippocampus, cerebellum, basal ganglia, etc. (see CURTIS 
1979), and glycine is very probably a transmitter in the spinal cord and brain stem, 
and elsewhere (CURTIS and JOHNSTON 1974). fJ-Alanine has been proposed as a 
transmitter in the superior colliculus (SANDBERG and JACOBSON 1981). Taurine 
may be a transmitter in the cerebellum and in other brain regions, but the evi
dence is not yet decisive (MANDEL and PASANTES-MoRALES 1978). All the inhibi
tory amino acids so far studied utilise the same ionic mechanism to induce inhibi
tion, namely an increase in chloride conductance. Where there is a high external 
[Cl-] and a low internal [Cl-], as in the soma of most neurons, increasing the 
membrane chloride conductance hyperpolarises or stabilises the resting mem
brane potential and reduces the probability of an impulse being initiated at the 
initial segment of the axon. On hippocampal dendrites a depolarising action of 
GABA (associated with increased membrane conductance) provides a purely lo
cal shunting or inhibition of afferent excitatory inputs (ANDERSEN et al. 1980, 
1982). Additional ionic conductance changes due to GABA, involving potassium 
and calcium, have been described, particularly in invertebrate preparations 
(Y AROWSKY and CARPENTER 1978). 

Differences between amino acid inhibitory mechanisms are not confined to 
the transmitter recognition sites. Associated membrane structures also differ, as 
demonstrated by the selective effects of benzodiazepines and barbiturates, or of 
picrotoxin, on GABAergic receptor systems as compared with glycinergic recep
tors. Furthermore the chloride ionophores themselves show distinctive properties 
according to the amino acid receptor activated. Thus in spinal neurons in tissue 
culture, analysis of the conductance change, and its duration, associated with ac
tivation of a single channel distinguishes between channels activated by GABA, 
glycine or fJ-alanine (BARKER et al. 1982). This suggests that there are at least three 
endogenous inhibitory amino acid transmitters. It does not prove which they are, 
as, for example, the endogenous amino acid for the "fJ-alanine receptor" could 
be taurine or some other compound (see OKAMOTO and SAKAI 1980). 
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Any amino acid may act on several different receptor sites. There may be more 
than one type of receptor that is selective for that neurotransmitter. This principle 
of "multiple receptors" is well established for monoamine neurotransmitters 
(SNYDER and GOODMAN 1980), covering subtypes not only of postsynaptic recep
tors but also of receptors on presynaptic terminals, including autoreceptors. 
There may also be receptor sites with multiple physiological agonists, i.e.respond
ing to more than one amino acid, perhaps with variable selectivity according to 
ionic or other circumstances. 

Selective antagonists that compete for the receptor recognition site provide a 
means of differentiating both receptors specific for particular amino acids and re
ceptor subtypes for one amino acid. They also provide valuable evidence concern
ing the identity of exogenous and endogenous amino acid neurotransmitters. 
Strychnine has been widely used as an antagonist selective for postsynaptic gly
cine receptors and bicuculline and picrotoxin as antagonists for postsynaptic GA
BA receptors. However, it is now apparent that of these only bicuculline competes 
directly for the amino acid recognition site. Strychnine and picrotoxin act 
selectively on the glycine- and GABA-activated ionophores. 

Amino acid analogues that are selective agonists also facilitate such differenti
ation both in pharmacological experiments and radioactive ligand studies. This 
approach has permitted the differentiation of "GABA A receptors", at which 
muscimol and THIP (4,5,6,7-tetrahydroisoxalo[5,4-C]pyridine-3-01) are selective 
agonists, and "GABA B receptors", at which baclofen is a selective agonist (Bow
ERYetal. 1980). 

The range of presynaptic receptors influencing neurotransmitter release is ex
tremely wide (VIZI 1979) and includes various metabolites that probably cannot 
be considered as "neurotransmitters". GABA A type receptors are present on 
GABAergic and on glutamatergic neurons (LEVI et al. 1981; MITCHELL and MAR
TIN 1978; MITCHELL 1980). GABA B type receptors occur on monoaminergic ter
minals; GABA, or baclofen, acts to decrease the release of noradrenaline, dopa
mine and serotonin. L-Proline apparently acts on presynaptic receptors to inhibit 
glutamate release (KELLER et al. 1981). 

II. GADA 
GABA, 4-aminobutyric acid, is the major inhibitory transmitter in the mam
malian brain. It provides intrinsic inhibition in the cortex, hippocampus, thala
mus and cerebellum (see below) and because of this plays a critical role in several 
aspects of epileptogenesis. Any significant interference with GABA-mediated 
postsynaptic inhibition in the cortex or hippocampus leads to local or generalised 
seizure activity (MELDRUM 1975). Enhancement of GABA-mediated inhibition 
produces anticonvulsant effects in a wide range of animal models of epilepsy and 
at least two of the major classes of anticonvulsant drugs significantly enhance 
GABA-mediated inhibition. 

1. Metabolism 

GABA is synthesised within the nervous system from glutamic acid (see Fig. 1). 
Although the latter can be derived from dietary protein and is transported into 
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TCA cycle 

~ HOOC-CH2-CH2-CO-COOH 

2-0xoglutarate ) HOOC-CO-CH2-COOH 

( 

Oxaloacetic acid 

Aspartate transaminase HOOC COOH 
(pyridoxal phosphate) \ / 

JH-CH2 

H2N 

H2NOC-CH2-CH2CH(NH2)COOH + NH, HOOC-CH2-CH2-CH(NH2)COOH Aspartic acid 
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GABA-lysine 

Glutamic acid 1 Glutamic acid decarboxylase 
(pyridoxal phosphate) 

-NH, 

~==~ HOOC-CH2-CH2-CH2-NH2 

GABA ) (HOOC-CH2-CH2-CH(NH2)COOH 
GABA-transaminase* Glutamic acid 
(pyridoxal phosphate) 

HOOC-CH2-CH2- CHO 

Succinic semialdehyde 

HOOC-CH2-CH2-CO-COOH 

2-0xoglutarate 

SSADH* "" Aldehyde reductase' 
TCA cycle (NAD+) • '\. (NADPH) 

~ HOOC-CH2-CH2-COOH HOPC-CH2-CH2-CH20H 

Succinate 'Y-Hydroxybutyrate 

Fig.t. Metabolic pathways of GABA. The route from 2-oxoglutarate to succinate is the 
"GABA shunt" on the tricarboxylic acid (TeA) cycle. Enzymes inhibited by anticonvul
sant drugs (sodium valproate, phenobarbitone) in vitro are asterisked 

the brain, most glutamate acting as a precursor for neurotransmitter GABA is de
rived from glucose by transamination from 2-oxoglutarate. Within the brain, 
glutamine also acts as a precursor of glutamate and GABA (BERL et al. 1961). 

a) Synthesis 

Glutamic acid decarboxylase (L-glutamate l-carboxy-Iyase: EC 4. 1. l.l5) is a 
cytosolic enzyme that requires pyridoxal phosphate as coenzyme. It is specifically 
localised in GABAergic neurons. It is highly concentrated in synaptosomal 
fractions of brain homogenates and is seen in perisomatic synaptic terminals in 
immunocytochemical studies employing specific antibodies of glutamic acid de
carboxylase (SAITO et al. 1974; OERTEL et al. 1981 a; RIBAK 1978). 

Glutamic acid decarboxylase (GAD) activity can be inhibited by three types 
of compounds: (1) those interfering with the synthesis or coenzymic function of 
pyridoxal phosphate, (2) those competing with the substrate, and (3) compounds 
that are non-competitive inhibitors, including catalytic (Kcat) inhibitors (see 
Table 2). All these classes of GAD inhibitors can produce seizures in man and ex
perimental animals - the latency to seizure onset and the pattern of seizures show 
distinct differences according to the type of inhibitor. 

Competitive inhibitors such as 3-mercaptopropionic acid produce seizures 
with a very short latency (2 min in the baboon), indicating the very short half-life 
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Table 2. Compounds inhibiting the synthesis of GABA 

1. Pyridoxal phosphate antagonists 
Hydrazine 
Methyldithiocarbazinate 
Thiosemicarbazide 
Isoniazid 
4-Deoxypyridoxine 
Methoxypyridoxine 

2. Competitive antagonists 
D-Glutamate 
2-Ketoglutarate 
3-Mercaptopropionic acid 
4-Mercaptobutyric acid 
Thiomalic acid 
3-Mercaptopyruvate 

3. Non-competitive inhibition 
L-Allylglycine 
D-Allylglycine 
2-Keto-4-pentenoic acid 

Convulsant dose 
in rats or mice 
(mmoljkg) 

0.12 
0.27 
1.2 
1.2 

1.1 

1.0 
4.0 

B. S. MELDRUM 

Seizure 
latency 
(min) 

30-45 
60-240 
7-40 

15-45 

2-6 

60-120 
60-180 

References: HORTON et al. (1978), TABERNER et al. (1977), REINGOLD and ORLOWSKI (1978), 
Wu and ROBERTS (1974), and MELDRUM et al. (1975) 

of neurotransmitter GABA. Pyridoxal phosphate antagonists produce partial sei
zures with secondary generalisation after a long latency (see MELDRUM 1979). The 
long latency of seizures induced by D,L-allylglycine is related to its initial conver
sion to 2-keto-4-pentenoic acid, which is an irreversible inhibitor of GAD. A dif
ferent pattern of seizure activity is seen after D-allyglycine, compared with the L
isomer, because the D-isomer is activated by D-amino acid oxidase, which in mam
mals is found only in the hindbrain. Thus the fall in GABA content after 
D-allyglycine is restricted to the hindbrain, but is generalised after L-allyglycine 
(HORTON et al. 1978). 

The 2-keto acids derived from cysteine and homocysteine by transamination 
or by L-amino acid oxidase (3-mercaptopyruvate and 2-keto-4-mercaptobutyrate) 
are very potent inhibitors of glutamic acid decarboxylase activity (REINGOLD and 
ORLOWSKI 1978). Formation of these compounds in the brain could explain the 
seizures observed in homocystinuria. 

Infants suffering from dietary deficiency of pyridoxine show seizures which 
are almost certainly due to impaired synthesis of GABA and are rapidly termi
nated by parenteral administration of pyridoxine. There is also a rare inborn met
abolic disorder, pyridoxine dependency, in which the requirement for pyridoxme 
is greatly increased (COURSIN 1954, 1964). 

A fall in GAD activity can be produced by oestrogens, given either systemi
cally or focally on, or in, the brain (WALLIS and LUTTGE 1980; MCGINNIS et al. 
1980). The mechanism is not known but the phenomenon could contribute to 
changes in seizure threshold produced by oestrogens. 
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b) Further Metabolism 

Two enzymes complete the further metabolism of GABA, within the GABA 
shunt, to succinic acid. These are GABA-transaminase (4-aminobutyrate: 2-oxo
glutarate aminotransferase, EC 2.6.1.19, GABA-T), which like GAD requires 
pyridoxal phosphate as cofactor, and succinic semialdehyde dehydrogenase (suc
cinate-semialdehyde: NAD(P) oxidoreductase, EC 1.2.1.16, SSADH). GABA-T 
and SSADH are mitochondrial enzymes found in both neurons and the glia. 

Succinic semialdehyde can alternatively be converted to 4-hydroxybutyrate, 
by an NAPDH-dependent aldehyde reductase (KAUFMAN et al. 1979). The reverse 
reaction is catalysed by the same enzyme (with NADP+). 

rx) GABA-Transaminase Inhibition. Compounds inhibiting GABA-transaminase 
activity fall into two main categories: (I) carbonyl-trapping agents complex
ing with pyridoxal phosphate, which are therefore not specific, and commonly al
so inhibit GAD activity, and (2) compounds that are "catalytic" or irreversible 
inhibitors ofGABA-T (METCALF 1979; PALFREYMAN et al. 1981; BEY et al. 1981). 
Anticonvulsant effects of amino-oxyacetic acid have been reported in many ani
mal test systems but a dose slightly greater than the anticonvulsant dose precipi
tates seizures (MELDRUM et al. 1970). 

However, the catalytic inhibitors of GABA-T have powerful anticonvulsant 
effects in baboons with photosensitive epilepsy (MELDRUM and HORTON 1978) 
and in a wide range of rodent models, including audiogenic seizures, electroshock 
and various chemically induced seizures (ANLEZARK et al. 1976; HORTON et al. 
1977; PALFREYMAN et al. 1981). The action ofy-acetylenic GABA and y-vinyl GA
BA against GABA-antagonist drugs shows some anomalies in terms of dose-re
sponse relations and time course of action (PALFREYMAN et al. 1981; KENDALL et 
al. 1981). 

In rodents there is a massive increase in the cerebral GABA content (by four
to tenfold over 6-48 h) after administration of ethanolamine-O-sulphate and y
vinyl GABA or y-acetylenic GABA (SCHECHTER et al. 1977; HORTON et al. 1977; 
PALFREYMAN et al. 1981; CHAPMAN et al. 1982). There is evidence that there is a 
preferential increase in synaptosomal GABA concentration after y-vinyl GABA 
administration in mice (SEILER and SARHAN 1980). Release of GAB A into cortical 
superfusates is enhanced shortly after the intraperitoneal administration of y
vinyl GABA or y-acetylenic GABA in rats (ABDUL-GHANI et al. 1980). This test 
system does not differentiate enhanced synaptic release from impaired GABA 
reuptake. However, rat cortical synaptosomes show an enhanced release of 
preloaded GABA in the presence of y-vinyl-GABA or y-acetylenic GABA (AB
DUL-GHANI et al. 1981). It is likely that the catalytic inhibitors of GABA-trans
aminase produce an anticonvulsant effect by increasing the quantity of GABA 
released physiologically at synapses, but some direct or indirect effect on GABA 
uptake cannot be excluded. 

P) Succinic Semialdehyde Dehydrogenase. This enzyme has been purified from 
rat and human brain (as two isoenzymes in the latter case) (CASH et al. 1978). 
It is inhibited by 4-hydroxybenzaldehyde and various branched chain fatty acids 
including sodium valproate (MAiTRE et al. 1976; ANLEZARK et al. 1976). The ac
tivity of SSADH is substantially greater than that of GABA-T (DE BOER and 
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BRUINVELS 1977), and the substrate, succinic semialdehyde, is found only in very 
low concentration in human or rat brain. 

Inhibitors ofSSADH have been reported not to increase brain GABA content 
(BAXTER and ROBERTS 1961; MAiTRE et al. 1976); however the increase in brain 
GABA that follows ischaemia or hypoxia is thought to be due to cessation of 
SSADH activity in the absence of oxidised NAD. Indirect inhibition of GABA
transaminase activity through an increased succinic semialdehyde concentration 
has also been postulated as a mechanism of action of valproate (V AN DER LAAN 
et al. 1979). 

y) Aldehyde Reductases. Among the aldehyde reductases found in brain at 
least two can convert succinic semialdehyde to 4-hydroxybutyrate (linked to 
NADPH) or perform the reverse action (linked to NADP) (T ABAKOFF and ERWIN 
1970; KAUFMANN et al. 1979). The true metabolic or physiological function of 
these enzymes is not known. 4-Hydroxybutyrate is found in brain at a low con
centration (DOHERTY et al. 1978). Given systemically 4-hydroxybutyrate has nu
merous effects on cerebral metabolism and function (SNEAD 1977) and induces 
EEG spike discharges and a trance-like state that has been compared to petit mal 
"absence" (WINTERS and SPOONER 1965; SNEAD 1978; GoDSCHALK et al. 1877). 

One isoenzyme ofNADPH-dependent aldehyde reductase with a broad sub
strate specificity (RUMIGNY et al. 1980) (ARI, high-Km form) is highly susceptible 
to inhibition by ionisable anticonvulsant drugs, including barbiturates, hydan
toins, carbamezepine, succinimides, benzodiazepines, and valproic acid (ERWIN 
and DEITRICH 1973; RIs et al. 1975; JAVORS and ERWIN 1980; WHITTLE and TUR
NER 1981), but not non-ionisable forms (trimethadione, methsuximide). Rat brain 
4-hydroxybutyrate concentration increases quickly after acute administration of 
ethosuximide, trimethadione and valproate but decreases after chronic phenobar
bital, ethosuximide or trimethadione (SNEAD et al. 1980). The isoenzyme of alde
hyde reductase with the higher specificity for succinic semialdehyde is not in
hibited by anticonvulsant drugs (RUMIGNY et al. 1980). The isoenzyme inhibited 
by anticonvulsant drugs (ARI) is more potently inhibited by various flavonoids 
(quercetin, rutin and derivatives). These compounds appear not to posses an
ticonvulsant activity (WHITTLE and TURNER 1981). 

2. GABAergic Pathways 

Pathways releasing GABA were initially tentatively identified by a combination 
of neurophysiological, neuropharmacological and biochemical techniques (see 
ITO 1976; CURTIS 1979). However, the introduction of sensitive and specific im
munocytochemical procedures for demonstrating glutamic acid decarboxylase in 
fixed or frozen sections (SAITO et al. 1974; OERTEL et al. 1981 a) has permitted the 
precise identification of cell types that synthesise GABA and the neuronal path
ways that release it. These studies are now being supplemented by an immuno
cytochemical method for visualising GABA (STORM-MATHISEN et al. 1983). 

Detailed GAD-immunocytochemical studies have been made in the cerebel
lum, basal ganglia, thalamus, hippocampus and neocortex (RIBAK et al. 1976, 
1978; SAITO et al. 1974; OERTEL et al. 1981 b; HENDRICKSON et al. 1981; SOMOGYI 
et al. 1983). These have confirmed earlier neurophysiological and biochemical ev-
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idence for important intrinsic GABAergic inhibitory systems in the neocortex and 
hippocampus. 

In the neocortex large aspinous stellate neurons form a horizontal GABAergic 
network (principally in lamina IV) that provides symmetrical endings on the 
somata of pyramidal cells. Activation of this inhibitory network leads to hyper
polarisation of pyramidal somata and reduced impulse generation at the initial 
segments of the axons (RIBAK 1978). The afferent and efferent connections of this 
system ensure that it provides feedforward and feedback collateral inhibition. The 
intrinsic GABAergic neurons in the hippocampus are similarly activated by feed
back inhibition from pyramidal neurons. Thus in the two brain regions most sig
nificantly involved in partial or focal epileptic activity (i.e. the neocortex and hip
pocampus) the GABAergic inhibitory system is, in terms of structure and connec
tivity, ideally arranged to prevent or terminate the excessively synchronous or 
sustained firing of the neurons that constitute the output system, and thus to pre
vent or minimise epileptic activity. 

3. Convulsant Drugs and GABA 

Compounds that impair the functioning of the GABAergic system will, if given 
focally into the cortex or hippocampus, induce local seizure activity, and if they 
enter the brain following systemic administration will induce partial or gener
alised seizures (MELDRUM 1975, 1979). 

The two major categories of convulsant compounds acting on GABAergic in
hibition are those impairing the synthesis of GABA by inhibiting GAD activity 
and those preventing the postsynaptic action ofGABA. Inhibition of GAD activ
ity has been considered in Sect. A.II.1.a (see Table 2). 

The postsynaptic inhibitory action of GABA can be blocked by drugs acting 
either at the GABA recognition site, such as bicuculline, or at a site closely related 
to the Cl- ionophore, such as picrotoxinin, the cage convulsants (tetramethy
lenedisulphotetramine, p-chlorophenylsilatrane and various bicyclophosphate es
ters) and the convulsant barbiturates. The two sites can be differentiated in radio
active ligand studies using brain membrane preparations. Bicuculline competes 
with GABA or muscimol for binding (ENNA and SNYDER 1975; ENNA et al. 1977 
a). Dihydropicrotoxinin competes with the cage convulsants, with barbiturates 
and with various other anticonvulsant drugs (OLSEN et al. 1979; OLSEN 1981a, b), 
Convulsants acting at the picrotoxinin binding site prevent the increase in 
chloride conductance induced by GABA acting at its recognition site. 

4. Pathophysiology in Epilepsy 

The evidence for a failure in GABAergic inhibition as the primary cause of any 
syndrome of epilepsy in man at the present moment is inconclusive, except for the 
syndromes of pyridoxine deficiency and dependence in infants (COURSIN 1964; 
SCHLESINGER and UPHOUSE 1972) and poisoning with drugs inhibiting glutamic 
acid decarboxylase. 

However, three kinds of evidence support this concept. 
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a) GABA in Cerebrospinal Fluid 

Pilot studies of CSF GABA content that compared patients with epilepsy and 
patients with other neurological disorders found no significant change (ENNA et 
al. 1977b; SCHMIDT and LOSCHER 1981). However, when patients are compared 
with normal controls, a reduced mean GABA content is often, but not invariably, 
found. This apparently does not depend on seizure type (partial or generalised) 
nor on the kind of drug therapy. The significant reduction in GABA content in 
the CSF of children with febrile convulsions (LOSCHER et al. 1981) must be inter
preted cautiously, as the probands were febrile and directly postictal when sam
pled, and the control group was significantly older. 

Caution is also required with regard to most published reports on CSF GABA 
content because of the possibility that both control and patient values are arte
factually high, through hydrolysis of conjugated forms of GABA (such as homo
carnosine, y-aminobutyryl choline or unidentified peptides) which are present in 
CSF in concentrations 15-40 times higher than GABA itself (GROVE et al. 1981; 
PERRyet al. 1982). 

b) GABAergic Systems in Experimental Focal Epilepsy 

Measurements of GABA content in epileptogenic foci induced by cobalt in the 
cortex of rats and cats (KOYAMA 1972; VAN GELDER and COURTOIS 1972) show 
a reduction in GABA associated with severe convulsive activity. 

Focal lesions induced by alumina in the monkey neocortex are associated with 
a reduction in the number of axon terminals (per unit volume) staining immuno
cytochemically for glutamic acid decarboxylase (RIBAK et al. 1979). This result 
has been confirmed at the fine structural level by evidence of a reduction in the 
relative number of symmetrical (inhibitory) synapses compared with asymmetri
cal (excitatory) synapses (RIBAK et al. 1981). Experiments in infant monkeys sug
gest that hypoxia, or focal ischaemia, in early life may cause a selective loss of 
GABAergic interneurons (SLOPER et al. 1980). 

c) Human Epileptogenic Foci 
Neurosurgical studies using appropriate control cortical material (PERRY et al. 
1975b; PERRY and HANSEN 1981) have shown no reduction in GABA content in 
temporal or frontal foci. In contrast a significant elevation is found (0.63 ± 0.06 
Iilllol GABAfgwet weight in 14 controls vs 0.82±0.05 in 51 foci). 

A preliminary study of GAD activity, GABA-T activity and GABA-binding 
sites in neurosurgically resected material (LLOYD et al. 1981) suggests that de
creases occur in about one-third of patients and increases in another third. The 
significance of these observations is not yet clear. 

5. Pharmacological Enhancement of GABA-Mediated Inhibition 
GABAergic inhibition cannot normally be enhanced by the systemic administra
tion of either GABA or of its precursor glutamic acid, primarily because of lack 
of access to the synaptic site. 

However, there are many possible mechanisms for enhancing GABAergic in
hibition pharmacologically. Seven of these are listed in Table 3 and discussed be
low. 
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Table 3. Mechanisms by which drugs enhance GABA-mediated inhibition 

1. GABA agonist 
e.g. muscimol, THIP, imidazoleacetic acid 

2. GABA prodrug 
e.g. cetyl-GABA, benzoyl-GABA, Progabide (?) 

3. Facilitating GABA release 
e.g. baclofen (?), y-acetylenic GABA (?) 

4. Increasing presynaptic concentrations of GABA and/or GABA-transaminase inhibi
tion 
e.g. valproate, y-vinyl-GABA, ethanolamine-O-sulphate 

5. Allosteric enhancement of affinity of GABA recognition site 
e.g. benzodiazepines, triazolopyridazines, barbiturates 

6. Action on chloride ionophore 
e.g. barbiturates 

7. Inhibition of GAB A reuptake 
e.g. nipecotic acid: ethylnipecotate 

a) GABA Agonists 

A GABA agonist acts at the GABA recognition site to reproduce the physiolog
ical action of GABA (see BARKER and MATHERS 1981). There are two problems 
with this as a pharmacological approach to antiepileptic therapy. 

Firstly there are structurally similar receptors on non-synaptic sites, including 
axons (BROWN and MARSH 1978; ALLAN et al. 1980) and presynaptic (autorecep
tor) sites where GABA and other agonists act to reduce GABA release (MITCHELL 
and MARTIN 1978). There are also pharmacologically dissimilar GABA recogni
tion sites, the GABA B receptors of BoWERY et al. (1980), which are sensitive to 
a different class of GAB A agonists (e.g. baclofen) and which modify monoamin
ergic release. 

Secondly agonists which are selective for the postsynaptic GABA recognition 
site and which produce bicuculline-sensitive inhibition when applied at the single
cell level [such as the fungal toxin muscimol and the synthetic bicyclic analogue 
of GAB A, 4,5,6,7-tetrahydroisoxazolo[5,4-C]pyridine-3-ol (THIP)] appear to be 
anticonvulsant when tested in rodent models of epilepsy (ANLEZARK et al. 1978; 
LLOYD et al. 1979), but when evaluated in a primate model (photosensitive epilep
sy in Papio papio) are not anticonvulsant, but facilitate spike-and-wave discharges 
and induce diffuse peripheral myoclonus (PEDLEY et al. 1979; MELDRUM and 
HORTON 1980; MELDRUM 1981). Muscimol given experimentally to patients with 
schizophrenia or movement disorders induces similar paroxysmal EEG ap
pearances and diffuse myoclonus (TAMMINGA et al. 1978; SHOULSON et al. 1978). 
This proconvulsant action of specific and potent GABA agonists may be the re
sult of an action at sites other than the postsynaptic GABA receptor (e.g. the au
toreceptor). Alternatively action at GABA receptors that is not spatially and tem
porally integrated with ongoing physiological activity may be proconvulsant. 

b) GABAProdrugs 

Lipid-soluble GABA derivatives that enter the brain and are subsequently hy
drolysed to yield GABA have been tested as anticonvulsants in rodent models. 
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These include benzoyl GABA, pivaloyl GABA (GALZIGNA et al. 1978) and cetyl 
GABA (FREY and LOSCHER 1980). High doses are required to block pentylenete
trazol seizures in rats or mice. It is not proven that an increase in synaptic GABA, 
due to hydrolysis of the prodrug, is responsible for the anticonvulsant effect. A 
cyclic prodrug, LI'-pyrroline, is oxidised in the brain to 2-pyrrolidinone, which is 
hydrolysed to GABA (CALLERYet al. 1982). 

c) Enhancing or Facilitating GABA Release 

There is little definitive evidence for this as a direct action, but it may be one of 
the effects of'l'-vinyl GABA and 'l'-acetylenic GABA (ABDUL-GHANI et al. 1980) 
and ofbenzodiazepines (CURTISet al. 1976c). 

d) Inhibition of GAB A-transaminase 

The anticonvulsant action of catalytic inhibitors of GABA-T has been discussed 
above. It is not clear to what extent the anticonvulsant effect depends on second
ary effects such as enhanced synaptic GABA release and impaired glial uptake. 

e) Allosteric Enhancement of the Affinity of the GABA Recognition Site 

A mechanism of this type has been proposed (COSTA and GUIDOTTI 1979) to ex
plain the enhancement by benzodazepines of the postsynaptic inhibition due to 
GABA (see HAEFELY et al. 1981; Sect. 11.6, below). It was suggested that benzo
diazepines compete with an endogenous peptide, "GABAmodulin", whose phys
iological function is to reduce the affinity of the GABA recognition site for GA
BA (COSTA and GUIDOTTI 1979; GUIDOTTI et al. 1979). This mechanism has yet 
to be confirmed although it is clear that many endogenous compounds (including 
GABA itself) reduce the binding of labelled GABA to brain membrane prepara
tions. There is also evidence that p-carboline derivatives bind with high affinity at 
the benzodiazepine-binding site and have physiological actions comparable to, or 
opposing, those ofbenzodiazepines (BRAESTRUP et al. 1980; SKOLNICK et al. 1981; 
TENEN and HIRSCH 1980; OLSEN 1981; MELDRUM and BRAESTRUP 1983). 

Radioactive ligand studies provide convincing evidence for interactions be
tween (a) ligands which bind to the GABA recognition site, (b) ligands which 
compete with benzodiazepines for high-affinity binding and (c) ligands which 
compete with dihydropicrotoxinin for binding (OLSEN 1981). 

The most precise studies (in terms of molecular structure for agonist action 
and in terms of kinetics) concern the potentiation of benzodiazepine binding by 
GABA agonists (KAROBATH and LIPPITSCH 1979; KAROBATH and SPERK 1979; 
BRAESTRUP et al. 1979; KAROBATH et al. 1979). Using thoroughly washed mem
brane preparations GABA enhances the affinity of the benzodiazepine-binding 
site in a concentration-dependent manner. This effect is reproduced by muscimol 
and blocked by bicuculline. However, 3-aminopropane sulphonic acid and iso
guvacine are partial agonists (mixed agonists/antagonists) in this system and 
piperidine-4-sulphonic acid and THIP are competitive antagonists, i.e. they pre
vent the enhancement of benzodiazepine binding induced by GABA or muscimol 
(BRAESTRUP et al. 1979). These data can be interpreted in terms of multiple classes 
of GABA receptors with different coupling to benzodiazepine-binding site, or in 
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terms of a conformational change in the receptor complex following the binding 
of GABA to the recognition site that modifies the properties of the benzo
diazepine receptor. According to the latter concept certain GABA analogues are 
capable of binding to the recognition site but the complex is not then capable of 
the conformational change. 

Neurophysiological studies of single-cell responses in vivo show an enhance
ment of inhibitory responses to GABA after focal or systemic benzodiazepines 
(see below). Studies of Cl- ion channels in the membranes of cultured mouse 
spinal neurons demonstrate that benzodiazepines increase the frequency of chan
nel activation by GABA rather than the properties of the open channel, as occurs 
during potentiation with pentobarbital (STUDY and BARKER 1981). 

High-affinity GABA binding to crude synaptic membrane preparations is en
hanced by pentobarbital (in concentrations similar to those occurring in the brain 
during surgical anaesthesia) (JOHNSTON and WILLOW 1981; WILLOW and JOHN
STON 1981). Barbiturate enhancement of GAB A binding occurs only in chloride
containing media and depends on an interaction between the picrotoxinin-bind
ing site and the GABA recognition site (OLSEN and LEEB-LUNDBERG 1981; OLSEN 
1981 b; ASANO and OGASAWARA 1981). 

f) Action on the Chloride Ionophore 

Anaesthetic barbiturates can, by direct action, open Cl- channels in the neuronal 
membrane and can additionally prolong the opening induced by GABA (NICOLL 
1972; BARKER and RANSOM 1978; MACDONALD and Barker 1979; Study and 
Barker 1981). Anticonvulsant barbiturates (such as phenobarbital) do not direct
ly activate Cl- ion conductance. They do prolong the duration of GABA-acti
vated channels (BARKER and McBURNEY 1979), but this effect occurs only at con
centrations ten times greater than those found in clinical use (MACDONALD 1983). 

Both effects appear to be dependent on an action at the picrotoxinin-binding 
site, at which cage-convulsants and convulsant barbiturates compete for binding 
with dihydropicrotoxinin (OLSEN 1982). 

g) Inhibition of GAB A Reuptake 

Local application of compounds that inhibit the reuptake of GABA into neurons 
or the glia enhances (a) the inhibitory effect of iontophoretically applied GABA 
(CURTIS et al. 1976a, b) physiologically evoked GABA-mediated postsynaptic in
hibition (MATTHEWS et al. 1981). Some inhibitors of GABA uptake are also in
hibitors of the enzymes of GABA metabolism or are active at the GABA recog
nition site. However, the structural features of the Na-dependent GABA carrier 
in membranes differ from the GABA recognition site, so that it has been possible 
to identify natural and synthetic compounds that are highly selective as GABA 
uptake inhibitors (JOHNSTON et al. 1976; KROGSGAARD-LARSEN 1980). There is al
so evidence for at least a partial selectivity for neuronal versus glial GABA uptake 
(IVERSEN and KELLY 1975; SCHOUSBOE et' al. 1979; KROGSGAARD-LARSEN 1980; 
BRECKENRIDGE et al. 1981). Most of the selectively active compounds have a high 
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Fig. 2. Schematic diagram of GABAergic axosomatic synapse (KROGSGAARD-LARSEN 
1980). Thick arrows indicate GABA release from, and reuptake into, a presynaptic ter
minal, and uptake into glial cells. Black semicircles indicate GABA autoreceptor (on pre
synaptic terminal) and GABA recognition site, connected to chloride ionophore, on the 
postsynaptic cell membrane 

Molecular formulae of various analogues of GABA are grouped to indicate their pref
erential sites of action. ACHC (3-aminocyclohexanecarboxylic acid) and DABA (2,4-di
amino butyric acid) are substrates and competitive inhibitors of the neuronal GABA uptake 
system. THPO (4,5,6,7-tetrahydroisoxazolo [4,5-c] pyridin-3-ol) and THAO (5,6,7,8-tetra
hydro-4H-isoxazolo [4,5-c] azepin-3-ol) are selective inhibitors of GABA uptake into glial 
cells 

ionised/un-ionised ratio and enter the brain only to a very limited extent when 
given systemically (KROGSGAARD-LARSEN et al. 1981). Thus the comparative eval
uation of GABA-uptake inhibitors as anticonvulsants requires intracerebroven
tricular injection. By this route several compounds are active against audiogenic 
seizures in mice [including nipecotic acid, cis-4-hydroxynipecotic acid and THPO 
(4,5,6,7,8-tetrahydro-4H-isoxazolo [4,5-c] azepin-3-01)] (HORTON et al. 1979; 
MELDRUM et al. 1982). The two compounds that are selective inhibitors of 
neuronal versus glial GABA uptake, 2,4-diaminobutyric acid and cis-3-amino
cyclohexanecarboxylic acid (NEAL and BOWERY 1977) (see also Fig. 2), both in
duce clonic jerks and seizures 

Esters ofnipecotic acid (e.g. ethyl or pivaloyloxymethyl) or of cis-4-0H-nip
ecotic acid (methyl) act as lipid-soluble prodrugs of the GABA uptake inhibitors 
and have anticonvulsant action in mouse models when given systemically (FREY 
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et al. 1979; HORTON et al. 1979; KROGSGAARD-LARSEN et al. 1981; MELDRUM et 
al. 1982). 

h) Enhanced GABA-Mediated Inhibition: Summary 

The use of pharmacological tools of moderate or high selectivity has established 
that anticonvulsant effects are seen after any procedure that enhances the action 
of physiologically released GABA. At least four distinct mechanisms achieve this 
(a) enhanced release (following GABA-T inhibition), (b) increase in number of 
chloride channels opened by GABA (due to action on "benzodiazepine site"), (c) 
prolongation of opening of CI- channels (due to action at "barbiturate binding 
site"), and (d) impaired reuptake of GABA into neurons and the glia. A direct 
GABA agonist action that does not respect the critical spatial and temporal 
features of activity within the GABAergic nerve net is of doubtful value as an an
ticonvulsant procedure. 

6. Anticonvulsant Drug Action and GABAergic Inhibition 

Electrophysiological studies of single unit responses both in vivo and in vitro con
sistently show that barbiturates and benzodiazepines enhance the effect of exog
enous GABA and of endogenously released GABA. The dual mechanism for en
hancement of the chloride conductance increase produced by GABA, i.e. pro
longing the open time of the CI- channels or increasing the frequency of their 
opening (STUDY and BARKER 1981), seems to be the electrophysiological counter
part of the differential effects of barbiturates and benzodiazepines observed in 
binding studies with washed membrane preparations. 

There is less certain evidence for enhancement by valproate of the inhibition 
due to exogenous GABA in vivo and in vitro. Iontophoretic application of val
pro ate enhances inhibition due to GABA in cultured spinal neurons (MACDoN
ALD and BERGEY 1979), but this effect is not seen with bath-applied valproate, up 
to 1 mM (Barker, unpublished). 

The studies utilising exogenous GABA in vitro and in vivo indicate a postsyn
aptic site of action of barbiturates and benzodiazepines on GABAergic inhibi
tion. They do not exclude the possibility that there are also presynaptic actions 
of anticonvulsant drugs that may augment or oppose the postsynaptic action (e.g. 
AICKIN and DEISZ 1981; NESTOROS and NISTRI 1978; COLLINS 1981). Presynaptic 
actions involving GABA autoreceptors are possible, but the GABA receptor may 
well be different at this site (BRENNAN 1982). A general mechanism of anticonvul
sant action shown potently by hydantoins and carbamazepine, but also by benzo
diazepines, involves Ca + + calmodulin-activated protein phosphorylation in 
nerve terminals (DELORENZO 1980; DELORENZO et al. 1981) and is associated with 
a reduced release of both inhibitory and excitatory neurotransmitters (see Sect. 
B.I.4). 

This mechanism will oppose any postsynaptic GABA-enhancing action ofhy
dantoins, thus explaining the poor efficacy of hydantoins in some animal tests. 

That enhancement of GABAergic postsynaptic inhibition is a common mech
anism of action of anticonvulsant drugs is supported by biochemical evidence re
lating to GABA turnover. GABA turnover can be measured in vivo by two tech-
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niques, namely, (a) rate of incorporation oflabelled precursor into GABA (FON
NUM 1981; CHAPMAN et al. 1982) and (b) initial maximal rate of accumulation of 
GABA following inhibition of GABA-T by amino-oxyacetic acid, gabaculine or 
y-vinyl GABA (BERNASCONI et al. 1982). Both methods show that after valproate, 
barbiturates and benzodiazepines the rate of GABA synthesis is significantly re
duced (CHAPMAN et al. 1982; CHAPMAN 1984; BERNASCONI et al. 1984). This is con
sistent with a postsynaptic enhancement of GABA-mediated inhibition, leading 
to reduced physiological activity in the system by neuronal feedback. 

III. Glycine 
The highest concentrations of glycine are found in the brain stem and spinal cord 
(6.0 ~mol/g in grey matter) (JOHNSTON 1968). There is conclusive physiological 
and pharmacological evidence that glycine is an inhibitory transmitter within the 
spinal cord, providing direct and reciprocal inhibition on motoneurons via inter
neurons in the anterior horn (CURTIS and JOHNSTON 1974). On motoneurons, in
hibition invoked physiologically and that due to iontophoretically applied glycine 
can be blocked by strychnine and a variety of related alkaloids, including brucine 
and thebaine (CURTIS and JOHNSTON 1974). There is also physiological and bio
chemical evidence for glycine acting as an inhibitory transmitter in the cortex 
(LEVI et al. 1982). 

Pathophysiology in Spasticity and Epilepsy 
The concentration of glycine is reportedly elevated in cobalt-induced epilepto
genic foci in the cat (KOYAMA 1972; KOYAMA and JASPER 1977), but not in similar 
foci in the rat (JOSEPH and EMSON 1976). 

In neurosurgical patients with epilepsy, focal cortical glycine content was re
ported to be elevated relative to literature values (VAN GELDER et al. 1972). The 
mean glycine level was found to be normal in a limited controlled study (PERRY 
et al. 1975b) but a more extensive study shows a significant elevation, with 7 out 
of 51 samples showing glycine levels more than 2 SD above control means (PERRY 
and HANSEN 1981). This elevation in glycine could be a consequence of hydantoin 
therapy. 

Infants with hyperglycinaemia, an inherited disorder of amino acid metabo
lism, have markedly elevated plasma and CSF glycine concentration. The main 
clinical correlate, muscular hypotonia, is consistent with an action of glycine on 
spinal motoneuron receptors. However, generalised myoclonic jerks and spike 
wave discharges on the EEG and seizures are commonly observed in the non
ketotic form ofhyperglycinaemia (PERRY et al. 1975 c; MARKAND et al. 1982). 

Seizures produced by strychnine (in animals and in man) and other alkaloids 
that selectively block glycinergic inhibition are almost certainly due to this action 
on inhibitory transmission. The seizures are primarily spinal; the cortical EEG ac
tivity (and consciousness) can remain unaltered. The systemic doses required to 
produce seizures are similar to those blocking glycine-induced inhibition in the 
spinal cord. However, no spontaneous syndromes of epilepsy in man or animals 
are comparable in seizure pattern to seizures induced by strychnine. 

Effects of anticonvulsant drugs on glycine metabolism or on glycinergic mech
anisms have frequently been reported, but no such mechanism can be definitively 
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linked to anticonvulsant action. For ex.ample, pentobarbital inhibits D-amino 
acid oxidase in vitro (GOLDSTEIN 1966). Increases in plasma and urinary glycine 
concentration are sometimes seen in patients receiving sodium valproate, ap
parently through inhibition of the hepatic glycine cleavage system (JAEKEN et al. 
1977; MORTENSEN et al. 1980). However, the effect appears unrelated to the an
ticonvulsant action of val pro ate. CSF glycine content is not elevated by valproate 
in patients, nor is brain glycine content elevated in experimental animals (GODIN 
etal. 1969; CHAPMAN et al. 1982). 

The interpretation based on membrane-binding studies that benzodiazepines 
act on glycine receptors (YOUNG et al. 1974) is not supported by physiological 
studies (CURTISetal. 1976b). 

On spinal neurons, barbiturates prolong inhibition due to GABA but not that 
due to glycine (LODGE and CURTIS 1978; BARKER and RANSOM 1978). 

IV. Taurine 
In the mammalian brain the concentration of taurine is comparable to that of as
partate and glutamate, but with a different regional distribution. The highest con
centration is found in the cerebellum and the lateral geniculate (PERRYet al. 1971; 
GUIDOTTI et al. 1972). The pituitary and pineal glands, the retina and the heart 
also contain taurine in high concentration. 

Taurine is partially derived from the diet and partially by synthesis (from me
thionine or homocysteine and serine, or from cysteine). Dietary deficiency of 
taurine in the cat leads to retinal degeneration (HAYES et al. 1975) but is not 
known to produce cerebral pathology. Synthesis from methionine or cysteine can 
be demonstrated in the brain (GAITONDE 1970). 

Release of taurine from brain cortex, slices or cubes or synaptosomes can be 
detected following physiological or electrical stimulation (JASPER and KOYAMA 
1969; WHELER et al. 1979; COLLINS et al. 1981). The stimulated release of taurine 
is entirely or partially calcium dependent according to the preparation (non-cal
cium-dependent release may be from glial cells). 

Iontophoretic experiments have shown that inhibition produced by taurine in 
the spinal cord can largely be blocked by strychnine (but not by bicucu1line), 
whereas in the cortex and lateral geniculate both strychnine and bicuculline block 
the inhibition of neuronal firing produced by taurine (CURTIS and JOHNSTON 
1974). This might suggest that taurine is acting on glycine and GABA receptors, 
with regional differences depending on receptor densities. However, in a careful 
comparison of the efficacy of different amino acids at various levels in the molec
ular layer of the guinea pig cerebellum (OKAMOTO and SAKAI 1980) it appeared 
that the inhibitory action of taurine at the Purkinje-cell soma was due to an action 
on GABA receptors (that is blocked by picrotoxin and bicuculline), whereas in 
the superficial layers the action is blocked by strychnine, but does not correspond 
precisely to the laminar pattern of glycine receptors (FREDERICKSON et al. 1978). 
Taurine has been proposed as the transmitter of stellate cells in the cerebellar mo
lecular layer (McBRIDE et al. 1976). However, release studies do not support this 
proposal (FuNTet al. 1981). 

Taurine has effects on excitable membranes that are apparently separate from 
any postulated neurotransmitter function. In heart and skeletal muscle taurine 
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modifies calcium and potassium fluxes, which probably explains its digitalis-like 
effect on the heart. 

Pathophysiology in Epilepsy 

In the past 10 years several hypotheses relating taurine to pathophysiological 
mechanisms have been developed, but none is adequately established. 

Several studies of plasma or serum amino acid concentrations in patients with 
epilepsy and their relatives have indicated that there may be an abnormality in 
taurine metabolism or transport. Results on plasma concentration are divergent; 
most patients with epilepsy have plasma taurine levels within the normal range. 
An increased plasma taurine concentration in some patients has been found in 
three studies, and has been attributed to impaired renal excretion of taurine, 
probably as part of a genetic defect in amino acid transport (GOODMAN et al. 
1980). A tendency to a lowered plasma taurine level has been reported in children 
with 3/s spike-and-wave discharge and their close relatives (VAN GELDER et al. 
1980). This has also been tentatively attributed to a genetically determined gen
eral defect in amino acid transport. 

Studies on the concentration of taurine in the cerebral cortex in the region of 
an epileptogenic focus, in man or in experimental animals, have yielded divergent 
results. In man the concentration of taurine was reported to be low in tissue from 
cortical foci (relative to literature taurine values) (V AN GELDER et al. 1972). Com
parison of cortical epileptogenic foci with cortical biopsy samples (tumour 
patients without epilepsy) showed an elevation of taurine in the epileptogenic cor
tex in a small series (PERRYet al. 1975 b) but no significant change in a larger series 
(PERRY and HANSEN 1981). 

In focal epilepsy induced by cobalt, taurine concentration is elevated in the 
cat (KOYAMA 1972) and decreased in the mouse (VAN GELDER 1972) and rat 
(CRAIG and HARTMAN 1973; JOSEPH and EMSON 1976). 

Therapeutic effects of taurine administration have been reported in certain 
animal models and in man. In animals, intraventricular administration has an 
acute protective effect against seizures induced by ouabain or pentylenetetrazol 
(IZUMI et al. 1973, 1974) or by sound in genetically susceptible rodents (LAIRD and 
HUXTABLE 1978). 

Intraperitoneal or intravenous injection of taurine had acute protective effects 
against focal seizures induced by cobalt or alumina (V AN GELDER 1972; VAN GEL
DER et al. 1977), or penicillin or strychnine (MUTANI et al. 1974a, b). Photically 
induced myoclonus in baboons is also depressed by multiple injections of taurine 
(although these animals, like the focal models, had locally impaired blood-brain 
barrier due to multiple depth electrodes) (W ADA et al. 1975). 

An apparent reduction in seizure incidence has been described in patients 
(BARBEAU and DONALDSON 1974; BERGAMINI et al. 1974), although the effect ap
pears transient at best (T AKAHASm and NAKANE 1978). 

The interpretation of the apparent antiepileptic effects of taurine remains 
speculative. Acute effects of intracerebroventricular injection could be due to di
rect actions on GABA, glycine, p-alanine or taurine membrane receptors. Effects 
of systemic drug administration could be due to changes in amino acid transport, 
storage or release, or to effects on excitable membranes relating to ionic fluxes. 
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c. Amino Acids Producing Excitation 
Table 4 lists various amino acids that occur in the mammalian brain and are ex
citatory when applied iontophoretically (CURTIS and JOHNSTON 1974; STONE and 
PERKINS 1981). There is substantial evidence that aspartic and glutamic acids are 
neurotransmitters in many brain regions. There is very little evidence concerning 
the sulphur-containing analogues or various cyclic analogues. 

The intracortical or intracerebroventricular injection of any of these excitant 
amino acids, or other natural or synthetic analogues, produces focal or gener
alised seizure activity (HAYASHI 1954; CRAWFORD 1963). Kainic acid, a toxin de
rived from seaweed (SHINOZAKI and KONISHI 1970), is a very potent excitant and 
convulsant (OLNEYet al. 1974; OLNEY 1979). 

Systemic administration of these excitant amino acids (in very high doses) also 
induces seizures (BRADFORD and DODD 1975; JOHNSTON 1973). Glutamate enters 
the brain from plasma by carrier (at 0.1-2 j..lmol/h per gram tissue) and is prob
ably converted directly to glutamine in the glial compartment. However, entry in
to the periventricular organs is unrestricted (PRICE et al. 1981); seizure activity is 
presumably initiated at these points. Predominantly limbic seizures are seen after 
systemic kainic acid (JOHNSTON 1973; BRADFORD and DODD 1975; COLLINS et al. 
1980). 

Excitatory amino acid neurotransmitters probably playa role in the spread 
of focal and generalised seizure activity. An abnormality in excitatory trans
mission may contribute to the pathogenesis offocal seizures, e.g., supersensitivity 
of dicarboxylic amino acid receptors, enhanced release or impaired reuptake of 
excitatory compounds. 

There is also evidence for diminished excitatory transmission as part of the 
mechanism of action of anticonvulsant drugs, particularly barbiturates (BARKER 
and RANSOM 1978). 

I. Dicarboxylic Amino Acids 

1. Physiological Role 

The evidence concerning the neurotransmitter role of glutamic and aspartic acids 
in the brain is less complete than that for GABA and glycine. This is partly be
cause highly specific antagonists are only now becoming available, partly because 
enzymic markers for the histochemical or immunocytochemical delineation of 
pathways have so far not been established (see NADLER et al. 1978) (but aspartate 
aminotransferase appears a possible marker for aspartergic neurons) and partly 
because the principal excitatory synapses are dendritic rather than somatic, mak
ing electrophysiological studies more difficult. The clearest evidence that glutamic 
acid is an excitatory transmitter in most brain regions, including the neocortex, 
thalamus, striatum hippocampus, brain stem and cerebellum, derives from bio
chemical data including that for Ca + + -dependent release following stimulation 
and from electrophysiological data. 

Studies of high-affinity uptake systems (utilising labelled glutamic acid or L
or D-aspartic acid) do not distinguish between the two amino acids, but when 
compared with lesion studies have proved a useful tool (FONNUM et al. 1981). 
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Excitatory pathways which appear on these biochemical criteria to be gluta
matergic and/or aspartergic include corticofugal pathways to the striatum, nu
cleus accumbens and thalamus (FONNUM et al. 1981); the perforant path from the 
entorhinal cortex to dentate granule cells (molecular layer) (NADLER and SMITH 
1981); hippocampal output via the fornix to the lateral septum nucleus accum
bens and mediobasal hypothalamus (ZACZEK et al. 1979; MALTHE-S0RENSEN et al. 
1979, 1980); CA3 pyramidal neurons via the Schaffer collaterals to CAl neurons 
(stratum radiatum) (STORM-MATHISEN 1981); and in the cerebellum excitation of 
Purkinje cells due to climbing fibres from the inferior olive or due to the parallel 
fibre endings (from granule cells) (FLINT et al. 1981). 

By the same criteria several important excitatory pathways appear not to be 
glutamatergic/aspartergic, e.g. specific thalamocortical afferents to laminae III 
and IV. 

In some of the pathways described it appears possible that both glutamate and 
aspartate may be involved as neurotransmitters (as they both show Ca + + -depen
dent release on stimulation and changes in concentration of both are found after 
focal lesions). These include optic nerve to tectum (CANZEK et al. 1981), visual 
cortex, layer 6, to lateral geniculate nucleus (BAUGHMAN and GILBERT 1980), cer
ebellar granule cell to Purkinje cell (FLINT et al. 1981) and auditory nerve to 
cochlear nucleus (WENTHOLD 1980). In the rat olfactory tract aspartate alone ap
pears to be the transmitter (COLLINS and PROBETT 1981). 

The principal action of glutamic and aspartic acids at postsynaptic receptors 
in the mammalian nervous system is to induce depolarisation by enhancing con
ductance to Na + (CURTIS and JOHNSTON 1974; SEGAL 1981). Glutamate is the ex
citatory transmitter at certain invertebrate neuromuscular junctions, where it acts 
to increase conductance to Na +, K +, and Ca + +. However, at some extrajunc
tional receptors it acts to hyperpolarise the membrane by opening CI- gates 
(USHERWOOD 1978). Hyperpolarising responses to glutamate have been reported 
in the mammalian cerebellum (yAMAMOTO et al. 1976). 

Some amino acids not naturally occurring in the brain (including N-methyl
D-aspartate, ibotenic acid and D-homocysteate) can produce excitation, apparent
ly by decreasing K + conductance (ENGBERG et al. 1979; LAMBERT et al. 1981). 

2. Agonists and Antagonists 

Testing non-endogenous analogues of the excitatory amino acids in the spinal 
cord has indicated that there are three pharmacologically distinct receptors for 
dicarboxylic amino acids (DAVIES and WATKINS 1979; DAVIES et al. 1980; WAT
KINS and EVANS 1981). These receptors are preferentially activated by N-methyl
D-aspartate, by quisqualate or by kainic acid, respectively. 

Many compounds have been tested as antagonists of excitation due to ion to
phoretically applied glutamic or aspartic acid or their analogues. Among effective 
antagonists some have a highly selective action against excitation due to N
methyl-D-aspartate. These include D-amino adipic acid, 2-amino-5-phosphono
valeric acid and 2-amino-7-phosphonoheptanoic acid (EVANS et al. 1982). Gluta
mic acid diethylester is a relatively selective antagonist for excitation due to quis
qualic acid. Excitation due to kainic acid can be blocked by Y-D-glutamyl glycine 
and by cis-2,3-piperidine dicarboxylic acid, but these are relatively non-selective 
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antagonists, being active also against quisqualic acid and N-methyl-D-aspartic 
acid. 

Several of these antagonists have been evaluated against synaptically evoked 
excitation. Glutamic acid diethyl ester blocks excitation in the striatum evoked 
by cortical stimulation (SPENCER 1976) or excitation of cortical interneurons in
duced by pyramidal tract stimulation (STONE 1973) or excitation of hippocampal 
neurons by perforant path stimulation (HICKS and McLENNAN 1979; WHEAL and 
MILLER 1980). D-Amino adipic acid blocks excitation synaptically evoked in the 
spinal cord (EVANS et al. 1979), cochlea nucleus (MARTIN 1980; MARTIN and 
ADAMS 1979), cerebral cortex and striatum (STONE 1979). 

3. Pathophysiology in Epilepsy 

Apparent reductions in the concentration of glutamic and aspartic acids in hu
man epileptogenic foci were described in a preliminary report (V AN GELDER et al. 
1972). A larger controlled study shows a highly significant increase in glutamic 
acid concentration ( + 25%) and no change in aspartic acid in focal epileptogenic 
cortex (PERRYetal. 1975b; PERRY and HANSEN 1981). 

Cortical foci induced experimentally by cobalt in the cat or rat consistently 
show a decrease in glutamic acid (up to - 50%) and aspartic acid content (KOYA
MA 1972; VAN GELDER and COURTOIS 1972; EMSON and JOSEPH 1975; KOYAMA and 
JASPER 1977). Release of glutamic acid into cortical superfusates is enhanced over 
a cobalt focus and correlates with the severity and time course of epileptic activity 
(DODD and BRADFORD 1976; DODD et al. 1980). An increased release into super
fusates could arise from enhanced release of glutamic acid at excitatory synapses 
or from impaired reuptake of glutamic acid into neurons or the glia. 

Plasma glutamic acid concentration is increased and aspartic acid concentra
tion decreased in patients with 3/s spike-and-wave epilepsy and in their first-de
gree relatives (VAN GELDER et al. 1980). This may indicate an abnormality in 
amino acid transport, predisposing to one form of primary generalised epilepsy. 

Many convulsant drugs interfere with glutamic acid metabolism. The major
ity of these inhibit glutamic acid decarboxylase, and the consequent impairment 
of GABA synthesis appears to be the critical factor (see above). Methionine sul
phoximine inhibits glutamine synthetase (SELLINGER and WEILER 1963) and thus 
interrupts the glial glutamic acid-glutamine stage of the proposed recycling of 
glutamate. It is not clear whether excitatory amino acid neurotransmission is im
paired or enhanced in this form of epilepsy. 

A rare familial syndrome characterised by neonatal seizures (and early death) 
is associated with abnormally elevated CSF aspartic acid concentration (WEITZ 
etal. 1981). 

4. Anticonvulsant Drugs 

The specific antagonists of the excitatory action of dicarboxylic acids described 
above have not been extensively tested as potential antiepileptic agents. The rel
atively weak glutamate antagonist HA 966 (l-hydroxy-3-amino-pyrrolidone-2) 
protects against strychnine-induced seizures (DAVIES and WATKINS 1973; BoNTA 
et al. 1971). In rats with cobalt-induced focal seizures, cortical superfusion with 
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solutions of 2-amino-4-phosphonobutyric acid or 2-o-aminoadipic acid de
creased EEG spikes or limb jerks (COUTINHO-NETTO et al. 1981). 

In the only studies showing a quantitative relationship between antagonist ac
tion and anticonvulsant effect, blockade of sound-induced seizures in genetically 
susceptible mice correlates with antagonist action at N-methyl-o-aspartic acid 
preferring receptors (CROUCHER et al. 1982; MELDRUM et al. 1983 a). The most po
tent anticonvulsant of a series of glutamate/aspartate antagonists is 2-amino-7-
phosphono heptanoic acid. This is effective in a wide range of animal models of 
epilepsy including photosensitive baboons (MELDRUM et al. 1983 b; MELDRUM 
and CHAPMAN 1983). 

Established anticonvulsant drugs have effects both on the metabolism of di
carboxylic acids and on synaptically induced excitation. Phenobarbital produces 
an increase in cortical aspartic acid concentration (+33%) and a decrease in 
glutamic acid content (CHAPMAN et al. 1978). Diazepam also increases brain as
partic acid and slightly reduces glutamic acid (CARLSSON and CHAPMAN 1981). In 
contrast sodium valproate increases cortical glutamic acid concentration and 
markedly decreases aspartic acid content (SCHECHTER et al. 1978; KUKINO and 
DEGUCHI 1977; CHAPMAN et al. 1982). 

Depression of excitatory transmission by barbiturates has been described in 
a wide variety of preparations, some of which involve excitatory amino acids. 
Both reduced release of transmitter and a reduced postsynaptic effect have been de
scribed. Thus the calcium-dependent stimulated release of glutamic and aspartic 
acids from midbrain slices is reduced by pentobarbital (WALLER and RICHTER 
1980). A reduced entry of calcium into presynaptic terminals is thought to be re
sponsible for this diminished release (GOLDRING and BLAUSTEIN 1980). Aspartate 
release from the lateral olfactory tract is reduced by chlordiazepoxide (COLLINS 
1981). 

Excitatory responses to iontophoretically administered glutamate are reduced 
by anaesthetic barbiturates (BARKER and GAINER 1973; BARKER and RANSOM 
1978; LAMBERT and FLATMAN 1981). 

II. Sulpbinic and Sulpbonic Acids 
The sulphur-containing analogues of aspartic and glutamic acid (cysteine sul
phinic acid, cysteic acid, homocysteine sulphinic acid and homocysteic acid) are 
found in the brain at much lower concentrations than aspartic acid and glutamic 
acid. However, they have no obvious metabolic function so the possibility that 
they are neurotransmitters requires consideration. They are formed in the brain 
by oxidation of cysteine or homocysteine. 

Studies that delineate pathways using these amino acids as excitatory trans
mitters (involving release, lesions or immunohistochemistry) are not available. 

Pathophysiology 
Very little information is available concerning the possible involvement in epilep
sy. Seizures are a common feature of homo cystinuria and autosomal recessive in
herited disorder due to deficiency of cystathionine synthase. Accumulation of 
homocysteine in the brain is thought to contribute to the induction of seizures. 
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Administration of homocysteine to animals induces generalised seizures (FOLBER
GROVA 1974). This may be due to interference with the coenzymic function of 
pyridoxal phosphate or to oxidation to directly excitant amino acids (JOHNSTON 
1973). 

D. Concluding Remarks 
I. Inherited Abnormalities of Amino Acid Metabolism and Epilepsy 
The biochemical basis of the principal syndromes of epilepsy that are genetically 
determined (i.e. generalised seizures with 3/s spike-and-wave discharge; 
photosensitive epilepsy; febrile convulsions) is not known. These syndromes ap
pear to be inherited in an autosomal dominant pattern with variable penetrance 
(METRAKOS and METRAKOS 1974; NEWMARK and PENRY 1979). Thus the biochem
ical defect probably lies in a structural protein or polypeptide rather than in an 
enzyme (HARRIS 1980). It has been proposed that the defect responsible for gen
eralised seizures with 3/s spike-and-wave modifies the transport of amino acids, 
including taurine and glutamic acid (V AN GELDER et at. 1980). A relative deficien
cy in GABAergic inhibition could underly photosensitive epilepsy, as the syn
drome can be induced or enhanced by compounds that impair GABA synthesis 
(MELDRUM 1975, 1979). 

More precise biochemical information is available concerning the genetically 
determined abnormalities of amino acid metabolism, commonly referred to as 
"aminoacidurias". Seizures are seen either as an occasional feature or sometimes 
as a consistent and dominant sign in the aminoacidurias (CROME and STERN 1967; 
WELLNER and MEISTER 1981). Phenylketonuria is relatively common (l in 15,000 
infants) but hyperlysinaemia and hyperprolinaemia are rare disorders. Although 
the enzyme deficiencies are precisely known in many cases and the metabolites 
that accumulate in the brain are largely identified, the mechanisms favouring sei
zure induction remain uncertain. In several syndromes (hyperglycinaemia, hyper
prolinaemia, histidinaemia) there is an excess of substances with an inhibitory ac
tion in the brain. This might favour seizures by inactivating physiological inhibi
tory processes. An excess of directly excitant amino acids (homocysteate, aspar
tate) could be significant in homocystinuria and in the syndrome of raised CSF 
aspartate content described in Sect. B.I.3. Accumulation of excess ammonia may 
be the neurotoxic factor in the disorders of the urea cycle. 

A possible mechanism favouring seizures in homocystinuria and in phenyl
ketonuria is inhibition of glutamic acid decarboxylase activity by excess of abnor
mal metabolites (e.g. 3-mercaptopyruvate and phenyllactic acid). The transport 
of amino acids into the brain and between cellular compartments is also second
arily deranged in many syndromes and this may modify amino acid neurotrans
mitter metabolism. 

ll. Amino Acids and Antiepileptic Drugs 
The actions of antiepileptic drugs on neurotransmission mediated by amino acids 
fall into three principal types. 
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a) Enhancement of the Postsynaptic Inhibitory Action of GAB A 

The known function of the intrinsic inhibitory systems in the cortex and hippo
campus suggests that this mechanism would be highly effective for preventing or 
arresting seizure activity. 

The neurophysiological and biochemical evidence for this mechanism has 
been summarised in Sect. A.Il. This is probably the most functionally significant 
mechanism of action for certain classes of anticonvulsant drugs. For benzo
diazepines there is a good correlation between potency for enhancement of GA
BA-mediated inhibition and potency against pentylentetrazol seizures in rodents 
(see KRALL et al. 1978). In man this mechanism probably provides protection 
against myoclonic seizures and against primary, or secondary, generalised sei
zures. 

b) Impairment of the Postsynaptic Excitatory Action 
of Dicarboxylic Acids and Their Sulphinic or Sulphonic Analogues 

This mechanism is most prominently shown by barbiturates. It may relate more 
to anaesthetic actions than to anticonvulsant actions. 

c) Impairment of the Synaptic Release of Excitatory 
and Inhibitory Amino Acids 

This mechanism is apparently related to inhibition of a calcium-calmodulin acti
vated protein phosphorylase in synaptic endings. Hydantoin, carbamazepine and 
benzodiazepines are active in this biochemical system and are also the most po
tent anticonvulsant drugs when tested against tonic extension induced by maxi
mal electroshock. Because of its action on both inhibitory and excitatory trans
mission this mechanism appears of little value in most animal models of epilepsy. 
However, it is clinically effective against many forms of partial epilepsy - perhaps 
because of the role of excitatory amino acids in the spread offocal seizures. 

This crude, tentative explanation in terms of three mechanisms will undoubt
edly undergo modification in the light of further research. However, amino acid 
transmitters are likely to be central to future studies of anticonvulsant drug ac
tion, because of their dominant role in excitatory and inhibitory neurotrans
mission. 
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CHAPTER 8 

Prostaglandins 
K. WISNIEWSKI and H.-H. FREY 

A. Introduction 

Prostaglandin (PG) F 21Z in ox brain was the first PG to be discovered (SAMUELSSON 
1964). The occurrence of PGs in the brain of man and different animal species 
was confirmed in the following years by several groups (BERGSTROM and SA
MUELSSON 1965; HORTON and MAIN 1967; WOLFEetal.1967; KATAOKA et al. 1967; 
HOLMES and NORTON 1968a,b; WOLFE et al. 1976c): PGEl> PGE2, PGF liX, 

PG F 21Z' and thromboxane B2 were all identified. 
Generally, the PG level in brain tissue is very low (WOLFE et al. 1976 a) since 

PGs do not accumulate in the tissues, but are synthetized de novo upon stimula
tion (HINMAN 1972). The PGs are distributed uniformly throughout the brain, but 
higher concentrations were found in the cerebrocortical gray matter (WOLFE et al. 
1967; KATAOKA et al. 1967; HOLMES and HORTON 1968 a), suggesting that they are 
mainly associated with neurons and their function. More recent results have 
shown that the PG content is greater in the corpus striatum and middle brain than 
in the other parts of the brain (HEDQVIST 1973; KRONER and PESKAR 1976). 

Biosynthesis of PGs in brain tissue takes place rapidly (VAN DORP 1966; 
KATAOKA et al. 1967; WOLFE et al. 1967; PACE-AsCIAK and RANGARAJ 1976a, b). 
The enzyme system responsible for biosynthesis is located in the microsomal frac
tion. Biosynthesis can be stimulated by a variety of physiological and nonphysio:
logical factors, e.g., destruction of cell membranes, ischemia, or incubation in vi
tro, as well as catecholamines (WOLFE et al. 1976a, b). Biosynthesis is also in
creased by electroconvulsive shock (ZATZ and ROTH 1975) and by convulsant and 
even subconvulsant doses ofpentetrazole (FOLCO et al. 1977). WOLFE et al. (1976 
b) found increased concentrations ofPGF21Z in the cerebrospinal fluid of patients 
suffering from epilepsy, meningoencephalitis, and stroke. 

A release ofPGs has been shown in superfusates of cerebral cortex (RAMWELL 
and SHAW 1966; RAMWELL et al. 1966; BRADLEY et al. 1969; GALLI et al. 1980), 
cerebellum (COCEANI and WOLFE 1965) and spinal cord (RAMWELL et al. 1966; Co
CEANI et al. 1971). This release occurs spontaneously (HORTON 1969) or, at a 
higher rate, following electrical stimulation or administration of drugs (BRADLEY 
et al. 1969), neurotransmitters (WOLFE et al. 1976 b), and putative neurotransmit
ters (RAMWELL and SHAW 1966; HOLMES 1970). 

The actions ofPGs within the (CNS) have been reviewed by HORTON (1972) 
and by POTTS et al. (1974). In the following, only data regarding an effect ofPGs 
on experimentally induced seizures, susceptibility to seizures, as well as relations 
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between POs and the metabolism of neurotransmitters within the eNS will be dis
cussed. 

B. Effects of Prostaglandins 
on Experimentally Induced Convulsions 

Anticonvulsant and proconvulsant effects of POs were first studied by HOLMES 
and HORTON (1968 b). In mice, a dose of 0.5 mg/kg POEI s.c. provided partial 
protection and a dose of 1 mg/kg total protection against seizures and death 
elicited by i.p. injection of 100 mg/kg pentetrazole 10 min later. In a later study, 
10 mg/kg POEI was found necessary for protection against pentetrazole seizures 
(HORTON 1972). In the original study of HOLMES and HORTON (1968b), and s.c. 
dose of 1 mg/kg POEI showed slight protection against the convulsant and lethal 
effects of 1 mg/kg strychnine, but was without effect against seizures induced by 
2 mg/kg strychnine or 10 mg/kg picrotoxin. POF 21l' on the other hand, had no 
anticonvulsant effect against pentetrazole, but, at doses of 1 and 2 mg/kg s.c., 
even enhanced the convulsant effect of a threshold dose of the convulsant (40 mg/ 
kg). It resembled amphetamine in this respect. In the maximal electroshock test, 
0.2 mg/kg POEI, injected 10 min before electroshock, protected completely 
against death, which occurred in 70% of the controls, but the incidence of tonic 
hindlimb extension was reduced to only 50% by a dose of I mg/kg. 

In the experiments ofDURU and TDRKER (1969), i.p. doses of20 and 30 Ilg/kg 
POEI delayed the seizures induced by 2 mg/kg strychnine sulfate significantly, 
but increased their duration. Only the higher dose protected against the lethal ef
fect of strychnine. The observed effect is most probably the consequence of an in
terference with the absorption of strychnine and thus no central nervous effect. 

PODDUBIUK (1976) studied, in rats, the effect of PO AI, POEI, POE2 , POF lrx' 

and POF 21l injected intraventricularly in doses of 0.02-4 Ilg against maximal elec
troconvulsions. The hindlimb extension was not suppressed, but its duration was 
reduced dose dependently. Threshold doses for a significant reduction were 0.2 Ilg 
for both PGEs and 2 Ilg for PGF Ill' 4 Ilg for PGF 21l' and PGAI was ineffective. 
The most active PO was POEI, which induced a 40% reduction in the duration 
of the tonic extension at a dose of 4 Ilg. In a parallel study, PODDUBIUK and 
KLEINROK (1976) described the effect of the POs used on concentration and turn
over of neurotransmitters in brain. The only parameters paralleling the "anticon
vulsant" effect were an increase in noradrenaline turnover and an increase in the 
levels offr~e acetylcholine in brain after doses of 4 Ilg of the POEs. 

The group of ROSENKRANZ compared the anticonvulsant effect of POEI, 
POE2 , and prostacyclin (POI2) in mice after intracerebroventricular injection 
(ROSENKRANZ 1978; ROSENKRANZ and KILLAM 1978, 1979, 1981). The results are 
summarized in Table 1. With the exception of strychnine convulsions, POEI al
ways proved to be more potent than POE2 , which might be the consequence of 
the greater lipophility of POEI. The dose-effect curves for both POEs were 
parallel, suggesting the same mechanism of action. All three POs shortened the 
duration of the tonic hindlimb extension in the electroshock model. After i.p. ad
ministration in doses up to 2 (POI2) or 4 mg/kg (POE2), the tonic extension could 
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Table 1. EDso of PGE1 and PGE2 after intracerebroventricular injection against ex
perimentally induced convulsions in mice. The EDso is given in micrograms per mouse with 
the 95% confidence limits (from ROSENKRANZ 1978; ROSENKRANZ and KILLAM 1978,1979). 
PGE1 and E2 were given 5 min and PGI2 2 min before induction of seizures 

Seizure model 

Electroshock (11 rnA) 
(maximal) 

Electroshock (50 rnA) 
( supramaximal) 

Pentetrazole 
(100 mg/kg s.c.) 

Picrotoxin 
(12 mg/kg i.p.) 

Strychnine 
(2 mg/kg i.p.) 

Isoniazid a 

(200 mg/kgi.p.) 

EDso 

PGE1 

6.6 (4.3-12) 

~20b 

5.8 (2.9-13) 

3.8 (2.1-6.4) 

58 (41--80) 

4.8 (2.9-7.4) 

a PGs were injected 35 min after isoniazid 
b No effect with the dose indicated 

PGE2 PGI2 

13.3 (8.9-22.4) 6.3 (2.5-11.1) 

~20b ~ 140 b 

14 (6.9-29) Not tested 

6.3 (3.6-10) Not tested 

46 (31-67) Nottested 

9.7 (5.5-17) Nottested 

not be suppressed, but its duration as well as the death rate were reduced. 6-Keto
PGF 1 .. , a metabolite of PGI2 , was devoid of an anticonvulsant effect, but also re
duced the duration of the extension and the death rate. PGF 2 .. proved to have a 
proconvulsant effect: When injected 5 min before a 7-mA electroshock which did 
not induce a tonic hindlimb extension in control mice, PGF 2 .. induced tonic sei
zures with an EDso of 48 J.lg/mouse. PGE2 increased the cerebral gamma-amino
butyric acid (GABA) levels in mice considerably and abolished the decrease of 
this transmitter induced by isoniazid (ROSENKRANZ and KILLAM 1981). The ex
periments of ROSENKRANZ have recently been repeated by CLIMAX and SEWELL 
(1981), who found similar EDso values for PGE1 against maximal e1ectroconvul
sions (11 rnA) and penetrazole convulsions (11 and 4.8 J.lg/mouse, respectively). 
They confirmed the proconvulsant effect ofPGF2 .. in the threshold electroshock 
(7 rnA) and report an EDso of 14.5 J.lg/mouse for potentiation of pentetrazole sei
zures. Arachidonic acid increased the incidence of electrically induced seizures 
(EDso 46 J.lg/mouse), but provided partial protection against pentetrazole sei
zures (EDso 23 J.lg/mouse). On i.c.v. injection, lysine acetylsalicylate, an inhibitor 
ofPG biosynthesis, potentiated both threshold electroshock and pentetrazole-in
duced convulsions in the dose range of 10-40 J.lg/mouse. 

Convulsions elicited in baboons by photic stimulation could be completely 
suppressed by i.c.v. injection of 50-100 J.lg PGE2; their duration was already re
duced by 12.5 J.lgPGE2 (ROSENKRANZ and KILLAM 1981). 

PGE2, 5 and 10 mg/kg i.p., strongly reduced the myoclonic activity induced 
by oral administration of 600 mg/kg chlorophenothane (dichloro-diphenyl
trichloroethane, DDT) in mice. This effect was antagonized by polyphloretin
phosphate, a PG antagonist, as well as by methysergide, 5 mg/kg, the latter find-
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ing pointing to an involvement of 5-HT in the mediation of the effect (VAN WOERT 
and HWANG 1981). The authors assume that PGE2 potentiates the 5-HT-induced 
production of cAMP in the inferior olive neurons, either by stimulation of ade
ny1ate cyclase or by enhancing the effect of the regulatory protein. BHATTACH
ARY A and SANYAL (1978) had previously pointed to a role of 5-HT in the mediation 
of the anticonvulsant effect of PGE 1 against pentetrazole in rats. This effect was 
antagonized by agents reducing the 5-HT activity in brain (p-chlorophenylala
nine, methysergide, reserpine) but not by drugs influencing the metabolism of cat
echolamines. 

C. Convulsant Effect of Prostaglandins 
Contrary to the above findings in mice and rats, WALLENSTEIN and BITO (1977) 
demonstrated a convulsant effect of PGE 1 and PGE2 in rabbits. Superfusion of 
the visual cortex of conscious rabbits provoked seizure activity on the electrocor
tigram (ECoG) on photic stimulation when the rabbits had been pretreated with 
probenecid or bromcresol green, which are known to inhibit the transport ofPGs. 
Pretreatment with inhibitors of PG synthesis, indometacin or paracetamol, also 
induced a convulsant effect of a superfusion with PGE 1, but not before 90 min 
after administration of the inhibitors. The effect is explained by a suppression of 
inhibitory postsynaptic potentials in the presence of high concentrations ofPGEs 
(inhibitors of PG transport) or by development of supersensitivity (inhibitors of 
PG biosynthesis). Superfusion with PGE2~ had no comparable effect. 

Five out of 320 women in whom high doses of PGF 2~ were injected intraam
niotically for abortion showed clinical seizures between 7 and 30 h after the first 
administration of the PG. Only two had a history of epilepsy. In five out of eight 
patients in whom the EEG was recorded during abortion with PGF 2~' spike-and
wave activity was noticed (LYNEHAM et al. 1973). WOLFE et al. (1976 b) reported 
increased CSF concentrations ofPGF 2~ in epileptic patients. 

D. Release of Prostaglandins During Convulsions 
In rats, cortical PGF concentrations were increased by a factor of 3-5 after cor
neal electroshock. This increase, but not the convulsions, could be inhibited by 
pretreatment with indometacin (ZATZ and ROTH 1975). The authors mention an 
increase of PGE and PGF concentrations on i.p. injection of 50 mg/kg pentet
razole. The reaction ofPGE2 and PGF 2~' as well as of cGMP and cAMP, on con
vulsant and subconvulsant doses of pentetrazole was later studied by FOLCO et 
al. (1977) in rat brain. Ninety seconds after 100 mg/kg pentetrazole i.p., brain 
concentrations of PGF2~ had increased from 126 to 1,425 pg/mg protein and 
those of PGE2 from 148 to 579 pg/mg. cGMP increased at the same time from 
0.24 to 0.69 pmol/mg protein and cAMP from 7.9 to 18.2 pmol/mg. When, how
ever, the subconvulsant dose of 50 mg/kg pentetrazole was used, only PGF 2~ in
creased significantly to 396 pg/mg protein, PGE2 not significantly to 203 pg/mg, 
but no changes of the cyclic nucleotides were observed. The authors conclude 
therefore that the change in PG concentrations is the primary event. FORSTER-
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MANN et al. (1982) found increases of PGD2 , PGE2 /Z, PGE2 , 6-keto-PGF lIZ' and 
TXB2 in the brain of mice after electro- or pentetrazole-induced convulsions and 
gathered indirect evidence for an anticonvulsant effect of these endogenous PGs. 

E. Conclusions 
The evidence for a role of PGs in seizure activity is rather inconclusive at present. 
During clinical epilepsy as well as during seizure activity induced by electric stim
ulation or by pentetrazole, particularly the concentrations of PGF 2/Z' and to a 
lesser degree those of PGE2 , seem to be considerably elevated, and an increase 
in the concentration of cyclic nucleotides seems to be secondary to the rise in PG 
concentrations (WOLFE et al. 1976b; ZATZ and ROTH 1975; FOLCO et al. 1977). 
Some results point to a mediation of the anticonvulsant effects ofPGEs by 5-HT 
(BHATTACHARYA and SANYAL 1978) or GABA (ROSENKRANZ and KILLAM 1981), 
but an influence on cAMP as second messenger has been postulated by VAN 
WOERT and HWANG (1981). The experiments of PODDUBIUK and KLEINROK 
(1976), on the other hand, do not indicate a clear correlation between anticonvul
sant PG effects and the metabolism of neurotransmitters. Interaction between the 
effect of PGs on susceptibility to seizures and the GABA system have so far not 
been studied. 

After intracerebroventricular injection of PGE1, PGE2 , and PGI2 , anticon
vulsant effects against electroshock seizures - as long as the stimulation is not su
pramaximal- and chemoseizures have been reported rather univocally, whereas 
this effect was far less convincing after systemic administration. PGF 2/Z has most
ly proved proconvulsant in these tests. The actions ofPGs have been rather short 
lasting in all these experiments in spite of the fairly high doses necessary. Direct 
effects of the PGs on blood supply and distribution within the brain cannot be 
ruled out as causative factors (Y AMAMOTO et al. 1972). 
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CHAPTER 9 

Chemical Constitution 
and Pharmacological Effect 
H. SCHAFER 

A. Introduction 
It is generally approved that there is a further need for more selective and less 
toxic antiepileptic drugs (KRALL et al. 1978 a, b). In the search for optimal designs 
for new drugs, medicinal chemists and pharmacologists would benefit from con
sideration of the rules which emerge from comparison of the structures of active 
and inactive compounds. It is therefore the aim of this chapter to give an im
pression of structure-activity relationships mainly of those classes of compounds 
which include well-known antiepileptic drugs. In general the specification of an
ticonvulsant activity will be restricted to data from electroshock and pentylenete
trazol-induced shock tests. 

It would be beyond the scope of this chapter also to discuss problems of quan
titative structure-activity relationships (QSAR) including cluster analysis of anti
epileptic drugs; these are much better outlined elsewhere (KRALL 1980; DESMEDT 

et al. 1976; LIEN et al. 1979). That also applies to the stereochemistry of antiepi
leptic drugs. Numerous studies have been performed to correlate the activity of 
various antiepileptic drugs with their stereochemistry. Obviously there are certain 
relationships between the space-filling properties of some compounds, bearing in 
mind their so-called active centers and their biological activity. These relation
ships are well reviewed by CAMERMAN and CAMERMAN (1980). On the other hand, 
STERNBACH et al. (1974) demonstrated that conformational similarities may be 
only one criterion for biological activity. Diazepam and two other structurally 
very closely related 1,4-benzodiazepines were crystallographically compared. All 
three compounds showed practically superimposable structures. However, only 
diazepam has known biological activity, while the derivatives mentioned were 
found to be only minimally active. 

Many of the statements made so far on structure-activity relationship in the 
field of CNS active substances require qualification. This is because the biologi
cal, and in particular anticonvulsant, effects have usually been related to the given 
dose instead of to the concentration of the effective drug at the active site, e.g., 
the brain. Future animal studies on structure-activity relationships in the field of 
antiepileptic drugs should include quantitative determinations of active sub
stances in the brain - as has been demonstrated in some papers (e.g., CACCIA et 
al. 1980a-c; JONES et al. 1981; MARCUCCI et al. 1972). 

Recently, comprehensive reviews on qualitative structure-activity relation
ships of antiepileptic drugs have been published (MERCIER 1973; VIDA 1977). 
These provide complete information on all substances found to exhibit anticon
vulsant activity. 
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B. Five-Membered Heterocyclic Compounds 
Some of the most important antiepileptic drugs, which were first developed in the 
1940s, belong to this group of chemical compounds, being characterized by the 
common formula 

-....... /x ........... 
C NH 

/-"""'CO/ 

These are: 2,4-imidazolidine dione = hydantoin, X = NH-CO 
2,4-oxazolidine dione, X = O-CO 
2,4-pyrrolidine dione = succinimide X = CH2-CO 

I. Hydantoins 
One of the most frequently used antiepileptic drugs is 5,5-diphenylhydantoin 
(phenytoin) (1). Other hydantoins such as 5-ethyl-3-methyl-5-phenylhydantoin 
(mephenytoin) (2) and 3-ethyl-5-phenylhydantoin (ethotoin) (3) have been ac
cepted for limited use in the treatment of epilepsy or have been evaluated during 
extensive clinical trials, i.e., 3-allyl-5-isobutyl-2-thiohydantoin (albutoin) (4). 

(1) (2) (3) 

The discovery of the anticonvulsant activity of phenytoin by MERRITT and 
PuTNAM in 1938 and its introduction as an antiepileptic drug was a milestone in 
the development of antiepileptic therapy, insofar as their studies demonstrated 
for the first time that it was possible by an experimental method using animal 
models to develop clinically reliable antiepileptic drugs. By 1945 nearly 700 sub
stances from various classes of chemical compounds had been tested for their an
ticonvulsant activity [maximal electroshock seizures (MES)] in cats (MERRITT and 
PuTNAM 1945). 

More than 200 of the evaluated substances were hydantoins. These and fur
ther studies have elucidated many structure-activity relationships in the hydan
toin series, the following of which are the most important: 
1. The hydantoin ring must be provided with at least one phenyl or another ar

omatic hydrocarbon group at carbon-5 to show significant MES activity. 
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2. If two phenyl groups are attached to carbon-5, the resulting 5,5-diphenylhy
dantoin (phenytoin) will achieve maximal MES activity. 

3. Replacement of one phenyl group of phenytoin by lower alkyl groups imparts 
moderate Metrazol(pentylenetetrazol)-induced seizure (Met) activity with a 
slight decrease in MES activity. 

4. Replacement of both phenyl groups in phenytoin 
a) by isobutyl groups decreases MES activity. 
b) by other alkyl groups abolishes MES activity but elevates Met activity; two 

short alkyl groups favor Met activity. 
c) by benzyl groups abolishes MES activity. 

5. Met activity is increased by substitution by lower alkyl groups, preferably 
methyl groups, on N3 and possibly on N1 and N3 of the hydantoin ring. 

6. Any substitution on the phenyl groups in phenytoin suppresses MES activ
ity. 

7. MES activity of phenytoin is also decreased by substitution ofH2 for 0 in 5,5-
diphenylimidazoline-4-one = doxenitoine (5) (GOODMAN et al. 1954), by substi
tution of S for 0 at carbon-2 in 5,5-diphenyl-2-thiohydantoin (6) (KNOEFEL 
and LEHMANN 1942; SOHN et al. 1970), or by hydrolytic cleavage ofthe hydan
toin ring to 2-amino-2,2-dipheny1acetamide (7) (BILLMAN and Hmy 1943; 
NAKAMURA et al. 1966). 

(5) (6) 

8. MES activity is almost or completely abolished in the products of phenytoin 
hydrolysis, 2,2-diphenyl-2-ureidoacetic acid (8) and 2-amino-2,2-diphenyl
acetic acid (9) (NAKAMURA et al. 1966), and in the phenytoin main metabolite 
5-p-hydroxyphenyl-5-phenylhydantoin (10) (HPPH) (NAKAMURA et al. 
1966). 

HO 
(7) (8) (9) 

Additional alterations in the chemical structure of the clinically very impor
tant phenytoin have been attempted in order to extend its anticonvulsant activity 
profile as well as to reduce or even abolish its unfavorable side effects. 

N3-Hydroxyphenytoin (CALL 1970) has not shown any anticonvulsant activ
ity in animal models. SCHLOOL et al. (1961), WINSTEAD et al. (1965), WINSTEAD 
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R5' 0 

Table 2. Anticonvulsant activity ofhydantoins of the general formula R5'~NR3 
(S~HL6GLetaI.1961). MES according to SWINYARD et al. (1952) in HN-{ 
mIce p.o. 0 
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Formula R5' R5" R3 MES LDso Peak 
No. EDso (mg/kg) time of 

(mg/kg) activity 
(h) 

2 C2HS C6HS CH3 30 1,460 0.5 
11 C2HS C6HS CH20H 7 405 2 

Thera-
peutic 
index 

48.7 
57.9 

12 C2HS C6HS CH2·CH2·OH 68 >2,000 I >30 
C2HS p-C6H4-F CH2·CH2·OH 180 3,000 2 
C2HS p-C6H4-Br CH2· CH2· OH 59 1,300 0.5 
C6HS C6HS CH2·CH2·OH 48 530 1 
C6HS C6HS CH2· CH2 . N (C2HSh 113 0.5 
C6HS C6Hs CH2· CO . NH (CH2hOH >600 

and HAMEL (1965), and SHAFFER et al. (1968) demonstrated that both N3-substi
tuted active and inactive derivatives of phenytoin and of 5-phenyl-5-alkyl-hydan
toins could be prepared; activity is strongly dependent on the type of substituent: 
Anticonvulsant activity is decreased when -CH2-COOR or -CH2-NH2 is intro
duced in N3 of the above-mentioned hydantoins. Other polar groups such as 
-CH2-CH2-COOH, -CH2-CH2-CONH2, or -CH2-CH2-CN connected with 
N3 completely abolish the activity of the basic hydantoins in the MES or the 
Met tests. On the other hand, some of these hydantoins with N3-alkyl-N( and 
N3-alkyl-OH groups showed remarkable anticonvulsant activity (Table 2). 

The most active compound of this series was the N3-CH20H derivative of the 
5-ethyl-5-phenylhydantoin (11). It is noteworthy that the anticonvulsant effectiv
ity of [3-hydroxyethyl hydantoin (12), as measured by the therapeutic index 
(LDso/EDso), is also nearly in the same range as that of me phenytoin, although 
[3-hydroxyethyl hydantoin (12) is much more soluble in water and possibly has 
a different partition coefficient. 

CH~-CH'OH 
HN-{ 

o 
(11) 

CH~-CH,-CH'OH 
HN--< 

o 
(12) 

SAMOUR et al. (1971) have found that N3-alkoxymethyl derivatives ofpheny
toin are active anticonvulsants. The most effective derivative in the MES test is 
substituted at N3 with a methoxy methyl group (13), whereas phenytoin-N3-
CH2-0-CH2-C6HS exhibits remarkable activity in the Met test. Additional N3-

16.7 
22 
11 
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Table 3. Anticonvulsant activity of phenytoin derivatives with substituents on nitrogen-1 
and nitrogen-3. MES and Met according to SWINYARD et al. (1952) in mice p.o. 

R1 R3 MES EDso Met EDso Peak Ref. 
(mgjkg) (mgjkg) time of 

activity 

H CH2 ·O·CH3 ~ 6 (-) 3 SAMOUR et al. (1971) 
H CH2 · 0 . CH2 . C6HS >25 < 50 1 SAMOUR et al. (1971) 
CH2 ·O·CH3 CH2 ·O·CH3 ~25 ~600 0.5 VIDA et al. (1975) 
H CH3 3.1--6.2 >200 2 VIDA et al. (1975) 
CH3 CH3 ~50 ~ 25 3 VIDA et al. (1975) 
H CH2 ·O· CO ·CH3 < 12.5 1 VIDA et al. (1971) 
Phenytoin ~ 7.5 3 VIDA et al. (1975) 
Mephenytoin ~1O ~ 30 ·1 VIDA et al. (1975) 

( - ), weakly active; -, inactive, no hypnotic activity except at lethal doses 

(13) 

~-CH'_CH' 
N-{ 
I 0 

CH3 -O-CH2 

(14) 

and/or Nl-alkoxymethyl or -acyloxymethyl derivatives have been evaluated by 
SAMOUR et al. (1971) and VIDA et al. (1971, 1975). Examples of these series are 
shown in Table 3. An only weakly active Nl-methoxymethyl derivative of etho
toin (14), MES EDso ",300 mg/kg, Met EDso '" 100, neurotoxic doseso 
(NTD)so '" 300 mg/kg mouse, was screened in the Antiepileptic Drug Develop
ment Program (ADDP) (GAL 1979). 

-COOR groups as substituents at N3 of phenytoin markedly increase its an
ticonvulsant activity (NAKAMURA et al. 1965, 1966; SCHAFER 1969). It is safe to 
assume that the principal share of the biological activity of these N3-carbalkoxy 
derivatives is due to phenytoin resulting from chemical or enzymatic hydrolysis 
of the drug after being absorbed and distributed in tissues and cells. Nevertheless, 
it is readily understandable that these N3-carbalkoxy phenytoins display in
creased anticonvulsant activity, since unlike phenytoin some of the N3-COOR 
derivatives penetrate the blood-brain barrier better and show better retention in 

N-COOC2 HS 

N-< 
H 0 

(15) (16) 
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Table 4. Results with the minimal electroshock seizure threshold 
(MET) method (BROWN et al. 1953) and duration of action 
(DAso) show that 50% of the animals were protected from 
tonic hindlimb extensor seizure after being treated with the 
respective dose of the test substance of the general formula 
(SCHAFER 1969; SCHAFER and LEUSCHNER unpublished data) 

R MET dose administered 
(mmoljkg) 

Mice Rats 

0.048 0.044 
0.026 0.048 
0.023 0.046 
0.040 0.014 
0.049 0.033 
0.027 0.029 

205 

DAso 

Mice Rats 
(h) (h) 

10 8 
26 
8 10 

20 10 
26 
14 

brain, as has been demonstrated with N3-ethoxycarbonyl phenytoin (IS) in dogs 
and cats (NAKAMURA et al. 1966). The better retention of these compounds and 
particularly that of N3-p-methoxyethoxycarbonyl phenytoin (16) in brain also 
shows itself in their increased duration of action (Table 4). 

Efforts have been made to optimize the activity of phenytoin by connecting 
the two phenyl rings directly or via a Cx-bridge (17). F ABING et al. (1947) has pre
sented the results of clinical trials of diphenylenhydantoin (17, single bond instead 
of X), which is reported to have a therapeutic index similar to phenytoin. Spiro
hydantoins (17 with X =-CH2-CH2-, -CH = CH-, and -CH2-CH2-CH2-) have 
been evaluated by DAVIS et al. (1964 b). None of these derivatives shows any ad
vantage over phenytoin. The spiro hydantoin with X = -CH2-CH2-CH2- is even 
a highly toxic convulsant. A series of cycloalkanspiro-S'-hydantoins have been 
tested by OLDFIELD and CASHIN (196S) for their biological activity. Only the cyclo
heptanespiro-S'-hydantoins (18) have been found to have some anticonvulsant 

[()(Xl6J rJlNR3 
~~~~ VN~ 

)-NH Rl 0 

o 
(17) (18) 
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activity against electroshock, pentylenetetrazol, and strychnine; whereas cyclo
pentanespiro-5'-hydantoins have shown low sedative activity; certain cyclohexa
nespiro-5'-hydantoins have shown analgesic and anti-inflammatory properties; 
and the few cyclooctanespiro-5'-hydantoins have possessed weak hypnotic acti
vities. 

The anticonvulsant activity of phenytoin is decreased by the introduction of 
a 3-CF3 group on the phenyl ring. However, if the phenyl ring in 5-benzyl hydan
toin is substituted with a 3-CF3 (19), a compound will result with anti-MES ac
tivity in rats comparable to that of phenytoin but with increased neurotoxicity 
and acute lethality in mice (MEHTA et al. 1981) (Table 5). 

3· 

(19) (20) 

Phenytoin is mainly metabolized and renally excreted by enzymatic phenyl-C4 
hydroxylation, with subsequent glucuronidation. Therefore, it might be possible 
to develop a phenytoin-like drug with a delayed metabolic rate and with a differ
ent spectrum of activity by blocking the phenyl-C4 position with substituents as 
small as possible. Thus, the addition of fluorine atoms especially in C4 is likely 
to be the smallest possible change to the phenytoin molecule with regard to its 
steric properties. NELSON et al. (1979) has prepared six fluorinated phenytoin ana
logues (20) with a=4-F, b=3-F, c=2-F, d=4-F, 4'-F, e=3-F, 3'-F, and f=4-F, 
3'-F. Only three of these compounds (a,c,t) exhibit measurable anticonvulsant 

Table 5. Anticonvulsant activity and neurotoxicity of hydantoins with fluorinated substi
tuents on carbon-5. MES and Met according to the ADDP in mice i.p. for the first four 
compounds, and MES according to WOODBURY and DAVENPORT and Met according to 
SWINYARD et al. (1952) in mice and (rats) i.p. for the last three compounds 

R5" MES EDso Met EDso NTDso Ref. 
(mg/kg) (mg/kg) (mg/kg 

mouse) 

9.5 65 NELSON et al. (1979) 
61 1,190 NELSON et al. (1979) 
23 158 NELSON et al. (1979) 

270 >2,000 NELSON et al. (1979) 
8.5 (9.6) 50( -) 135 MEHTA et al. (1981) 

(>50) (>200) MEHTA et al. (1981) 
70 (23) 17.5 (~100) 65 MEHTA et al. (1981) 

( - ), inactive (in rats) 
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activity (Table 5). The most potent substance of this series is 5-(2-fluorophenyl)-
5-phenylhydantoin, which is not only slightly less than half as active but also less 
than half as neurotoxic as phenytoin on a molar basis. The low activity of the 4-
fluorinated phenytoins is difficult to explain satisfactorily. However, it is obvious 
that fluorine, the strongest electronegative element, being a substituent will 
change the polar properties ofthe molecule and in the same way its biological ac
tivities markedly and more than often assumed. 

3-Allyl-5-isobutyl-2-thiohydantoin (albutoin), (4) was found to be the most 
potent compound in a series of 16 3,5-disubstituted-2-thiohydantoins (21) 
(GESLER et al. 1961). 

R\ JL-R3 

HAN---{ 
H s 
(21) 

In animal models albutoin (4) exhibits anti-Metrazol activity more evident 
than that measured in the MES test (Table 1). 

Therefore, albutoin has been assumed to be an effective drug in controlling 
absences. In contrast to this assumption and in clinical practice albutoin has been 
found to be more or even especially active in the treatment of grand mal attacks 
(DAVIES and SCHWADE 1959; MILLICHAP and ORTIZ 1967). 

Though some authors have maintained the contrary (DAVIS et al. 1964b; 
MEHTA et al. 1981), phenytoin is generally considered to have no anti-Met activ
ity. On the other hand, Nl,N3-dimethyl phenytoin exhibits increased activity in 
the Met test (Table 1). CHIU et al. (1979) proposed the preparation ofa phenytoin 
derivative showing anti-Met activity by substituting the hydantoin ring-N3 with 
a tertiary butyl group. The authors discovered that inactive hydantoins may be 
changed into active compounds by introducing a tertiary butyl group on N3. 
Thus, 5-methyl hydantoin (22) is inactive whereas the tertiary butyl compound 23 

o 
CH3\ A 

1\ NH 
H N----{ 

H 0 

(22) 

is active in the Met test in mice, with an ED50 of 130 mg/kg and an NTD50 of 
343 mg/kg. However, it is uncertain whether or not the above-mentioned working 
hypothesis may be realized, because the N3-tertiary butyl-5-phenylhydantoin was 
proved to have "merely" an MES ED50 of 80 mg/kg but to have no Met activity 
at all. 
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Recently, the MES effectiveness and the acute toxicity of N-aminophenytoin 
(24) (probably the N3-amino compound) were shown to be similar to those of 
phenytoin (RUMP et al. 1981). 

II. Oxazolidinediones 

(24) 

o 

H\ANH 
H~~~ 

o 
(25) 

Recently the 2,4-oxazolidinediones (25) have been largely superseded by less toxic 
and more effective drugs (ethosuximide, valproic acid, and benzodiazepines). 
Nevertheless, they are mentioned in this chapter for several reasons. Firstly, 
trimethadione as the most important compound of this series is still in use as a 
well-known standard substance in animal studies and is therefore included in 
some of the tables. Secondly, these compounds are of considerable historical in
terest because they opened a new era in the drug therapy for epilepsy. GOODMAN 
et al. (1946) confirmed earlier findings that trimethadione [3,5,5-trimethyloxazo
lidine-2,4-dione (26)] is an effective anticonvulsant and is able to raise the 
threshold for both chemically and electrically induced seizures. Moreover, it was 
very important when GOODMAN et al. (1946) and above all PERLSTEIN and ANDEL
MAN (1946) found that for the first time absence seizures could be selectively con
trolled by trimethadione. 

Later on other 2,4-oxazolidinedione derivatives were proposed for the treat
ment of absence seizures: 3-ethyl-5,5-dimethyloxazolidine-2,4-dione [ethadione 
(27)] and 3,5-dimethyl-5-ethyloxazolidine-2,4-dione [paramethadione (28)]. In 

(28) 

animal models the oxazolidinediones exhibit similar structure-activity relation
ships, as will be shown in Sect. B.-III on the succinimide series (VIDA and GERRY 
1977). These are very briefly: 
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1. Substitution on carbon-5 by small alkyl groups results in substances with in
creased anti-Met activity 

2. Phenyl groups on carbon-5 yield substances with more potent anti-MES activ
ity 

3. Substitution on NH by small alkyl groups for H increases anticonvulsant ac
tivity mainly in the Met test. 
With respect to the N-lower alkyl oxazolidine-2,4-diones an important prob

lem is the contribution of the unmetabolized drugs to anticonvulsant activity. 
BUTLER et al. (1952) showed that trimethadione is metabolically demethylated to 
5,5-dimethyloxazolidine-2,4-dione [dimethadione (29)]. On a molar basis the un-

O 

CH3\ A_ 
CH/~O--ZH 

o 
(29) 

metabolized trimethadione has 1.25 times the anticonvulsant potency of dimetha
dione, as determined by the Met test (FREY 1969). FREY and SCHULZ (1970) have 
shown the half-life of demethylation to be about 45 min in mice, whereas the half
life of dimethadione excretion was found to be about 30 h. Similar differences 
have been found in dogs (8 hand 50-80 h, respectively). 5,5-Dimethyl-3-ethylox
azolidine-2,4-dione (27) is deethylated to dimethadione at nearly the same meta
bolic rate (BUTLER and WADDELL 1957). Thus data collected on animal models 
using single doses are not representative of real conditions during chronic treat
ment. The above-mentioned findings are early and useful examples for the indis
pensability of taking into consideration the potential metabolism of a potent drug 
leading to other active substances not only during pharmacological screening but 
in particular also during all discussions on structure-activity relationships. 

III. Succinimides 
o 

H~NH 
H~~ 
H H 0 

2,5 - Pyrrolidine di<lue 

(30) 

H~NH 
H{-f--{ 
H H 0 

Succinimide 

Substituted 2,5-pyrrolidinediones = succinimides, containing a basic structure 
similar to those of the hydantoins and oxazolidinediones are clinically well-estab
lished antiepileptic drugs. Stimulated by the discovery of antipentylenetetrazol 
activity and the therapeutic usefulness of trimethadione, CHEN et al. (1951), MIL
LER and LONG (1951, 1953 a, b), and MILLER et al. (1951) evaluated a great many 
succinimides alkyl, and/or aryl substituted at C2, C2/N, C2/C3, and C2/C3/N 
which were shown to be active in MES and Met tests. Important drugs useful in 
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the treatment of absence seizures such as N,2-dimethyl-2-phenylsuccinimide 
[methsuximide (31)], N-methyl-2-phenylsuccinimide [phensuximide (32)], and 2-
ethyl-2-methylsuccinimide [ethosuximide (33)] (ZIMMERMANN and BURGEMEISTER 
1958; CHEN et al. 1963) resulted from these studies. Preliminary but well-substan
tiated rules on structure-activity relationships were constructed from all these 
findings. To extend the above-mentioned investigations and to obtain more de-

(31) 

~-rn, 
o 

(32) (33) 

tailed information about their minimal electroshock seizure threshold (MET) and 
Met activity in the early 1960s we performed a comprehensive and comparative 
study on 2,2-di and 2,2,3-trisubstituted but N-unsubstituted succinimides, deter
mining their EDso values (Schafer and Leuschner, unpublished). The compounds 
to be tested were of very different molecular size. Therefore the comparison of 
the EDso data on a molecular basis in millimoles per kilogram mouse was pre
ferred in this study (Fig. 1). 

In accordance with the other authors mentioned we briefly stated the follow
ing relationships between the activity and structure of N-unsubstituted succi
nimides. 
1. Unsubstituted phenyl groups on carbon-2 ensure activity in the electroshock 

test as well as in the pentylenetetrazol test; 2,2-diphenylsuccinimide, similar to 
5,5-diphenylhydantoin, is devoid of antipentylenetetrazol activity 

2. If there is one straight chained alkyl group out of two alkyl groups of at least 
three C-atoms on carbon-2 the activity in both convulsant tests will increase 
markedly 

3. Two lower alkyl groups CH3 and/or C2Hs on carbon-2 resulted only in weak 
activity in the animal models mentioned. Activity is evidently increased by an 
additional alkyl or phenyl group on carbon-3 

4. In the 2'-spirocydoalkyl succinimide series the optimum is about a Cs ring. It 
is noteworthy that the spirocydohexyl succinimide, being rather inactive in the 
electroshock and Met tests, has the maximum toxicity of the tested spiro com
pounds. 
While the unsubstituted succinimide seems to be inactive, tetra-substituted de

rivatives such as 2,3-diethyl-2,3-dimethyl- and 2,2,3,3-tetraethylsuccinimide were 
reported to be quite toxic, the main symptoms being muscular incoordination and 
convulsions with no evidence of sedative action (Dox 1925). 

JUCKER and SUEss (1961) tested a great many spiro-2'-N-methylpiperidyl-suc
cinimides similar to compounds of Fig. 1. None of these compounds showed any 
anticonvulsant activity. However, some of these predominantly tertiary amines 
were found to have significant parasympathomimetic properties. 

Succinimides with spirodibenzocydoalkadiene and -triene groups in 2' were 
evaluated by DAVIS et al. (1964 b). The tests were performed similarly to those of 
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Fig. 1. Anticonvulsant activity of di- or trisubstituted succinimides given orally to NMRI 
mice. Minimal electroshock seizure threshold (MET) (10 rnA, 0.6 s) according to BROWN 
et al. (1953), Met (100 mg/kg pentylenetetrazol s.c.); drugs were usually administered I h 
before the respective test. Key: substituents are specified as 2,211 or 2,2113. ->, more than. 
a, C6Hs , C6HSII; b, CH3 , C6HSII; c, C2Hs , C6HSII; d, CH3 , CH3 11; e, CH3 , C2H s lI; 
f, CH3 , n-C3H711; g, CH3 , i-C3H 711; h, CH3 , n-C4H 9 11; i, C2H s, C2Hs lI; k, C2H s, n-C3H711; 
I, C2H s, n-C4H9 11; m, n-C3H7' n-C3H711; n, i-C4H9' i-C4H911; 0, spirocyclo Csll; 

p, spirocyclo C611; q, spirocyclo Call; r, spirocyclo Cdl; s, CH3-U II; t, CH3 , 

HIIC2H s; u, CH3 , C2 Hs IIC2H s; v, CH3 , C2H s IIC6Hs; w, spirocyclo CsIIC6Hs; 

x, spirocyclo C6I1C6H s; Z, CH3-U IIC6H s; A, phenytoin; B, phenobarbital 

SWINYARD et al. (1952). Thus, compound 34 exhibited an MES EDso of 38 mg/ 
kg, an Met EDso of 33 mg/kg, and a rotorod NTDso of 430 mg/kg after oral ad
ministration to mice. A desoxy analogue of 34, the pyrrolidinone 35, showed simi-

o 
(34) 

o 
(35) 
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lar anticonvulsant activity in the mentioned tests but showed increased neurotox
icity with an NTDso of 112 mg/kg. 

Succinimides dialkylamino substituted exclusively on carbon-2 seem to be in
active as mentioned above; those containing an additional phenyl group on car
bon-2 have been shown to have some anticonvulsant activity (CLEMSON et al. 
1968). A series ofphensuximide derivatives with additional tertiary amino groups 
(36, 37) were also evaluated at the dose level of 200 mg/kg i.p. in mice. All of the 

~_CH' 
o 

I 
(36) R = -CH2-N 

\ 

/ 
(37) R = -CH2 -CH2-N 

\ 

test compounds were found to be ineffective against pentylenetetrazol-induced 
convulsions. However, in the MES test some of the compounds exhibited in
creased activity compared with the parent substance phensuximide, which was 
found to protect 20% of the test animals against electroshock (Table 6). 
It is noteworthy that only small alterations in the amino group provoke a dra

matic variation in MES activity: As shown in Table 7 the piperidyl derivative 38 
protected 90% of the test animals against electroshock, while at the same dose 
level there is no protection when a pyrrolidyl group as in 39 is introduced instead 
of,piperidyl. 

@ i N_CH, 

~-CH,~ 
(38) (39) 

Some Mannich base derivatives of 2-phenylsuccinimide compared well with 
the anticonvulsant efficacy of the standard substance phensuximide. Particularly 
the N-substituted mono-Mannich bases (40) were generally more active than the 
corresponding N2 disubstituted analogues (41) in preventing the tonic extensor 
phase of the seizure pattern during the pentylenetetrazol test (MAGARIAN et al. 
1973). In the above-mentioned alkylamino alkyl compounds structural elements 
of phensuximide or methsuximide have been included. If the phenyl group, sup
posed to be essential to MES activity, is attached to the nitrogen ring directly or 

~ JLN-CH'_N/ -Hq \ 
o 

(40) 

\~o N-CH,-< 
N-CH2 

/ 
o 

(41) 
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Table 6. Protection of mice in the electroshock test accord
ing to TOMAN et al. (1946) by alky1aminoalky1-substituted 
succinimides of the general formula (CLEMSON et al. 1968). 

@ I N-CH, 

-R2Q 

o 
MES activity expressed in % protection of mice after i. p. 
administration of 200 mgjkg 

R2 (HC! salts) MES (% protection) 

60 

30 

20 

50 

o 

90 

o 

70 

44 
(at 100 mgjkg) 

44 

Phensuximide 20 

213 
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via a CH2-bridge, another type of amino-substituted succinimide will result (42) 
(WITIAK et al. 1977). These compounds exhibit moderate activity mainly in the 
electroshock test. With relation to its protective index (NTDso/EDsoMES of 4, 
the index of phenytoin was found to be 10) the N-benzyl-substituted succinimide 
43 was shown to be the most potent compound of this series. H6-R R~~_R CH,-m-N:~_CH,-g 

R'-NH 0 0 0 
a (42) b (43) 

The authors (WITIAK et al. 1977) also separated the enantiomeres (42 a, b) of 
these compounds. No significant differences in anticonvulsant potency between 
the activities of the members of the same enantiomeric pairs were observed while 
more striking differences between the activities of some enantiomeric pairs were 
noted for instance with regard to their influence on amphetamine-induced 
stereotyped behavior and in antagonizing oxotremorine-induced tremor. 

R-NH0N 
ly-CH2 -CH2 -CH3 

H 0 (-CH,-g) 
(44) (45) 

Table 7. Anticonvulsant activity of succinimide derivatives of the general formula 
o 

R2-HN~.R 
o 

(CRIDER et al. 1981) tested in mice i.p. (ADDP method) 

R2 

H 

CH3 ·NH·CO
CH3·NH·CO
C4H 9NH·CO-

C4H 9 • NH . CO
CH3-CO
CH3-CO
CH3-S02 -

Phensuximide 

R MES 
at 0.5h a 

-C3H 7 

-CH2 ·C6H s 
-C3H 7 + 

-CH2 ·C6H s 
-C3H 7 

-CH2 ·C6H s + 
-CH2 • C6HS 288 

112 

s.c. Met 
at O.5h a 

+ + (4/4) 

+ (2/4) 

+ + (1/4) 
+ (1/4) 
+ + (2/4) 
120 
50 

NTDso 

414 
at 600mg/kg 
0/4 
0/4 
3/4 
at 600mg/kg 
0/4 
0/4 
0/4 
422 
232 

a EDso (mg/kg), ++, +, or -, denoting activity at 300 and 600mg/kg or no activity at 
600 mg/kg. Numbers in parentheses indicate the number of protected animals or those 
exhibiting neurotoxicity as determined by the rotorod test 
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N-n-Propyl and N-benzyl succinimides of the general formula 44 have been 
evaluated (CRIDER et al. 1981); R represents H, -COCH3' -CONHR', and 
-S02CH3' The most potent compound ofthis series was shown to be the racemic 
(R,S)N-benzyl-2-(methansulfamido)succinimide (45), which is active against 
both e1ectroshock- and pentylenetetrazol-induced seizures (Table 7). 

Attempts have been made to prepare potential long-acting anticonvulsants by 
attaching alkylating groups to either the carbon-2 of the phensuximide molecule 
or to the para position of the 2-phenyl substituent (KORNET et al. 1977 a, b). -CO
CH2-halogen, -NH-CO-CH2-halogen, -N-CO-CH = CH-CO (maleimido), 
and -NH-CO-CH=CH-COOH (maleamyl-) were the most-used alkylating 

(46) 

(47) 

groups. An active compound of this series is 46, which exhibits a duration of ac
tion of at least 3.5 h, while 47 is an example of an inactive substance. Thus most 
bulky compounds were completely devoid of activity. The inactivity may be 
caused by a steric effect due to the inability in the complexing of these compounds 
to any active site. 

The investigations of MILLER and LONG (1953 b) confirmed that the anticon
vulsant activity of succinimides in both electroshock and pentylenetetrazol tests 
did not improve by attaching halogen atoms as substituents to a phenyl ring on 
carbon-2. Nevertheless, studies were conducted to find succinimides that might 
exhibit a particular spectrum of anticonvulsant activity. 

x~ NH 
CH3 

CH3 -CHz 0 

(48) 

After 2-methyl-2-phenyl-3-ethylsuccinimide (48, X=H) was found to show 
tranquillizing or even hypnotic properties (CHEN and BASS 1964), a series of de
rivatives of 48 with X = 0-, m-, or p-halogen; 0-, m-, or p-CH3; 0-, m-, or p-OCH3; 
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p-N02; p-NH2; or m-CF 3 were prepared and examined for their anticonvulsant 
activities. In derivatives of 48 containing 0- and p-halogen, and 0- and p-CH3, the 
anti-MES and anti-Met activities of the parent compound were almost main
tained. Other derivatives were less active or even inactive (HAUCK et al. 1967). 

SCOULAR et al. (1976) investigated the influence of P-N02 and p-NH2 substi
tution on the phenyl ring of methsuximide and phensuximide on the anticonvul
sant activity of the parent compound; it had been anticipated that p-amino sub
stitution would increase the anticonvulsant potency while decreasing the sedative 
action, by analogy with p-aminoglutethimide. However, there are no general rules 
for the structure-activity relationships of these p-substituted phenyl succinimides: 
p-Aminophensuximide (49) showed slightly increased anti-Met potency and 
nearly the same degree of sedative effect as phensuximide, whereas p-aminometh
suximide (50) exhibited decreased anti-Met activity compared with methsux
imide. However, the largest changes of activity were observed when methsux
imide or phensuximide were para-substituted by a nitro group. When phensux
imide was p-N02-substituted (51) a compound with strongly increased anti-

X-%_CH' X R 

(49) = NH2 H 
(50) = NH2 CH3 

(51) = N02 H 
0 (52) = N02 CH3 

Met potency resulted. On the other hand, the P-N02 compound 52 was virtually 
inactive in the Met test. Finally, LANGE et al. (1977 a, b, 1979) prepared a series 
of new 2-phenylsuccinimides of the general formula 53, the phenyl groups of 
which are preferably meta-substituted by -halogen, -N02 , and -CF3 • R mostly 
represents -H, -lower alkyl, -NHz, and -dialkylaminoalkyl (Mannich bases). N
Morpholinomethyl-2-(3'-bromophenyl)succinimide (54) was considered to be an 

~_R 
o 

(53) 

Br 

o 
(54) 

interesting anticonvulsant drug showing strong antipentylenetetrazol activity as 
well as high potency in the electroshock test. Table 8 demonstrates some more 
striking correlations between structure and activity: 54 is much more active in 
both tests than its 3'-fluoro analogue. When the morpholino group in 54 is ex
changed for a piperidino moiety the resulting compound proves to be much more 
toxic and less potent in the anticonvulsant test (cf. Table 6). 
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Table 8. Anticonvulsant activity and acute toxicity of succinimides of the general formula 

X 

~-R 
o 

(LANGE et al. 1977a, b, 1979) tested in mice i.p. Drugs dissolved in dimethylsulfoxide/H20, 
2: 3. MES according to SWINYARD et al. (1952), Met, ED50 (after s.c. pentylenetetrazol, 
119 mg/kg) or as factor of efficacy [ratio of convulsant dose50 (CD 50) for treated animals to 
that of untreated animals] 

X R 

H CH3 (phensuximide) 
H -C2H 5 
H -NH2 
Br H 
Br NH2 
F NH2 

r-\ 
Br CH2 • N 0 

L...J 

Br CH2·O 
1\ 

F CH2 • N 0 
'LJ 

CF 3 H 

MES Met 
ED50 
(mg/kg) ED50 

(mg/kg) 

78.1 42 
160.3 210 
108.0 
48.4 
37.3 

-(1/4 LD50) 261 

54.5 

> 1/4 LD50 

147.6 

42.1 

LD50 
24h 

Factor of mg/kg 
efficacy 

3.0 485 
690 

3.0 767 
2.0 310 
1.6 387 

555 

2.6 443 

1.6 145 

1.4 456 

2.6 252 

C. Six-Membered Heterocyclic Compounds 

I. Barbiturates and Other Compounds 

LD50/ED50 
(MES) 

6.2 
4.3 
7.1 
6.4 

10.4 

8.1 

3.1 

6.0 

As late as the 1960s a common structure such as -CO-NH-C( =X)- with X=O 
or H2 was believed to be a prerequisite for a compound to be effective as a central
acting, e.g., antiepileptic, drug. Thus it happened that not only was phenobarbital 
introduced as an antiepileptic drug in 1912 by HAUPTMANN, but also other bar
biturates and other six-membered heterocyclic compounds containing the above
mentioned structure moiety were screened for their anticonvulsant activity. 
Within the scope of a complete list of all the chemical compounds they had tested, 
MERRITT and PUTNAM (1945) published data on the anticonvulsant activity of32 
barbiturates administered to cats by different routes. Only the following sub
stances were found to elevate the convulsive threshold to at least 50 rnA at a dose 
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of up to approximately 50 mg/kg in the electroshock test: 5-ethyl-5-phenyl barbi
turic acid [phenobarbital (55)], 5-butyl-5-phenyl barbituric acid, 5,5-diallyl barbi
turic acid, 5-ethyl-5-isoamyl barbituric acid, 5-ethyl-5-propyl-N-phenyl barbi
turic acid, and 5-allyl-5-cyclopentenyl barbituric acid. However, all of these com
pounds except phenobarbital were of no use as anticonvulsants on account of 
their predominantly hypnotic or even toxic properties at the dosage which suffi
ciently elevated the convulsive threshold. 

2-Thiophenobarbital (56) and 5-methyl-5-phenyl barbituric acid failed to ele
vate the anticonvulsive seizure threshold in the electroshock test up to 210 and 
100 mg/kg, respectively. 

Since 5,5-diphenylhydantoin is the most effective derivative in the hydantoin 
series it was assumed that 5,5-diphenyl barbituric acid (57) might also be a 

~o~ 
Fa o N 

a H 
(57) 

strongly active anticonvulsant. This expectation seemed to be disproved when 
5,5-diphenylbarbituric acid was given to mice and was found to be less active than 
phenobarbital in the MES test (RAINES et al. 1973). In 1975, RAINES et al. repeated 
these investigations in rats. By this time 5,5-diphenylbarbituric acid appeared 
equipotent with phenobarbital on account of its improved absorption in this spe
cies. This conclusion was confirmed by the determination of the brain levels of 
5,5-diphenylbarbituric acid and phenobarbital in rats being treated with MES 
protective doses of both these substances. The concentrations in brain associated 
with substantial protection were found to be: 2~6 Ilg/g for 5,5-diphenylbarbituric 
acid and 3.5~9 Ilg/g for phenobarbital (RAINES et al. 1975). 5,5-Diphenylbarbi
turic acid exhibits little or no hypnotic activity and might therefore be a favorable 
antiepileptic drug if, among other things, it were more readily available than hith
erto by means of improved synthesis. The high efficiency of compound 57 was re
cently confirmed compared with the activity and neurotoxicity of several other 
barbiturates (RAINES et al. 1979). 

This study and other above-mentioned examples show that in the barbiturate 
series small variations of the structure result in more extensive alterations of ac
tivity than in the previously discussed classes of compounds. 
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Thus a convulsant and some anesthetic and anticonvulsant barbiturates are 
distinguished by only minor structural changes in their side chains (ANDREWS et 

(58) (59) 

al. 1979). The convulsant 5-ethyl-5-(3'-methyl-but-2'-enyl) barbituric acid (58) 
and amobarbital (59), a useful anesthetic with a Met activity of 15 mg/kg only dif
fer in the saturation of the side chain. Probably these differences in activity are pri
marily dependent on molecular conformation. This may be influenced not only 
by the shape and orientation of the Cs side chain on carbon-5 but also by the ac
cessibility of alternative conformations of the C5-ethyl group, and by slight devi
ations from planarity in the barbiturate ring (ANDREWS and JONES 1981; AN
DREWS et al. 1981, 1982). 

Hypnotic activity of a barbiturate might be changed to anticonvulsant activity 
by the introduction of a phenyl group on N 1 (60) (CZARNECKI and SOBANSKI 
1980). However, it seems that the observed activity of compound 60 is mainly due 
to its biotransformation to compound 61 by lactonization. 

Q HO 

o tH-CH3 

I II I 
N....!-C f CH 

I I \ / 2 

O=C ' CH 
\ I 
N-C 
H \\ o 

(60) 

rQi O-CH-CH3 'Y I I 
NH O=C CH2 

O=C! \cH' 
\ I 
N--C 
H \\ 

o 
(61 ) 

In an outline study we compared the MET activity of five- and six-membered 
heterocyclics of the general formula 62 (Schafer and Leuschner unpublished 

data). As shown in Table 9, none of the compounds has anti-MET activity cor
responding to that of phenobarbital. On the other hand, the sedative-hypnotic 
glutethimide (63) is fairly similar to phenobarbital in its anti-MET behavior. 
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Table 9. Anti-MET activity (10 rnA, 0.6 s, 
drugs administered orally, mice) of some 
five- and six-membered N-heterocyclics 
containing the common formula moiety 

fi~x, 
CH~H2l A 

o ~ 0 

(SCHAFER and LEUSCHNER, unpublished) 

x 

-NH 
I 

EDso (mg/kg) 

70 

35 

45 

>500 

60 

7 

H. SCHAFER 

p-Aminoglutethimide (64) has even been used clinically as an antiepileptic 
drug, but it has been withdrawn because of its serious side effects. A series of 
glutethimide derivatives (65) was evaluated by ABOUL-ENEIN et al. (1975). It is re
markable that the introduction of an OH- or NH2- group as a substituent on the 
heterocyclic ring does not change MES activity fundamentally. A similar obser
vation will be discussed in the benzodiazepine series. 

CH'~ 
H2N R' 

R 

CH3 -CH1 

0 H 0 0 0 0 

(63) (64) 
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II. Phenobarbital and Primidone 

Since the majority of barbiturates are clinically suitable only as hypnotics or 
even anesthetics, the 5-ethyl-5-phenyl moiety of phenobarbital is clearly the first 
essential for potent antiepileptic activity in doses with only marginal hypnotic ac
tion. Thus, only variations in nonessential parts of the phenobarbital molecule 
caused promising alterations in the mode of its action. 

N-Methylphenobarbital (mephobarbital) (66) was proved to be an antiepi
leptic drug as early as 1932 by WEESE. Though its anticonvulsant activity in ani
mal models was about the same, its hypnotic effectiveness was found to be lower. 
1,3-Dimethylphenobarbital exhibits strong anti-MES and anti-Met activity. The 
most favorable N-substituted phenobarbital derivatives have been evaluated by 
SAMOUR et al. (1971) and VIDA et al. (1971, 1973a, b). 

As is shown in Table 10 some of these N-substituted phenobarbitals exhibit 
strong anticonvulsant activity in both the MES and Met tests and have only weak 
or no hypnotic efficacy. All the N-substitutes mentioned in Table 10, unlike -CH3 
or -C2HS' are characterized by the sequence -CH2-X- (67), where X is -0-, 
-N( , -halogen, or -CS-. However, only those phenobarbital derivatives that are 

Table 10. Anticonvulsant activity of some Nl and/or N3 substituted phenobarbitals of 

the ge",moj fonnula ny-J' 
CH-;CH\-t 

o R3 

MES (60 rnA) and Met (pentylenetetrazol, 106 mg/kg) according to SWINYARD et ai. (1952) 

R3 MES Met HDso Ref. 
EDso EDso 
(mg/kg) (mg/kg) (mg/kg) 

H (phenobarbital) H 20 10 100 VIDA et a1. (1973a) 
H - CH3 16 24 180 VIDA et ai. (1973 a) 
- CH3 - CH3 ~ 21 15 190 VIDA et a1. (1973 b) 
H -CH2·Q·CH3 22.5 4 > 100 VIDA et a1. (1973b) 
- CH3 -CH2·O·CH3 ~ 50 16 > 500 VIDA et a1. (1973 a) 

<1,000 
- CH3 -CH2· Q . C4 H9 ~ 125 32 >1,000 VIDA et a1. (1973 b) 
-CH2·O·CH3 -CH2·O·CH3 13.5 47.0 None (470) VIDA et a1. (1973a) 
-CH2Br -CH2Br Inact. 27 None (> 1,000) VIDA et a1. (1973a) 
-CH2·O· CO· CH3 -CH2·O 'CO ·CH3 28 104 VIDA et a1. (1971) 

/ 
H -CH2-N < 12.5 ~3 > 250 VIDA et a1. (1973a) 

"'- < 500 
-CH ·S·C'NH -CH ·S·C'NH In- In- > 1,000 VIDA et a1. (1971) 

2 II 2 2 II 2 
active active 

NH NH 

HDso, hypnotic doseso; none, sleep did not appear except at lethal doses (in parentheses) 
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connected via Nl and/or N3 with moieties such as -CH2--O- or -CH2-N( show 
strong anticonvulsant activity in mice. 

<6>J-f'-X-
CH3~2;\-N 

o \CH2-X-

(67) 

From these data it is likely that a new antiepileptic drug could be developed 
which displays activity similar to that of phenobarbital but without the latter's 
strongly sedative or even hypnotic effect. 1,3-Dimethoxymethyl-phenobarbital 
[eterobarb, DMMP (68)] was believed to be such an ideal barbiturate (GAL
LAGHER et al. 1975). However, these expectations have not been fulfilled during 
chronic treatment with this drug, and it must be assumed that, ultimately, pheno
barbital itself, formed by progressive biotransformation, gradually becomes the 
biologically active agent (GOLDBERG et al. 1979). 

When the 2-CO group of phenobarbital is replaced by -CH2 , a highly active 
anticonvulsant results (BOGUE and CARRINGTON 1953; GOODMAN et al. 1953).5-
Ethyl-5-phenyl-hexahydropyrimidine-2,4-dione [primidone (69)] is a very weak 
acid, which actually does not belong to the barbiturate class. Data on its anticon
vulsant activity are compared in Table 12. The contribution of primidone itself 
to its antiepileptic activity is still under discussion. During chronic administration 
in man its efficiency is partly due to its metabolites phenobarbital and 2-ethyl-2-

~ o NH2 

CH3-CH2 NH2 

o 
(70) 

phenylmalonamide (PEMA) (70), the activity of which is under investigation. On 
the other hand, pretreatment of epileptic domestic fowl with SKF 525 A to inhibit 
the metabolism ofprimidone to phenobarbital has demonstrated primidone itself 
to exhibit strongly anticonvulsant efficiency (JOHNSTON et al. 1978). The prepara
tion and testing of a primidone derivative substituted by a lower alkyl group on 
carbon-2 would yield much useful information on structure-activity relation
ships: such a compound would have to be prevented from being metabolized to 
phenobarbital. 

D. Acyl Ureas 
SPlliLMAN et al. (1948) investigated more than 50 noncyclic acyl ureas structurally 
resembling the anticonvulsant barbiturates and the hydantoins. Barbiturates are 
malonyl ureas; however, like the hydantoins they also contain an acetyl urea 
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moiety (71) as part of a heterocyclic ring system. Two of the straight-chained acyl 
ureas, phenylacetyl urea (phenacemide) (72) and 2-phenylbutyryl urea (phene
turide) (73) were really found to exhibit good anticonvulsant properties in ani
mals and were mainly introduced in the therapy of psychomotor attacks. 

EVERETT and RICHARDS (1952) gave more details on the pharmacological pro
file of phenacemide and summarized some structure-activity relationships in the 
series of substituted phenylacetyl ureas (74). 

o 
II 

-C-NH-C-NH
II 
o 

(71) 

@-CH2-CO-NH-CO-NH2 

(72) 

~CH-CO-NH-CO-NH2 
I C2 HS 

(73) 

<QA CH-CO-N-CO-NH 
RI I I 

1 R2 R3 

(74) 

The unsubstituted phenyl group in (74) seems to be essential for adequate an
ticonvulsant activity. It is noteworthy that in mice antipentylenetetrazol activity 
is abolished when Rl is C2HS (with R2 and R3 =H) in pheneturide, while excel
lent activity is found in the Met test when Rl is H in phenacemide. When Rl is 
phenyl (with R2 and R3 = H) the resulting compound is most similar to pheny
toin. However, unlike hydantoin with its high effectivity, the open-chained diphe
nylacetylurea was first found to be nearly inactive in animal tests (SWINYARD and 
TOMAN 1950), possibly due to its extremely low solubility in water. Though its an
tioonvulsant activity in mice may be enhanced by i.p. administration of sonicated 
suspensions (AMATO and JONES 1982), the relative potency of diphenylacetylurea 
(in terms of blood and brain concentrations) is nevertheless low compared with 
phenytoin and phenobarbital. 

Phenacemide and pheneturide possess a number of side effects. Looking for 
a less toxic and more effective acyl ureide, NAKAMURA et al. (1968) proposed N
ex-ethyl phenylacetyl-N -acetyl urea (Rl = C2Hs, R2 = H, R3 = CO· CH3, acetyl
pheneturide) (74). In mice, acetylpheneturide compared with phenacemide and 
pheneturide was found to have the strongest preventive effect against tonic exten
sor reflexes in MES and Met tests. 

E. Tricyclic Compounds: Carbamazepine 
5-Carbamoyl-5H-dibenz-b,fazepine [carbamazepine (75)] was the first tricyclic 
compound to be clinically useful in the treatment of complex partial seizures and 
also beneficial in the management of generalized tonic-clonic convulsions. Devel
oped in the 1950s and introduced in Europe in 1962 its anticonvulsant properties 
were described by THEOBALD and KUNZ (1963). Compared with other antiepi-
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leptic drugs such as phenobarbital, phenytoin, valproic acid, diazepam, and 
c1onazepam, carbamazepine was shown to exhibit remarkable anticonvulsant ef
fects in a number of animal "epilepsy models" (KOELLA et al. 1976) and to be effec
tive against electroshock-, pentylenetetrazol-, strychnine-, and picrotoxin-induced 
seizures. Furthermore, the "afterdischarge" in response to electrical stimulation 
of the hippocampus in unanesthetized cats was more effectively controlled than 
with phenytoin. Modifications of the substituents of the -10, II-double bond sig
nificantly alter the anti-MES activity of carbamazepine (GAGNEUX 1976; 
Table 11). 

Table 11. Effect of minor molecular modifications on anti
electroshock activity (mice, 16 rnA, 0.2 s) of carbamazepine 
(a) and some 1O,1l-derivatives (b-g) according to GAGNEUX 
(1976) 

a 

b 

c 

d 

e 

f 

g 

H H 
~ 

HOH 
\0/ 

H H 

MES 
EDso 
(mg/kg) 

10 

15 

H 30 
H H 

H CH3 H >200 

H H 

OH OH H >200 

H H 
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While a (Table 11) (carbamazepine) and b (carbamazepine-l0,11-epoxide, the 
main metabolite of carbamazepine in serum) behave rather similarly in the MES 
test, c and d show decreased MES activity. The substituents in e,f(lO, Il-dihydro
diol-carbamazepine, another renally excreted metabolite of carbamazepine) and 
g abolish the protective action against the electroshock. 

(76) (77) 

In some tests like electroshock and administration of pentylenetetrazol, 
strychnine, and picrotoxin, 5-carbamoyl-1 0, II-dihydro-l 0-oxo-5H-dibenz-b,f
azepine (76) and its main metabolite, the lO-hydroxy derivative (77), show favor
able anticonvulsive activity in rats and mice (BALTZER and SCHMUTZ 1971). How
ever, compounds 76 and 77 are somewhat less potent than carbamazepine. 

~ 
CONHl 

(78) 

Dibenzo-a,d-cycloheptadiene-5-carboxamide (cyheptamide) (78), a com
pound similar to carbamazepine, was prepared by DAVIES et al. (1964a) and was 
also found to possess a high order of anticonvulsant activity. The anticonvulsant 
properties of cyheptamide and its open-ring analogue diphenylacetamide (79) 
were compared in a comprehensive study with the activities of other tricyclic car
boxamides (80), including carbamazepine (75), its 10,II-dihydro-congener, and 
the analogue phenothiazine-N-carboxamide (77) (Table 12). 

~H~ ©\M ©r;N 
CO-NHl R5 CONHl 

(79) (80) (81) 

Some structure-activity relationships in the carbamazepine and congener 
series result from Table 12 and further data published by DAVIS et al. (1964a): 
Though there are significant differences in EDso values, in general MES activity 
seems to be rather insensitive to the type and size of X provided that X is S or 
a lower nonbranched C-bridge and that position-5 (C or N) is substituted by a 
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Table 12. Anticonvulsant activity of tricyclic compounds (80) in mice p.o. selected from 
DAVIS et al. (1964a). MES (30 mA, 0.2 s) and Met (i.p. 100 mgjkg) according to SWINYARD 
et al. (1952), NTDso values were determined by the rotorod test 

X R5 Ring- MES Met NTDso NTD 
substi- EDso EDso Met 
tuent (mgjkg) (mgjkg) (mgjkg) 

-CH2-CH2 - -CO·NH2 33 14.5 400 27.6 
-CH2-CH2 - -CO·NH2 3-CI 69 49 465 9.5 
-CH=CH- -CO·NH2 22.5 13 165 12.7 
-CH=CH- -CO·NH2 3-CI 35 8 310 38.8 
-CH2 - -CO·NH2 42 15 175 11.7 
-CH2-CH2- CH2- -CO·NH2 68 29 205 7.1 
-S- -CO·NH2 66 
a -CO·NH2 62 22.5 ~500 22.2 
-CH2-CH2- -NH·CO·NH2 >400 53 >400 > 7.5 
(79) 56 30.5 470 15.4 
(81) 34.5 20 >300 > 15 
(l0,11-Dihydro-75) 20.5 21.5 176 8.2 
Carbamazepine 18.5 11.5 66 5.7 
Phenobarbital 17.8 3.6 76 20.8 
Phenytoin 8.9 7b 84 12 
Primidone 16 2b >250 >125 

a Single bond between two rings 
b These data seem doubtful; see Chaps. 14 and 16 

CONH2 • The C-bridge may be replaced by a single bond between the two phenyl 
rings or there may be no connection between the phenyl groups as in compound 
79. If carbon-5 is substituted by other groups such as -NHR, MES activity will 
rise or toxicity will increase substantially. There are further differences in Met ac
tivity also with regard to the protective indices, which are dependent on the sub
stituents of the tricyclic compounds. It is remarkable that the most active anti
Met substance is a ring-halogen derivative, 3-chlorodibenzo-a,e-cyclohepta
triene-5-carboxamide (82), which has an NTD/Met index of 38.8. Cyheptamide 

~a 
CONH2 

(82) 

(78) was further investigated by FUNCKE et al. (1970). Though their investigation 
resulted in much lower Met activity than that found by DAVIS et al. (1964a) (Met 
EDso 235 mg/kg and 14.5 mg/kg, respectively), the authors claimed cyheptamide 
to be a promising anticonvulsant. In view of its very low neurotoxicity and le
thality, N,N-dimethyl dibenzo-a,d-cycloheptadienyl oxyacetamide (83) is worth 
mentioning (FUNCKE and ZANDBERG 1970). Out of a series of N-substituted 
10, II-dihydrodibenz-b ,/-1 ,4-oxazepines, none of which were active against 
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pentylenetetrazol-induced convulsions, the compound 84 was found to be active 
in the MES test (COYNE and CUSIC 1968; MES, 50 rnA, 0.2 s; EDso of 42 mg/kg, 
duration of effect of 2.5 h) and showed the relatively high ratio of neurotoxic to 
anticonvulsant effect of 10 : 1. 

(83) 

F. Benzodiazepines 

©(~ 
I 
CO-NH-NH-CO-CH3 

(84) 

The discovery of the central acting l,4-benzodiazepines initiated a fascinating and 
successful chapter in the development of a new class of compounds, which have 
since superseded a previous generation of sedative drugs (STERNBACH 1973, 1980; 
STERNBACH et al. 1968; SWINYARD and CASTELLION 1966). 

Since 1957, more than 3,000 of these and similar compounds have been pre
pared and pharmacologically screened. About 30 benzodiazepines have been 
clinically introduced as sedatives, tranquillizers, antianxiety agents, and last but 
not least antiepileptic drugs. Diazepam (85), nitrazepam (86), and clonazepam 
(87) are of current clinical interest and have proved to be very effective in the 
treatment of different types of epilepsy. On the other hand, there are some prob
lems with side effects as well as with tolerance during chronic treatment. These 
problems will be discussed elsewhere. Further research activities to discover new 
antiepileptic drugs in this series are therefore indispensable. 

CI 

(85) (86) (87) 

The high efficiency of diazepam and other 1,4-benzodiazepines as CNS-active 
drugs has initiated an intensive search for other active benzodiazepines, different 
in the positions of the two nitrogens in the seven-membered ring. Thus the N-des
methyldiazepam analogues of 1,3- (88, THOMAS, cited in CAMERMAN and CAMER
MAN 1980) and 2,4-benzodiazepine (89, GOLIK 1975) have been synthesized and 
pharmacologically screened. While compound 89 seems to have a similar activity 
to diazepam, the 1,3-analogue (88) was reported to be rather inactive as an an
ticonvulsant. A differently substituted 5H-2,3-benzodiazepine (tofizopam) (90) 
was synthesized in Hungary (KOROSI and LANG 1975). 
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(88) (89) (90) 

This compound was classified as a tranquillizer but was found to be inactive 
in antiseizure tests (PETOCZ and KOSOCZKY 1975). Besides the originall,4-benzo
diazepines, some compounds in the 1,5 series with a structure following general 
rules similar to those valid in the 1,4 series are useful CNS-active drugs and will 
be discussed subsequently. 

The basic structure of the biologically important 2,3-dihydro-1H-l,4-benzo
diazepine-2-ones bearing a phenyl group in the 5-position of the heterocyclic ring 
is illustrated by the common formula 91, which also contains a schedule of 
substituents of some 1,4-benzodiazepines. 

Rl Rl R3 R7 R2' 
\ 0 

Nitrazepam H H N02 H 

NB~R3 Diazepam CH3 H CI H 
Prazepam CH2~ H CI H 

--N 
Flurazepam CH CH N/C2Hs H CI H 

R2' 2 2 '"'-
C2Hs 

Oxazepam H OH Cl H 
Temazepam CH3 OH CI H 
Clonazepam H H N02 CI 

(91) Flunitrazepam CH3 H N02 F 
Lorazepam H OH Cl CI 

/CH 
Camazepam CH3 O-CON 3 Cl H 

'CH3 
...... OK 

Chlorazepate H COOK Cl H 2 
'OH 

Medazepam CH3 H CI H (2):>CH2 

Ring A: A substituent in the 7-position is essential. The character of this sub
stituent is also of great importance. Electron-withdrawing substituents, e.g., -CI, 
-Br, -N02 , and -CF3' generally ensure high activity, whereas electron-releasing 
groups like -CH3 or -OCH3 lower the activity considerably. Substituents in any 
other position than 7 decrease the activity. 

Ring B: Nitrogen-l may be substituted preferably by a methyl group, by a 
lower alkyl group, or by a dialkylaminoalkyl group as in flurazepam. Carbon-3 
may also be substituted by a -COOH group as in chlorazepate. Free or esterified 
OH groups in position-3 do not significantly alter the activity of the compounds, 
e.g., in oxazepam and camazepam, respectively. 
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If the 2-C = 0 group is replaced by -CH2 the anticonvulsant activity of the 
resulting medazepam mainly in the MES test is markedly decreased CRANDALL et 
al. 1968). 

Table 13. Anticonvulsant activity of some benzodiazepines and their metabolites in mice 
p.o. (RANDALL and KAPPELL 1973). MES (30mA) and Met (125mg/kg) according to the 
methods ofSWINYARD etal. (1952) and EVERETI and RICHARDS (1944), respectively. NTDso 
values were determined by the rotorod test 

MES EDso Met EDso NTDso LDso 
(mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Chlordiazepoxide 37 8 31 530 
Diazepam 22 2 6 970 
1-Desmethyldiazepam 19 1 4 2,950 
3-Hydroxydiazepam 12 0.7 4 2,600 
1-Desmethyl-4' -hydroxydiazepam >200 >800 >200 > 800 
Oxazepam 28 0.7 7 >4,000 
Medazepam 36 7 4 820 
Flunitrazepam 12 0.1 0.1 1,380 
Nitrazepam 31 0.7 0.8 2,300 
7-Aminometabolite of nitrazepam 600 >800 27 > 800 
Clonazepam 400 0.2 0.2 >4,000 
Phenobarbital 22 26 31 242 

Ring C: Increasing activity is observed when halogens such as -F or -CI are 
positioned in 2' (= ortho). Any substituent in 3' or 4' decreases or abolishes the 
activity. . 

A strong correlation was demonstrated between the kinetics of a chemical 
reaction, namely the reduction of these benzodiazepines by sodium borohydride, 
and their EDsos against pentylenetetrazol-induced seizures in mice, depending on 
the character of electron-withdrawing or -releasing groups especially in position-7 
(SADAGOPA RAMANUJAM and TREFF 1978). It may be that the transition state be
tween the benzodiazepinones and the postulated biological receptor (MULLER 
1981) is similar to the transition state occurring in the sodium borohydride reduc
tion of these compounds. Data in Table 13 compare the activity of the clinically 
used antiepileptic benzodiazepines, their main metabolites, and some important 
congeners. Furthermore, it may be mentioned that lorazepam is more active than 
oxazepam in the electroshock test and about ten times more effective in the penty
lenetetrazol test than oxazepam (GLUCKMAN 1971). One of its metabolic precur
sors 2' -chlor-desmethyldiazepam is also very active in the Met test (TRA VERSA et 
al. 1977). 

Ring A may be exchanged for other heterocyclic rings. Some of the resulting 
diazepines, which should preferably be similar to diazepam in rings Band C, were 
also found to be as active as diazepam in the pentylenetetrazol test: -pyrazolo[3,4-
e][I,4]diazepine-7[1H]ones (92) (DEWALD et al. 1977); -lH-thieno[2,3-e][1,4]diaz
epines-2-ones (93) (TINNEY et al. 1974); and -pyrro10[3,4-e][I,4]diazepine-
2[1H]ones (94) (FONTANELLA et al. 1976). Benzodiazepines containing a C-N-N
bridge between nitrogen-1 and carbon-2 of ring B are the 6-phenyl-4H-s
triazo10[4,3-a][1,4]benzodiazepines. They have also been proved to be substances 
with strong CNS depressant activity. Estazo1am, alprazolam, and triazolam (95) 
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R" 

~ 0 
R'" N--{ 
~. )-R' 

R" .--::::N 

(92) (93) (94) 

(HESTER et al. 1971) show efficiency against electroshock similar to that of diaze
pam. Some derivatives of compound 95 with an -alk(-en,-in)yl-N( group on car
bon-I strongly protect mice against bicuculline (tonic-extensor) and pentylenete
trazol (clonic) convulsions (HESTER et al. 1980a). When the 6-phenyl group in al
prazolam is replaced by piperidyl the pharmacological profile is hardly changed 
(HESTER et al. 1980b). 

Rl N Rl R8 R2' CH3 

T' aM~1 
N Estazolam H CI H 

N) Alprazolam CH3 CI H 
Triazolam CH3 CI Cl 

R8 -N 

6° R2' 

(96) 
(95) 

1,5-Benzodiazepines were synthesized by ROSSI et al. (1969). One of the most 
interesting compounds of this series, clobazam (7-chloro-l-methyl-5-phenyl-lH-
1,5-benzodiazepine-2,4-3H,5H-dione) (96), was pharmacologically evaluated by 
BARZAGHI et al. (1973). Clobazam is active in mice against the tonic phase of sei
zures induced by pentylenetetrazol (oral EDso= 1.6 mg/kg) or by maximal elec
troshock (oral EDso=23 mg/kg). In a comparative study clobazam and diaze
pam were found to be equipotent in the Met test in mice whereas clobazam was 
slightly more active than diazepam against the tonic extensor phase of the elec
troshock response (FIELDING and HOFFMANN 1979). On the other hand, the pro
tection from pentylenetetrazol convulsions given by clobazam is weaker and 
shorter lasting in the rat than in the mouse (CACCIA et al. 1980a). It may be that 
this difference in anti-Met activity is brought about by a difference in the brain 
levels of clobazam and its main metabolite N-desmethylclobazam, which contrib
utes significantly to the high and long-lasting activity of the parent compound in 
mice (CACCIA et al. 1980b). 

From a chemical point of view the pharmacological similarity between clo
bazam and diazepam or even their equipotency is surprising. In ring B both mol
ecules differ markedly with respect to their basicity (acid methylene protons on 
C3 of clobazam in contrast to the weakly basic imine group on N4 of diazepam), 
lipophilicity, and electronic charge distribution (KUCH 1979). 
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This structure-activity relationship between clobazam and diazepam demon
strates again that relatively large alterations in ring B influence the overall ef
ficiency of the benzodiazepines to a lesser degree than small alterations caused 
mainly by substituents in ring A or C. 

In clinical trials clobazam has been found to be active against all varieties of 
epilepsy. However, like or even more than other benzodiazepines its antiepileptic 
effectiveness diminishes after only a few weeks in one-third of all cases (GASTAUT 
and Low 1979). 

G. Valproic Acid 
Though short-chain fatty acids with optimal activity at about Cs had been known 
to cause CNS depression (SAMSON et al. 1956), it was very surprising when MEU
NIER et al. (1963) found by chance that a simple Cs fatty acid, 2-n-propyl penta
noic acid [valproic acid (97)], shows pronounced anticonvulsant activity, which 
was further studied in several seizure models (FREY and LOSCHER 1976). Valproic 
acid has since proved to be an efficient antiepileptic drug especially active against 
generalized seizures of the absence type. 

(97) R= OH CH3 -CH2 -CH2, 
/CH-CO-R 

CH3 -CH2-CH2 (98) R = NH2 

Many esters and amides of valproic acid have been prepared and tested 
against pentylenetetrazol-induced seizures. The esters have proved barely active 
or inactive. Only dipropyl acetamide (98), which is therapeutically used in some 
countries, valproyl ureide, and a valproyl hydantoin derivative have been found 
to be active in the same range as valproic acid (BENOIT-GUYOD et al. 1968). The 
activity of valproic acid derivatives seems to be closely connected with the free 
acid or with a derivative which is quickly metabolized to the free acid. Thus the 
N-methylamide ofvalproic acid is barely active in single-dose Met tests. Valproyl 
anilide shows no anticonvulsant activity (BENOIT-GUYOD et al. 1969). 

Concerning its antipentylenetetrazol activity valproic acid is only one active 
branched chained fatty acid among others similarly structured. CARRAZ (1967) 
demonstrated that the mortality of mice intoxicated with 80 mg/kg pentylenete
trazol depends on the size and structure of the fatty acid molecule used for pre
treatment. The dosages of the compounds tested i.p. (Table 14) were equimolar 
to 200 mg valproic acid/kg mouse. Some IX-ketocarbonic acids (C4-C6) were in
active in this experiment. On the other hand, the activity of the fatty acids rose 
with increase in molecular size and with increase in branching of the CH-chain, 
though it is incomprehensible that there is a sudden halt in the increase in activity: 
it remains to be confirmed that dibutyl acetic acid is indeed inactive. 

TAILLANDER et al. (1975) investigated a series of branched chained fatty acids 
and found that those containing 9-11 C-atoms were more active than valproic 
acid at a 0.9 mmol dose in the Met test. Thus dipropyl butanoic acid (n = 2) (99) 
and dipropyl pentanoic acid (n = 3) (99) demonstrated not only higher activity 
than valproic acid but also a longer duration of action. This may be due to con
secutive metabolic degradation to valproic acid. Cs- and C9 -branched chain eth-
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Table 14. Protection of mice intoxicated with 80 mg/kg pentylenetetrazol, by 
means of i. p. 200 mg/kg valproic acid (2-propylpentanoic acid) or of 
equimolar amounts of the C4-C lO fatty acids shown (CARRAZ 1967) 

CH3 \ 

CH3-C-COOH 
CHi 

Number of Percentage of 
C-atoms surviving mice 

8 100 

4 20 

5 o 

5 80 

6 80 

8 100 

10 o 

ylenic acids and amides have been investigated by TAILLANDER et al. (1977). The 
authors demonstrated that 2,3-unsaturated acids, i.e., 2-propyl-2-pentenoic acid, 
a metabolite of valproic acid, are somewhat less active than the corresponding 
saturated acids. 3-Propyl-2-hexenamide (100) was described to be a mildly hyp
notic drug in mice. 

(99) (100) 

It would be of great pharmacological and clinical interest to know whether or 
not active metabolites ofvalproic acid may contribute to its antiepileptic activity. 
Some metabolites have been prepared (SCHAFER and LiiHRs 1978; SCHAFER et al. 
1980) and exact data on their effects on electro- and chemoconvulsive thresholds 
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Table 15. Anticonvulsant efficiency of metabolites of valproic acid on the 
threshold for electroshock and pentylenetetrazol convulsions in mice. The 
potency relative to valproic acid (= 1) was calculated on a molar basis. 
(LoSCHER 1981) 

Metabolite Potency relative to valproic acid 
(prop = CH3 • CH2 • CH2 - ) 

Electro Pentylenetetrazol 
shock seizure threshold 
threshold 

Clonic Tonic 

0.49 Not tested Not tested 

0.36 Not tested Not tested 

0.87 0.59 0.57 

0.13 0.45 0.34 

0.17 Inactive 0.28 

0.26 0.48 0.33 

Inactive 0.21 0.29 
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in mice have been collected (LOSCHER 1981). Table 15 shows the potency of the 
tested compounds relative to valproic acid in both threshold tests. 

BENOIT-GUYOD et al. (1972, 1973) tested the anticonvulsant activity of com
pounds which resulted from replacing the biologically active dipropylacetyl 
moiety in 101 A by the amino compound of the general formula 101 B. Only the 
acetamide of l-methyl-2-propylpentylamine (102) exhibited some anticonvulsant 
and tranquilizing activity. 

R, I I 
.... CHJ...CO-NHJ...R" 

R'/: : 

A (101) B (102) 
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H. Miscellaneous Compounds 
In the final section of this chapter on chemical constitution and anticonvulsant 
activity we will briefly summarize some recent developments in the field of new 
anticonvulsant drugs. Our aim has been to demonstrate the widest possible selec
tion from the different structures of compounds which have been found to show 
promising anticonvulsant activity and which are therefore undergoing clinical 
trial. 

Sulfonamides are known to exhibit anticonvulsant activity. Benzene-sulfon
amides (103) p-substituted by electron-withdrawing substituents are highly active 
in protecting mice against maximal electroshock seizures. Due to their simple 
chemical structure these aromatic sulfonamides are favored objects of QSAR 
studies (HAGEN et al. 1980). 

The sulfonamides sulthiame (104) and acetazolamide (105) have been used spo
radically for the treatment of psychomotor and other types of seizures. Both 
drugs are powerful inhibitors of carbonic anhydrase; this inhibition seems to be 
partly responsible for their antiepileptic action. The usefulness of acetazolamide 
is limited because of the rapid development of tolerance to its anticonvulsant ef
fect. Sulfanilamide itself (106) shows moderate activity against electrically in-

X 00, 
¢¢ 

S02 S02 
I I 
NH2 NH2 

(103) (104) (10S) (106) 

duced seizures, which could be enhanced by substitution of the phenyl ring with 
a halogen atom (GANZ et al. 1978). In this series the relationship between anticon
vulsant activity and inhibition of the renal and cerebral carbonic anhydrase has 
been discussed but not clarified. 

WASER et al. (1977 a-c; 1978) tested a great many derivatives of sulfanilamide, 
the p-amino group of which was part of a heterocyclic ring such as succinimide, 
hydantoin, pyrrolidone, or imidazolidone. Out of this class of sulfonamide com
pounds, 3-chloro-4-(2-phenylsuccinimido)-benzenesulfonamide (107) with a 
MET (5 rnA, 0.35 s) ED50 of7.8 mg/kg and a Met (100 mg/kg pentylenetetrazol) 
ED50 of 64 mg/kg in mice was selected for clinical trials (TCHICALOFF and MITROI 
1975). 

While (107) still contains structural components of previously known antiepi
leptic drugs, the following examples demonstrate novel types of compounds. 

In Japan an aliphatic sulfonamide, 3-sulfamoy1methyl-1,2-benzisoxaz01e 
(108) was found to be more active and less neurotoxic than many of the known 
antiepileptic drugs (UNO et al. 1979; MASUDA et al. 1980). From its pharmacolog
ical profile this drug can be classified as an effective agent for treatment of grand 
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(l08) 

mal epilepsy. No tolerance develops to its anticonvulsant activity against MES 
and obviously it does not exert its anticonvulsant efficiency through inhibition of 
carbonic anhydrase. Thus the mechanism of action of this aliphatic sulfon
amide is different from that of the above-mentioned aromatics. 

In Italy 1-[4-(phenylethyl)phenyl]-2-(N-imidazolyl)ethanol (109), with an 
EDso of 5.3 mg/kg in the electroshock test after i.p. treatment in mice, has been 
selected for further studies (NARDI et al. 1981). In the United States a similar com
pound 1-(2-naphthoylmethyl)imidazole-HCl (110) was developed and designed 
for testing in humans (WALKER et al. 1981). 

(110) 

After selection from a great number of ex-ethylene alcohols exhibiting CNS ac
tivity (ASTOIN et al. 1978), 4,4-dimethyl-l(3',4'-methylenedioxy phenyl)-pentene-
1-01-3 [stiripentol (111)] has been suggested for clinical trials. 

0-----rO CH 

~O~CH=CH-CH-t-~H3 
I I 
OH CH3 

(111) 

BALSAMO et al. (1975,1977,1981) investigated a series ofcinnamamides which 
were predominantly ex,p-dimethyl substituted with different R groups (Cl, CF 3' 

OCH3) in the m- or p-position (112) and showed that some of them prevented 
maximal extensor seizures induced by pentylenetetrazol in mice. Another com
pound from this class, more simple in structure, 3-bromo-N-ethylcinnamamide 
[cinromide (113)], seems to be favorable not only in its pharmacological profile, 

Br 

~CH=CH~-NH-~~ R ~ CO-NH-R' ~C=C-/ 
CH{·... "CH3 

(l12) (113) 
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which shows a broad spectrum of anticonvulsant activity (SOROKO et al. 1981), 
but also as a useful antiepileptic drug in current clinical trials. 

Schiff bases of y-aminobutyric acid (GABA) or its amide represent another 
type of compound with potential anticonvulsant activity. They serve as a carrier 
for GABA, which by itself cannot easily cross the blood-brain barrier. 4-[[(4-
Chlorophenyl)( 5-fluoro-2-hydroxyphenyl)-methylene]amino ]butanamide [pro
gabide (114)]' or the corresponding acid (OH instead of NH2) was considered as 
a GABA agonist, releasing the y-aminobutyric acid moiety of the molecule after 
distribution into brain. This mechanism of action is obvious from the displace
ment of [3H]-GABA from its membrane-binding sites by progabide (KAPLAN et 
al. 1980). 

'H 

F ~N-CH2 -CH2 -CH2 -CO-NH2 

Cl 
(114) 
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CHAPTER 10 

Biochemistry 
G. L. JONES and D. M. WOODBURY 

A. Introduction 
Although the mechanisms of anticonvulsant action remain uncertain, numerous 
physiological and biochemical correlates of such action have been documented, 
and it is possible that one or more of such correlates bears a causal (i.e., mech
anistic) relationship with action. The physiological correlates of anticonvulsant 
action are discussed in Chap. 23; the present chapter will focus on biochemical 
correlates, with an analysis of the possible mechanistic significance of each. 

Correlates most often cited in discussions of anticonvulsant action include ef
fects on membrane function, particularly ionic conductances, and effects on neu
rotransmitter metabolism and/or disposition. Collectively, anticonvulsants have 
been shown to affect membrane permeability to sodium, calcium, potassium, and 
chloride, although selectivity for each effect varies with the particular compound. 
Anticonvulsants may also affect the synthesis, degradation, utilization, or dyna
mics of gamma-amino butyric acid (GABA), glycine, aspartic acid, glutamic acid, 
acetylcholine, norepinephrine, and other neurotransmitter substances. Again, 
however, selectivity for each effect varies with the particular compound. While 
each of these effects might be expressions of an anticonvulsant action, lack of con
sistency among drugs known to be effective in a particular seizure type has pre
vented the unambiguous interpretation of mechanism. 

B. Ionic Permeability 
I. Effects on Sodium Conductance 
Much of the early evidence that changes in sodium conductance were involved 
in anticonvulsant action was acquired for phenytoin. Two of the more popular 
theories of phenytoin action are each based upon a decrease of intracellular 
sodium, but differ with respect to the mechanism of such decrease. WOODBURY 
(1955) suggested that phenytoin might facilitate active sodium transport by 
stimulating Na + -K + -ATPase, an effect later observed by others in selected sys
tems (FESTOFF and ApPEL 1968; LEWIN and BLECK 1977). However, a more recent 
theory suggests that phenytoin acts in a tetrodotoxin-like manner to limit passive 
sodium influx (AYALA et al. 1977; LIPICKY et al. 1972). Each of these theories will 
be discussed in some detail. 

1. Active Sodium Transport 
Phenytoin has been reported to increase Na + -K + -ATPase activity in brain both 
in vivo (LEVIN and BLECK 1977; LEZNICKI and DYMECKI 1974) and in vitro (FES-
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TOFF and ApPEL 1968; SIEGLE and GOODWIN 1972; WILENSKY and LOWDEN 1972). 
A similar effect was seen in skeletal muscle (KooTSTRA and WOODHOUSE 1974) 
and in cardiac muscle (GOLDSTEIN et at. 1973). However, other studies have re
ported negative results, both in brain (DEUPREE 1977; SCHWARTZ et at. 1975) and 
cardiac muscle (SPAIN and CHIDSEY 1971); and in some cases, phenytoin actually 
decreased Na + -K + -ATPase activity (GILBERT and WYLLIE 1976; GoLDSTEIN et at. 
1973). 

Much of the above controversy might be rationalized on the basis of the num
ber of variables that seem to affect Na + -K + -ATPase activity. For example, it has 
been suggested that phenytoin stimulates the enzyme only under conditions where 
intracellular sodium concentration is elevated and potassium concentration is de
creased, or alternatively, when the total concentration of sodium and potassium 
is low (DELGADo-EsCUETA and HORAN 1980). Indeed, epileptogenic foci may be 
characterized by high intracellular Na + /K + ratios (ESCUETA et al. 1974). At lower 
Na + /K + ratios there might be no effect, or even inhibition. WOODBURY (1980) 
has discussed still other variables that might affect Na + -K + -ATPase activity. 

There is much experimental support for the hypothesis that phenytoin acts in 
part by stimulating Na + -K + -ATPase. FERTZIGER et at. (1971) demonstrated that 
phenytoin increased potassium influx in lobster nerve, which is consistent with a 
stimulatory effect on the ATPase. [However, proof of the active nature of the in
flux has been questioned; see DEWEER (1980).] Others (WATSON and WOODBURY 
1973; BASKIN et at. 1973) have reported that phenytoin may antagonize the effects 
of ouabain on cardiac muscle by decreasing sodium and increasing potassium 
concentrations. Results consistent with the above findings have also been re
corded for nonexcitable tissue. For example, it was reported that phenytoin 
stimulates the sodium pump in frog skin and toad bladder (WATSON and WOOD
BURY 1972; DESOUSA and GROSSO 1973), an effect that probably occurs in other 
epithelial cells as well, including choroid plexus, glial cells, and secretory cells. 

In epithelial cells, in contrast to excitable tissue, phenytoin increases perme
ability of the mucosal membrane to sodium, possibly by an effect on membrane 
calcium binding (WOODBURY 1980). The effect is different from that of va sop res
sin, because at concentrations of phenytoin producing a maximal response vaso
pressin produces an additional response, and vice versa. Therefore, some of the 
observed increase in Na + -K + -ATPase activity is likely due to an increased 
sodium concentration (since the sodium pump is sensitive to the intracellular 
sodium concentration). However, the concentration of sodium in these cells is 
eventually decreased (below control) after the initial increase due to enhanced 
sodium permeability, and the intracellular potassium concentration is increased 
as sodium is decreased. Thus, the sodium pump is stimulated to a greater extent 
than that which is accountable for by increased sodium concentration. This ap
parent direct effect on Na + -K + -ATPase may be due either to an activation of the 
enzyme or to an increase in its synthesis. Such an effect in the choroid plexus and/ 
or glial cells would result in an increase in CSF sodium and a decrease in potas
sium. The decrease in extracellular potassium might thereby limit the increase 
normally observed secondary to excessive neuronal activity, as occurs in seizures 
(see below). 
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Other studies (WOODBURY 1978) have shown that phenytoin is transported by 
toad bladder epithelium in the same direction as potassium. When placed on the 
mucosal side of the cell, phenytoin does not accumulate on the serosal side; how
ever, accumulation does occur on the mucosal side if placed initially on the serosal 
side. Thus, it was postulated that phenytoin might be transported across the cell 
membrane by attachment to the potassium arm of the Na + -K + pump. If this is 
the case, phenytoin and ouabain might compete for transport, because it is known 
that ouabain transport into cells is blocked by high potassium concentrations 
(BRONSTED and WOODBURY 1973). To investigate this possibility further WATSON 
and WOODBURY (1973) administered phenytoin either simultaneously or 15 min 
prior to ouabain injection, and observed the relative effect of phenytoin on the 
usual ouabain-induced changes in sodium and potassium concentrations in car
diac cells. When given prior to ouabain, phenytoin prevented the ouabain-in
duced increase in intracellular sodium. Also, BASKIN et al. (1973) reported that 
phenytoin blocks ouabain uptake in cardiac cells. The possible transport of 
phenytoin by the potassium arm of the Na + -K + pump is significant because, as 
discussed above, the concentration of potassium and the Na + jK + ratio appear 
to determine the response ofNa + -K + -ATPase to phenytoin. Thus, the failure in 
certain cases to demonstrate a stimulatory effect of phenytoin on the sodium 
pump might be explained by competition by potassium for the active transport 
of phenytoin into the cell. 

The actions of phenytoin on epithelial as well as excitable cells pose interesting 
possibilities with respect to mechanism. For example, it has been suggested that 
increased activity of glial-cell Na + -K + -ATPase might increase the clearance of 
potassium from interstitial fluid. Since potassium concentration appears to be 
higher in epileptogenic tissue, this effect might be particularly relevant to an an
ticonvulsant action. Experiments by HEINEMANN and Lux (1973) have shown that 
phenytoin does indeed enhance potassium removal from brain extracellular fluid. 
Additional evidence that phenytoin acts on glial cells was provided by WOODBURY 
(1980). The intriguing observation was made that phenytoin lacks anticonvulsant 
properties in neonatal animals; in fact, it is excitatory. Furthermore, phenytoin 
does not decrease intracellular sodium concentration in neonatal animals, as it 
does in the adult animal. 

However, after 10 days of age phenytoin begins to exert its anticonvulsant 
properties. This corresponds precisely with the onset of development of the glial
cell population in brain. The properties of phenytoin as a function of postnatal 
maturation might also be explained using the concept that phenytoin's actions are 
primarily excitatory. Since inhibitory neurons develop slowly during postnatal 
maturation, the delayed appearance of phenytoin's anticonvulsant properties, 
presumed in this case to be due to an excitatory action on inhibitory neurons, 
might thus be rationalized. However, the present experimental evidence weighs 
in favor of an action on epithelial Na + -K + -ATPase. 

As already mentioned, much of the evidence that anticonvulsants affect 
sodium conductance has been acquired for phenytoin. This is especially true when 
considering drug effects on active sodium transport. Although phenobarbital re
duced sodium uptake in lobster nerves (PINCUS et al. 1970), the mechanism of 
such decrease may not be attributable to an effect on Na + -K + -ATPase, and its 
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potency for this effect was much less than that for phenytoin. Likewise, there is 
little if any evidence that other anticonvulsants act by stimulating active sodium 
transport. 

2. Passive Sodium Influx 

A more recent theory is that phenytoin interacts with the neuronal membrane in 
a tetrodotoxin-like manner to block sodium channels (although different sites in 
the sodium channel might be involved), and thereby decreases sodium influx 
(LIPICKYet al. 1972). Unlike the activation ofNa + -K + -ATPase, the reduction of 
passive sodium influx has been observed with several anticonvulsants in addition 
to phenytoin. For example, carbamazepine is capable of blocking sodium perme
ability in Myxicola giant axons (SCHANT et al. 1974). However, much of the ev
idence for this action is from neurophysiological studies, and is discussed in more 
detail in Chap. 23, and in Chap. 13, which covers the specific pharmacology ofhy
dantoin derivatives. Whether or not such an effect is an expression of a "mem
brane-stabilizing" action cannot be ascertained with certainty, but it is of interest 
that phenytoin normalized the increased membrane fluidity observed in erythro
cytes from patients with myotonic dystrophy, while exerting no effect on fluidity 
of membranes derived from normal donors (ROSES et al. 1975). However, such a 
correlation would imply that phenytoin exerts a selective action on neuronal 
membranes that are "abnormal" with respect to fluidity; yet, there is no evidence 
to support this contention. In fact, most evidence supports the idea of an action 
on normal neurons to prevent their detonation by rapidly firing neurons located 
at an epileptogenic focus. 

Although most studies of anticonvulsant effects on passive sodium influx were 
conducted using neurophysiological models, indirect evidence of such effects has 
been obtained using synaptosomes isolated from rat cerebral cortex (SOHN and 
FERRENDELLI 1973, 1976; FERENDELLI and DANIELS-McQUEEN 1982). Because of 
the coupling between sodium and calcium permeability, these studies will be dis
cussed in the next section (Sect. B.Il), which deals with anticonvulsant effects on 
calcium conductance. 

II. Effects on Calcium Conductance 

Phenytoin, carbamazepine, diazepam, phenobarbital, and several other drugs 
have been shown to decrease calcium influx across synaptosomal membranes 
(SOHN and FERRENDELLI 1973, 1976; FERRENDELLI and DANIELS-McQUEEN 1982), 
and this effect has also been reported for phenytoin in lobster walking nerves 
(HASBANI et al. 1974). In addition, phenytoin inhibits intracellular uptake of cal
cium by subcellular fractions (Y AARI et al. 1977). However, the precise mecha
nism of these effects is not yet known. 

The inhibition of influx across cellular and subcellular membranes might be 
due either to a direct effect to block calcium channels or to an indirect effect sec
ondary to a decrease in passive sodium influx. For example, phenytoin inhibits 
active calcium uptake in mitochondria by a process that is independent of sodium 
influx. This effect, which is seen with higher doses of phenytoin, may actually in-
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crease intracellular free calcium and might be responsible for the excitatory effects 
sometimes seen in phenytoin toxicity. Thus, decreased calcium flux might be due 
to a primary action of phenytoin to block calcium channels directly. However, 
it is also apparent that a decrease in sodium influx across synaptosomal mem
branes can significantly reduce presynaptic calcium concentration. The decreased 
calcium might be due in part to a direct block of calcium channels, and in part 
to a blockade of sodium channels, through which calcium also enters (BAKER et 
al. 1971), but the most significant factor is probably the steepened sodium elec
trochemical gradient caused by blockade of passive sodium influx. Not only does 
the resulting hyperpolarization close the "late" calcium channels (BAKER et al. 
1971), but the steepened sodium electrochemical gradient will also increase the 
calcium electrochemical gradient (i.e., lower intracellular calcium) by virtue of the 
sodium-calcium countertransport mechanism (BAKER et al. 1969). 

FERRENDELLI and DANIELS-McQUEEN (1982) have addressed some of these 
questions in their biochemical studies. In isolated synaptosomes, calcium uptake 
was increased by both potassium and veratridine in a concentration-dependent 
manner. Tetrodotoxin (a specific blocker of sodium channels) was shown to block 
the action of veratridine by as much as 90%, but it had no effect on the action 
of potassium. In contrast, manganese ion inhibited calcium uptake whether it was 
stimulated by potassium or by veratridine. Thus, potassium and veratridine stim
ulate calcium uptake by different mechanisms. Increased intracellular potassium 
will reduce the large intra- to extracellular potassium concentration gradient and 
thereby cause membrane depolarization. Veratridine is an alkaloid that prevents 
inactivation of sodium channels, leading to an accumulation of intracellular 
sodium and thereby depolarization. Depolarization by either mechanism aug
ments calcium influx. Because the effect of veratridine is sodium dependent, it is 
inhibited by tetrodotoxin. In contrast, the action of potassium is not sodium de
pendent, and is unaffected by tetrodotoxin. Manganese ion, which acts primarily 
by blocking calcium channels (NACHSHEN and BLAUSTEIN 1980), has the same ef
fect on both potassium- and veratridine-induced calcium uptake. 

Phenytoin inhibits the action of both veratridine and potassium to activate 
calcium uptake, but (like tetrodotoxin) it is much more effective against veratri
dine (FERRENDELLI and DANIELS-McQUEEN 1982). Thus, phenytoin appears to 
have both tetrodotoxin-like and manganese-like properties. Potassium-induced 
uptake was inhibited only 20% by 0.1 mM phenytoin, and this inhibition was un
affected by tetrodotoxin. In contrast, 0.1 mM phenytoin inhibited veratridine-in
duced uptake by 80%, an effect that was sensitive to tetrodotoxin. Thus, 
phenytoin inhibits veratridine- and potassium-induced calcium uptake by differ
ent mechanisms, suggesting that phenytoin can inhibit both sodium and calcium 
conductance by separate and independent processes. In one case, phenytoin 
might act at sites on or near sodium channels to block sodium conductance (and, 
secondarily, calcium conductance), while in the other case it might act directly to 
block calcium channels. However, because much lower concentrations of 
phenytoin (and carbamazepine and lidocaine; see below) are needed to inhibit ve
ratridine-induced uptake than are required to inhibit potassium-induced uptake, 
it is felt that their antiepileptic effects are most likely due to blockade of sodium 
uptake rather than a direct action on calcium conductance. 
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FERRENDELLI and DANIELS-McQUEEN (1982) reported that carbamazepine, 
phenobarbital, lidocaine, and diazepam also inhibit stimulated calcium uptake in 
synaptosomes, while ethosuximide and valproic acid exert no significant effect. 
Similar to phenytoin, carbamazepine and lidocaine blocked veratridine-induced 
uptake better than potassium-induced uptake. In contrast, phenobarbital and 
diazepam have little or no selective effect on the two depolarizing agents. In com
paring the inhibitory effects of the above drugs with clinically effective blood 
levels, these authors concluded that inhibition of sodium and/or calcium uptake 
could be a mechanism of action underlying the clinical effects only for phenytoin, 
carbamazepine, and lidocaine, but not for the remaining drugs studied. 

GOLDBERG and TODOROFF (GOLDBERG 1980) made several observations possi
bly relevant to calcium transport mechanisms. They reported that: (a) phos
pholipids show variable degrees of phenytoin binding; (b) phenytoin binding to 
brain tissue is enhanced by removal of tissue lipids, suggesting that phenytoin 
binds to protein sites normally occupied by charged lipids; and (c) phenytoin in
creases the binding of calcium by certain phospholipids. CHWEN and LESLIE 
(1981) reported that phenytoin enhanced the binding of 45Ca + + to phosphatidic 
acid and phosphatidylserine, and suggested that enhanced binding to acidic lipids 
might be involved in an alteration of sodium or potassium transport. Indeed, it 
is thought that phosphatidic acid may act as an ionophore selective for both 
mono- and divalent cations. It is also conceivable that phenytoin binding to pro
tein sites normally occupied by acidic phospholipids might selectively increase 
calcium binding to these lipids by increasing the availability of anionic sites. Thus, 
these lipids might serve as ion-exchange sites for sodium and potassium; calcium 
might be removed from these sites during depolarization, allowing the site to bind 
and transport sodium. Enhancement of calcium binding could result in inhibition 
of sodium influx by an inhibition of binding to its carrier. The enhanced binding 
of calcium might also allow less calcium to penetrate the membrane and thereby 
decrease calcium influx. 

Collectively, these data imply that the so-called "boundary lipid" may be of 
profound significance with respect to anticonvulsant mechanisms of action. 
("Boundary lipid" is usually thought of as a monomolecular layer of phos
pholipid surrounding an integral membrane protein, determining to some degree 
the structural and functional properties of that protein.) For example, it is 
thought that "boundary lipid" might in many cases consist of acidic (as opposed 
to neutral) phospholipids. If anticonvulsants interact with the interface of this 
lipid with functional protein, not only might enzyme activities (e.g., Na + -K +
ATPase) be directly altered, but ion channel size and shape might also be affected. 
Such a selective action might account for the lack of effect of anticonvulsants on 
normal membrane systems studied by spectroscopic and other physical methods; 
a subtle perturbation at a functional lipid-protein interface, such as might occur 
at the sodium channel, would likely go undetected by even the most sensitive spec
troscopic methods. 

The pharmacological consequences of decreased intracellular calcium are 
manifold. Because calcium is known to enhance a variety of secretory processes, 
the phenytoin-induced decrease in intracellular calcium might generally compro
mise all such processes. This is supported by the observations that phenytoin can 
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inhibit the release of insulin from pancreatic islet cells (COHEN et al. 1973), vaso
pressin (FICHMAN et al. 1970) and oxytocin (MITTLER and GLICK 1972) from the 
neurohypophysis, thyrotropin from the adenohypophysis (WOODBURY 1969), 
glucagon from pancreas (GERICH et al. 1972), catecholamines from adrenal me
dulla (GUTMAN and BOONYAVIROG 1977), and yet other hormones. Since intracel
lular calcium affects neurotransmitter release, phenytoin also exerts effects on 
synaptic transmission. YAARI et al. (1977) reported that phenytoin markedly de
creased synaptic efficacy in the frog neuromuscular synapse by reducing evoked 
neurotransmitter release, an effect presumably due to an inhibition of calcium in
flux. However, when synaptic transmission was depressed by lowering the cal
cium concentration of the medium, phenytoin augmented neurally evoked trans
mitter release. This was thought to be due to the inhibition by phenytoin of the 
intracellular uptake of calcium by subcellular particles. Assuming that such an ef
fect predominates (over synaptic uptake) in low calcium solutions, or low 
phenytoin concentrations, the increased transmitter release could be due to higher 
intracellular calcium concentration. A similar dependence on phenytoin concen
tration was seen in its effect on thyrotropin release (WOODBURY 1969); low doses 
of phenytoin stimulated rather than decreased release, perhaps because of a selec
tive action on calcium uptake by subcellular organelles. 

Another calcium-dependent event altered by phenytoin is the production of 
cyclic nucleotides (FERRENDELLI and KINSCHERF 1977). The accumulation of 
cyclic GMP and cyclic AMP, which normally occurs in response to depolariza
tion, is inhibited by phenytoin, presumably secondary to its effects on passive 
sodium influx. It is believed that increased intracellular calcium resulting from de
polarization leads to increased cyclic GMP levels; and that depolarization-in
duced release of neurotransmitter substances elevate cyclic AMP, through their 
actions on adenyl ate cyclase. Thus, the actions of phenytoin might be both direct 
and indirect, as discussed already. 

Although depolarization-induced increases in these cyclic nucleotides may be 
inhibited by phenytoin, basal levels are decreased only for cyclic GMP and only 
in the cerebellum. Other drugs that selectively depress basal cyclic GMP levels in 
the cerebellum include phenobarbital, ethosuximide, valproic acid, bromide, and 
diazepam. However, nonanticonvulsant drugs may also produce this effect, as 
seen with phenothiazines, ethanol, reserpine, general anesthetics, and other drugs. 
Thus, it is not presently clear whether the effect of anticonvulsants on basal cyclic 
GMP levels in the cerebellum is relevant to antiepileptic mechanisms, or simply 
reflects a sedative-depressant action of these drugs. Although increased levels of 
cyclic nucleotides may have excitatory effects which might be prevented by 
phenytoin, the role of such an effect in the antiepileptic action of phenytoin is 
questionable. 

III. Effects on Potassium Conductance 
Apart from changes in potassium conductance due to effects on Na + -K + -ATP
ase activity, certain anticonvulsants are thought selectively to alter potassium per
meability in epithelial cells. For example, the convulsant pentylenetetrazol (PTZ) 
is known to increase the short-circuit current (SCC) across isolated toad bladders 
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by enhancing the potassium permeability of the serosal membrane (GROSS and 
WOODBURY 1972). The antiabsence drugs trimethadione, dimethadione, 
ethosuximide, and diazepam competitively inhibit the increase in see induced by 
PTZ. Because these drugs inhibit the see increase in proportion to their relative 
potencies against PTZ-induced seizures in mice and absence seizures in humans, 
it was proposed that their anti epileptic action is due to a decrease in potassium 
permeability (WOODBURY 1974). It is intriguing that absence seizures are charac
terized by spikes and large, slow waves, the latter of which are the EEG manifes
tation of inhibitory discharges. By increasing potassium permeability of the 
serosal membrane, PTZ might hyperpolarize the membrane and, if this effect oc
curs in the neuronal membrane, produce an inhibitory wave characteristic of ab
sence seizures. Thus, the massive inhibitory stimulus characteristic of the spike
wave discharges seen in both absence and PTZ-induced seizures can be blocked 
by reducing the inhibitory drive (i.e., decreasing potassium permeability), and this 
might represent the action of the antiabsence class of drugs. 

Because drugs such as phenytoin increase see by increasing mucosal perme
ability to sodium (see Sect. B.I1), but are ineffective in the PTZ-stimulated system, 
it is believed that the toad bladder might be a useful in vitro model to distinguish 
between drugs effective against absence seizures and those effective against tonic
clonic seizures. As further support for the premise that anti absence action results 
from decreased potassium permeability, it might be noted that ethosuximide does 
not inhibit passive calcium conductance, nor does it affect stimulated calcium flux 
in systems depolarized with veratridine or high potassium concentrations; and it 
does not block sodium influx into nervous tissue (SOHN and FERRENDELLI 1976). 

Also, there is substantial electrophysiological data that support the role of de
creased potassium permeability in the action ofvalproic acid (SLATER and JOHN
STON 1978; NOSEK 1981). 

IV. Effects on Chloride Conductance 

Several chemical classes of anticonvulsants, including valproic acid and the ben
zodiazepines, have been postulated to act by the activation of chloride channels. 
These effects will be discussed in the section (C.I1I) below that deals with drug 
effects on the dynamics of neurotransmitter-receptor interactions. 

c. Neurotransmitter Metabolism, Disposition, and Dynamics 
I. Effects on Intracellular Processes Related 
to Transmitter Release 

Like many of the other effects of phenytoin already discussed, its effects on vari
ous aspects of neurotransmitter metabolism and disposition are complex. KATZ 
and MILEDI (1970) showed that depolarization of the presynaptic nerve ending 
causes increased calcium permeability in the nerve terminal membrane. The sub
sequent entry of calcium into the terminal has been shown to release neurotrans
mitter (MILEDI 1973). The actual role of calcium in transmitter release appears to 
be indirect, through an action of calcium on the phosphorylation of specific brain 
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proteins; calcium ions stimulate the endogenous level of phosphorylation of these 
proteins (DELoRENZO 1977). It was reasoned that if calcium-dependent protein 
phosphorylation mediates calcium-dependent neurotransmitter release, 
phenytoin would be expected to inhibit this process, since phenytoin inhibits the 
effects of calcium on neurotransmitter release. That this does indeed occur was 
shown by DELoRENZO and co-workers (DELoRENZO 1980) for two particular 
brain proteins, which they designated DPH-L and DPH-M. Phenytoin caused a 
substantial decrease in the calcium-dependent incorporation oflabeled phosphate 
(from ATP) into these proteins. Furthermore, this effect was demonstrated in a 
highly enriched synaptic vesicle preparation, and was shown to be dependent 
upon an endogenous calmodulin-like protein present in association with the vesi
cles. Phenytoin supposedly, inhibits the effects of the calcium-calmodulin com
plex, and not the binding of calcium to calmodulin. 

Therapeutic concentrations of phenytoin reduced the effectiveness of calmo
dulin by about 10%-20%, and similar results were found for carbamezepine. 
Phenobarbibtal, ethosuximide, and trimethadione had no significant effects on ei
ther protein phosphorylation or neurotransmitter release. These data suggest that 
drugs lacking significant effect on post-tetanic potentiation (PTP) (phenobarbi
tal, ethosuximide, and trimethadione) also fail to affect calcium- and calmodulin
dependent protein phosphorylation, while those that do modify PTP (phenytoin 
and carbamazepine) also inhibit phosphorylation. Thus, the ability of phenytoin 
to inhibit PTP might be related to its inhibition of calcium- and calmodulin-stim
ulated protein phosphorylation (presumably by inhibiting an associated protein 
kinase), and the consequent decrease in neurotransmitter release. 

The neurotransmitter studied by DELoRENZO (1980) was norepinephrine, and 
this presents several problems of interpretation. Because norepinephrine is an in
hibitory transmitter in the brain, the role that decreasing its calcium-dependent 
release might play in the antiepileptic action of phenytoin is uncertain, unless it 
involved an effect on presynaptic inhibition of inhibitory neurons. While the role 
of norepinephrine as an inhibitory transmitter involved in presynaptic inhibition 
of inhibitory neurons is conceptually possible, it has not been documented ex
perimentally. Also, WEINBERGER et al. (1976) reported that phenytoin failed to af
fect norepinephrine release. However, the stimulus for release in their study was 
potassium rather than calcium. Yet another problem of interpretation arises be
cause phenytoin is a noncompetitive inhibitor of norepinephrine uptake in syn
aptosomes (WEINBERGER et al. 1976), and as such would tend to increase inhibi
tory tone in the central nervous system by allowing norepinephrine to accumulate 
at the synapses. (Apparently the sodium electrochemical gradient, which is 
heightened by phenytoin, does not effectively "drive" the reuptake of norepineph
rine in the presence of noncompetitive inhibition.) This would counteract the in
hibitory effect of phenytoin on norepinephrine release. However, it is clear that 
the above principles can be applied not just to norepinephrine, but to most other 
transmitters as well, with a net anticonvulsant effect a conceptual possibility. 

II. Effects on Neurotransmitter Metabolism and Disposition 
VERNADAKIS and WOODBURY (1960) reported that phenytoin decreased glutamic 
acid and slightly increased gamma-amino butyric acid (GABA) levels in rat cere-
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bral cortex. SAAD et al. (1972) also showed that brain GABA levels were increased 
by phenytoin. Because glutamic acid and GABA are excitatory and inhibitory 
transmitters, respectively, such changes might conceivably result in an anticon
vulsant effect. However, PATSALOS and LASCELLES (1981) reported that phenytoin 
reduced both cerebellar and hypothalamic GABA, and the excitatory neurotrans
mitter aspartic acid was also decreased. Phenobarbital (SAAD et al. 1972), 
ethosuximide (SAWAYA et al. 1975), and diazepam (OSTRAVSKAYA et al. 1975) 
have also been shown to increase brain GABA levels. However, the mechanisms 
for such changes are apparently complex. For example, the increase in GABA 
levels caused by phenytoin is thought to result from increased synthesis (SAWAYA 
et al. 1975), because therapeutic concentrations of this drug do not inhibit GABA 
transaminase (GABA-T) or succinate semialdehyde dehydrogenase (SSD), two 
enzymes responsible for GABA degradation. Similarly, phenobarbital inhibits 
GABA-T only at supratherapeutic concentrations (SAWAYA et al. 1975). How
ever, ethosuximide (SA WAY A et al. 1975) in therapeutic concentrations inhibits 
both GABA-T and SSD; and diazepam inhibits GABA-T (OSTRAVSKAYA et al. 
1975). 

Valproic acid (VPA) is a relatively "broad spectrum" anticonvulsant that has 
been postulated to act by increasing brain GABA concentrations (although direct 
postsynaptic mechanisms also appear to be involved; see below). Reports indicate 
that the activity of L-glutamic acid decarboxylase (GAD), the enzyme that 
catalyzes the biosynthesis of GABA, is increased, perhaps by the action of 
the only significant metabolite of VPA, 2-propyl-2-pentenoic acid (NAU and 
L6SCHER 1982). These authors showed that VPA in mice increased the activity of 
GAD and elevated GABA concentrations, and that these effects paralleled the 
duration of anticonvulsant activity and the timecourse of the principal metabo
lite. GoDIN et al. (1969) found that VPA increased brain GABA levels and in
hibited the activitiy of GABA-T. However, NAU and LOsCHER (1982) reported 
that VPA had no effect on GABA-T activity in their studies. FOWLERet al. (1975) 
studied the inhibition of GABA-T by VPA and several other monocarboxylic 
acids, and found VPA to be a relatively weak inhibitor. Although with clinical 
dosages inhibition of GABA -T by a few percent is possible, inhibition by at least 
50% is required to produce any functional change in experimental animals (AN
LEZARK et al. (1976). 

HARVEY et al. (1975) found that VPA inhibited not only GABA-T, but also 
SSD; and that inhibition of SSD was greater than that of GABA-T. However, 
MAITRE et al. (1976) showed that the total inhibition of SSD by p-hydroxybenz
aldehyde had no effect on brain GABA levels. Furthermore, it seems unlikely that 
normal doses of VPA as used clinically would produce brain concentrations suf
ficient to inhibit GABA-T significantly (HAMMOND et al. 1981). Another enzyme 
involved in GABA degradation, aldehyde reductase, is reportedly more sensitive 
to inhibition by VPA than either GABA-T or SSD (WHITTLE and TURNER 1978), 
which suggests that it might be a key site in the action ofVP A. 

Nonuniform data have also been reported for GABA disposition. WEINBER
GER et al. (1976) reported that both phenytoin and phenobarbital stimulate the 
high-affinity uptake of glutamic acid and GABA into rat brain synaptosomes; on 
the other hand, diazepam inhibits GABA uptake into mouse brain synaptosomes 
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(OLSEN et al. 1977). The ability of phenytoin to stimulate uptake of glutamic acid 
and GABA contrasts with its inhibition of norepinephrine uptake already dis
cussed. These different effects of phenytoin might be rationalized on the basis of 
the observation that GABA is degraded outside the synapse (e.g., in glia), while 
norepinephrine is metabolized largely within the synapse. Thus, increasing 
GABA uptake would minimize the extent of degradation, and make more of the 
transmitter available for release. The increased uptake of glutamate might afford 
the same result, since glutamic acid is converted to GABA. The mechanism for 
the increased uptake of these amino acids is probably the heightened sodium elec
trochemical gradient, which would provide a driving force for membrane penetra
tion. 

Acetylcholine metabolism and disposition might also be affected by certain 
anticonvulsants. McLENNAN and ELLIOT (1951) reported that production of 
acetylcholine by brain slices is increased by low concentrations of phenytoin and 
decreased by high concentrations. These effects might be due to the ability oflow 
concentrations of phenytoin to block calcium uptake by subcellular particles, 
thus increasing cytosolic calcium and consequently neurotransmitter release; and 
the ability of high phenytoin concentrations to block calcium flux across the syn
aptic membrane, thus decreasing cytosolic calcium and transmitter release. Be
cause acetylcholine causes depolarization by opening sodium channels, an effect 
of phenytoin to block sodium channels (as already discussed) would be expected 
to prevent such depolarization, and could account for an anticonvulsant effect. 
The effect of low doses of phenytoin to stimulate acetylcholine release might ex
plain the excitatory effects sometimes encountered with this drug. Others have al
so demonstrated the inhibitory effects of phenytoin on acetylcholine release 
(y AARI et al. 1977), and phenytoin has also been shown to decrease total brain 
acetylcholine concentrations (AGARWAL and BHARGAVA 1964). However, BIAN
cm et al. (1975) report that phenytoin has no effect on acetylcholine concentra
tion or release in normal guinea pig cortex. 

DI. Effects on Receptor-Ionophore Dynamics 

Effects on GABAergic transmission may occur by interactions at the postsynap
tic receptor-ionophore as well as by actions on GABA metabolism and disposi
tion. The activity of GABAergic synapses is potentiated by anticonvulsant drugs 
such as benzodiazepines, barbiturates, phenytoin, valproic acid, and others; and 
evidence is accruing that many of these drugs act on discrete receptors that are 
related to the action of GABA on chloride channels. The action of GABA in
volves rapid and reversible binding to a specific receptor site in the postsynaptic 
membrane. Binding to this site regulates the opening and closing of membrane 
chloride ion channels. However, the GABA receptor-ionophore appears in reality 
to be a receptor complex that includes sites for three chemical classes of ligand: 
the GABA (and GABA-mimetic) receptor site; the benzodiazepine receptor site; 
and the picrotoxinin/barbiturate receptor site. Ligand interactions at these sites 
could modulate activation of chloride channels; positive modulation might result 
in potentiation of chloride conductance, while negative modulation might block 
chloride conductance. Thus, drugs might mimic or inhibit the actions of natural 
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substances at each site in the complex. Furthermore, interactions might occur 
among the three subunits. In each case, an anticonvulsant effect might be ration
alized on the basis of a net physiological response to activate chloride conduc
tance and thus hyperpolarize the neuronal membrane, while a convulsant effect 
might be rationalized in the reciprocal manner. 

All compounds which inhibit the binding of GABA to its subunit have been 
found either to mimic or to inhibit the action of GABA at synapses (OLSEN et al. 
1978). In particular, agonists such as muscimol, isoguvacine, 3-aminopropane 
sulfonic acid, and piperidine-4-sulfonic acid (GREENLEE et al. 1978), and antago
nists such as bicuculline, each inhibit the binding of GABA. Thus, the synaptic 
activity of a large series of GABA analogues correlates very well with binding to 
the GABA subunit (KROGSGAARD-LARSEN et al. 1979). However, GABA receptor 
binding is not inhibited by GABA analogues such as nipecotic acid, which specifi
cally inhibit GABA uptake but have no postsynaptic agonist or antagonist activ
ity (JOHNSTON 1978). 

Drugs which appear to act directly (and competitively) at the GABA subunit 
are for the most part physiological agonists. However, the potential use of such 
agents as anticonvulsants is restricted by their inability to penetrate the blood
brain barrier, a property they share with GABA itself. Although inhibition of 
GABA-T might allow higher concentrations of GABA-mimetics to enter the 
brain (ENNA et al. 1980), GABA therapy for epilepsy has generally proved unsuc
cessful (MELDRUM et al. 1980). However, some promise as anticonvulsants can be 
seen for the hydrophobic analogues of GABA such as 4,5,6,7-tetra hydroisox
azolo [5,4-C]pyridine-3-ol (THIP) (MELDRUM and HORTON 1980), which enter the 
brain more readily, or for drugs such as cetyl-GABA (FREY and LOSCHER 1980), 
which are metabolized to GABA. 

As noted above, GABA binding might also be inhibited by specific GABA an
tagonists. The convulsant bicuculline, which is the best known of such antago
nists (JOHNSTON 1978), appears to block GABA binding directly (GREENLEE et al. 
1978), while many other GABA antagonists appear to act at sites distinct from 
the GABA subunit. These include the convulsants picrotoxin (NICOLL and WOJ
TOWIEZ 1980), PTZ (MACDoNALD and BARKER 1978), convulsant barbiturates 
(DOWNES and WILLIAMS 1969), and a convulsant benzodiazepine (SCHLOSSER and 
FRANCO 1979). 

It is also known that certain GABA-mimetic drugs can affect GABA-medi
ated inhibition by interaction at sites distinct from the GABA receptor subunit. 
For example, radiolabeled diazepam or flunitrazepam binding is potently in
hibited by pharmacologically active benzodiazepines, but by very few other 
drugs. Phenytoin and the convulsant PTZ are weak inhibitors. The binding af
finities are in the nanomolar range, and correlation analysis of relative inhibitory 
potencies suggest that the binding sites are related to anxiolytic, anticonvulsant 
(anti-PTZ), sedative, and muscle relaxant actions. Furthermore, the receptor sites 
appear to be physically coupled to GABA receptor sites, and both appear to be 
coupled to the chloride ion channel. Evidence for such coupling comes from in
teraction studies with various ligands and from anion effects on such interactions. 
Thus, GABA binding in vitro was enhanced by benzodiazepines, and benzo
diazepine binding was enhanced by GABA (GUIDOTTI et al. 1979), and both in-
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teractions are strictly dependent on the presence of anions that can penetrate the 
chloride ion channel. 

Yet another site at which GABA-mimetic drugs might interact is the so-called 
picrotoxinin/barbiturate site. Interaction of picrotoxinin with the GABA recep
tor complex blocks GABAergic transmission without blocking GABA binding to 
its subunit. Dihydropicrotoxinin (DHP), a biologically active analogue of pi
crotoxinin, has been used to assay picrotoxinin-binding sites (OLSEN et al. 1979). 
It was found that radiolabeled DHP binding was inhibited by many convulsant 
drugs known to inhibit GABA synapses, including convulsant barbiturates 
(TICKU and OLSEN 1978) and a convulsant benzodiazepine (OLSEN et al. 1980). Al
so, anticonvulsant barbiturates (TICKU and OLSEN 1978), carbamazepine (LEEB
LUNDBERG et al. 1981), and phenytoin (TICKU et al. 1978) were reported to inhibit 
DHP binding at therapeutically relevant concentrations. Binding potency corre
lates well with the activity of barbiturates in enhancing the postsynaptic chloride 
conductance activated by GABA (MACDONALD and BARKER 1979) and with the 
reversal by barbiturates of GABAergic antagonism caused by bicuculline and pic
rotoxin (OLSEN 1981). 

As with the benzodiazepine site, the picrotoxinin/barbiturate site appears to 
be physically coupled to the GABA site; and coupling also occurs with the ben
zodiazepine site. In vitro, depressant barbiturates enhance benzodiazepine bind
ing, and the relative potency for this effect correlates well with their potency in 
reversing the actions of GABA antagonists (DRAY and BOWERY 1979). Pi
crotoxinin competitively inhibits the enhancement of benzodiazepine binding by 
such drugs. OLSEN (1981) has also shown that depressant barbiturates enhance 
GABA receptor binding, which is to be expected on the basis of the established 
coupling between benzodiazepine and GABA receptors. However, phenytoin, 
carbamazepine, valproic acid, and the anticonvulsant barbiturates do not en
hance benzodiazepine binding (although they do inhibit DHP binding). Thus, an
ticonvulsants appear to interact with the barbiturate receptor in a qualitatively 
different manner than do the anesthetic/hypnotic barbiturates. Finally, barbitu
rate enhancement of both benzodiazepine and GABA binding was found to be 
dependent on the presence of chloride, which suggests that the same picrotoxinin/ 
barbiturate receptor is involved in both interactions, and the receptor is coupled 
to the GABA receptor (OLSEN 1981). 

A matter worthy of discussion is that the high-affinity (nanomolar) benzo
diazepine-binding sites do not account for the activity of these drugs in the treat
ment of generalized tonic-clonic (GTC) convulsions. While their nanomolar af
finity constants correlate very well with potencies in the PTZ threshold test (used 
to predict drugs useful in absence seizures), and account for their very high poten
cy in this test, the correlation of such constants with activity against maximal elec
troshock seizures (as a predictor of activity against GTe seizures) is very poor. 
This, and the finding that micromolar concentrations of benzodiazepine in brain 
are associated with pharmacological activity (BOWLING and DELORENZO 1982), 
led to the search for selective benzodiazepine receptors with binding affinities in 
the micromolar range. Such receptors were recently reported by BOWLING and 
DELoRENZO (1982), who demonstrated that the binding was both saturable and 
stereospecific. For a series of benzodiazepines, the correlation of micromolar 
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binding with potency against maximal electroshock seizures in mice was very 
good (r=0.953, P<O.OOI). Furthermore, phenytoin in therapeutic concen
trations displaced specifically bound diazepam from the micromolar receptors 
with a Ki of 155 JlM, suggesting that the micromolar receptor is also a phenytoin 
receptor. Unlike the nanomolar sites, the binding affinity of the micromolar re
ceptors was not significantly enhanced by GABA or muscimol, a GABA agonist. 
This is consistent with the failure of phenytoin, carbamazepine, and other an
ticonvulsants effective against GTC seizures to enhance GABA binding (see 
above). Thus, it appears that the micromolar binding sites are more closely re
lated (functionally) to the picrotoxinin/barbiturate site than to the high-affinity 
benzodiazepine sites. 

The demonstration of micromolar benzodiazepine sites is particularly gratify
ing because of the Camermans (CAMERMAN and CAMERMAN 1970) demonstration 
that marked structural similarities exist between diazepam and phenytoin. If we 
are to infer from such similarities in structure that a common mechanism exists, 
it would be useful to demonstrate an experimental model in which both drugs are 
active. However, until now this was lacking, because phenytoin is notably inactive 
in the PTZ threshold test for which the nanomolar affinities correlate so well with 
potency. New developments in this area will be anxiously awaited. 

D. Perspective 

It is important to recognize that the effects of phenytoin on anyone biochemical 
or physiological parameter cannot necessarily be interpreted as a separate mech
anism of action. The bewildering complexity of the central nervous system and 
the large variety of seizure types known to occur certainly provide ample justifi
cation for the hypothesis of multiple antiepileptic mechanisms. Such a hypothesis 
receives further support from the selectivity of the drugs used to treat such sei
zures. However, it is possible that several of the above effects are related as dif
ferent effects in a common effector system, or as components of different effector 
systems arising from a common action. For example, the inhibition of passive 
sodium influx might be correlated with inhibition of PTP, as pointed out by PIN
cus (1972). Yet, because of the coupling between sodium and calcium conduc
tance, it is possible that the primary action of phenytoin is to antagonize calcium 
transport. Furthermore, presynaptic calcium concentration might affect PTP in
dependently of changes in sodium flux; thus, the action of phenytoin to antago
nize calcium movements might directly determine its affect on PTP. Yet another 
possibility is that inhibition of PTP might be due to inhibition of calcium- and 
calmodulin-dependent phosphorylation of specific proteins associated with syn
aptic vessels. 

In conclusion, phenytoin affects numerous indices of neurophysiological 
function. The changes induced are almost always compatible with an anticonvul
sant action. Stimulation of the sodium pump, inhibition of passive sodium influx, 
inhibition of calcium influx or the effect of the calcium-calmodulin complex on 
protein phosphorylation, increasing GAB A concentrations, and many other ob
servable correlates of phenytoin action might all provide logical explanations for 
the ability of this drug to stabilize the hyperexcitable brain. 
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CHAPTER 11 

Tolerance and Dependence 
H.-H. FREY 

A. Introduction 
The existence of tolerance to or dependence on antiepileptic drugs remains a con
troversial issue. While there is considerable and convincing experimental evi
dence for both phenomena, clinical experience and opinion are equivocal. Ob
servations that can only be interpreted as tolerance or dependence are often 
merely described in the clinical literature, and the authors avoid drawing con
clusions from their observations. 

The following review will be confined to tolerance and dependence in connec
tion with the anticonvulsant effect or the clinical use of antiepileptic drugs. A gen
eral review of the phenomena of tolerance to and dependence on nonopiate drugs 
appeared some years ago in the Handbook of Experimental Pharmacology (SMITH 
1977). This provided general information on both phenomena, and the reader 
should consult this review for all aspects outside the scope of antiepileptic drugs. 

Similarly, the field of "metabolic tolerance" or the induction of microsomal 
liver enzymes responsible for the metabolic inactivation and termination ofphar
macological effect have been reviewed (CONNEY 1967). It is obvious that metabol
ic tolerance developing to the sedative effect of an antiepileptic drug will have the 
same significance for its very antiepileptic effect. Therefore the topic of metabolic 
tolerance to antiepileptic drugs will be dealt with fairly briefly, and this chapter 
will consider in extenso the experimental and clinical findings which are of impor
tance for the treatment of epileptic patients. 

It is often hardly possible to decide whether metabolic or functional tolerance 
is the factor responsible for the observations reported, especially in the earlier 
clinical literature. This is in fact valid for all clinical reports in which drug con
centrations in plasma have not been determined. Since the clinical significance of 
the phenomenon of tolerance is independent of its exact mechanisms of action, 
such reports have been included and are tentatively dealt with under "Functional 
Tolerance" (Sect. B.Il). 

B. Tolerance 
The term "tolerance" means, generally speaking, that higher doses of a drug be
come necessary during treatment in order to maintain the initial therapeutic ef
fect. This merely descriptive term can experimentally be subdivided into 
I. Metabolic tolerance, i.e., enhanced metabolic inactivation that makes an in
crease in dose necessary in order to maintain the original therapeutic drug con
centrations and therapeutic efficacy 
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II. Functional tolerance characterized by adaptive processes in the neurons 
requiring higher drug concentrations in order to maintain the therapeutic effect 

There are other factors in patients which may induce or mimic a phenomenon 
of decreasing drug efficacy during antiepileptic treatment. Besides metabolic and 
functional tolerance, the following have been put forward (BROWNE 1976): (1) 
variability of seizure incidence, (2) noncompliance, i.e., the patient does not take 
the drug as prescribed, (3) growth of the patient that will reduce the relative dos
age, and (4) metabolites that might interfere with the effect of the parent drug. 
Strictly speaking, factors (1)-(3) have nothing to do with tolerance, but they may 
mimic tolerance when the treatment is not closely monitored by determination of 
plasma concentrations and - especially in children - increases in body weight are 
not compensated for by an adjustment of dose. 

I. Metabolic Tolerance 
As outlined in the "Introduction", only reports which have given special attention 
to antiepileptic drug action will be reviewed in this section. Drug interactions with 
an influence on the rate of elimation of antiepileptic drugs will be covered by the 
respective drug chapters and the section on "Clinical Pharmacology" in this vol
ume. 

1. Experimental Evidence 

CUCINELL et al. (1963) reported a remarkable shortening of the elimination half
life of phenytoin in dogs when these animals were treated with high doses of phe
nobarbital. Initial half-lives were in the range of 5.5-12.5 h; they declined to 1.5-
2.5 h after phenobarbital treatment. In the light of more recent results in dogs it 
remains dubious whether this observation really represented the result of enzyme 
induction by phenobarbital as postulated by the authors. FREY and L6sCHER 
(1980 b) found phenytoin to be an excellent inducer of its own metabolic inacti
vation in dogs. When the animals were treated with doses of20 mgjkg t.i.d., there 
was some accumulation resulting in therapeutic drug concentrations in plasma on 
days 2 and 3 of treatment, but subsequently plasma concentrations rapidly de
clined so that only a few micrograms per millimeter of phenytoin could be de
tected after I week of treatment. The elimination half-life had fallen from an av
erage value of 4.4 h before to 1-2 h after 1 week of treatment. In the rat, a decline 
in plasma concentrations of phenytoin was also found, and the tolerance ob
served to the anticonvulsant effect was therefore interpreted as a metabolic phe
nomenon (MASUDA et al. 1979). In parallel experiments with phenobarbital the 
protective effect waned in spite of constant plasma concentrations. In mice receiv
ing phenobarbital with drinking water for 1-14 days, the resulting tolerance was 
analyzed by FREY and KAMPMANN (1965) as follows: The relative increases in the 
daily dose necessary for 50% protection and in the serum concentration at this 
level of protection were compared. When the relative increase in the daily dose 
exceeded that in serum concentrations, tolerance was considered to be metabolic, 
whereas in the case of a parallel rise in both parameters functional tolerance was 
assumed. Functional tolerance prevailed from day 1 to day 4, but subsequently 
the daily drug intake fUr 50% protection against electroconvulsions had to be in-
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creased more than the rise in serum concentrations necessary for this level of pro
tection, so that metabolic tolerance was predominant from day 4 to day 14. 

There is general agreement about the significance of the development of met
abolic tolerance to carbamazepine. During treatment with this drug a strong en
zyme induction with corresponding declines in plasma concentrations has been 
seen in dogs (FAIGLE et al. 1976; FREY and L6SCHER 1980a) and monkeys (PATEL 
et al. 1978; LOCKARD et al. 1979). In experiments with dogs (FREY and L6SCHER 
1980 a), unchanged carbamazepine or its active metabolite carbamazepine-lO, 11-
epoxide could hardly be detected in plasma after only 5 days of treatment in spite 
of daily oral doses of 90 mgjkg! In the rat a functional tolerance seems to exist 
besides the metabolic one: In one study plasma concentrations declined, but at 
a given concentration fewer rats proved to be protected against electroconvul
sions than in nontolerant animals (MASUDA et al. 1979). 

Enzyme induction has been shown for moderate doses of succinimides in rats 
(ORTON and NICHOLLS 1972). For benzodiazpines metabolic tolerance seems not 
to playa major role with the usually small doses employed in the treatment of 
epilepsies. In the case of diazepam, the metabolite desmethyldiazepam even in
hibits further demethylation (KLOTZ et al. 1976). However, nitrazepam metabo
lism can be accelerated in dogs by treatment with phenobarbital (ELIANDER and 
PEKKARINEN 1980). In mice treated twice daily with 75 mgjkg methaqualone, the 
protective effect against electroconvulsions fell from 70% to 23% within 1 week 
(BOGGAN et al. 1977). Since plasma concentrations ofthe drug were lower on day 
4 than after the first administration, the authors regarded the tolerance as "met
abolic". 

2. Clinical Evidence 

The existence of metabolic tolerance against the antiepileptic drug effect in man 
is best documented for carbamazepine (FAIGLE et al. 1976). In single-dose ex
periments, carbamazepine has an elimination half-life in the range of 30-55 h, 
which, during treatment of 2-4 weeks' duration, is reduced to about one-half of 
the initial value (MORSELLI et al. 1975; EICHELBAUM et al. 1975). The total body 
clearance was also increased in children, rising from 28 to 56 mljkg per hour after 
17-32 days of treatment (BERTILSSON et al. 1980). During combined antiepileptic 
treatment a plasma half-life of only 5-14 h was found by EICHELBAUM et al. 
(1979), who used pSN]carbamazepine for the repeated determination of ph arm a
cokinetics. The relative degree of metabolite tolerance to carbamazepine is thus 
the same as in the dog experiments of FREY and L6sCHER (1980a), but since the 
initial half-life of the drug is fairly long in man, the drug retains its therapeutic 
usefulness. 

The enzyme induction by carbamazepine also accelerates the metabolic inacti
vation of other antiepileptic drugs: The elimination half-life of clonazepam fell 
from 32 to 22.5 h and that of ethosuximide from 54 to 45 h during concomitant 
carbamazepine therapy (LAI et al. 1978; WARREN et al. 1980). The elimination of 
valproate can also be accelerated by concomitant therapy with other antiepileptic 
drugs, as, e.g., carbamazepine or phenytoin, resulting in plasma concentrations 
lower than expected from previous single-dose studies (MIHALY et al. 1979). 
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The question of the existence of metabolic tolerance to diazepam remains con
troversial. Tolerance should not usually occur with the relatively low doses used 
in the therapy of epileptic disorders (KLOTZ et al. 1976; GREENBLATT and SHADER 
1978), but SELLMAN et al. (1975) have reported an accelerated decline of diazepam 
plasma concentrations in patients treated with daily doses of 10-30 mg for 0.4-
5 years. These patients had considerably higher plasma concentrations of des
methyldiazepam than in single-dose studies. KANTO et al. (1974) advocated the 
existence of enzyme induction during chronic misuse of the drug, but did not ex
clude a parallel development offunctional tolerance. 

II. Functional Tolerance 

1. Experimental Evidence 

The first drug which was studied experimentally for the development of tolerance 
to its anticonvulsant effect was acetazoleamide. This drug had an EDso in the 
maximal electroshock test in mice of 75 mg/kg, but, when the animals received 
this dose twice daily for 6 days, the anticonvulsant EDso had risen to 480 mg/kg 
(MILLICHAP et al. 1955). These results were confirmed by KOCH and WOODBURY 
(1958) in rats. The EDso against maximal electroconvulsions was 2 mg/kg orally 
after the first exposure, but, when redetermined with intervals of2 days, it rapidly 
rose to about 10 mg/kg, and then remained in this range. A similar increase was 
found in the anticonvulsant concentration of carbon dioxide: its median effective 
concentration ECso rose from 2% to 5.2%. There is cross-tolerance between 
acetazoleamide and carbon dioxide (WOODBURY 1980). The tolerance to acetazo
leamide was explained by an induction of carbonic anhydrase in glial cells or by 
a numerical increase of these cells with normal enzyme activity. 

The development of tolerance to the anticonvulsant effect of phenytoin against 
maximal electroconvulsions in mice has been studied by FREY and KAMPMANN 
(1965). The animals received phenytoin with the drinking water, and the drug 
concentration in drinking water, the drug concentration in plasma, as well as the 
daily drug intake necessary for 50% protection were determined after 1,2,4, 7, 
and 14 days of treatment. The phenytoin concentration in drinking water provid
ing 50% protection was about 0.21-0.22 mg/ml after 1 and 2 days of treatment, 
and then rose to 0.27 mg/ml after 4 days, 0.42 mg/ml after 7 days, and 1.4 mg/ml 
after 14 days. Since the mice reduced their water consumption when concen
trations in the drinking water exceeded 0.3 mg/ml, the daily drug intake increased 
from 21-22 mg/kg on the first 2 days to only 59 mg/kg after 14 days. The serum 
concentration at 50% protection was 11 ~g/ml after 1 day, and had significantly 
risen to 18 ~g/ml after 4 days, to 24 ~g/ml after 1 week, and to 47 ~g/ml after 2 
weeks. The relative increase of serum drug concentrations necessary for 50% pro
tection exceeded that of drug intake. This unusual observation was explained as 
central adaptation to an accumulating drug. In the mice used phenytoin had an 
elimination half-life of 33 h. However, a contribution of metabolic tolerance to 
the phenomenon observed could not be excluded. That the latter in fact plays a 
certain role has since been stated by MASUDA et al. (1979) in rats. In mice daily 
treated i.p. with 7 mg/kg phenytoin, the protective effect declined from 70% on 
day 1 to only 5% on day 4 (KARLER et al. 1974). This tolerance was paralleled 
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by an only moderate decrease in hexobarbital sleeping times, and the authors 
therefore regard central adaption to the drug effect as the most likely explanation 
for the tolerance observed. In later experiments, KARLER and TURKANIS (1980) 
did not see tolerance to the anticonvulsant effect of phenytoin in mice. However, 
these animals received injections of9 mg/kg i.p. for only 4 days, and this time may 
have been too short for the manifestation of tolerance. 

Tolerance to the anticonvulsant effect of phenobarbital was demonstrated in 
mice by the same experimental design as that described for phenytoin (FREY and 
KAMPMANN 1965). In order to achieve 50% protection against maximal elec
troconvulsions the drug concentration in drinking water had to be increased from 
0.19 mg/ml for the 1 st day of treatment to 1.1 mg/ml after 14 days of administra
tion. The daily drug intake had to be increased from 30 to 100 mg/kg over this 
period. Serum concentrations at 50% protection increased rapidly from 12 to 22 
Ilg/ml during the first 4 days, and then more slowly to 30 Ilg/ml after 14 days. For 
the first 4 days the relative increases in drug intake and serum phenobarbital con
centrations required for 50% protection were identical and that was interpreted 
as tolerance by cerebral adaption. During the last 10 days of the study, drug in
take for 50% protection had to be increased more than the rise in serum concen
trations at this level of protection, so that, in this period, metabolic tolerance must 
be assumed to have played a role too. In a later study the results were reproduced 
in another strain of mice, and were also extended to the effect of phenobarbital 
on pentylenetetrazol-induced seizures (KILIAN and FREY 1973). In this test the 
daily drug intake in drinking water necessary for 50% protection rose from 110 
mg/kg after 4 days to 160 mg/kg after 14 days. Brain concentrations ofphenobar
bital at 50% protection against electroconvulsions likewise rose from 20 to about 
30 Ilg/g during the 2nd week of treatment. In the study by KARLER et al. (1974) 
mice were injected i.p. with 12 mg/kg phenobarbital for 4 days and the protective 
effect of this dose fell from 75% on day 1 to less than 20% on day 4. Hexobarbital 
sleeping time was not altered by this treatment, and the tolerance was thus regard
ed as functional. SCHMIDT et al. (1978, 1980) treated mice with daily i.p. injections 
of25 mg/kg phenobarbital, and saw a decline in the anticonvulsant effect against 
maximal electroconvulsions from 95% on day 1 to 45% on day 5. Brain and plas
ma concentrations of phenobarbital, determined 2 h after the daily injection, re
mained constant throughout the study. No tolerance was seen in the minimal elec
troshock seizure threshold test, but treatment lasted only 3 days. The pentylente
trazol threshold for the first clonic jerk of the forelimbs was also not altered when 
determined 2 h after the daily injection of phenobarbital for 8 days. These latter 
results are in conflict with the study of KILIAN and FREY (1973) and the difference 
is difficult to explain. However, one possible reason might be the difference in 
drug administration: in the drinking water in one study and by single-drug injec
tions in the other. MASUDA et al. (1979) have also observed tolerance to the an
ticonvulsant effect of phenobarbital in mice. In their study the protective effect 
against maximal electroconvulsions declined though plasma concentrations re
mained at the initial level, thus pointing to functional tolerance. When treated for 
4 days with daily i.p. injections of 12 mg/kg phenobarbital, the convulsive thresh
old for the 6/s and 60/s electroshock, but not for the maximal electroshock, were 
lower than after a single i.p. dose of the drug (KARLER and TURKANIS 1980). 
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When rats were treated daily with phenacemide the effect of the drug against 
pentylenetetrazol-induced seizures was clearly reduced after 1 week of treatment: 
The initial ED9S protected only 50% of the animals, and the initial EDso had no 
effect at all (DESALVA 1956). When the electroshock threshold of rats treated dai
ly with oral doses of 200 mg/kg phenacemide or 500 mg/kg trimethadione was de
termined, it was increased for the first 2 weeks, then remained constant for 1 
week, and fell rapidly during the next week (DESALVA 1956). Tolerance to the an
ticonvulsant effect of trimethadione was also shown by FREY and KRETSCHMER 
(1971). The mice were given the drug in the drinking water, and a 0.5% solution 
provided 20% protection against pentylenetetrazol-induced convulsions from 
day 1 to day 4, but only 10% protection after 7 days of treatment. Plasma con
centrations of unmetabolized trimethadione remained between 18 and 27 f.lg/ml 
during the study, but the concentrations of the active metabolite dimethadione 
had risen from 670 f.lg/ml after 24 h to 1 800 f.lg/ml after 7 days. Experimental re
sults of LocKARD et al. (1977) in a monkey model might be interpreted as evidence 
for tolerance to valproic acid, but the experimental design seems too complex to 
permit valid conclusions. 

The development of tolerance to the anticonvulsant effect of benzodiazepines 
has been studied by several authors. KILLAM et al. (1973), working with photically 
induced epilepsy in baboons, reported an escape from the anticonvulsant effect 
of diazepam and clonazepam. In order to keep the seizures under control the daily 
doses of diazepam had to be increased from 0.025 mg/kg to 0.2-0.4 mg/kg, and 
those of clonazepam from 0.005 mg/kg to 0.02 mg/kg in the course of the study, 
which lasted for 8-16 weeks. FUXE et al. (1975) reported that mice injected daily 
with 10 mg/kg diazepam i.p. developed tolerance from day 5, when 30%-40% of 
the animals were no longer protected against pentylenetetrazol-induced seizures. 
The acute EDso for diazepam had been determined as 0.63 mg/kg! These authors 
assume a relation between dopamine turnover in the limbic forebrain and the an
ticonvulsant effect of the drug. FILE (1983) confirmed the development of toler
ance to the anti-pentylenetetrazol effects of diazepam in mice. Contrary to the re
sults of these authors, JUHASZ and DAIRMAN (1977) saw no tolerance to the an
ticonvulsant effect in mice treated orally with 2 mg/kg diazepam for 4 days when 
pentylenetetrazol was used as convulsant. But the same dose regimen clearly pro
duced tolerance to the anticonvulsant effect of diazepam against bicuculline. By 
day 6 of a regimen using two daily oral doses of 1 mg/kg diazepam in mice, the 
drug had lost its anticonvulsant effect against seizures induced by 3-mercaptopro
pionic acid (TURNBALL et al. 1981). No tolerance to the anticonvulsant effect of 
triazolam developed, although the drug was administered for 25 days (PAKES et 
al. 1981). A rapid onset of tolerance to the anti-pentylenetetrazol effect of the 1,5-
benzodiazepine clobazam was described by GENT and HAIGH (1983). 

The biochemical background of tolerance to the actions of benzodiazepines 
has attracted considerable interest. At least the main approaches of research will 
be mentioned here, though only the study of SHER (1983) has been specially de
signed to study tolerance to the anticonvulsant effect. The close relationship be
tween benzodiazepine receptors and the receptors for the inhibitory transmitter 
gamma-aminobutyric acid (GABA) in the CNS has focused great interest on al
terations of binding to the benzodiazepine receptor during prolonged treatment. 
When rats were treated with extremely high doses of flurazepam for 4-8 weeks, 



Tolerance and Dependence 271 

the maximum binding capacity (Bmax) for benzodiazepines was reduced by 15% 
-20%, but only for less than 24 h after termination of treatment. The dissociation 
constant was not changed (CHIU and ROSENBERG 1978; ROSENBERG and CHIU 
1981). Similar results have been reported for clonazepam (CRAWLEY et al. 1982). 
These authors feel that the reduction in binding capacity might be related to the 
development of tolerance. MOHLER et al. (1978), treating rats with more reason
able doses of 3 mgjkg diazepam daily, could not find a decrease in benzo
diazepine-binding sites and considered this to be in "agreement with the general 
absence of tolerance during benzodiazepine therapy"! A decrease of GABA-bind
ing sites in the striatum found by these authors remained unclear in its signifi
cance. BRAESTRUP et al. (1979) were not able to reproduce the results of ROSEN
BERG and CHIU. Recently, SHER (1983) has shown a significant dose-dependent re
duction of benzodiazepine receptor binding in cell cultures from fetal mouse ce
rebral cortex which were exposed to diazepam concentrations of 0.45-3.6 Ilgjml 
for 10 days. JENNER et al. (1975) found brain concentrations of 5-hydroxytrypt
amine (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) significantly increased 
when mice had been treated once with doses of 0.5-0.8 mgjkg clonazepam, but 
this increase had disappeared after 8 days of treatment. Since 5-HIAA concen
trations in cerebrospinal fluid of patients treated with clonazepam for myoclonic 
fits were also higher as long as the clinical effect lasted, 5-HT metabolism might 
be of relevance for the development of tolerance. Especially in the case of diaze
pam, an interference with the main metabolite desmethyldiazepam at the receptor 
site might be implicated with respect to tolerance. GALLAGER et al. (1984) found a 
subsensitivity of the dorsal raphe nucleus to iontophoretically applied GABA 
after 3 weeks' treatment of rats with reasonable doses of diazepam. This finding 
might provide an explanation for the development of tolerance. If desmethyl
diazepam occupies a greater part ofbenzodiazepine receptors by a higher affinity 
or simply by mass action, the sedative - and possibly also the anticonvulsant -
effect of the parent drug might be attenuated (ELSASS et al. 1980). 

As early as 1949, ALLAN and SWINYARD reported the development of toler
ance to the anticonvulsant effect of ethanol. Rats were given ethanol daily in doses 
of 1--4 mgjkg orally, which, at the start, protected between 20% and lOO% of the 
animals against electroshock seizures. The increase in electroconvulsive threshold 
vanished after 3 weeks and then even increases in the dose of ethanol produced 
only minor increases in the convulsive threshold. Similar results were later pre
sented both for electro- and chemoconvulsions in mice treated with phenaglycodol 
or meprobamate (CHIN and SWINYARD 1958, 1959). 

2. Clinical Evidence 

Although HAUPTMANN (1912) in his classical paper on the use of phenobarbital 
in epilepsy has already pointed to the development of tolerance (Gewohnung) 
during prolonged use of the drug, genuine clinical evidence for functional toler
ance is still rare. Mostly, a more or less pronounced escape from the beneficial 
effects of antiepileptic drugs is merely stated, but, since adequate determinations 
of drug concentrations or elimination rates before and during tolerance have not 
been performed, the question of the nature of tolerance must remain open. 
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a) Proven Functional Tolerance 

One of the few studies documenting genuine functional tolerance to the clinical 
effect of phenobarbital was published by BUCHTHAL et al. (1968). In most of 15 
hospitalized patients in whom drug concentrations were monitored, seizures and 
paroxysmal EEG discharges were controlled by phenobarbital serum concen
trations of 8-15 J.lg/ml in some patients even by 3--4 J.lg/ml. In three patients suf
fering from grand mal, whose seizures were initially controlled by serum concen
trations of between 8 and 12 J.lg/ml, phenobarbital was withdrawn for 1-3 weeks. 
On renewed medication the paroxysmal discharges could only be controlled when 
phenobarbital concentrations of 18-25 J.lg/ml, i.e., twice the original concentra
tion, were reached. This observation was interpreted as "tolerance" by the 
authors, but, some years later, the same observation was regarded as "most likely 
to be a withdrawal effect than evidence of tolerance" (BUCHTHAL and LENNOX
BUCHTHAL 1972). BOOKER (1972) cited the patients of BUCHTHAL et al. as evidence 
for genuine tolerance, and mentioned examples of "clinical breakthrough," i.e., 
fits, at serum concentrations of trimethadione, dimethadione, diazepam, and 
primidone which were higher than at the time of the initial "dramatic response" 
to these drugs. Unfortunately, no details were given. 

b) Clinical Evidence of Tolerance Without Proof ofIts Functional Nature 

The author is unaware of any clinical studies reporting the development of toler
ance to phenytoin. 

The existence of tolerance to the antiepileptic effect of phenobarbital is men
tioned especially in the earlier literature (HAUPTMANN 1912; Fox 1927; GRINKER 
1929). Only the paper of Fox gives some quantitative data: Tolerance developed 
in 51 out of 167 patients (31 %) who were followed for periods of 6 months to 8 
years. During the first 6 months the incidence of fits increased from 2.8 to 4.8/ 
month, and for the longer observation periods from an average of 3.47 or 3.25 
fits/month during the first 6 months to 5.33 or 4.6 fits/month during the last 6 
months' period of2 or 8 years of observation. 

A decline in the therapeutic effect of vaiproic acid after 4-6 months of treat
ment has been repeatedly mentioned but seems not to be too pronounced. In only 
some ofthe cases could the effect be reinstituted by increasing the dose (RITZ and 
JACOBI 1973; SCHAFER and KETTNER 1974; FROSCHER et al. 1978). 

LOMBROSO and FORXYTHE (1959) note that the therapeutic effect of trimetha
dione in patients with petit mal fell from 41 % with complete or near-complete 
protection during the 1st month to 18% after 1 year and only 7% after 2 years 
of treatment. 

Tolerance to the antiepileptic effect of benzodiazepines seems fairly common 
and has often been described. In reviewing the role of benzodiazepines in the 
treatment of epilepsy, BROWNE and PENRY (1973) mentioned 222 cases of toler
ance to diazepam, nitrazepam, or clonazepam from 20 publications. These drugs 
were used for treatment of petit mal, infantile, and other myoclonic fits. Toler
ance developed within a few days or after up to 18 months of treatment in 8% 
-52% (median 26%) of patients. The question of "metabolic" or "functional" na
ture of tolerance remains open though general experience with small doses of 
these drugs should speak for the latter type. 
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Tolerance to diazepam may appear within several weeks (GASTAUT et al. 1967) 
or 6--10 months (TROLLE 1965) in up to 40% of patients. By small increases of the 
doses which were well tolerated, it was possible to keep the disease under control 
so that tolerance did not pose an outstanding problem in the opinion of GELLER 
and CHRISTOFF (1971). Tolerance to the antiepileptic effect of nitrazepam devel
oped in some cases after a few days, in others after months of treatment (JONG 
1964; GmBs and ANDERSON 1965; HAGBERG 1968; HAMBERTand PETERSEN 1970). 
MILLICHAP and ORITZ (1966) found it necessary to increase the dose in 29 out of 
36 patients with myoclonus epilepsy from the initial dose of 0.1-0.7 mg/kg to fi
nal doses of 0.3-4.0 mg/kg. Tolerance appeared after an average time of 12 weeks 
in this study. Sometimes the doses necessary finally provoked signs of general de
pression, and thus the usefulness of the drug was limited (HAMBERT and PETERSEN 
1970). In a review on clonazepam BROWNE (1976) reports that tolerance to the 
antiepileptic effect against many different forms of epilepsy develops in 11 %-
100% (median 33%) of patients. In approximately two-thirds of the patients who 
had become tolerant, considerable beneficial effects could be maintained by the 

'initial or a greater dose of the drug, whereas the rest could no longer be controlled 
even with large doses. Tolerance became evident after 1-6 months of administra
tion. Similar experiences have been published by other authors (BERGAMINI et al. 
1970; DUMERMUTH and KOVACS 1974, KICK and DREYER 1973; MASLAND 1975). 
KRUSE and BLANKENHORN (1973) described the progressive loss of antiepileptic 
effect: In patients with minor fits, clonazepam had a positive effect (complete 
freedom of fits or reduction by at least 50%) in 62% during the 1st month; this 
effect declined to 45% after 3 months, to 34% after 6 months, to 25% after 1 year, 
to 18% after 2 years, and finally to 14% after 2 Y2 years. In myoclonic-astatic fits 
a similar course was observed, whereas grand mal and/or tonic seizures were 
ameliorated to a lesser degree by clonazepam. The initial rate of effect in these 
patients was 41 %, but after 6--12 months the antiepileptic effect had in fact been 
lost and could not even be reinstituted by increases in dose. Also ROSSI et al. 
(1973) note a rapid loss of the effect against seizures and EEG manifestations in 
patients with generalized epilepsies. The loss of these effects began as soon as the 
1st week of treatment and was complete after 1 month. On the other hand, in the 
opinion of HANSON and MENKES (1972), tolerance in children with minor motor 
seizures is less pronounced with clonazepam than with other benzodiazepines. 
Regarding the development of tolerance, there seems to be no difference between 
the classicall,4-benzodiazepines and the 1,5-analogue clobazam (GASTAUT and 
Low 1979). 

Acetazoleamide became known relatively early to induce tolerance to its an
ticonvulsant effect. Tolerance developed within weeks to some months; the effect 
could be maintained for some time by increases in dose, but finally patients be
came resistent even to doses of20 mg/kg (ANSELL and CLARKE 1956; MILLICHAP 
1956). In the study of LOMBROSO and FORXYTHE (1959) seizures in 42% of 91 
patients with petit mal were controlled after the first 3 weeks; this dropped to 
25% after the 1st year, to 14% after the 2nd year, and to 10% after the 3rd year. 

HAMBERT and PETERSEN (1970) have reported tolerance to the antiepileptic ef
fect of clomethiazol in patients with myoclonus epilepsy. 
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III. Acute Tolerance 

Acute tolerance is usually defined as a subsensitivity developing during the time 
of action of a single drug dose, i.e., the drug effect ceases at higher drug concen
trations than it started with. The terms is, however, sometimes used in a way that 
covers "tachyphylaxis," which is defined as a loss of drug effect on rapidly re
peated injections. For the phenomenon described especially for diazepam, tachy
phylaxis seems in fact more adequate than acute tolerance. 

PARSONAGE and NORRIS (1967) described this phenomenon in patients with se
vere status epilepticus treated with diazepam. Tolerance developed during con
tinued i.v. infusion of total doses of 300-500 mg over periods of 2-3 days and 
usually became apparent within the first 24 h. The drug lost its efficacy against 
the seizures and this could not even be restored by intermittent injections of 
diazepam. 

Acute tolerance to diazepam has been studied experimentally in cats in which 
focal seizures were elicited by application of penicillin on the motor cortex 
(SHARER and KUTT 1971). This provoked peripheral motor jerking which could 
be abolished by infusion of 0.5 mg/kg diazepam over 2 min for periods of 3-90 
min. When the jerking recurred, an average dose of 1.8 mg/kg was necessary in 
order to suppress it again. The authors believe that a rapid metabolic detoxifica
tion cannot be the explanation since diazepam is slowly metabolized and its me
tabolites retain pharmacological activity. A similar observation was reported by 
BARNETT and FIORE (1971, 1973), who studied the effect of diazepam on the lin
guomandibular reflex in cats. Tolerance appeared when increasing doses of the 
drug were injected with intervals greater than 15 min. Tolerance was more pro
nounced after intraduodenal than after i.v. administration. However, no toler
ance developed to the metabolite desmethyldiazepam, which had only one-fifth 
of the potency of diazepam. Desmethyldiazepam, given before diazepam, also at
tenuated the effect of the parent drug. Similar results were obtained when the ef
fects of diazepam on the flexor reflex in spinal cats or the depression of the EEG 
amplitudes were studied. The development of acute tolerance is explained by the 
accumulation of the metabolite desmethyldiazepam which occupies the benzo
diazepine receptors and thus prevents the access of the more potent parent drug 
to the receptor site. The same explanation may be valid also for the mechanisms 
of acute tolerance to the anticonvulsant action of diazepam, which seems to be a 
clinical problem in the treatment of status epilepticus. 

For phenobarbital a phenomenon quite opposite to acute tolerance has been 
reported by FREY and MAGNUSSEN (1971). When the EDso in the maximal elec
troshock test was determined in mice at intervals ranging from 2 to 24 h after oral 
administration, protection was afforded by progressively lower drug concen
trations in serum and brain. After administration of the EDso for 2 h, the time 
of the maximum effect of phenobarbital, a brain concentration of21llg/g was de
termined, whereas, after 24 h, only 9 Ilg/g was found in the brain after adminis
tration of the respective EDso. An imbalance in the turnover of noradrenaline 
and 5-HT may explain this phenomenon. At shorter time intervals the turnover 
of noradrenaline was depressed and that of 5-HT unaltered, but at 20-24 h after 
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administration of phenobarbital, noradrenaline turnover had normalized while 
that of 5-HT was significantly depressed. 

IV. Conclusions 

Tolerance to the anticonvulsant effect of antiepileptic drugs has been well docu
mented in animal experiments, and has also been described for the clinical effect 
of many anti epileptic drugs such as the benzodiazepines, valproic acid, and car
bamazepine. However, for two of the most widely used drugs, namely phenytoin 
and phenobarbital, no clinical tolerance has been reported or the evidence is at 
least equivocal. 

Though there is general agreement as to the existence of tolerance to the se
dative and hypnotic effect of phenobarbital, tolerance to its anti epileptic effect 
has only been reported occasionally and is even denied by many authors. The 
problem was discussed by BUTLER et al. (1954) at a time when tolerance to 
antiepileptic effects had hardly been studied. The authors described the develop
ment of tolerance to the behavioral effects of phenobarbital in man and dog, and 
expressed the opinion that the existence of tolerance to the antiepileptic effect 
would be difficult to prove since tolerance to the sedative-hypnotic effect appears 
within a few days, i.e., long before a steady state is attained. This argument seems 
quite convincing especially in view of the fact that up to 3 weeks elapse before a 
steady state with phenobarbital is reached in man. 

The half-life of phenytoin is considerably shorter than that of phenobarbital, 
but, if tolerance should also develop rapidly, a similar mechanism might be con
sidered. If no clinical control of seizures is achieved within the 1 st week of treat
ment, the physician will increase the dose without thinking of the possibility of 
tolerance. The usual range of therapeutic concentrations of the antiepileptic drugs 
might thus very well represent the tolerant state of the patient. Such an interpreta
tion would be in agreement with the clinical experience that tolerance does not 
present major problems for therapy with these classical anti epileptic drugs. 

There is a dual problem with benzodiazepines: the acute tolerance and the tol
erance developing after weeks or even months of therapy. The former is of impor
tance for the treatment of status epilepticus when diazepam has to be given re
peatedly or by infusion, and might be explained by interference of a metabolite 
at the receptor site. On the other hand, the slowly developing tolerance to diaze
pam, nitrazepam, and clonazepam has often been described, but so far its nature 
has not been elucidated. 

c. Physical Dependence 
The possibility of development of physical dependence to sedative and hypnotic 
drugs, mostly after longer times of abuse, is well known and documented (for re
view see SMITH 1977). As far as drugs with sedative or hypnotic potencies are con
cerned that are used in the treatment of epileptic disorders the appearance of signs 
of physical dependence on withdrawal will not be surprising, though the doses 
used in the antiepileptic indication are usually smaller than in drug abuse cases. 



276 H.-H. FREY 

I. Experimental Evidence 

Using the electro- or chemoconvulsive threshold in mice, withdrawal hyperexcit
ability has been shown relatively early for meprobamate, ethanol, and phenagly
codol (SWINYARD et al. 1957; MCQUARRIE and FINGL 1958; ClllN and SWINYARD 
1958, 1959). When mice were treated orally with fairly high doses of these drugs 
for 2-3 weeks, the convulsive thresholds increased, but when treatment was ter
minated, the threshold values fell below the values for untreated controls. The du
ration of this hyperexcitability varied somewhat: After administration of mepro
bamate the control threshold was reached 28 h after withdrawal, with phenagly
codol after more then 32 h for the electroconvulsive threshold and after 60 h for 
the pentylenetetrazol seizure threshold, and with ethanol withdrawal symptoms 
reached their maximum after 2 days and recurrence to the control threshold for 
minimal electroconvulsions was seen only after 10 days. 

RUMKE (1967) saw a lowered convulsive threshold in mice for bemegride 48 
and 72 h after one single dose of 100 mg/kg phenobarbital s.c., as well as 48 h af
ter 100 mg/kg primidone orally or 60 mg/kg methoin orally, and 96 h after 50 mg/ 
kg phenytoin s.c. Similar results were obtained when pentylenetetrazol or dioxone 
were used as convulsants. Neither after single doses nor following a 6-day regimen 
with phenobarbital, primidone, trimethadione, or phenytoin was the incidence of 
electroconvulsions increased. In these experiments'the current was adjusted so 
that 50% of untreated mice displayed the extensor component of the maximal 
electroshock seizure. The fall in the chemoconvulsant threshold could be pre
vented when 250 mg/kg ethionine was injected 30 min before the anticonvulsants. 
In rats no decrease in threshold values was observed. 

A significantly lowered electroconvulsive threshold was determined 24 h after 
withdrawal in mice that had been given phenobarbital in the drinking water for 
4, 7, or 14 days. Whereas the electroconvulsive threshold had returned to control 
values 48 h after withdrawal, the pentylenetetrazol threshold remained lowered 
for 48 h after 7 or 14 days of drug administration. During the 3 days following 
withdrawal of phenobarbital, an average weight loss of 1-2 g/mouse was ob
served (KILIAN and FREY 1973). KARLER and TURKANIS (1980) treated mice for 
4 days with daily i.p. injections of 12 mg/kg phenobarbital and noted a decrease 
in the electroconvulsive threshold 24 h after the last dose. No corresponding 
changes were seen when the animals were treated with phenytoin. Rats that were 
treated with phenytoin doses of up to 200 mg/kg for 20 days were more sensitive 
to audiogenically or electrically induced seizures 48 and 72 h after withdrawal 
(DELIMA and PALERMO-NETO 1981). 

In rhesus monkeys made epileptic by injection of aluminum hydroxide gel into 
the pre- and postcentral gyrus, the number of seizures increased from an average 
of 13/2 weeks during primidone treatment to 55/2 weeks after withdrawal of the 
drug. The incidence of withdrawal seizures was thus more pronounced than after 
treatment with phenytoin or phenobarbital (LOCKARD et al. 1975). 

In the experiments of TURNBULL et al. (1981) mice received two daily oral 
doses of I mg/kg diazepam for 28 days; 24 h after the last dose the convulsive 
threshold for 3-mercaptopropionic acid had dropped from a control value of 34 
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mg/kg to 26 mg/kg, and the halothane sleeping time (after 5 min exposure to 3% 
halothane) was shortened from 84 to 38 s. 

The withdrawal hyperexcitability (lowered pentylenetetrazol seizure thresh
old) after treatment with phenobarbital was not abolished by pretreatment with 
6-hydroxydopamine (TABAKOFF et al. 1978), and BRAESTRUP et al. (1979) found 
no relation between abstinence to diazepam and the number of benzodiazepine
binding sites or the drug's affinity to these. 

For valproic acid a "quasi morphine abstinence behavior" has been described 
in rats by DEBoER et al. (1977). It appears during the first 15 min after i.p. injec
tion of the drug in doses of 200-400 mg/kg, and is similar to the syndrome seen 
on withdrawal of morphine: escape digging, body and foreleg shaking, and yawn
ing. This syndrome is, however, too closely related to the injection of the drug as 
to allow an interpretation as physical dependence but must be regarded as an 
acute pharmacodynamic effect ofvalproic acid. 

II. Clinical Evidence 

Withdrawal symptoms on termination of antiepileptic drug therapy with pheno
barbital are relatively common observations. Early reports agree on the occur
rence of frequent seizures, sometimes even status epilepticus, after withdrawal of 
the drug. The incidence of seizures then returns slowly to the level before initia
tion of treatment (Fox 1927; GRINKER 1929; SCHMIDT 1938; VIUKARI and TAMM
Ism 1969). Withdrawal symptoms were not so severe in all cases; SCHMIDT (1938) 
describes some patients in whom only headache and vertigo, cardiovascular de
pression, or absences were seen. In patients with a previous history of convul
sions, severe withdrawal reactions were more common than in patients without 
former convulsions (WULFF 1959). This author noted paroxysms in the EEG at 
phenobarbital plasma concentrations of 13 and 21Ilg/ml, whereas similar EEG 
changes were only seen when phenobarbital plasma levels had fallen to about 3 
Ilg/ml. However, changes may also be the consequence of tolerance in patients 
treated with the drug for a longer time. Withdrawal symptoms in newborn infants 
from epileptic mothers treated with phenobarbital have been reported: tremor, 
hyperexcitability, hypotonia, vomiting, and diarrhea (MARTINEZ and SNYDER 
1973; ERITH 1965; DOOSE 1980). No corresponding observations exist for 
phenytoin or carbamazepine (DOOSE 1980). 

Signs of physical dependence on benzodiapines have been seen mostly in psy
chiatric patients after withdrawal from high doses or in abusers. Dependence on 
the rather low doses used in the treatment of epilepsy has rarely been reported. 
MILLICHAP and ORTIZ (1966) mention 9 out of 36 children treated with nitraze
pam for myoclonic epilepsies who showed an increase in fits after withdrawal, and 
KRUSE and BLANKENHORN (1973) state that some patients treated with clonaze
pam showed a temporary deterioration when the drug was stopped. This was even 
the case when the drug no longer had a clinical effect on account of tolerance. The 
observation was interpreted as withdrawal syndrome. DOOSE (1980), however, 
states clearly that abrupt termination of clonazepam therapy in epileptic children 
can lead to considerable signs of withdrawal, with an increased incidence of sei
zures. In newborn infants from epileptic mothers treated with diazepam, signs of 
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physical dependence similar to those seen after treatment with phenobarbital de
veloped within hours or even some days (REMENTERIA and BHATT 1977; DOOSE 
1980). 

Cases of acute psychosis on withdrawal of antiepileptic treatment consisting 
of three different drugs have been described; the symptoms disappeared as soon 
as the patients were put back on the original anticonvulsant medication (DEMERS
DESROSIERS et al. 1978). 

III. Conclusions 
Physical dependence may well develop after prolonged administration of 
antiepileptic drugs in doses necessary for the control of seizures. Dependence has, 
however, only been observed with drugs having a sedative or hypnotic potency, 
i.e., barbiturates" primidone, benzodiazepines, ethanol, and meprobamate. On 
the other hand, dependence to phenytoin has only rarely been noted in ex
perimental models but not in patients. No experimental or clinical evidence exists 
for the occurrence of withdrawal reactions after termination of treatment with 
carbamazepine, oxazolidinediones, succinimides, or valproic acid. 

CARRANZA (1980) has recently denied the existence of withdrawal reactions af
ter termination of benzodiazepine administration and expressed the opinion that 
the seizures seen after withdrawal are simply the result of the lack of antiepileptic 
protection by the drug. Clinical observations reporting only temporary increases 
in seizure frequency and general deterioration of patients are evidence against this 
interpretation. Generally, speaking, physical dependence seems not to be a great 
problem in antiepileptic drug therapy as long as drugs are withdrawn slowly. Slow 
withdrawal seems necessary even when an objective clinical effect of the drug can 
no longer be verified on account of the development of tolerance (KRUSE and 
BLANKENHORN 1973). 
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CHAPTER 12 

Animal Experimental Methods in the Study 
of Antiepileptic Drugs 
W.P.KOELLA 

A. Introduction 

Animal experiments with antiepileptic drugs serve a variety of purposes. First, 
they are used for screening newly synthesized chemical compounds before these 
are investigated in patients; i.e., animals are used at an early stage to provide in
formation which is more or less reliable, on whether a new agent is able to com
bat, with adequate efficacy, potency, and duration of action, the most important 
symptom of epilepsy, the seizure. In a more advanced phase of the screening pro
cedure, animal experiments, usually of a more complex nature, are used to test 
the possible specific efficacies of new compounds against distinct forms of seizures. 

Second, animal experiments of a more detailed nature serve to detect and 
clarify the (putative) mode, locus, and mechanism of action of a chemical agent 
in its effect on seizures. 

Third, animal experiments are employed for the discovery and characteriza
tion of a variety of side effects. Early knowledge of such additional actions en
ables a new drug to be eliminated from further development if its side effects are 
strong and "undesirable"; on the other hand, if they are of a "desirable" nature, 
it permits the prediction of advantagenous additional actions in the treatment of 
epilepsy. Early detection of side effects may also open pathways for the develop
ment of a new drug in the direction of other, additional, indications, not neces
sarily related to epilepsy. 

Fourth, many animals of a variety of species are used for the determination 
of toxic, cancerogenic, mutagenic, and teratogenic effects; studies indispensable in 
the development of new compounds. 

Fifth, studies are needed on the absorption, internal transport across various 
barriers, storage, binding, local concentrations, metabolism, and excretion ofthe 
compounds under investigation; information about these kinetic aspects forms 
the background for such studies in man at a later stage, in both volunteers and 
patients. 

Sixth, investigations with antiepileptic drugs in what are usually quite com
plex animal experimental procedures offer an excellent opportunity for learning 
more - by "feedback" - about the pathoneurophysiology of seizures or, more glo
bally, the pathogenesis or basic mechanisms of the different types of epilepsy. 

The mechanisms of action of antiepileptic drugs are dealt with in other 
chapters of this volume; so too are the basic mechanisms of epilepsy. The tech
niques for, and the concepts involved in, studies concerning side and toxic effects 
- including cancerogenic, mutagenic, and teratogenic effects - are not specific for 
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antiepileptic compounds. Neither are the methods used in investigation of the 
kinetics of drugs. This chapter will not therefore deal with these topics at any 
length, but will be mainly devoted to a discussion of screening procedures, both 
primary and advanced, i.e., a description of those animal models that are used 
for the characterization of a chemical compound as an antiepileptic drug and its 
possible further characterization as an agent effective against special/orms 0/ con
vulsions, or epilepsies. 

Yet, before these themes can be dealt with in more detail, there are several con
cepts pertaining mainly to the nature of screening and of therapeutic action in 
general which require discussion and clarification. This should not only facilitate 
the readers' understanding of what such screening models are capable of reveal
ing, or not revealing, but should also help the reader to grasp the not always easy 
problems occurring with considerations of phenomena borderline between "ap
plied" research (viz., screening) and "basic" research (viz., studies on the mech
anisms of action of antiepileptic drugs). 

In discussing these various "models," in addition to the gross symptomatolo
gy, signs of function or malfunction at the network and neuronal level are also 
mentioned. This will not only expand the spectrum of "symptoms" of these 
screening models, but will also furnish additional information to be used as a 
cross-reference for a better conceptual understanding of the facts and theories 
presented in the chapters on "mechanisms." Screening is performed preferably in 
"symptomatic models," i.e., in animals which in response to a variety of inducing 
- "etiological" - factors reveal behavioral, neurological, and/or electrographic 
signs of seizures and, in subchronic and chronic preparations, signs of interictal 
phenomena. These models exhibit epileptiform symptoms of a considerable 
variety of form, distribution, duration, development, and time course. The main 
aim in screening is to record attenuation or complete block of the gross symptoms 
through application - at a proper dose and by a proper route of application - of 
the drug under investigation. The mechanisms of action by which these drugs 
combat epileptiform symptoms in these models are largely unknown; hence the 
effect must be interpreted as being symptomatic and not causal in nature, and thus 
is not much different from the largely anticonvulsive treatment effected by so
called antiepileptic remedies in cases of epilepsy in man. Our insight into the 
mechanisms of action could be somewhat improved if more often we were to use 
(symptomatic) models with probes penetrating into the more detailed neuro
physiological malfunctions which (may) underlie overt convulsions and which, by 
their very reaction to the drug, may signal a mechanism of action. 

Such more detailed investigations may, however, reveal that our treatment of 
experimental epilepsy is still symptomatic in nature for the following reasons: an
ticonvulsants may in fact act not by affecting and improving the behavior of mal
functioning "epileptic" neurons in an "epileptic" network, but rather by compen
sation through the modulation of activity in an antagonistic, yet basically normal, 
pathway. If we assume, for the sake of argument, that a convulsing focus is solely 
the manifestation of an exaggerated excitatory input to a pool of neurons, then 
checking and reducing this input with our drug would constitute a case of causal 
treatment. However, if the drug in question enhances activity in the - basically 
normal- inhibitory pathways also impinging on this pool, then treatment would 
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be symptomatic in nature. The late DON ESPLIN, in his excellent review of "syn
aptic system models" (ESPLIN 1972), quite evidently favored this "indirect" or 
symptomatic mechanism of action when he asked: "do those agents exert their 
basic antiepileptic action on the abnormal neuron [the epileptogenic neuron] or 
do they prevent the manifestations of epilepsy by actions primarily upon normal 
neurons?" In fact, ESPLIN takes "the easier course and assume(s) that most 
antiepileptic drugs exert their beneficial actions on normal neurons." We prefer 
a still easier course, and admit that we do not know as yet. 

For similar reasons, even detailed neurophysiological studies in nonsympto
matic models - experiments in basically normal, nonepileptic animals - do not al
ways permit us to decide unequivocally between a symptomatic and a causal ef
fect. An alteration of any functional activity as induced by a drug may signal an 
effect exerted either on a potentially (in an epileptic focus) disturbed ("epileptic") 
or on a potentially normal neuron. But even if we can localize a drug effect to a 
neuron which in the actual experiment is still "normal" (but may be one that is 
typically affected in epilepsy), it cannot be transposed to the latter's abnormal 
state: sensitivity and Ausgangs/age happen to differ in health and disease. 

There is one exception, however, to these general statements "about "uncer
tainty." It is well established - also through experiments discussed in this chapter 
(Sect. B. V) - that an initially well-confined discharging focus can spread the pro
pensity to produce epileptiform discharge - possibly by a mechanism akin to post
tetanic potentiation - to neighboring and/or remote, initially healthy areas. This 
"contamination" is clearly the etiological Jactor for epileptogenesis in the second
ary sites. A drug that typically stems such a spread would unequivocally exert a 
causal therapeutic effect on the developing secondary focus while still (possibly) 
acting as a symptomatic remedy with respect to the primary focus. 

Following such conceptual considerations the chapter then addresses the 
main topic: the description of animal experimental methods for the study of 
antiepileptic drugs. As already briefly indicated, this will be mainly a presentation 
of animal models showing a variety of epilepsies or - better - convulsive and/or 
interictal phenomena. These will be introduced with "etiology" as an independent 
variable. Where appropriate, a description of more detailed biophysical and bio
chemical pathoneurophysiology will be included. Although used mainly in inves
tigations pertaining to "mechanism of action" a few remarks about nonsympto
matic models will be added. For the presentation of both the "symptomatic" and 
"nonsymptomatic models," either the procedure is introduced with a brief de
scription - whenever the model is well established - or as well as a description the 
"classical" experiment is outlined and more recent developments in the particular 
field are added. In the last section an attempt is made to assign a "function" to 
some - but not all - of these models in the sense where in our primary and ad
vanced screening procedures such models should, if not must, be used. 

B. Models of Epileptiform Phenomena in Animals 
A variety of methods - physical, physicochemical, chemical, pharmacological -
are available to induce epileptiform seizures in animals. According to the nature 
and power of the inducing means, its temporal characteristics, the site and spatial 



286 W.P.KOELLA 

distribution of its application, and also the particular animal species employed 
and its momentary level of "sensitivity," focal, spreading or initially generalized, 
grand or petit mal-type, acute, subchronically repeated, or chronically recurring 
seizures can be produced. Among the physical methods, electrical current ofvari
ous shapes and intensities, and in various modes of application always was, and 
still is, one of the most used "epileptogenic" agents. Also, focal freezing and, to 
a lesser extent, local pressure or other types of mechanical irritation and changes 
in the blood supply, and induction of alterations in local O2 and CO2 levels have 
been used to produce ictal phenomena. The "chemical" methods include metals 
of various kinds, hormones, antibiotics, a variety of neurotransmitters, some psy
chotropic drugs (antidepressants, neuroleptics), local anesthetics, ammonia, re
ceptor-blocking agents, and, of course, the "classical epileptogenic" drugs 
(strychnine, pentylenetetrazol, picrotoxin). 

Of the many types of ictogenic factors and the many types of epileptiform phe
nomena produced by them, only a limited number can be discussed here. The 
reader interested in considerably more detail and a considerably larger variety of 
"models" is referred to the not so recent, but still excellent, compilation in Ex
perimental Models of Epilepsy, edited by PURPURA et al. (1972). STUMPF'S article 
in the H andbuch for experimentelle Pharmakologie (1962) also still has a great deal 
to offer as to pertinent information about animal models of epilepsy, especially 
in small rodents. 

I. Electrically Induced Seizures 

1. "Simple" Models of Generalized or Partial Seizures in Rodents 

SWINYARD (1972) characterized in detail the electroshock (ES)-induced seizure in 
the rat and mouse. In the same article, he offered directions as to particular pro
cedures to be followed in the use of this technique for research, and he described 
the history and development of this "classical" model in epileptology. Using ei
ther mice or rats (although other species such as frogs, hamsters, rabbits, cats, 
sloths, and monkeys have served as test animals) and (preferably) corneal elec
trodes, either a sine-wave alternating current (60 Hz) for 0.2 s or a asymmetrical 
pulsating direct current usually at a low rate (6 pps, pulse width about 0.2 ms, for 
3 s) is applied. Depending on intensity, wave form, and pulse rate or frequency, 
two extreme types of attacks occur; the threshold or minimal seizure, on the one 
hand, and the maximal seizure, on the other. The threshold seizure in mice or rats 
is precipitated by low-rate pulse trains or by 60-Hz alternating current and, in 
mice only, by high-rate pulse trains adjusted in strength (or voltage) to induce a 
limited discharge only, manifested - in order of increasing stimulus intensity - by 
a stun reaction [designated by SWINYARD (1972) as catatonia] and localized clonic 
movements of the vibrissae, face, pinnae, and forelimbs. The maximal seizure is 
usually induced by supramaximally intense 60-Hz trains. It is characterized by 
tonic flexion, followed by tonic extension including the hindlegs (i.e., increased 
tonus in the "antigravity" muscles) and by terminal clonus of all four legs and the 
trunk. While mice invariably react to a (supramaximal) stimulus with this char
acteristics sequence, about 10% of all rats fail to do so. 
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The various levels of minimal seizures are obtained by proper adjustment of 
stimulus intensity. According to SWINYARD, a (60-Hz current-induced) minimal 
seizure consists of about 7-12 s of clonic activity in the "focal" areas mentioned 
earlier but without loss of posture. The maximal seizure (usually produced with 
60-Hz AC, 50 rnA in mice, 150 rnA in rats) consists, after a short latency, of a 
tonic flexion of about 1.5 s duration, followed by tonic extension of about 13 s 
duration and an approximately 7 % s period of clonus. 

2. Electrically Induced Localized Cortical Afterdischarges 

The first detailed study on electrically induced localized cortical afterdischarges 
was carried out by ROSENBLUETH und CANNON (1941/1942), who did their work 
mainly in rhesus monkeys and occasionally in dogs and cats. The monkeys and 
dogs were under chloralose and the cats were under sodium pentobarbital anes
thesia. The authors recorded muscular activity (mainly gracilis, semimem
branosus, quadriceps, or flexor digitorum) by tension myograph, and the cortical 
electro graphic phenomena, using surface or transcortical silver electrodes, by ink
writer via capacity-coupled amplifiers. Stimulation of the cortex was done by 
"Harvard coil" or by a condenser-discharge apparatus, through silver ball elec
trodes applied directly to the area under investigation in acutely craniotomized 
animals. 

Dependent on locus, intensity, frequency, and duration of stimulation, a 
variety of motor responses were obtained. Typically the involved muscles (contra
lateral to the stimulation) contracted first in direct response to the stimulus; this 
was followed by an initial phase of high tension (the tonic phase), then by a phase 
of relative inactivity developing into a phase of often irregular clonic activity. The 
attack then slowed down and eventually ceased abruptly. Such localized fits were 
produced most readily in contralateral muscles from points in area 4; but also in 
ipsilateral muscle from areas 4 and 6, as well as from areas 8, 9, 1, 2, 5, and 7. 

Electrical recordings from points near to the stimulation site revealed a char
acteristic "afterdischarge" phenomenon (referred to by these authors also as 
"tonic-clonic"). After a brief period of "silence," a series of "fine, rapid (18-30/ 
s)" regular oscillations of quickly increasing amplitude developed which, after a 
few seconds, converted into even larger oscillations with a frequency of 6-15/s. 
This was then followed by more irregular, although still rhythmic, activity in 
which some fast ("spikes") and slow components were present. The end of the 
electrographic response was again sudden and the resting electrogram reap
peared. During the period of clonic activity of the muscle the rhythmic pattern 
of the cortical response correlated in rate and amplitude with the (clonic) muscu
lar contractions. The slow decline of clonic muscular activity paralleled the de
cline of cortical "clonical" activity. 

A decade later, FRENCH et al. (1956) reinvestigated in immobilized, awake, 
and acutely prepared monkeys regional differences in susceptibility to neocortical 
seizures. Using a modern EEG and a square-wave stimulator, they monitored the 
response to local stimuli in craniotomized animals (50 pps, 5-ms pulse duration, 
5, 10, or 15-V amplitude). No-response, locally-confined response (including the 
thalamic area "belonging" to that cortical site), and expansion of the discharge 
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over widespread cortical areas, including propagation to a variety of "subcorti
cal" (including limbic) structures, were the three levels, which, in addition to du
ration of discharge, subserved quantification of the activities observed. In this im
portant piece of research it was noted that the most susceptible "epileptogenic" 
neocortical areas were located in the motor and premo tor cortex, the posterior 
cingulate region, the superior temporal gyrus, and the parietal area. Other surface 
areas displayed little or no propensity to develop spreading afterdischarge. Sub
cortical structures, most commonly involved together with the cortically evoked 
seizures, were the reticular formation, septal region, amygdala and, as already 
mentioned, "cortical areas" of the thalamus. 

WALKER et al. (1956) studied the (downstream) spread of electrically induced 
cortical afterdischarges in monkeys. They observed that afterdischarges from 
frontal, central, temporal, and occipital cortices spread to different subcortical 
nuclei. Discharge originating in the frontal cortex propagated to the caudate nu
cleus, to the contralateral frontal cortex, and, subsequently, to other subcortical 
structures. Discharge from the central cortex spread to the putamen and to 
contralateral homotopic areas; discharge from the temporal cortex spread toward 
the amygdala and hippocampus, then to the septum, hypothalamus, and medial 
thalamus. 

PINSKY and BURNS (1962) investigated the quantitative aspects of afterdis
charge production in cats. Experimenting on isolated "unanesthetized" cortical 
slabs (for this technique see BURNS 1951) they varied such parameters as site, sur
face area of the stimulated cortex, stimulus strength, pulse duration, pulse num
ber, and stimulation frequency. A number of highly interesting findings resulted 
from this work: (1) Varying just pulse amplitude (bipolar electrodes at a distance 
of2.5 mm, 20 pps for 4 s) revealed an all-or-none kind of pattern; once the thresh
old for the elicitation of an afterdischarge was reached, a further increase in pulse 
voltage did not prolong the afterdischarge beyond the initial (threshold) duration. 
(2) A similar pattern evolved with respect to pulse duration; for a given stimulus 
voltage and rate, pulse durations below 0.3 ms proved to be subthreshold; in
creases up to 9 ms did not prolong the afterdischarge beyond the "threshold 
value." Current density for threshold effects was shown to be independent of the 
surface area of the stimulating electrode. (4) Varying pulse number again revealed 
an all-or-none pattern; increasing the pulse number past the threshold value 
(usually 40-80, occasionally as low as 20) did not prolong the duration of the 
afterdischarge. (5) However, frequency (with number of pulses, pulse duration, 
and voltage kept constant) proved to have a decisive - though not linear - influ
ence on the duration of the afterdischarge. The afterdischarge increased in dura
tion with increasing rates up to between 32 and 63/s and decreased with still 
higher rates. The authors concluded from these findings that "the establishment 
in the cortex of a focus for paroxysmal afterdischarge is dependent in an all-or
nothing manner upon the excitation of a critical minimum number of neurons. " 
They also stated that the "critical number of neurons will act as a focus for after
discharge only if a minimum density of neurons per unit area of cortex is excited 
by the stimulus." Furthermore, "the afterdischarge results from recovery of 
neurons from an exhausted state; it breaks out only during recovery and not dur
ing a period of driven activity. " 
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In their work in immobilized cats, LECLERCQ and SEGAL (1965) and SEGAL and 
LECLERCQ (1965) investigated the thresholds of electrically (and mechanically) 
elicited afterdischarge in different areas of the cortex as well as of some deeper 
structures of the brain. They found "highly electrically sensitive centers" in the 
cortex, amygdala and hippocampus. Due to their large number of stimulation 
points they were able to map out "isoliminal" regions. These maps clearly dem
onstrated gradients in threshold surrounding the spots of highest sensitivity. 
Highly epileptogenic "spots" were found to be situated mainly "at the limit of the 
gray and white matter in the walls of the sulci." Furthermore, the authors noted 
a relationship between highly responsive areas (in the cortex) and the presence of 
large nucleated cells. 

HUGHES (1959a, b) investigated motor and electrical signs of electrically in
duced, local or spreading afterdischarges in the mesial cortex of freely moving 
cats, chronically implanted with stimulating and recording electrodes. For stim
ulation 5-s trains of bidirectional pulses of variable rate and amplitude were used. 
Through careful gauging of voltage and frequency of stimulation, the author was 
able to separate, over the various areas ofthe mesial cortex, thresholds for move
ments only and - with stronger stimuli - for electrographic afterdischarges. The 
latter were carefully analyzed with regard to duration, amplitude, frequency, and 
waveform. In areas in close proximity to the stimulating electrodes (in most of 
the areas of the mesial cortex) the characteristic afterdischarge began with a phase 
of waxing and waning regular waves with a frequency of 16-18/s; after a few sec
onds these gave place to bi- or multiphasic waves at "subharmonic" frequencies 
of 8-9/s. This pattern was seen especially in the anterior mesial cortex. Full-blown 
clinical and electro graphic seizures of this limbic area, lasting from 1 to 2 min 
usually began with similar rhythmical activity, which after 10-20 s gave way to 
high-amplitude 2-3/s spike-and-wave complexes. 

HUGHES and MAZUROWSKI (1962, 1964) performed similar work in the awake 
rhesus monkey, chronically prepared with 50(!) stimulating and recording elec
trodes mounted over extensive regions of the supracallosal mesial surface of the 
hemispheres. Stimulation parameters were similar to those used in the investi
gations on cats. As in the cat, low-level stimuli tended to elicit movements coin
ciding with stimulation and involving different areas of the body, depending on 
the exact site stimulated. 

With repetitive and stronger stimuli a number of electro graphic signs, in par
ticular K-complexes and typical afterdischarges, were elicited. The afterdis
charges consisted of rhythmical sharp spikes or of "quasi-sinusoidal" waves. To
ward the end oflonger-Iasting discharges, the regular frequency either just slowed 
down or turned into spike-and-wave complexes or a series of double or triple 
spikes. 

In an excellent review, AIMONE-MARSAN (1972) summarized the pertinent 
points of (mainly) cortical epileptiform afterdischarge as they had been worked 
out by previous workers. This review includes, besides a fine description of after
discharges (mostly from human epileptics), a set of valuable methodological rec
ommendations for the use and performance of this model. 
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3. Electrically Induced Afterdischarges in the Hippocampus of Cats 

This model relates directly to the experimental afterdischarge phenomena dis
cussed in the preceding section. However as it presents a special case with its 
phenomenology and, in particular, with its behavioral concomitants, it is de
scribed separately. GIBBS and GIBBS (1936), RENSHAW et al. (1940), and KAADA 
(1951), among many others" have noted that the hippocampus is characterized 
by a rather low threshold in reacting to electrical stimulation with an afterdis
charge. LIBERSON and his collaborators (LIBERSON and AKERT 1953, 1955; LIBER
SON and CADILHAC 1953a, b) and ANDY and AKERT (1953) were among the first 
to describe these afterdischarges and their electroencephalographic and behavior
al manifestations in detail. Since the present author has acquired a good deal of 
experience with this model during the past 10 years or so, he can take the liberty 
to refer to his own procedure for a description of the "classical" experiment. 

This experiment is usually carried out in the chronically prepared, unrestrained, 
i.e., freely moving, cat; this enables the electroencephalographic phenomena and 
the behavior during and after the discharge proper to be observed. The gallamine
immobilized, artificially ventilated cat, in which only the electro graphic manifes
tations of the discharge are considered, has also sometimes been used (see KOELLA 
1980a). For the "chronic" preparation, which also makes repeated use of the 
same animal possible, e.g., in drug studies or investigations pertaining to kindling, 
stimulating electrodes - preferably of the concentric or double-barred bipolar 
type - are implanted, usually unilaterally, into the dorsal or ventral hippocampus. 
For recording purposes the same electrodes may be used for monitoring hippo
campal electro graphic parameters. For the observation of possible spread to 
other limbic structures and - rather rarely, if stimulation intensity does not exceed 
critical values - to neocortical and brain stem areas, additional recording elec
trodes must be implanted in a variety of neocortical and deep structures. 

Using an adequate, preferably "constant", current - pulsating DC-stimulus 
source that enables pulse rate, width, and height (measured in volts or milliam
peres) to be adjusted independently, the experiment is usually started with the ap
plication of a pulse rate of 50 pps, a pulse duration of 1-2 ms and trains of usually 
5 s duration, and a slowly increasing voltage (or amperage), until the animal 
reacts with an afterdischarge of the desired duration (0 up to 50 or 60 s). Two dif
ferent threshold voltages can be determined with pulse rate and duration at con
stant values: (1) the (usually low, i.e., 0.8- to 1.5-V) threshold for the induction 
of a (minimal) afterdischarge and (2) the (usually considerably higher, i.e., about 
5- to 8-V, depending on the size and shape of the electrodes) threshold for induc
ing generalization, i.e., spread to extralimbic areas. 

The discharge usually starts, and rapidly builds up to high amplitude and fre
quency values, immediately after cessation of stimulation. The discharge is of the 
"spiky" type, with average spike rates of 25-35/s and some slowing toward the 
end of the discharge. In the cat, the discharge usually stops abruptly and leads 
into a postictal subnormal activity phase which may last from 30 to 180 s. Dura
tion of discharge quite clearly depends - aside from such factors as level of vig
ilance, previous discharge history, influence of drugs, and electrode position -
upon stimulus intensity. Usually the discharge readily spreads to the other areas 
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Fig. I. Hippocampal afterdischarge in response to (local) hippocampal stimulation of the 
freely moving, "chronic" cat. Note in the Control part that the discharge is confined to the 
hippocampus, lasts 42 s, and does not "contaminate" the cortex (Cx). Ctr, automatic re
cord for spike-counting. St, 5-s stimulation period. Influence of carbamazepine (20 mg/kg 
p.o.) on these convulsions 1,4,7, and 24 h after administration (KOELLA 1980a) 

of the limbic system, viz., the contralateral hippocampus and the ipsilateral -
more rarely the contralateral- amygdala. Figure I depicts a typical hippocampal 
discharge pattern elicited in the "chronic" cat. 

Of importance - and, in view of the "diagnosis" of a particular type of epilep
sy, of considerable significance - is the observation of the behavior of the animals 
during and after the (electro graphic) afterdischarge. In our own experiments in 
the cat (KOELLA 1980 a, b; KOELLA and SCHMUTZ 1981; SCHMUTZ et al. 1981) we 
usually saw, with the beginning of the stimulation train, a sudden arrest of ongo
ing activity; the animals would carryover their actual posture and position from 
the immediate prestimulus period; they would "freeze" in place (what may be ref
ered to as an "arrest reaction") and they would stay in this posture usually up to 
the end of the seizure. The animals always stared in an "absence-like" manner at 
some ("absolutely uninteresting") point in the cage or the laboratory and did not 
deviate from this, even when there was a good deal of activity in the laboratory 
(light flashes, moving and "staring" visitors). The pupils were usually extremely 
wide. Often, and, in particular, with repeated stimulations there was salivation 
and licking. Very rarely though were there signs of myoclonus-like activity in the 
(fore-)legs. 

With cessation of the afterdischarge the animals would quite suddenly begin 
to move, would change their posture, or would start walking around the cage. 
Usually there was mewing, and occasionally some abortive or real grooming. 
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These postictal activities usually disappeared (if not resumed again spontane
ously) within 1 min, and the pupils would move back to their natural medium or 
small size. 

According to MACLEAN (1954) the animals appear to be poorly in contact 
with the surrounding space during such afterdischarges; they do not avoid light 
flashes and they "do not cringe when one pretends to strike their face." However, 
when there was actual contact with some (potentially) noxious stimulus, e.g., a 
burning cigarette or pinching the tail, the animals would react with unduly strong 
aversive behavior; they would hiss, spit, and strike out. Prolonged or repeated 
noxious stimulation may lead to states of wild excitement, with poorly directed 
attack behavior, which then may terminate, while the afterdischarge still proceeds, 
in a "catatonic"-like stance. MACLEAN (1954) referred to such behavior as 
"schizophrenic. " 

4. Electrically Induced Afterdischarges in the Amygdala 

KREINDLER and STERIADE (1963) described an experiment utilizing electrically in
duced afterdischarges in the amygdala as a model for limbic seizures. From their 
observations the authors drew conclusions not only about some special aspects 
of amygdalar "partial" epilepsy but also, on the basis of the particular propagat
ing patterns within and without the amygdala (viz. toward the hippocampus), 
about "functional links" between the various amygdalar substructures per se and 
between the amygdala and the Armmmshorn. 

The experiments were performed in cats, which, after spinal transsection at 
CI/C2 under ether anesthesia (encephale isole preparation), were supplied with 
gallamine, artificially ventilated, and given local anesthesia around the wound 
margins. Stimulating and recording electrodes were implanted into various sub
structures of the amygdaloid complex, hippocampus, pyriform cortex, various 
nuclei of the thalamus, and mesencephalic reticular formation. Recording elec
trodes were also placed on various areas of the neocortex. Stimulation (vifl, closely 
set bipolar leads) was carried out by a square-wave "constant-current" generator 
so that trains (usually of 5-s duration) with pulse rates varying from 16 to 200/s 
could be applied. Iterative stimulation of the ventral amygdaloid structures (the 
parvocellular basal amygdalar nucleus and the ventral parts of the lateral and an
terior amygdalar nuclei) induced paroxysmal discharge during current applica
tion, followed by an afterdischarge. Stimulation of the more dorsal amygdalar 
areas (lateral central nucleus and dorsal aspects of the lateral and anterior nuclei) 
induced an afterdischarge only following an initial arousal reaction occurring 
during stimulation. Optimal stimulation rates were found to vary, from area to 
area, from 50 to 100 pps. Lower critical stimulation rates were found to be about 
30-35 pps in the lateral central nucleus and as low as 20 pps in the basal parvocel
lular nucleus. Minimal stimulation intensities necessary to induce an afterdis
charge were found to be lower in the basal compared with the more dorsal levels. 

5. Spike-Wave Pattern Induced in the Cat by Electric Stimulation 
of the Thalamus 

This is the "classical" arrest-reaction model of HUNTER and JASPER (1949). This 
experiment is performed preferably in the chronically prepared, freely moving 
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animal, lest behavioral symptoms be masked. Stimulating electrodes, preferably 
of the double-barred, or concentric, bipolar type, are introduced so that their ex
posed tip rests in the intralaminar nuclei of the thalamus. EEG-recording elec
trodes are placed over a variety of cortical structures, and additional electrodes 
may be implanted for recording of the EEG from a variety of "deep structures." 

Typically, according to HUNTER and JASPER, stimulation in the intralaminar 
nuclei (usually 10-30 pps, 10- to 12-m pulse duration up to 12 V, produced be
havioral and electro graphic signs of a seizure, which the authors referred to as a 
petit-mal attack. Behaviorally, this seizure was characterized by the arrest reac
tion. Starting with the beginning of the stimulation period, the animal would stop 
walking (as though "frozen"), remain in a fixed or crouched stance, and "stare" 
with a rather stunned facial expression. It would stop eating and cease pursuing 
a mouse. Usually, the animal would resume the (prestimulation) activities with 
cessation of stimulation. Occasionally though the attack could outlast the stimu
lation period by a "few seconds or longer." There was no loss in muscle tone, nor 
any change in pupillary size (this in contrast to the hippocampal afterdischarge!). 
Reactions to sensory stimuli were slowed down or completely stopped, except 
withdrawal to noxious stimuli. These latter, again in contrast to the hippocampal 
seizure, did not elicit undue general defense reactions. As a rule strong motor ac
tivities did not accompany this arrest reaction. According to HUNTER and JASPER, 

and the present author can confirm this from his own experience, there are, how
ever, occasional slight (myoclonic?) twitches in the face. 

When the arrest reaction outlasted the stimulation train, and if the seizure did 
not develop into a grand-mal attack (which occurred when higher stimulation in
tensities were used), typical spike-and-wave patterns appeared in the cortical and 
thalamic leads at a rate of 3/s. They showed full amplitude immediately at the end 
of the stimulation period and ended as abruptly with the cessation of the arrest 
reaction and transition to normal behavior. The rhythmical pattern was found to 
show an astonishing degree of synchrony and phase coincidence between homol
ogous areas of the two opposite hemispheres and synchrony between the cortices 
and thalamic record. Occasionally, particularly ifthe "petit-mal" seizure led over 
into a (generalized) grand-mal attack, the EEG showed, instead of a "slow" 
spike-and-wave pattern, an approximately 10/s rhythm of intermediate ampli
tude. 

6. A Combined "Staring Look" - Myoclonus - Spike Wave-Pattern, 
Elicited by Bilateral Infraneocortical Stimulation in the Cat 
Together with our collegues (SCHMUTZ et al. 1980) we searched for a better site 
of electrical stimulation for more reliable induction in the animal of a "typical" 
petit-mal seizure, i.e., a low-frequency spike-wave pattern, signs of a loss of con
sciousness or at least "awareness," and occasional signs of myoclonic activity. Af
ter trying out a variety of stimulation parameters through practically the whole 
of the cat eNS, we noted that bilateral iterative stimulation of the white matter, 
situated roughly between the sensory motor cortex (cruciate gyrus) and the upper
lateral limit of the thalamus-hippocampal complex, could produce, as an after ef
fect, a seizure pattern that would fulfill the above-mentioned criteria of a petit
mal attack in man. 
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For repeated application in the course of drug research, as well as for possible 
insight into patterns of tolerance and kindling, the model was developed a priori 
as a "chronic" one. Adult cats of both sexes were supplied with (bipolar) stimu
lating electrodes (stainless steel, 0.25 mm diameter, 0.5 mm free tip) aimed bilat
erally at the white matter under the sensorimotor area (coordinates: frontal, 
+ 10.0 and 12.0; lateral 5.5; vertical +21). Recording electrodes were placed 
through burr holes to rest on the sensorimotor area and the suprasylvian gyrus 
on both sides and, occasionally, on additional cortical areas or in deep structures. 
The electrode leads were connected to a lucite socket fastened to the skull. Con-
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Fig.2. Spike-wave discharges produced in the chronically prepared freely moving cat by 
electrical stimulation in "infra-sensorimotor" cortical white matter with 2.9-V I5-pps I-ms 
pulses for 5 s. Black mark on left-hand side shows end of stimulation. Calibration, I and 
5 s, and 100 l1V. Also shown is the effect of sodium valproate (100 mg/kg p.o.) on this dis
charge 1,3,5,7, and 24 h after administration. (Courtesy ofCIBA-GEIGY Laboratories) 
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nection between the socket and swivel contact was made through a light, multi
lead cable. The stimulation parameters were 100 pps, 3-ms pulses for 3 s, and 1-
3 V. Following such stimulation, a petit-mal seizure usually developed as an 
"afterdischarge," revealing a 1.5-3/s spike-wave pattern, often accompanied by 
myoclonic twitches of the face (rarely of the legs) and as often by a "staring" look. 
The attacks lasted, depending on stimulus strength and pattern of repetition, for 
5-20 s (see Fig. 2). With stronger stimuli, high repetition rates, and placement of 
the stimulating electrodes below the level coinciding with the dorsal boundary of 
the thalamus, the "absence phase" often led into generalized seizures. 

II. Chemically Induced Ictal and Interictal States 
(Exclusive of Metals) 

A considerable number of chemicals can be used to produce epileptiform phe
nomena in experimental animals. Many of these compounds can be employed al
so to activate latent epileptogenic lesions. STONE (1972) and PRINCE (1972) pub
lished two excellent and detailed reviews on this topic. In some ways, the "chemi
cal" models are - mutatis mutandis - of value equal to, if not higher than, that 
of the "electrical" models. As to advantages, the (systemic) application of a con
vulsant drug often proves to be an easier method - and thus apt to facilitate the 
procedures in large series - than is application of an electroshock. For determi
nation of convulsant thresholds (and their elevation by anticonvulsants) the infu
sion at constant rates of convulsant drugs yields considerably more exact results 
than does, e.g., the use of a pulsed electrical stimulus, increasing steadily in a 
ramp-shaped fashion. The latter is bound to produce, at levels below convulsive 
threshold, a variety of alien effects (pain, excitement, withdrawal) that are bound 
to disturb the flow of the experiment. Such subthreshold effects are considerably 
less dramatic with chemical convulsants. As there is already some insight into the 
(mainly) biochemical or physicochemical mechanism of action of some of these 
convulsogenic agents, one may obtain information not only about the basic 
mechanism of epilepsy but also about some of the more intimate mechanisms of 
action of anticonvulsants. And, finally, "wet" convulsants applied systemically 
are an excellent means - as already mentioned - of activating, i.e., "seeking out," 
a latent or dormant lesion. 

The convulsogenic chemicals, however also present some disadvantages. If 
given systemically, they make it difficult to determine the locus of action - unless a 
spatially well-defined lesion of latent epileptogenicity is present. Furthermore, 
while chemical convulsants may in some cases help in identifying the mechanism 
of action of antiepileptic drugs, they in turn may obscure the picture by inducing 
a variety of biochemical changes that are unrelated to their convulsogenic action 
and thus falsify the (biochemical) substrate upon which one wants to pinpoint the 
anticonvulsant's mechanism of action. 

1. Pentylenetetrazol 

Pentylenetetrazol (also pentamethylenetetrazol, Metrazol, Cardiazol) was syn
thesized by SCHMIDT (1924) and introduced as a convulsant by HILDEBRANDT 
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(1926). SWINYARD et al. (1952) and SWINYARD (1969) made the pentylenetetrazol 
convulsion in small rodents into a valuable, still very widely used, testing pro
cedure by standardizing dose (systemic), route of application, observation 
technique, and species (mice). The methods and "clinical" semiology of the 
pentylenetetrazol convulsion test, according to SWINYARD'S account, can be de
scribed as follows: pentylenetetrazol (85 mg/kg, as 0.85% solution in 0.9% NaCl) 
is injected s.c. (or, in somewhat lower doses, i.p.) in mice (SWINYARD recommends 
the CF 1 strain, Charles River, but strain does not seem to play too much of a 
role). Within 60-210 s after injection, clonic convulsions appear that affect the 
whole body. One or several interruptions of the clonus are not rare. Occasionally 
a tonic extension phase, affecting all four extremities, follows the clonus. Animals 
exhibiting this tonic phase usually die, whereas mice not developing tonic exten
sion most often survive the attack. A "Straub tail" often accompanies the clonic 
phase. In surviving animals the whole clonic phase may last up to 3 min. With 
the dose mentioned above, about 96%-98% of the animals (of the CF 1 strain) 
respond with convulsions. For different strains the proper ("supramaximal") 
dose should be carefully determined. A range of lower doses is indicated where 
manipulation of the "threshold" dose is one of the main aims of the experiment. 

AJMONE-MARsAN and MAROSSERO (1950) investigated in chloralosed, cura
rized (lntocostrin), and artificially ventilated dogs and cats the effects of penty
lenetetrazol (up to 130 mg/kg i.v.) on the electrogram of the cerebral cortex and 
of the spinal cord, in the ventral gray matter of the lumbar segment. In the cortical 
leads very fast sharp waves appeared within 10-15 s after injection that rapidly 
built up to amplitudes of easily 1,000 Il V and also steadily increased in frequency. 
After about 30 s this pattern abruptly disappeared and gave way to virtual elec
trical silence. A second seizure would then start, exhibiting a pattern similar to 
the first one. 

In the spinal electrogram changes took place under pentylenetetrazol that fol
lowed rather closely the various phases observed in the cortex; the "waves" 
though were simpler and also slower. Occasionally, the cortical ictal activity was 
not "faithfully" transmitted to the spinal cord in the sense that only the high-am
plitude and high-frequency cortical spikes were followed by similar signs in the 
cord. In the non- or only slightly curarized animals, muscular jerks accompanied 
the cortical (and spinal) events. 

Of interest in this piece of work is the observation that a transection of the 
brain stem at the mesencephalic level rendered the spinal cord unresponsive to 
pentylenetetrazol (in doses mentioned above). This clearly indicated that the fore
brain - probably the cortex - was much more sensitive to the (convulsant) effect 
of this drug; the "grand mal" appearing in response to pentylenetetrazol was quite 
obviously of cortical origin (see also BIRCHER et al. 1962). Finally, it should be 
noted that in the records shown by these authors (e.g., their Fig. 2) some of the 
electrocortical potentials were easily recognized as spike- (or polyspike-) wave 
complexes. Such complexes were also noted by SWINYARD (1969) and WOODBURY 
(1972). 

As already briefly mentioned, pentylenetetrazol (in appropriate dilution) can 
also be slowly infused, preferably in immobilized nonanesthetized animals sup
plied with recording electrodes in a variety of cortical and subcortical and limbic 
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structures. This method is particularly suitable for obtaining information about 
changes in threshold dose (induced, e.g., by pretreatment with anticonvulsants). 

2. Picrotoxin 
This chemical convulsant has been investigated in comparison with bemegride 
and pentylenetetrazol in the mouse, rat, and rabbit by HAHN and OBERDORF 
(1962). Early experiments in dogs and monkeys were performed by STONE et al. 
(1960), BIRCHER et al. (1962), and CHUSID and KOPELOFF (1969). 

Unless dose interactions or threshold-dose investigations are contemplated, 
the drug, diluted in water, is injected in mice in doses of 6.0-8.0 mg/kg. With i.v. 
or s.c. injections the maximal convulsive doses are somewhat lower or higher, re
spectively. As with pentylenetetrazol, but somewhat slower in onset, clonic con
vulsions of the whole body appear that may terminate in a tonic phase. If the lat
ter occurs the animals usually die. According to HAHN and OBERDORF (1962) fe
male mice are somewhat more sensitive than males; the average EDso (with i.v. 
injections) is given by these authors as 2.44 (c;!) and 2.90 (d') mg/kg. 

According to STONE et al. (1960) and STONE (1972) picrotoxin in dogs, sup
plied with EEG recording electrodes, induces a "slow build-up" of epileptiform 
activity in the cortex, when given in i.v. doses of2 mg/kg. This abnormal activity 
consists mainly of spikes, slow waves, and spike-wave complexes. Similar ob
servations (in dogs) were reported by BIRCHER et al. (1962). 

3. Bicuculline 
Bicuculline is a GABA-receptor blocking agent similar to, but probably more spe
cific than, picrotoxin (see e.g. CURTIS et al. 1970 a, b). If given in doses of 6 mg/kg 
i.p., this compound produces convulsions which in form, time course, and inten
sity differ little from those triggered by picrotoxin. 

MELDRUM and HORTON (1971) investigated the convulsogenic activity ofbicu
culline, in addition to 4-deoxypyridoxine (a powerful and specific antagonist of 
pyridoxine and an inhibitor of glutamic acid decarboxylase), in the photomyo
clonic baboon and rhesus monkey. Intravenous doses of 0.2-0.25 mg/kg induced, 
within 5-15 s, isolated jerks of the limbs and spike-wave complexes in the fron
torolandic cortex, but which lasted only a few seconds. The effect of photic stimuli 
was enhanced in that on some occasions they could induce generalized myo
clonus. 

Doses of 0.2-0.6 mg/kg bicuculline were apt to induce convulsions within 2-
11 s after injection. These started with a cry, followed by a few irregular general
ized jerks and then by a tonic flexion spasm rapidly giving way to a generalized 
rhythmic myoclonus. The EEG indicated that the seizure usually began with a 
generalized spiky discharge. The myoclonic episodes were accompanied in the 
EEG by "asymmetrical, irregular" spike waves, whereas the tonic phases were ac
companied by faster spiky rhythms. 

In a later communication, MELDRUM'S group (BRIERLEY et al. 1972) reported 
on physiological changes accompanying bicuculline-induced (0.3-0.6 mg/kg i.v. 
up to three times) seizures in adolescent baboons. In this work they were also able 
to demonstrate the occurrence, within a few hours of the seizure, of brain damage 
"similar to that found in man after status epilepticus." 
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4. Strycbnine 

Strychnine is probably the "most classical" of chemical convulsants and a vast 
literature exists describing the various effects and mechanism(s) of action of this 
drug. For the epileptologist strychnine has served a role in the testing of potential 
antiepileptic drugs. Also, for many years, it has been a valuable instrument for 
producing, when locally applied, a spatially restricted focus of excitation leading 
to propagation of signals along "physiological" pathways. 

An added advantage of strychnine must be seen in the fact that its mechanism 
of action - at least in part - is established: according to CURTIS et al. (1970a, b) 
and many others, this drug produces local excitation and the epileptiform motor 
activity by (antagonistic) interaction with glycine receptors; this is unlike, e.g. pic
rotoxin or bicuculline which both are gamma-amino butyric acid antagonists. 
Yet, it was shown quite early (see, e.g., LONGO and CHIAVARELLI 1962) that 
strychnine, if given systemically, affects networks mainly in the spinal cord, brain 
stem, and cerebellum. This may be the reason, or one of the reasons, that strych
nine-induced convulsions are not regarded as being truly epileptiform in nature 
(STONE 1972). 

The strychnine experiment, in connection with testing for "antiepileptic" effi
cacy and/or potency of new drugs, is usually performed in mice. A dose of2.5 mg/ 
kg is given by the i.p. route. With a short delay, the animals develop tonic fore
and hindleg convulsions, including opisthotonus, but rarely clonic manifesta
tions. Within 10 min they usually die. At the beginning of the attack, sensory 
stimulation, viz., handling or noise, can greatly enhance the intensity of the exten
sorcramp. 

5. Enkepbalin 

In a recent paper UReA et al. (1977) presented evidence that enkephalin may well 
be used for the establishment of a new interesting "model" of epilepsy; interest
ing, as convulsive EEG activity is induced by application of a "natural product." 
Working in male Sprague-Dawley rats, these authors investigated changes in 
multiunit activity in the periaqueductal gray, and analgesia, in response to i.v.
administered (morphine and) methionine enkephalin. Enkepha1in, while in the 
dosage given proved to be less efficient in inducing analgesia and in enhancing 
neuronal activity in the periaqueductal gray it changed, unlike morphine, the 
EEG activity (frontal and occipital leads) to a clearly convulsive pattern. Phases 
of "rapidly repetitive" spikes alternated with periods of high-amplitude sharp 
waves, with phases of almost flat EEGs and again with phases of repetitive spik
ing. There were also (2-3fs) spikes and spike-wave complexes. The "attack" 
usually petered out with a phase of spike- or polyspike-wave complexes at a rate 
of I in every 5-7 s. The animals were usually motionless during these attacks ex
cept for some periodic twitches and some "wet-dog-like shakes, coinciding with 
EEG spike, or spike-wave discharges. In a subsequent study, FRENK et al. (1978) 
showed that leucine enkephalin was even more potent than methionine enke
phalin in inducing convulsions; the former induced epileptiform activity in (ven
tricular) doses as low as 10 ~g. 
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6. Conjugated Estrogens (Premarin) 

MARCUS and WATSON (1964, 1966, 1968) and MARCUS et al. (1968) showed that 
the bilateral application of conjugated estrogens (Premarin) to the cerebral cortex 
of cats and monkeys led to appearance of (bilaterally) synchronous discharges in
cluding 2-3/s spike-wave complexes associated with short "staring spells." In a 
more recent study in cats, JULIEN et al. (1975) used this "epileptogenic" technique 
for the establishment of a "model" to evaluate the potency of a variety of 
antiepileptic agents. Male or female cats were craniotomized under halothane an
esthesia to expose bilaterally the sigmoid and coronal gyri. Screw electrodes were 
inserted through the (remaining) bone to rest over the frontal and parietal cortex 
and in the frontal sinus. After application of a local anesthetic to the wound mar
gins and the external meatus, anesthesia was discontinued; the animals received 
d-tubocurarine and were artificially ventilated (end-tidal CO2 : 3.0%-3.2%). 

Conjugated estrogens were dissolved in water. Pieces of filter paper were sat
urated with the solution (content ca. 0.4 mg) and applied bilaterally to the pial 
surface of the sensorimotor cortex. The pads were changed every hour. After a 
10-min interval, such treatment invariably led to the appearance of bilaterally 
synchronous sharp waves. Within 30 min intermittent bursts or sustained dis
charges of 2-3/s spike-wave complexes dominated the picture and continued to 
do so for periods of up to 8 h. The authors emphasized the resemblance between 
these EEG patterns and the electrographic picture of human petit-mal attacks. 

7. Tetanus Toxin 

Early experimental studies with tetanus toxin-induced seizures were reported by 
CARREA and LANARI (1962) and BROOKS and ASANUMA (1962). MELLANBY et al. 
(1977) performed a very detailed investigation with this agent. Male Wi star rats 
(250-450 g body wt.), anesthetized with chloral hydrate and pentobarbital, 
were injected, using stereotactic techniques, with tetanus toxin bilaterally or uni
laterally into the ventral hippocampus, parafascicular nucleus, or visual cortex. 
The actual dose was titrated against the LDso for mice and rats. During the same 
session stainless steel screws were implanted to rest over the frontal and occipital 
areas and connected to a miniature socket. The animals were observed and re
corded for several hours at a time over a period of up to 6 months. The (repeatedly 
occurring) seizures, developed within a day after injection of a few "mouse 
LDso." Before a fit occurred, the rats would exhibit a "glazed expression" and 
stand motionless. After about 15 s the seizure began with clonic movements of 
one foreleg and, bilaterally, of the facial muscles. The mouth and eyes were 
opened, and the pinnae were held close to the head, which, in tum, "swung up 
and down." The animals would begin to rear whereupon the second forepaw also 
would start clonic movements. After occasional falls from the rearing posture the 
animals were able to right themselves immediately. Such ictal phases lasted (de
pending on dose) from a few up to 75 s. After a seizure the rats usually lay still 
for a few minutes. During such seizures, which often occurred at high rates (one 
or more per hour), the EEG was first characterized by frequent fast spikes, turn
ing, with the onset of the myoclonus, into a high-amplitude slow-wave pattern 
which continued into the (postictal) "trance-like" state. In rats in which the toxin 
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had been given together with a "neutralizing" dose of antitoxin, no fits were ob
served. 

Within a few days after injection, the animals became quite aggressive and hy
perreactive with intermittent "vicious behavior." This abnormal behavior as well 
as the frequency of the fits attenuated, depending on the dose given, after a few 
weeks or several months. Of interest in this model is the further observation that 
in none of the injected animals was there any grave histological change in the area 
injected or in other brain areas. The authors stressed the resemblance of the ob
served behavioral changes (and the abnormal EEG) to human temporal lobe 
epilepsy. 

8. Acetylcholine and Cholinesterase Inhibitors 
An involvement of acetylcholine (ACh), a natural central (and peripheral) ner
vous transmitter, in the forming of epileptic discharges has been well recognized 
for a number of years. POPE et al. (1947) observed an increase in ACh content in 
epileptic foci in man and animals. PHILLIS (1968) showed that convulsants such 
as pentylenetetrazol, strychnine, and bicuculline enhance ACh release from nerve 
terminals. In line with such observations was the discovery of RADouco-THOMAS 
et al. (1955) that an increase in cerebral ACh content enhanced sensitivity to con
vulsant agents and the discovery of STONE (1957) that a general- indirect - en
hancement of synaptic cleft ACh concentrations through inhibition of ACh 
breakdown induced generalized convulsions. 

ECHLIN (1954, 1959) used ACh to demonstrate supersensitivity of the iso
lated cerebral cortex of monkeys. He neuronally isolated (or partially isolated) 
slabs of frontal and parietal cortex by subpial section and "wide undercutting" 
(about 1 cm below the surface). Between 2 weeks and 2 Y2 years later, the cortex 
was again exposed for (acute) recordings and applications of drugs. Such isolated 
cortices showed, even without treatment, an EEG record which was "unstable, 
abnormal in appearance, often paroxysmal and which bore little resemblance to 
that recorded from normal cerebral cortex." Applications of 0.2%--0.5% ACh 
over a wide area precipitated discharges of rhythmic spike-and-wave epileptiform 
electrical activity selectively from the isolated area. When applied to only par
tially isolated slabs, ACh produced a spread of epileptiform discharge from the 
undercut area to the motor cortex; it also induced clonic seizures and, less often, 
generalized electrical and clinical convulsions. In contrast, when applied to "nor
mal" cortex, ACh (0.2%--0.5%) never caused epileptiform discharge. 

FERGUSON and CORNBLATH (1974) performed a similar experiment in cats, in 
which the suprasylvian cortex was undercut. In such preparations (up to 82 days 
after surgery), ACh was applied through a nylon chamber placed over the cortex. 
Nonpolarizable gross electrodes and microelectrodes were used to record rhyth
mic as well as "steady" (i.e., DC) potentials. With ACh concentrations of 
0.1 %-2% in the chamber (including 100/!g/ml neostigmine bromide) epilepti
form activity was observed which the authors described as "rhythmical oscil
lations (bursts) superimposed on a sudden DC shift, with periods of electro
graphic silence (suppression) in between." 

The normal (i.e., not isolated) cortex was used by SZIRMAI et al. (1977) to study 
the local epileptiform activity induced by ACh, and to investigate its spread as 
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well as the regional blood flow. The animals were immobilized and artificially 
ventilated. After placing a total of eight bipolar Ag-AgCl electrodes on the cortex, 
ACh was injected into the cortex in doses of 150-200 ~g. Five different types of 
seizures were observed: (1) focal discharges that remained localized, (2) spreading 
discharges gradually involving neighboring cortical areas and the contralateral 
cortex (the most frequently observed type!); (3) spreading seizures that became 
generalized; (4) occasionally initially generalized seizures; and (5) spreading 
seizures that began in the noninjected cortex. In the generalized seizures, 
"synchronized" potentials in the frequency range of 4-5 and 8-9/s spikes 
(or waves) dominated the picture. Spreading was also observed to involve 
the mesencephalon. Typically, the seizures appeared "serially" with spon
taneous reoccurrence of the fits and interictal periods of various duration. The 
velocity of spread was usually in the neighborhood of 10 mm/min. 

The spread of seizures induced by intracortical injection of ACh in acutely 
prepared rabbits was also investigated by VOLLMER et at. (1979). By following the 
(spatial) development of the discharge over a row of linearly placed electrodes 
they concluded that the "walking" of such seizures was based on a "stepwise 
propagation of an active focus" and that the propagation was "strongly corre
lated with certain graphoelements and rhythms." Typically, in anyone area the 
seizure would start as a high-frequency (up to 30 spikes/s) pattern that would slow 
down to a steady-state rate of about 9/s which was replaced, still later, by irreg
ular seizure activity. 

9. Penicillin 
Penicillin by now is probably the most extensively used agent for the production 
of a chemical focus or series of foci. The discovery of the epileptogenic potency 
of penicillin goes back to WALKER et at. (1945). These authors noted that penicil
lin applied to the cerebral cortex of monkeys and man produces convulsive activ
ity. In the meantime a good many investigators have made use ofthis antibiotic's 
"side effect" to induce, through topical application in a variety of places of the 
CNS, a focal or partial discharge, including "remote" consequences. Also, pre
ferring the "generalized approach" of epileptogenesis, some investigators have 
used systemically given penicillin to induce widespread epileptiform discharge. 
The literature up to 1971 on the topic of penicillin epilepsy has been reviewed by 
AIMONE-MARSAN (1969) and PRINCE (1969,1972). 
M~ (1973) applied the sodium salt of penicillin through trephine holes to 

the frontal, temporal, or occipital regions of immobilized (d-tubocurarine) male 
Wistar rats. Silver bead electrodes were used for recording the EEG. Some char
acteristic interictal discharges appeared within 3 min after application of penicil
lin, and were present for the whole of the 30-min recording period. Only 3 out 
of a total of 45 animals developed actual seizures. 

Using a penetrating "multielectrode" with eight contacts PETSCHE et at. (1978) 
monitored the intracortical spatiotemporal behavior of seizures produced by local 
application of sodium penicillin G (1 M) to various areas of the (exposed) cere
bral cortex of unanesthetized, immobilized rabbits. These and earlier studies led 
to the concept of "generator zones," i.e., "the volume of cortical tissue where a 
field potential of a distinct shape may be recorded." In an earlier study from the 
same laboratory (VOLLMER et at. 1974), in which a "surface multielectrode" (16 
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electrodes arranged in 4 rows to form a square of 3 x 3 mm) was used, the phase 
relations of the penicillin-induced wave were followed. It was noted that the 
potential fields typically performed circling movements. 

REICHENTHAL and HOCHERMAN (1977) investigated the smallest critical size of 
penicillin focus in the rat brain, to yield seizures activity. Either by limiting the 
space covered by the penicillin solution (10% penicillin G) or by subpial undercut 
and thus isolating a given area of cortex, they found that an area of at least 0.5 
mm2 had to be exposed to penicillin in order to produce (local) discharge. 

DICHTER and SPENCER (1969) investigated the epileptogenic effect of penicillin 
on the hippocampus of sodium thiopental-anesthetized cats. Application of 
sodium penicillin G crystals or of pieces of filter paper soaked with the penicillin 
solution on the exposed dorsal surface of the hippocampus (CAl' CA2 , CA3 re
gions) produced, after a delay of from 3 to 10 min, regularly spread spiky parox
ysmal discharges of up to 1-2 m V amplitude. These would often continue "for 
hours," then occur less frequently, and finally stop altogether. 

DICHTER et al. (1973) supplemented their earlier study by additional ex
periments on "isolated islands of the hippocampus." Through a variety of in
cisions in cats they separated pieces of the hippocampal formation from their con
nections via long extrahippocampal projections and afferents and the intrahippo
campalloop of the "dentate gyrus-CA3-CAl areas, subiculum-entorhinal area." 
Local application of penicillin to such "islands" was still found likely to produce 
epileptiform discharge. The authors concluded that "very local circuits in each re
gion of the hippocampus can support epileptogenesis." Even the granule-cell 
layer (dentate gyrus) was not found "necessary for the development ofinterictal 
discharges or seizures." 

Also in the cat, O'CONNOR and LEWIS (1974) noted that the rate of seizures 
produced by local application of penicillin to the hippocampus could be increased 
by an increase in K + concentration in the "bathing fluid." 

The neuronal activities in epileptic foci induced by penicillin in the immature 
cortex were studied by PRINCE and GUTNICK (1972). Kittens (3-16 days of age) 
were operated on under general anesthesia to expose the cerebral cortex for record
ings with gross and (intracellular) microelectrodes. The actual experiment was 
performed after discontinuation of anesthesia in the immobilized and artificially 
ventilated animals. An acute epileptiform focus was produced by application to 
the pial surface of the cortex of pieces of Gelfoam saturated with a solution of 
100,000-500,000 U/ml sodium penicillin G. The authors noted that surface in
terictal discharges were associated with depolarizations in neurons. In compar
ison with such phenomena in mature animals (cats), the synaptic depolarizations 
and surface discharges were longer in duration and more variable in amplitude 
in the kittens. During depolarizations, most neurons generated bursts of one to 
five spikes at a frequency of 100/s or less in the kitten, whereas in mature cortices 
the units fired long bursts of high-frequency spikes accompanying each depolar
ization shift. 

Also in connection with the focal lesions produced by topical application of 
penicillin, the study of GUTNICK et al. (1976) should be mentioned. These authors 
investigated the relative convulsant potencies of structural analogues of penicillin 
on the cortex of (pentobarbital-) anesthetized cats. The sodium salts of the vari-
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ous analogues were dissolved in saline and applied to the exposed cortex with a 
Gelfoam pledgette. They found that the most active compounds were benzyl
penicillin and phenoxymethylpenicillin, whereas ampicillin and methicillin (and 
cephalothin) were weaker by a factor of 10-20. 

In the experiments by GLOOR et al. (1977) pieces of filter paper soaked with 
weak penicillin G solutions (50-250 IU sodium penicillin/hemisphere) were ap
plied bilaterally to the entire exposed surfaces of the cerebral cortices ofimmobil
ized, unanesthetized, and artificially ventilated (end-tidal CO2 : 4%) cats. Record
ing was carried out by a variable number of deep (thalamus, striatum, reticular 
formation, amygdala, hippocampus, corpus callosum, capsula interna) and sur
face electrodes (lateral, suprasylvian, ectosylvian gyri). Invariably such treatment 
resulted in bursts of bilaterally synchronous epileptiform discharges of the spike
wave type. These bursts, in contrast to experiments with systemic application of 
penicillin, were not attended by similar discharges in "subcortical structures." 
Single shock or repetitive stimulation of the intralaminar, or midline, nuclei of the 
thalamus (but of no other structures) were liable to precipitate such synchronous 
discharges. In turn, application of penicillin to these thalamic areas failed to elicit 
discharges in the (nontreated) cortex. 

Using intracellular recording MATSUMOTO et al. (1969) and AYALA et al. 
(1970), after some preliminary observations by SAWA et al. (1963), discovered the 
paroxysmal depolarization shift (PDS) in neurons of penicillin-induced foci. The 
PDS is a graded potential which is frequently so large that it inactivates the spike
generating mechanism, although it is still often superimposed with "axon spikes." 
It is followed by a prominent hyperpolarization phase, attributable probably to 
recurrent inhibition. Moving away from a focus the depolarization phase be
comes smaller while the inhibitory, hyperpolarizing part increases in size. AYALA 
et al. (1970) noted that with the transition from interictal to ictal patterns the de
caying phase of the PDS gradually became longer and the depolarization state 
more sustained, "assuming the aspect of an afterdepolarization." 

Gamma-aminobutyric acid (GABA) synthesis and uptake rates were studied 
(in cats) in penicillin C sodium or potassium penicillin (106 IU /ml)-induced foci in 
the cortex and its contralateral counterpart by GOTTESFELD and ELAZAR (1975). 
Glutamic acid decarboxylase (GAD) activity and GABA uptake rate were deter
mined in tissue pieces from the focus and from the contralateral cortex. GAD ac
tivity was found to be significantly reduced in both the primary and secondary 
focus (p < 0.002 and < 0.01, respectively). This explained, in these authors' view, 
the reduced GABA content in discharging foci. GABA uptake was also found to 
be reduced in both the primary (penicillin-induced) and secondary focus 
(p<0.001 and <0.01, respectively). The authors tended to relate this latter find
ing to the increased interneuronal K + accumulation. Evidence for K + accumula
tion in the extracellular space in penicillin-induced epileptic neural tissue has been 
presented by MooDyetal. (1974). 

III. Focal Epileptogenesis Through Local Application 
of Metals or Metal Salts 
Local application of a variety of metals - either in "pure" form or as salts - has 
been shown to be a reliable means for the production of subacute and/or chronic 
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foci of epileptiform discharge. CHUSID and KOPELOFF (1962), in an extended series 
of experiments performed under identical conditions, made a comparative study 
and found some metals to be more "epileptogenic" in nature than others. Some 
proved to be in fact quite ineffective, if applied "purely" to the motor cortex of 
the monkey. For the purpose of this chapter, we confine our discussion to just 
four such models: the alumina, the cobalt, the tungstic acid, and the iron focus. 

1. Alumina Cream 
This technique dates back to KOPELOFF et al. (1941/1942). They applied disks con
taining alumina cream (aluminum hydroxide) to the exposed motor cortex of 
monkeys in a "chronic" manner and then kept their animals for many months af
ter proper surgical closure of the wound. They noted after an initial "silent" pe
riod (up to 60 days) the recurrent appearance of clinical seizures with a clear focal 
onset. The monkeys stayed "epileptic" for months, occasionally for years. Later, 
KOPELOFF et al. (1955) expanded the range ofthis model by applying the alumina 
cream also to subcortical sites. 

WARD and his collaborators, seeing the obvious "similarities between chroni
cally recurrent seizures in the monkey induced by this technique and the phenom
enon of human epilepsy" (WARD 1969), began to use this method and developed 
it into a highly standardized model (WARD 1972). 

In anesthetized monkeys (mainly Macaca mulatta) the sensorimotor cortex 
was exposed to the pial surface. The autoclaved alumina cream was injected at 
four points into the pre- and postcentral gyrus with a syringe and a 27-gauge nee
dle in amounts to produce a barely visible hump at every injection site. Recording 
electrodes were mounted over the focus and in various other structures for 
(chronically) monitoring the electrographic manifestations of this epileptogenic 
lesion, both during seizures and the interictal intervals. 

Monkeys, prepared and recorded in such a manner, exhibited signs of"spon
taneous" clinical seizures after a delay offrom 35 to 60 days. The frequency (and 
intensity) of attacks varied roughly in proportion to the size of cortical lesion pro
duced; with a large number of local injections (i.e., >4, and possibly larger vol
umes per injection site) the seizures not only occurred with somewhat shorter de
lays but also increased in rate to give rise finally to status epileptici (which, for 
saving the animals, required adequate and speedy anticonvulsive treatment). 

While "clinical" seizures (with foci in the senorimotor cortex) developed not 
before 5-9 weeks after surgery, some EEG signs - spikes, sharp waves - could be 
observed somewhat earlier. The overt appearance - the symptomatology - of the 
seizure depended of course upon the site of the (primary) lesion. With alumina 
deposits in the sensorimotor area (as usually in WARD'S work) the seizures began, 
in a "focal" fashion, by synchronous twitching of the contralateral hand and face. 
These commonly progressed by Jacksonian spread to involve the musculature of 
the entire contralateral body and became generalized. With increasing frequency, 
the muscular contractions "fused" into tonic-type contractions, which could last 
from 30 s to several minutes and on which strong jerks were superimposed. After 
(usually abrupt) cessation of the seizure the animals were hypotonic and nonre
sponsive to external stimuli; often they hyperventilated. According to WARD 
(1972) "once the seizures were established, they recurred spontaneously, pre-
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sumably for the life-span of the animal"; a relatively constant pattern of seizure 
frequency has been observed in such monkeys for at least 7 years. 

MAYANAGY and WALKER (1974) produced epileptogenic lesions in a series of 
monkeys by applying alumina cream into either the second convolution of the 
temporal cortex or the "region of the amygdala." Recording electrodes were im
planted again in a chronic fashion into the amygdala, hippocampus, thalamus, 
caudate nucleus, putamen, pallidum, septum, hypothalamus, subthalamus, and 
mesencephalic reticular formation. In addition, surface electrodes were placed 
(over the dura mater) to rest over the frontal, parietal, occipital, and temporal 
cortex. Of the nine animals that had alumina deposits of 0.2 or more milliliters 
of volume, one revealed only focal spikes; five animals developed clinical and elec
trographic seizures upon the (additional) administration of 20 mg pentylenete
trazol (Lv.); four monkeys, however exhibited "spontaneous clinical and electro
graphic seizures." 

According to MAYANAGY and WALKER (1974), electrographic manifestations 
of the attack always preceded the appearance of clinical attacks, often by weeks. 
Any single one of the well-developed seizures started upon a background of slow 
waves or "slow spikes" in the focus; it began with fast spikes increasing in ampli
tude but decreasing in rate from about 12-14 to 6-7/s. Seizures originating in the 
amygdala, usually spread rapidly to adjacent structures, in particular to the hip
pocampus and the anterior temporal cortex. A few irregular movements of the 
limbs often initiated the "clinical" seizure. Thereafter the animals would become 
motionless in a kind of catatonic fashion. With the onset of the generalized sei
zures, this latter state led into ubiquitous clonic jerks. 

DAVID and GREWAL (1978) further improved and simplified the technique of 
producing Al(OHh (aqueous solution) lesions in rhesus monkeys. Confining 
their approach to cortical sites, they injected the epileptogenic agent through burr 
holes to cortical sites which previously had been shown to be responsive (with a 
motor activity) to electrical stimulations. Thus they were able to avoid cranio
tomy. With their method the authors were able (1) to reduce mortality and the oc
currence of "premature" generalized reactions; (2) to increase reproducibility in 
latency (attacks appeared after a delay of 74±4 days after introduction of the 
epileptogen) and extent and form of the seizures; and (3) to simplify the pro
cedure. In this way they prepared a uniform and reliable population of epileptic 
animals "suitable for physiological and pharmacological studies." 

There appear to exist species differences with respect to the occurrence of 
spontaneous seizures in response to the alumina deposit. According to WARD 
(1972), the occurrence of spontaneous convulsions "from a focus in the cerebral 
cortex appears unusual in any species below the primate" with "cortical foci in
duced by alumina." Somewhat in contradiction to WARD'S claim, VELASCO et al. 
(1973, 1977) were able to induce focal electro graphic and clinical seizures by in
jection of "critical amounts" of alumina cream into the sensorimotor cortex of the 
cat. They noted that "one type of cortical, paroxysmal EEG spikes, arising from 
the epileptic focus was consistently accompanied by clonic flexor contractions of 
the contralateral forelimb muscles and by contractions of the facial musculature." 

Using extracellular tungsten microelectrodes, WYLER et al. (1973) investigated 
the spontaneous firing behavior of neurons in the alumina-induced epileptogenic 
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lesion in the motor cortex of the awake M acaca mulatta monkey. They noted, in 
the quiescent animal, a characteristic pattern, in a number of "epileptic" cells, 
consisting of an initial spike followed first by a long interval and then by a high
frequency afterburst of variable duration. The latter tended to grow in length and 
total number of spikes, with shortening of the first interspike interval. In the view 
of WYLER et al. (1975) the burst is the hallmark of an epileptic cell. The same 
authors also established the term "burst index" (BI), this being the percentage 
ratio ofinterspike intervals (lSI) ofless than 5 min duration to total ISIs per 15 s 
of epochs. Pyramidal tract neurons with a BI of less than 10 were considered to 
be "normal," whereas those with a BI of more than 10 were considered to be 
"epileptic." Furthermore, neurons with a BI variability of less than 10 were con
sidered as being "strongly epileptic," whereas weakly epileptic neurons had a vari
ability of more than 10. WYLER et al. (1975) also found that epileptic pyramidal 
tract neurons reacted to an antidromic pyramidal tract volley with a high-fre
quency burst whereas normal neurons responded with the usual single-action 
potential. 

2. Cobalt 
The technique of inducing epileptic foci by implantation of pure metallic cobalt 
also goes back to the fundamental studies of KOPELOFF (1960) and CHUSID and 
KOPELOFF (1962). While for KOPELOFF introduction of cobalt resulted in spon
taneous seizures in the mouse, CHUSID and KOPELOFF did not succeed in inducing 
clinically visible attacks by implantation of metallic cobalt into the motor cortex 
of the monkey. However, Dow et al. (1962) were able "consistently" to produce 
a chronically discharging focus in the Sprague-Dawley rat through application of 
metallic cobalt powder to the cerebral cortex. Under thiopental anesthesia, about 
30 mg metallic cobalt powder (200 mesh) was applied to an area measuring 10-
15 mm2 on the right motor cortex, representing the (contralateral) forelimb, head, 
and face musculature. In a number of animals the metal powder was applied to 
the temporal or parieto-occipital cortex. For recording of the electrocorticogram 
(ECoG), Dow and co-workers used plastic-mounted platinum wires, slipped be
tween the skull and the dura mater, and connected to a female plug mounted on 
the skull. When prepared in this way, during the first few days after surgery the 
animals became restless, aggressive, and "hypersensitive", and often attempted to 
escape from the cage. By the 2nd week, clonic movements of the contralateral 
(i.e., left) "hemibody" developed in about half of the animals with implanted co
balt. These repetitive fits occurred over periods of a few days only; generalized 
seizures were seen only in a few animals. 

The electrical recording within the first days after surgery revealed high-am
plitude waves within the delta range. Actual epileptiform activity gradually devel
oped within the 2nd (and 3rd) week and then slowly receded again in the course 
ofthe 4th to 6th week. At the height of the effect, high-amplitude spikes and poly
spikes in and around the cobalt depot dominated the picture. Often the spikes ap
peared in isolation, as often they coincided with clonic movements in the contra
lateral musculature. In many rats the epileptic activity gradually spread to the 
contralateral cortex (mirror focus). Maximal activity was usually observed be
tween the 10th and 20th days after surgery. 
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HENJYOn and Dow (1965) used the cobalt method to induce focal epilepsy in 
the cat. From 50 to 100 mg of the metallic powder was applied to the right ante
rior sigmoid gyrus over an area of 30-50 mm2• Six extradurally positioned elec
trodes were placed to rest over the frontal, medial, parietal, and occipital cortex 
on both sides. Within 30 h after the application of cobalt, seizure activity began 
to appear spontaneously or could be provoked (e.g., by shaking the contralateral 
foreleg). The spontaneous seizure were focal and clonic in nature. They involved 
the mouth area, eyelids, and occassionally the entire (contralateral) half of the 
face. Focal electrical seizures activity was preceded by high-voltage slow waves, 
later replaced by spiking arising near the cobalt area. Spiking then spread to ad
jacent electrodes in the ipsilateral cortex, occasionally also, but to smaller degree, 
to contralateral sites. Usually epileptiform activity decreased and disappeared 4-
5 days after surgery. 

FISCHER et al. (1967), again working on rats, rather than applying the metallic 
powder, constructed cobalt powder-gelatine sticks, which were inserted into the 
cortex. They found that this method improved reliability in eliciting epileptiform 
activity. MUTANI (1967) implanted cobalt into the hippocampus or the amygdala 
of cats. The foci became active within 2 days and remained active for 1-2 months. 
The attacks were typically "psychomotor" in nature: the animals became motion
less, were "staring," and became unresponsive to external stimuli. As with electri
cally induced limbic afterdischarges, after cessation of the seizure the animals ex
hibited some emotional activity, meowed, and showed some ambulatory motor 
activity, or just changed their posture. 

PAYAN and CONARD (1973) investigated the susceptibility of various strains of 
rats - as well as of guinea pigs, hamsters, and mongolian gerbils - in their epilep
togenic response to application of a cobalt rod into the frontal lobes. On day 28 
after surgery the animals were challenged with 3 x 15 mg/kg i. p. pentylenetetrazol 
(at 15-min intervals) and monitored for the development of generalized seizures. 
Of the seven strains of rats used, the inbred BNs were the most responsive and 
the Fischer 344 the least responsive, with the ACI, Lewis, Wistar, Sherman, and 
Sprague Dawley strains taking an intermediate position. The gerbils developed 
epilepsy to a degree comparable to the Fischer 344 variety, whereas hamsters and 
guinea pigs proved to be "resistent." In a later paper the same authors (PAYAN 
and CONARD 1974) claimed that there was an inverse relationship among the vari
ous rat strains between sensitivity to cobalt, on the one hand, and serum alkaline 
phosphatase, on the other. 

In their investigations on the Wistar rat, ROLDAN et al. (1971 b) introduced a 
cobalt-gelatine rod unilaterally either in the dorsal hippocampus or the thalamus. 
Recording electrodes were placed onto the frontal cortex and into the dorsal hip
pocampus and the mesencephalic reticular formation. Within 1-2 days after im
plantation, over 80% of their animals developed spikes and spike-wave patterns 
that appeared, in waxing and waning trains of, on average, 7-s duration (range, 
1-20 s). These discharges usually appeared not only in the structure bearing the 
cobalt but in both cortices, and also in the contralateral hippocampus and thala
mus. While an absence-like posture sometimes appeared during the trains of (elec
trical) discharges, profound changes in behavior during or between these attacks 
were not observed. 
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In Sprague-Dawley rats, supplied with "chronic" recording electrodes over 
the cortex and temporal muscle, CALASANTI et al. (1974) produced epileptiform 
discharge by implantation of a 1- to 2-mm length of a 1-mm diameter cobalt wire 
into the (right) parietal cortex. They observed focal spiking to appear within a few 
days after the operation and - typically - at the end of sleep episodes. As of the 
4th day, about half of all (implanted) rats had, in addition to focal spiking, incom
plete secondary generalization. By the end of the 1st week all animals showed 
complete secondary generalization, with the seizures lasting about 1 min. By the 
3rd week there were usually no more attacks. 

MARCUS and his various collaborators [for a review of their work, see MARCUS 
(1972)] have also experimented extensively with cobalt. They found, in contrast 
to CHUSID and KOPELOFF (1962) that this agent is "useful for the production of 
unilateral foci in the motor cortex" of rhesus monkeys. In (acute) animals, kept 
under gallamine and artificial respiration, discharges were seen to start within 80-
95 min after application of cobalt powder. In "chronic" animals, prepared under 
ketamine hydrochloride, focal spike discharge also appeared within less than 2 h 
after implantation of the convulsant and continued to recur for up to 72 h. Clini
cal focal seizures set in within 95-130 min. 

Of particular interest in the work by MARCUS (MARCUS 1972) is the model 
with bilateral cobalt foci in male rhesus monkeys. Under pento barbital anesthesia, 
an area of about I cm2 on the right and the left premo tor cortex was coated with 
cobalt powder (60 mg x 2) by means of a Gelfoam sheat. A total often screw elec
trodes were placed bilaterally to rest on the prefrontal, premotor, precentral, in
ferior, parietal, and occipital areas. Following recovery from anesthesia, usually 
about 5 Y2 h after surgery and continuing for up to 96 h, absence-type seizures 
were recorded. They were characterized by 3/s spike-wave patterns over wide 
parts of the cortex together with myoclonic eyelid, eye, face, and arm movements. 

In their "classical" study, VAN GELDER and COURTOIS (1972), using ion-ex
change column chromatography in the cat, investigated the content of various 
amino acids in brain tissue pieces excised from the anterior motor cortex adjacent 
to a cobalt focus, or from the homotopic contralateral cortex of rats. They noted 
that brain tissue from the close vicinity of the lesion was deficient in GABA, 
glutamic acid (GA), and aspartic acid (AA), while levels of glutamine and glycine 
were above those found in controls. "A clear correlation was demonstrable be
tween severity of epilepsy and the extent by which the concentration of all 5 amino 
acids deviated from normal." Low concentrations of GABA, GA, and AA were 
noted also in the contralateral (not primarily lesioned) motor cortex and the con
tralateral visual cortex. 

WOODBURY and KEMP (1977) have shown that carbonic anhydrase activity fol
lowed pari passu the development and eventual drop in spiking activity in a focus 
produced by implantation of cobalt in the rat's frontal cortex. Such an increase 
in carbonic anhydrase activity was also seen in the (spiking) homotopical contra
lateral cortex, yet not in (nonspiking) heterotopical areas of the (ipsi- and) con
tralateral hemisphere. 
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3. Tungstic Acid 

The first mention of this method dates back to the early sixties, when BLUM and 
LIBAN (1960) and BLUM et al. (1961) published their results obtained in cats. In 
the former paper the preparation of an adequate colloidal tungstic acid gel for in
jection and some first observations in cats were described. The second paper then 
gave a detailed account of the electro graphic signs of epilepsy obtained in cats 
chronically supplied with surface and ventral hippocampal platinum-recording 
electrodes. The tungstic acid gel was injected, using stereotactic techniques, uni
laterally into the ventral hippocampus. The first signs of epileptic abnormalities 
appeared within 1 day after surgery; spontaneous attacks usually occurred "at 
least every hour for a period of 2 to 3 or more days." Interictal anomalies were 
most conspicuous in the lesioned hippocampus, but readily traversed to the con
tralateral homotopic site, and also spread bilaterally to the suprasylvian gyrus 
and, ipsilaterally, to the temporal region. These interictal signs revealed them
selves as single sharp waves, biphasic spikes, and polyspikes of rather high ampli
tude. Bursts of high-voltage spikes and sharp waves and (sporadic) spike-wave 
complexes in the hippocampus completed the picture. 

The hippocampal seizures started out by the cat assuming a crouching posture 
and looking "apprehensive," followed by an ipsiversive turning movement, mas
ticatory movements, clonus of the upper lip, hyperventilation, pupillary dilation, 
and further ipsiversive turning. In some cats, shortly before the seizure started, 
the (interictal) spikes increased in rate. The actual seizure would then begin in the 
"focal" lead and then spread, with a few seconds delay, to other leads. The seizure 
appeared as high-amplitude multiple spikes, often in the form of "doublettes." 
With a short period of reduced "organization" the seizures would then terminate. 
Such attacks lasted for, on average, about 40 s. 

4. Iron 
WILLMORE et al. (1978) supplied rats (Sprague-Dawley strain) or cats, with five 
epidurally placed recording (including one indifferent) electrodes. While still 
under pentobarbital anesthesia, the animals were injected subpially with either 
FeCl2 or FeCl3 (5 III of a toO-nmol solution in the rat, to III in the cat). Within 
48 h after surgery the animals developed focal spiking with spread to the contra
lateral cortex. Frequent and sustained bursts of epileptic spikes (seizures) ap
peared within to days. During "generalized" seizures, the rats interrupted orient
ing activity; they revealed piloerection and twitching of the vibrissae and neck 
muscles. The cats (with left cruciate gyrus foci) displayed focal motor seizures in 
the limb muscles, followed occasionally by generalized attacks. Such seizure ac
tivity persisted, regardless of whether ferrous or ferric ions were injected in 94% 
of the (35 operated) rats and in all cats beyond the 12-week observation period. 
Four of the 14 control animals injected with similar volumes of saline "exhibited 
transient focal spike activity lasting less than 14 days." 

IV. Local Freezing as Epileptogenic Factor 
The technique of freezing a small area of an animal's cerebral cortex for the pro
duction of an epileptogenic lesion dates back to OPENCHOWSKI (1883), who used 
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the method in raboits and dogs. SPERANSKI (cited by LEWIN 1972) employed com
pressed carbon dioxide to freeze the cortex locally in dogs. SCHNEIDER and Ep
STEIN (1931) produced local lesions in the cerebral cortex of cats by application 
of dry ice. NIMS et al. (1941) were the first to report electroencephalographic find
ings from such freezing-induced foci. 

SMITH and PURPURA (1960) also worked in cats. After surgery under ether for 
vascular cannulation and exposure of the pial surface of various cortical struc
tures, the animals were immobilized and artificially ventilated. The cortical lesion 
in the posterior sigmoid or the anterior suprasylvian gyrus was produced by 
gently touching the pial surface with the tip of a 2-mm diameter metal rod at
tached to a chamber containing dry ice. After the appearance of ice crystals ad
jacent to the cryoprobe, the cortex and rod were flushed with warm Ringer's so
lution to facilitate disengagement of the rod from the pia mater. Recording elec
trodes were placed in the form of an array over the lesion and on various other, 
nonlesioned areas. 

According to SMITH and PURPURA (1960), such cortical lesions "became 
epileptogenic within an hour, but, in some instances, it was necessary to repeat 
the procedure in order to obtain a lesion with stable, low frequency discharge 
characteristics." In a few instances the lesion became progressively more epilep
togenic. According to the authors, single spikes were almost always found to be 
initially surface negative. With "increasing" activity the spikes became diphasic, 
then multiphasic, and, finally, discharge terminated in a sustained focal seizure. 

STALMASTER and HANNA (1972), also working on the cat, developed the cryo
probe further by consolidating the (aluminum) rod and chamber into one piece. 
The real innovation though was a "silver coating" of the rod which was connected 
to four "freezing contacts." This new arrangement made possible better control 
of the lesion. With dry ice-acetone or dry ice-alcohol mixtures in the chamber and 
application times of up to 100 s, the lesions produced were well confined to layers 
I and II of the cat's cortex. For electro graphic recordings the authors used a 
"chronically" implanted electrode array on both (i.e., ipsilateral and contralater
al) sensorimotor cortices. All surgical procedures including lesioning were car
ried out under barbiturate anesthesia. HANNA and STALMASTER (1973) described 
their observations as follows: after recovery from anesthesia the animals typically 
showed repetitive jerking movements involving the contralateral forelimb and, 
occasionally, the neck, trunk, face, and hindlimb. Generalized seizures were not 
seen, however, in this series of experiments. Within 2 h after left-sided freezing, 
the electrocorticogram showed multiple bilateral sites of epileptiform activity. 
Repetitive slow waves were prominent near the primary freeze lesion. They 
tended to be bisynchronous and were temporally associated with repetitive myo
clonic jerking movements contralateral to the lesion. Such slow waves were al
ways of maximum amplitude in the cortex immediately adjacent to the primary 
freeze lesion. Additionally, there were low-frequency spikes and sharp waves and 
paroxysmal bursts of high-frequency spiking. Both the paroxysmal bursts and 
low-frequency events appeared bilaterally; unlike the slow waves, they showed no 
particular tendency to be bisynchronous. They arose from multiple bilateral sites, 
neither necessarily adjacent nor contralateral to the primary lesion. Spiking sites 
tended to remain active throughout subsequent days of observation. Spon-
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taneous epileptiform discharges were observed to persist as long as 20 days post
operatively. They occurred most often during the first few days of observation, 
diminishing gradually after the 1st week. During (electrically) quiet periods, 
spike-and-sharp wave discharges could be evoked on either side by repetitive, 
mild sensory stimulation of the contralateral forelimb. 

Upon histological examination the lesions revealed gliosis, new vessel in
growth, neuronal loss, and - more temporarily - edema and capillary dilatation. 
According to ESCUETA et al. (1974), synaptosomes derived fromJreezing lesions 
in the sigmoid cortex of cats revealed a reduced (by 59%) K + uptake in compar
ison with nonlesioned controls, if incubated in Tris medium. 

To produce surface lesions (of the exposed cortex) of cats and rabbits, MOR
RELL (1959, 1960) and MORRELL and FLORENZ (1958) introduced the use of the 
ethyl chloride spray. Through a small burr hole in the cranium and an incision 
in the dura, a fine spray of the coolant was directed onto the pial surface (of a 
small predetermined cortical area) until the cortex whitened and swelled. The 
spraying was then discontinued and the opening closed. A number of recording 
electrodes were then implanted over the lesioned site - according to the particular 
questions being investigated - and over additional areas, e.g., homotopic points 
in the contralateral cortex. Local spiky discharge appeared within 1-3 h after 
freezing and remained with "fairly constant" intensity for up to 12 h. Thereafter 
the discharge became more variable but was evident for as long as 6 weeks and 
3 months (in rabbits and cats, respectively). The discharge could be activated by 
systemic application of pentylenetetrazol. Of importance in MORRELL'S studies 
was the development of secondary lesions; these will be discussed in the next 
section. 

V. Models for Secondary and Progressive Epileptogenic Lesions 

On a variety of occasions, the discussion of chronic or subacute convulsion mod
els has offered an opportunity to point out cases where the epileptiform activity, 
in response to a strictly locally acting convulsant, not only invaded areas in the 
neighborhood of the (primary) focus, but also "jumping" to remote sites within the 
hemisphere bearing the focus and also to the contralateral hemisphere. This quite 
clearly indicated that basically normal nervous tissue can, and does, exhibit epilep
tiform activity once it is brought under the influence of an epileptiformly dis
charging "upstream" structure. Furthermore, such "sympathetic" epileptiform 
activity in an initially "virginal" tissue obviously seems able, if repeated and/or 
iflasting beyond a critical period, to induce permanent Junctional (or even struc
tural) changes in that tissue that per se are convulsogenic in nature. 

In fact, such considerations touch on the very heart of the problem as to what 
is the nature oj epilepsy and what is the basic mechanism involved in the develop
ment oj epilepsy. It is thus quite fortunate to have available two sets of animal ex
perimental models that, due to their very nature and procedural characteristics, 
can be used to investigate exactly such problems. They can be employed also in 
connection with drug work, e.g., the influence of antiepileptic agents on such as
pects of development. 
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1. Secondary Focus Models 

MORRELL (1959, 1960, 1961, 1973) was the first to perform systematic investi
gations on "secondary epileptogenesis" (or development of secondary foci, ho
mologous transfer, mirror focus, just to name a few of the terms applied to this 
phenomenon). He has recently reviewed his "classical" observations (MORRELL 
1978). 

For the production of the primary lesion in cats and rabbits, MORRELL used 
the freezing technique - ethyl chloride applied to the exposed cortex (see also 
p. 311 in this chapter). Electrodes of proper configuration and size were implanted 
to record the EEG from the site of the primary lesion, from the contralateral 
homotopic area, and from cortical areas adjacent (a few millimeters away), to 
these two loci. Recording electrodes may also be implanted into deep structures, 
in particular "downstream" from the cortical sites (i.e., the basal ganglia, brain 
stem, and limbic structures) for monitoring possible epileptogenesis in infracorti
cal areas. 

Within a few hours (to several days) - according to MORRELL - epileptiform 
spikes appeared in the site of the primary lesion and remained active in that area 
for days to weeks (in rabbits and cats). Yet, usually within a week spike discharges 
began in the homotopic area of the contralateral cortex, at first just a few in num
ber and occurring in time to the spikes in the primary lesion with a delay of some 
20--30 ms. These spikes in the secondary site were viewed as being evoked po
tentials; they were characteristic for the dependent mirror focus. Dependence 
could be demonstrated by excision (or undercutting) of the primary focus, which 
was followed immediately by cessation of epileptiform activity in the secondary 
site, i.e., the mirror focus disappeared. Injection of a depressant drug (e.g., 
sodium amobarbital) into the carotid artery ipsilateral to the primary focus yield
ed similar though not as reliable results. 

If the primary lesion was left intact and in proper connection with the contra
lateral site, the focus in the latter, on its way to independence, went 
through an intermediate state (MORRELL 1978), which we prefer to refer to as 
semi-independent. Discharge in the secondary focus increased in rate and ampli
tude; spiking there also gradually became temporally independent of the spikes 
in the primary focus; the secondary focus would begin to discharge even more fre
quently and intensely than did the primary one; and it could develop into a source 
of discharge spreading to other areas including the primary focus. Yet, all these 
features still did not "make" the secondary focus an independent one. At this 
stage, excision of the primary focus in about 67% and 20% of the cases still led 
to a drop and eventually complete cessation of activity in the secondary focus, 
when excision was performed after 7 days and 4 weeks, respectively. 

Only with delays of about 90 days for undercutting, or excision of, the primary 
focus, did the secondary focus persist (except for about 8%-20% of the animals) 
for at least 6 months (MORRELL'S criterion of "true" independence). Yet, this par
ticular time course in the development of the mirror focus seemed to be fairly spe
cific for, and to depend on, the nature and developmental characteristics of the 
primary lesion. WYLER (1978) studied the behavior of identified pyramidal tract 
neurons in the "mirror focus" of Macaca mulatta monkeys after at least 1 year 
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had elapsed following induction of the primary focus by alumina cream. The state 
of the neurons, i.e., "epileptic" or "normal", was determined using the criteria 
mentioned earlier (WYLER et al. 1975). None of the pyramidal tract neurons in 
the mirror focus could be diagnosed as "epileptic." They were rather "follower" 
neurons only that discharged in response to a transmitted spike. 

So far we have centered on the description of the "classical" mirror focus, i.e., 
an epileptogenic lesion in a homotopic point contralateral to an artificially induced 
primary focus. One must be aware, though, that the mirror focus - regardless of 
whether it is of the dependent, semi-independent, or independent variety - is but 
one special case of a large variety of secondary foci. The common feature of all 
such secondary lesions is - quite probably - that they are situated "downstream," 
from, i.e., at a "projection site", of, the primary focus. The (epileptogenic) infor
mation is conveyed from the primary to the secondary lesion via "natural" mono
or oligosynaptic transmission channels (i.e., projecting axons). 

Two examples of such "nonmirror type" cases of secondary epileptogenesis 
should illustrate this point. W ADA and CORNELIUS (1960) produced (primary) 
lesions by local freezing or implantation of alumina gel in the pericruciate cortex 
of cats. They noted that independent discharging foci developed not only in the 
(homotopic area of the) contralateral cortex but also in cortical areas of the ip
silateral hemisphere, in the basal ganglia, and in the thalamus (both sites consti
tuting "projection areas" of the sensorimotor cortex in this species!). The proof 
for "independence" was the persistence of these secondary foci after excision of 
the primary lesion. 

WILDER and SCHMIDT (1965, see also WILDER 1972) investigated the develop
ment of secondary foci in Macaca mulatta. Their primary focus was produced by 
implantation of alumina gel into the sensorimotor cortex. They noted "preferen
tial routes" of propagation toward the thalamus, basal ganglia, and reticular for
mation. All animals developed (secondary) focal motor and generalized seizures. 
Three of the animals, after an interval of 2-3 years, had "tonic fits" of up to 20 s 
in duration. When finally implanted with cortical and subcortical recording elec
trodes, the monkeys revealed epileptiform discharge not only in the area of the 
primary lesion, but in a variety of subcortical areas as well. Of interest is the 
authors' observation that propagation occurred from the primary focus to sub
cortical areas and from such subcortical to other deep areas but rarely back to 
the cortex (WILDER and SCHMIDT 1965; WILDER et al. 1969; WILDER 1972). In their 
work on rhesus monkeys NIE and ETTLINGER (1974) placed (primary) aluminum 
hydroxide lesions in the inferotemporal cortex. Through implanted recording 
electrodes they noted that, after ablation of the primary lesion, typical "class I 
events," i.e., "definite epileptiform abnormalities," occurred in neocortical areas, 
suggesting that they "genuinely" arose from an independent epileptic focus. 

This section can be concluded by referring again to WILDER'S paper (WILDER 
1972), which offers, following a description of the (patho-)physiology, biochem
istry, and histology of such projection and secondary epileptogenic phenomena, 
some excellent technical advice as to how to proceed in experiments dealing with 
secondary foci. 
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2. The Kindling Phenomenon 

The kindling phenomenon is yet another manifestation of the fact that "epilepsy 
induces epilepsy." Evidently through a kind of a positive feedback mechanism, a 
local epileptiform discharge, confined initially to a small focus or network, will 
tend, if not "disturbed," to spread in space and in severity. DELGADO and SEVIL
LANO (1961) demonstrated experimental evidence for such "auto-amplifying" ca
pabilities of epileptiform activity. They worked with cats, chronically implanted 
with electrodes in the hippocampus, septum, amygdala, cingulate gyrus, thala
mus, and reticular formation. In response to electrical stimulation (5-s trains at 
100 pps, 0.2-ms pulse duration) in the hippocampus, they observed not only elec
trographic afterdischarges in this structure, but also clinical manifestations such 
as "staring," movements of the vibrissae, of the face, of the eyelids, and of the 
head, and licking, salivation, postural disturbances, jumping and generalized con
vulsions. With repeated applications of the stimulus, these symptoms typically in
creased in severity. 

STRAW and MITCHELL (1966) electrically stimulated the cerebral cortex of 
mongrel cats and recorded the ensuing electro graphic afterdischarge through 
chronically implanted electrodes. In one group of animals, stimulation was car
ried out every 5 min for 5 h at either 25 or 50 pps. In the second group, the stim
ulation periods consisted of three trains given at 5-min intervals, and these 
periods were repeated eight times every 30 min (again rates of 25 or 50 pps were 
used). Quite typically, the duration ofthe afterdischarge increased with increasing 
number of stimulation periods. Furthermore, this increase was always more pro
nounced with the lower stimulus frequency (25 pps) than with the higher frequen
cy. 

GoDDARD and his collaborators characterized, in detail, in a systematic man
ner, and with well-controlled technique, this phenomenon, which they came to 
refer to as kindling. In a first series of experiments GODDARD (1967) worked on 
Wistar rats, Macaca muiatta, and cats. They were chronically implanted with 
stimulation and recording electrodes in various areas of the limbic system and 
some other strategic structures. Stimulating electrodes were of the bipolar type, 
made of stainless steel, nichrome, or platinum, coated with Diamel or Teflon, 
and overcoated with Insl-X or Epoxylite. At least 1 week after surgery, stimula
tion of the amygdala was given once a day with the following parameters: bi
phasic pulses of I-ms duration at a rate of 62.5 pps, trains of I-s duration, and 
a peak-to-peak amplitude of75 J.LA. 

In the 1st-day trial there was neither an EEG response nor a behavioral re
sponse to stimulation. As of the 7th day there was, in response to stimulation, ar
rest, closing of the (ipsilateral) eyelid and some grooming movements. At this 
time the first afterdischarge occurred in the EEG. The first bilateral clonic con
vulsions were observed about 2 weeks after the beginning of stimulation; they set 
in 15 s after stimulation and lasted at first for only 7 s. The convulsions involved 
rearing back on the hindlimbs and tail, facial contractions, and forelimb clonus 
(contralateral before ipsilateral). Isolated spikes in the amygdala outlasted the 
clinical convulsions by 1-2 min. With ongoing trials the (clinical) convulsions oc
curred with progressively shorter latencies, and became longer in duration to level 
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out, after another 10 days or so, at 5 and 20 s, respectively. Tonic convulsions 
were not seen. Additional experiments (in other animals) revealed that at this 
stage clonic convulsions could be triggered with an about 50% probability with 
stimulating currents as low as 5 J.lA. However, spontaneously occurring convul
sions were not seen by this stage. 

In an additional series of rats, GODDARD et al. (1969) investigated the anatomi
cal specificity of kindling. In this series, a 60-Hz sine wave of 50 J.lA was applied 
once daily for 60 s to various structures. A variety of points in the "olfactory-lim
bic" system were found to be "positive," with the amygdala being the most re
sponsive area. Yet, also from the striatum and, even more so, from the globus pal
lidus, kindling could be elicited. 

Another part of this investigation dealt with questions of permanence of the 
kindling "trace." Again they worked in rats and used stimulation parameters 
identical to those in the previous series. They found that animals which had been 
"prekindled" and then had been given a l2-week rest required fewer trials of "re
kindling" to reach the criterion than did animals that were not "prekindled". This 
clearly showed that "the changes which underlie the kindling process were rela
tively permanent changes which remained almost completely intact for at least 3 
months without (re-)activation." 

A third part of this work was devoted to the role of stimulus parameters. It 
was demonstrated that the optimal stimulation frequency for triggering convul
sions in (pre-)kindled rats was 60 Hz; this was regardless of whether (pre-)kind
ling had been carried out with 25, 60, or 150 Hz. Also kindling was found to de
velop in an identical temporal pattern, irrespective of whether a 25-, 60-, or 150-
Hz stimulus was used. Furthermore, it was shown that time to first clonic convul
sions (stimulation in the amygdala for either 1 or 60 s) was from 10 to 15 days, 
regardless of stimulus intensity, which ranged from 0.05 to 10 mAo Finally, and 
possibly rather surprisingly, the probability of finally precipitating convulsions 
increased with interstimulus interval to reach a plateau with rates of one trial per 
24h. 

By using two separete electrodes to stimulate two different brain areas (again 
in rats) the authors were able to demonstrate that the "kindled" state would 
"transfer" from one site to the other. The septal region required about one-third 
of the trials normally necessary to reach the "criterion," following (pre-)kindling 
in the amygdala. 

GODDARD and co-workers also performed some experiments to demonstrate 
kindling proneness in different strains of rats and in the cat and the monkey. For 
these experiments the amygdala was stimulated. They showed that the reaction 
of the Royal Victoria hooded rat was quite similar to that of the Wi star rat, but 
that the Holtzman strain war more seizure prone. Also, kindling could be shown 
to occur in cats. Finally, using somewhat different stimulating electrodes (in the 
amygdala) and different stimulus parameters, evidence was obtained that also in 
the monkey, "as in the rat, stimulation led to development of clonic convulsions; 
the duration of clonus progressively increased with repetition, and stimulus 
threshold decreased." 

MORRELL (1973) followed up GODDARD'S work and performed an experimen
tal series aimed at the demonstration of kindling in cats. Unilateral electrical stim-
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ulation (2-s trains, biphasic rectangular pulses, 2 x I-ms duration, 62.5 pps, 100 ~ 
per pulse) was given once a day between 10.00 and 11.00 hour through Nicrome 
electrodes with their tip in the lateral nucleus of the amygdala or in the adjacent 
pyriform cortex. Some animals were "pretreated" with a nonconvulsive "control 
current." All (18) cats developed behavioral and electro graphic signs of seizures 
upon repeated stimulation, after a latency of 30-55 days (or 70 days for those that 
had received a particular control stimulation). In the 16 animals which "finished" 
the study, seizure activity was progressive and developed into full-blown fits, 
which lasted up to 100 s. Typically, the seizures began with arrest of ongoing ac
tivity, then exhibited some rhythmic twitching of the mouth, tongue, and ipsilat
eral eyelid. The contractions became more intense, including other facial muscles, 
and turned into head bobbing. Finally, the (contralateral) legs began to twitch 
and the seizure turned into a (bilateral) tonic-clonic fit. Earlier in every kindling 
series, i.e., during stages with no or few clinical signs, there were electrographic 
afterdischarges which typically lengthened with the increasing number of trials. 
They affected not only areas in proximity of, but also remote from, and opposite 
to ("mirror focus"!), the stimulated point. 

According to MORRELL, a 50- to 100-pps current was optimal for production 
of kindling. He also emphasized the importance of intervals of several hours (up 
to several days) between trains of iterative stimulation, as a prerequisite for the 
development of kindling. He further stressed the permanence of the "trace," in
duced during development of kindling, and remaining unaltered even if the stim
ulation was interrupted for as long as several weeks. He finally pointed out the 
similarities between the kindling phenomenon and the mirror focus, another 
"model epilepsy" developed and experimentally clarified by himself. 

RACINE et al. (1973) studied in the rat the influence of interstimulus interval 
on the rate of development of kindling generated by electrical stimulation of the 
amygdala. In this series they used I-ms diphasic pulses (400 JlA peak-to-peak) at 
a rate of 60 pps applied in trains of I-s duration. Of interest - and in contrast to 
GoDDARD'S findings - is the observation that "there were no significant differ
ences between 24-h, 2-h, or I-h interstimulation intervals with respect to number 
of stimulations required to develop seizures." When stimulated at intervals ofless 
than 1 h, the animals required more trials to reach the "criterion." Nevertheless, 
with the 0.5-h interval seizures developed within 13-46 trials, i.e., in less than a 
day! With the I-h interval it took from 5 to about 43 h, and with the 24-h interval 
the "criterion" was reached in 8-28 days. 

In experiments by PINEL and co-workers (PINEL et al. 1975), rats, continuing 
to be kindled past the criterion, i.e., past the time when motor seizures appeared 
in response to stimulation, developed the ability to produce spontaneous motor 
convulsions. Such seizures displayed a wide variety of symptomatology, ranging 
from mild running fits to severe myoclonic convulsions. According to PINEL 

(1981), kindled rats kept for 6-7 months continued to show such spontaneous sei
zures, even when not further stimulated. 

WADA and SATO (1974), WADA and OSAWA (1976), and WADA et al. (1975) 
demonstrated the proneness toward kindling in cats, rhesus monkey, and ba
boon. WADA and SATO (1975) showed that kindling is producible in split-brain 
cats. 
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GILBERT and CAIN (1982) stimulated the amygdala in neonate (10 days of age), 
infant (14 days), weanling (21 days), juvenile (39 days), and adult (> 200 days) 
hooded rats. While they found no difference in the rate of development of kind
ling between the weanlings, juveniles, and adults, they noted that neonate and in
fant rats kindled only partially and "unreliably." The authors attributed this to 
the "immaturity of various mechanisms of neural transmission." 

Of interest, in terms of comparative physiology, is the study by MORRELL and 
TSURU (1976). They stimulated the hippocampus of partially immobilized bull
frogs, once per hour with 2-s trains of 62.5/s bipolar pulses of I-ms duration and 
pulse amplitudes of 200 llA. Recording electrodes were placed bilaterally in the 
hippocampi. Initially, such trains induced a short afterdischarge which - with re
peated stimulation - became progressively longer. After four to six such stimuli, 
there appeared isolated, still infrequent high-voltage discharges in the primary 
(stimulated) site. Somewhat later in the procedure, these discharges were trans
mitted to secondary sites, and after a few more stimuli they appeared there spon
taneously and independently of the first focus. Shortening the stimulation inter
vals to as little as 5 min neither quantitatively nor qualitatively affected the after
discharges in their dynamic development. 

POST et al. (1976) chronically administered cocaine (10-17 mg/kg i.p. twice 
daily) to rhesus monkeys. Besides behavioral disturbances (stereotypies, catalep
sy, and dyskinesias), in 7 out of 13 animals they also observed convulsions of in
creasing severity with increasing number of injections. On average, the first con
vulsions were seen after eight cocaine injections and developed into generalized 
tonic-clonic fits of short duration, reoccurring though at short intervals for 
periods of up to 15 min and more (in fact such longer-lasting status epileptici had 
to be blocked with diazepam or pentobarbital to save the animals!). Cocaine 
levels in the cerebrospinal fluid were not found to differ between animals tested 
after the first and after the tenth drug administration. POST and co-workers also 
noted that cocaine administration, regardless of whether performed acutely or 
chronically, led to an elevation of homovanillic acid (HVA) in the cerebrospinal 
fluid, paralleled by an increase (though not significant) in 5-hydroxyindoleacetic 
acid (5-HIAA). 

Because of the similarity between the time course of the development of co
caine-induced convulsions and that of the convulsions induced by initially sub
threshold, repetitive electrical stimulation of the amygdala, the authors conclud
ed that with their repeated cocaine administration they "engaged a kindling-like 
mechanism. " 

In another investigation in Sprague-Dawley rats, POST (1981) used lidocaine 
(60-65 mg/kg i.p.) to induce kindling. After a number of daily ("subthreshold") 
applications, seizures started to occur that increased in intensity with increasing 
duration of "treatment." The seizures were characterized by recurrent episodes 
of clonic movements of the head, trunk, and forepaws, with the animals sitting 
on their haunches and "balanced" by a Straub-tail phenomenon. Seizures in
creased in intensity (i.e., number of repeated fits following each injection), but al
so displayed a rhythm-like pattern with 2-4 days periodicity that evolved with re
peated injections of the drug. Rats that had been kindled by electro stimulation 
of the amygdala were more responsive to lidocaine 18 days after cessation of elec-
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trokindling; 88% of electrokindled rats showed convulsions to (one-time) lido
caine, in contrast to only 24% of a "sham-kindled" group. Finally, POST showed 
that rats which successfully kindled in response to repeated lidocaine, i.e., which 
developed seizures, reacted with increased aggressiveness. This was not so for rats 
that received saline and for rats that, though receiving lidocaine, did not kindle. 

Also with rats, CAIN (1981) demonstrated kindling with pentylenetetrazol (20 
mg/kg i.p.). In the course of 50 daily administrations, all animals showed an in
creasing frequency of facial twitching and myoclonic jerks; yet, only one rat had 
a generalized convulsion. CAIN also found, as did POST (1981), the phenomenon 
of "cross-kindling," but here in reverse. After having been "prekindled" by penty
lenetetrazol, the rats needed on average only 7.6 electrically induced afterdis
charges (amygdala) to produce a pronounced kindling effect, whereas controls 
(i.e., not "chemically" kindled animals) required 13.2 afterdischarges to reach the 
criterion. 

VI. Animals with "Inborn" Epilepsy: Genetic Models 

In the preceding sections we have described and discussed a number of "epilepsy 
models" in which the symptom "seizure" was induced, acutely or repetitive
chronically, by a physical or chemical agent in initially and basically healthy -
nonepileptic - animals. Yet, this review has also shown that these agents are not 
similarly effective in all species tested (including submammals). In fact, in mon
keys it is easier to produce (chronic) epilepsy by implantation of alumina than it 
is, e.g., in rats. In tum, frogs seem to kindle faster and with more ease than, say, 
cats or primates. This indicates that different species have a priori a different -
possibly chemically determined - sensitivity to the various epileptogenic agents. 
Or to take the reverse view, the various species enjoy in their central nervous sys
tem a different degree of protection against epileptiform discharge. 

In fact, it is by now well established that there are some species and strains 
that typically and repeatedly exhibit spontaneous seizures, or, at least, are char
acterized by an extremely low threshold to a number of "epileptogenic" (or better 
convulsogenic) agents such as stress and sensory stimulation. It is clear that ani
mals that show seizures spontaneously or that show seizures in response to a low 
stimulus, i.e., animals that are "natural epileptics," may tum out to be better 
"models" than those in which the convulsions are induced by some possibly 
"alien" agents. Holliday's chapter in this volume (Chap. 3) describes a number of 
cases of such "spontaneous" epilepsies in a variety of species, and we can restrict 
our own treatment of this topic to "semispontaneous" epilepsy as revealed by 
audiogenic seizures in mice and rates. 

According to KRUSHINSKY et al. (1970), audiogenic seizures in mice were first 
mentioned by STUDENTSOV in 1924. Later, DICE (1935) described "waltzing and 
epilepsy" in the genus Peromyscus, and MIRSKY et al. (1943) wrote about "son
ogenic convulsions" in rats and mice. HALL (1947) noted a striking difference in 
susceptibility to noise (and the consequent behavior) between the C57 and DBA 
strains of mice. 

In his chapter in Experimental Models of Epilepsy COLLINS (1972) gave an ex
cellent description of aUdiogenic seizures in mice and rats, including some re-
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marks on ontogenetic aspects and genetics. He added two valuable appendices on 
sources of adequate animal material and of information about such animals. As 
on earlier occasions, we follow COLLINS' presentation for the description of the 
"classical experiment." Of a variety of sound sources - jingling keys, jangling 
metal tubes, high-pressure air blasts, white noise, and high-pitch pure (sine wave) 
tones and sirens - the electric bell is probably the most widely used instrument. 
Sine wave frequencies below 8-10 kHz are ineffective (as being below the hearing 
range of mice). Sound intensities between 90 and 120 dB above 0.0002 dynes/cm2 

are necessary for the elicitation of seizures. The test should be performed in a 
quasi-soundproof chamber to protect the surroundings from repeated intense 
acoustic traumatization. 

The whole response to such stimuli in mice usually consists of three phases: 
a pre tonic, a tonic, and a posttonic one. Mice and rats, immediately after the onset 
of the sound, react first with an initial stun and/or startle response. After an in
tervening latent period, the animals follow with a burst of rapid running move
ments, interrupted by leaping. Then they fall over, and show a variety of clonic 
movements. The second phase begins with a tonic flexion of the hindlegs, fol
lowed by extension, which can be maintained for up to 20 s. Respiratory failure 
- which often proves to be fatal unless the animals are given artifical respiration 
- is signaled by relaxation of the pinnae. The posttonic phase consists of an initial 
period of clonic movements, followed by a stuporous state. According to COL
LINS, some of the animals may go through a free interval after the running phase, 
followed by a second period of running which then leads into the actual convul
sive phase. When one ear is occluded the motor patterns develop in a rather asym
metrical way. COLLINS, on the basis of temporal comparisons, suggested that 
aUdiogenic seizures can be regarded as generalized convulsions not much differ
ent from those induced by electroshock or pentylenetetrazol. 

As to the proper (i.e., adequately sensitive) strain, COLLINS recommended 
DBA/2J mice; in his own experiments nearly 100% ofthis strain, tested at the age 
of 3-4 weeks, succumbed to (often fatal) seizures. SCHLESINGER et al. (1965, 1968, 
1970) also offered some important information about "the genetics of sound-in
duced seizures in inbred mice." In two recent papers SEYFRIED (1979) and NOE
BELS (1979) dwelled on the genetic factors controlling the susceptibility of various 
strains to sound stimulation. The former also discussed the role of age in the de
velopment of susceptibility to audiogenic seizures; in DBA/2J mice, susceptibility 
begins over a relatively short period of 12-17 days after birth. Also, according to 
SEYFRIED, susceptibility to sound can be induced in initially resistant animals by 
prior acoustic exposure. 

Rats, not unlike mice, react to (intense) sound stimulation also with an initial 
startling response, followed, after a short quiescent phase, by violent running 
leading into a (generalized) tonic-clonic seizures; a postictal depression phase ter
minates the attack (CONSROE et al. 1979). According to the same authors, the "ge
netic profile of audiogenic (AG) rats has not been fully defined." Studies involv
ing brain ablations, stimulations, and recordings suggested that audiogenic rats 
are deficient in neuronal inhibition at the cochlear and vestibular nuclei, as well 
as in the inferior colliculi and reticular formation. 
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VII. Circadian Aspects 

In many of the experiments with the various "chronic symptomatic models" dis
cussed in the preceding sections the investigators noted that the propensity to
ward epileptic discharge or overt seizures varied in the course of the 24-h day and/ 
or with changes in behavioral activity. LOCKARD and BARENSTEN (1967) observed 
that the alumina-induced seizures of monkeys were concentrated in the night 
hours. According to MAYANAGY and WALKER (1974), spiking frequency (in an 
alumina focus in the monkey's cortex) varied with the "state of somnolence." 
Seven of their eight animals showed an increase in spiking rate during light and 
deep slow-wave sleep. The eighth monkey, however, developed spiking to waking 
levels when shifting from light to deep sleep. Two of the animals increased dis
charge rate when entering paradoxical (REM) sleep. VELASCO and co-workers 
(VELASCO et al. 1973, 1977) found that cats with cortical alumina cream lesions 
lost their peripheral manifestations of convulsions (twitches) during sleep while 
maintaining the electrocortical discharges. In fact, spiking in the cortex increased 
when shifting from waking to slow-wave sleep to decrease again in rate when en
tering paradoxical sleep. WYLER (1974) recorded with tungsten microelectrodes 
the activity of 40 normal and 17 "abnormal" neurons from alumina-induced 
neocortical epileptic foci in Macaca mulatta during waking and sleeping. During 
sleep, normal neurons were not found to change their firing pattern "from what 
would be expected from previous reports." The abnormal ("epileptic") neurons 
though produced, with the transition from waking to sleep, an increased number 
of spikes per burst or (if initially only slightly "epileptic") changed the firing pat
tern so drastically as to become indistinguishable from initially highly "epileptic" 
neurons. 

ROLDAN et al. (1970) noted a striking correlation in Wistar rats between the 
incidence of (cobalt-induced) spike and spike-wave trains, on the one hand, and 
the state of vigilance, on the other. Typically, these trains occurred mostly and 
mainly during relaxed wakefulness whereas they were almost missing during deep 
(slow-wave) and paradoxical sleep. The same group (ROLDAN et al. 1971 a) found 
that rats, exhibiting spike and spike-wave discharges, had shortened slow-wave 
sleep time. COLASANTI et al. (1974) found that spiking in response to a cobalt in
sertion into the parietal cortex of rats appeared mainly at the end of sleep 
episodes. 

Circadian and/or vigilance level-dependent variations in epileptogenic output 
also appear in "inborn"-type epilepsies in animals. As early as 1955, HALBERG 
had observed a clear circadian rhythm in the susceptibility of mice to audiogenic 
convulsions (HALBERG 1955). The photomyoclonic Senegal baboon shows, ac
cording to KILLAM (1979), the greatest seizure responsiveness at 0800 h and the 
least 12 h later, i.e., at 2000 h. 

These findings in epileptic animals come as no surprise, if one knows that 
man's epilepsy is a time (of the day)-dependent variable. Among many others, 
JANZ (1962, 1975) has shown that particular types of epilepsies have their favorite 
"phase position(s)" in the circadian cycle. According to PASSOUANT (1977), slow
wave sleep favors focal (partial) epilepsies, including the tendency toward gener
alization. In turn, REM sleep rather inhibits generalized (grand mal) attacks but 
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favors the appearance of petit-mal and temporal lobe seizures. Other examples 
of such time- and/or vigilance-dependent variations are cited in other chapters of 
this volume. For a quite detailed review the reader is referred to DALY'S article 
(DALY 1973). 

Such circadian and/or vigilance-dependent variations are of interest not only 
for the epileptologist involved in basic research (one may ask the question as to 
what factors control these variations); they are also of practical importance as 
well for the proper evaluation of efficacy and potency of potential anticonvulsant 
drugs in the various screening procedures. We have established an experimental 
paradigm that should be adequate for the physiologist and pharmacologist to in
vestigate a variety of variables dependent on the time of day (KOELLA 1980a). 
This procedure is "statistical" in nature as it is based on the probability that n ani
mals out of no subjects per group respond with (maximal) convulsions in response 
to an electroshock of given intensity at any particular time of the (24-h) day. For 
this procedure it is of outmost importance that the animals (rats) are adjusted for 
at least 2 weeks to a constant light-dark schedule (in our experiments 1830-0630 
dark). Electroshock (0.65-s train, 100 V, 50-Hz alternating current) is applied by 
corneal electrodes to groups of 20-30 animals at different time points regularly 
distributed over the 24-h day. Figure 3 shows that in three experimental settings 
(run in the course of a 4-month period) the percentage of convulsing animals 
varied quite distinctly, although with a similar pattern, over the 24-h day. Two 
maxima of responsiveness occur - one at the beginning, one toward the end - dur
ing the night ("dark") activity period; a first minimum occurs in the middle of the 
dark period and a second one toward the end of the rest (i.e., the "light") period. 
It is obvious that such experiments can be performed also with chemical convul
sants, e.g., picrotoxin, bicuculline, pentylenetetrazol, and, possibly, strychnine. 
On the other hand, convulsants with longer delays until onset of action and lon-
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Fig. 3. Change over a full day in susceptibility to electroshock of three different groups 
of rats (1, 2, 3). Note the high seizure incidence at the beginning and toward the end of the 
dark ("active") period (black bar) with troughs at 1600 and 0200 h (KOELLA 1980 a) 
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ger-Iasting convulsive behavior would probably be less well suited for this kind 
of investigation. 

c. Some Nonsymptomatic Models 
Epileptologists quite often, and in particular in connection with questions con
cerning the intimate mechanism of action of antiepileptic drugs, use nonsympto
matic models; they administer their drugs to animals which exhibit no epilepti
form symptomatology: animals which for all practical purposes have a "normal" 
brain except that they have been subjected to some nonspecific interventions such 
as anesthesia, decerebration, spinalization, or other "isolation" procedures; 
epileptologists investigate the effect of drugs on normal biophysical and biochem
ical, neural and/or neuronal processes. They do that for two reasons. Firstly, 
there is the strong possibility that, as outlined earlier, antiepileptic drugs act in
directly, in a sense symptomatically, and combat seizures, or seizure proneness, 
by an action on "normal" (e.g., inhibitory) neurons to counterbalance excessive 
excitation in "epileptic" (excitatory) units. Here, experiments in "normal" ani
mals are likely to yield pertinent information. Yet, the investigator may also be 
inclined to interpret the drug effects obtained in normal tissues to have a similar 
significance for abnormal (e.g., "epileptic") neurons or networks. Here, though 
one must be aware that the reaction to a chemical in an "abnormal" substrate is 
often entirely different from that in a normal one, data obtained in normal tissue 
cannot a priori be assumed to be relevant for abnormal tissue. Secondly, as pre
liminary information, data obtained in such nonsymptomatic models are highly 
valuable if an effort is made to expand, where possible, the experiments to the 
same "function" in symptomatic models, viz., in a convulsing focus. A few of the 
more often used biophysical experimental paradigms together with some general 
remarks about biochemical studies are presented in the following sections. 

I. Biophysical Approach 
1. Spinal Synaptic Assemblies 

The mono- and polysynaptic spinal reflex has always been a popular model for 
investigations with "antiepileptic" drugs. Such experiments are usually per
formed in spinalized, unanesthetized, or intact chloralose-anesthetized animals, 
preferably cats. For reliable and constant results adequate monitoring and con
trol of body temperature and blood pressure is of the utmost importance. Elec
trical stimulation of the dorsal roots (preferably L 7 or S 1), or of a muscle nerve 
containing IA and II fibers, activates mononeurons, whose excitation can be re
corded from the ventral roots. Recording from the ventral roots enables, to
gether with those from dorsal roots, the output/input relations to be monitored. 
Intracellular recordings from motoneurons yield information about (possibly) 
subthreshold excitatory postsynaptic potentials (EPSPs) and their reaction to 
manipulations of synaptic "conductance." Drugs can be administered using ei
ther the i. v. or the (close) i.a. route. 

Reducing stimulation intensity at the dorsal roots enables monosynaptic re
flex activity to be "isolated" (through IA afferents), whereas higher intensities ac-
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tivate thinner (II, III and IV), as well as heavier, afferent fibers, thus producing 
a monosynaptic action potential followed by the polysynaptic reflex. Such differ
entiation is possible, to some extent too, by stimulation of either an afferent fiber 
from a muscle or one from the skin. 

Through stimulation of afferents from antagonistic muscles, in addition to the 
monosynaptic reflex test procedure, the effect of polysynaptic or direct inhibition 
and its reaction to drugs can be investigated. Similarly, the inhibitory influence 
of cutaneous afferents on the motoneuron and its susceptibility to the effect of 
(antiepileptic) drugs can be studied. Through antidromic stimulation of the ven
tral root (motoneuron) fibers, one can activate the Renshaw cells and study the 
effect of drugs upon this inhibitory feedback system. 

An often employed method, using principally the same procedure of reflex 
testing, is the posttetanic potentiation paradigm (PTP). First introduced by 
LLOYD (1949), this method involves long-lasting (up to 60 s) high-frequency (50-
500 pps) stimulation of the dorsal roots (or a muscle nerve) which results, after 
cessation of tetanization, in a remarkable increase of the ventral root response. 
ESPLIN (1972) has shown the time course of the increase of the ventral root po
tentials and the clear dependence of the effect upon tetanization frequency. 

2. Supraspinal Models 

FROMM and KILLIAN (1967) investigated synaptic transmission onto, and excit
ability of, postsynaptic cells in the oral part of the spinal trigeminal nucleus under 
the influence of a variety of anticonvulsants. In either pentobarbital- or chlor
alose-anesthetized cats, they introduced glass microelectrodes to monitor unit ac
tivity. Typically (orthodromic) single-pulse stimulation of the maxillary nerve 
elicited, with a latency of approximately 2 ms, a series of two to four postsynaptic 
potentials. In turn, (antidromic) lemniscal stimulation evoked only one response 
with a latency of only 1 ms, yet with good "following" of the stimulation rates 
up to 200 pps. In more recent work, FROMM et al. (1980,1981) again recorded the 
response of units in the oral part of the spinal trigeminal nucleus to maxillary 
nerve stimulation, following an inhibitory conditioning stimulus to the contralat
eral hypothalamic periventricular gray matter. This conditioning stimulus typi
cally increased the latency and decreased the number of the postsynaptic po
tentials recorded from trigeminal nucleus units. 

ANDERSEN et al. (1977) and ANDERSEN (1978) investigated in isolated slices, cut 
perpendicularly from the hippocampus of guinea pigs, the "long-lasting facilita
tion of synaptic transmission." After tetanization of a variety of hippocampal af
ferent pathways (10-50 Hz for 5-15 s), they noted, through microe1ectrode re
cordings, an increased (postsynaptic) response in, e.g., CAl pyramidal cells, a 
typical PTP! This facilitation outlasted the period of tetanization by easily 25-75 
min. The increased postsynaptic response was interpreted to be, in all probability, 
the consequence of enhanced release of synaptic transmitter - a mechanism also 
proposed to be responsible for (spinal) PTP. It seems that this model, if "epilep
tic" hippocampal tissue were also used, would be well suited to investigate the dif
ference in the effects of anticonvulsants in normal and abnormal networks. 
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3. Invertebrate Models 

The relatively simple nervous systems of invertebrate organisms, e.g., insects, 
mollusks, crustacea, cephalopods, offer welcome access to the study of a variety 
of neurophysiological processes and mechanisms of both the dry and wet type. 
Physiological properties of neuronal membranes, their reactivity to a variety of 
natural and "exogenous" inputs, conduction of impulses along elongated pro
cesses of the nerve cells, interactive patterns in the neuropil, and a host of other 
problems can be investigated in such "primitive" neuronal networks (see KANDEL 
1976). 

Of the numerous possible experimental approaches in a great variety of spe
cies, we mention a few to demonstrate the ready applicability of such models in 
epilepsy research. 

Aplysia californica, the "sea hare," has in its abdominal ganglion a number 
of spontaneously "bursting" nerve cells - L 2 , L 3 , L 4 , L 5, L 6 , and R l5 . The ma
jority of the other cells are "silent" when investigated in the isolated ganglion. A 
short stretch of the typically "ever-lasting" bursting behavior ofRl5, with the re
peated trains of spikes and the intervening membrane hyperpolarization, as re
vealed by an intracellular microelectrode, is shown in Fig. 4. A certain similarity 
between the ("normal") behavior of this cell with the "symptomatic" seizure dis
charges in "epileptic" cells is obvious; this "epileptiform" behavior is reinforced 
by convulsants. FRAZIER et al. (1967), then WILSON and WACHTEL (1974, 1978), 
BARKER and SMITH (1978), and ADAMS et al. (1980) among many others have 
worked out some of the basic ionic and electrical mechanisms underlying this sei
zure-like discharge and the parallel shifts in the membrane polarization. 

KLEE et al. (1973) showed that pentylenetetrazol (PTZ), applied to isolated ab
dominal ganglia of Aplysia, can induce "doublet" discharges "associated, in volt
age clamp, with a decrease in the threshold for the inward current and a reduction 
and delayed onset of the outwart current." PTZ was also shown to produce os
cillations and bursting behavior in normally silent cells. 

SPECKMANN and CASPERS (1973) used isolated single cells for their work ex
cised from the parietal and visceral ganglia of Helix pomatia. Intracellular record
ing was carried out with single or multiple KC1- or K-citrate-filled microcapil-
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Fig. 4. Bursting activity and interburst hyperpolarization recorded intracellularly from the 
R~ 5 cell of the (is~late~) abdominal ganglion of Aplysia cali/ornica. R, original record; C, 
splke counter. CahbratlOn, 50 m V; total length of record, I min, 40 s. (From author's lab
oratory) 



Animal Experimental Methods in the Study of Antiepileptic Drugs 325 

laries. With proper injection of current they were able to measure membrane in
put resistance. Using PTZ added to the bath to yield 10-100 mM concentrations 
they either increased the spontaneous discharge rate of such cells, or even pro
duced discharge in initially silent cells. The drug also induced changes reminiscent 
of paroxysmal depolarization in mammalian "epileptic" cells. Finally, PTZ was 
found to decrease the amplitude and to increase the duration of the action po
tentials and to reduce the extent of the afterhyperpolarization. Also with the help 
of PTZ, FAUGIER and WILLOWS (1973) and PARTRIDGE (1975) turned single 
bursting cells of Tritonia into - "symptomatic" - models to be used for measure
ments of a variety of membrane properties. 

II. Biochemical Approach 
The basic aim of such "biochemical" nonsymptomatic models is - as it was, mu
tatis mutandis, with the "biophysical" models - the establishment of "standards" 
pertaining to a vast variety of biochemical parameters for the investigation of the 
influence of antiepileptic drugs. With nonsymptomatic (as with the "symptomat
ic") models, a great variety of approaches are at hand. WOODBURY and KEMP 
(1977) have presented a list - together with valuable comments - of "biochemical 
changes in epileptic foci of animals and man". It seems that work pertaining to 
the behavior of the many different neurotransmitter mechanisms (aminergic, 
aminoacidergic, and polypeptidergic ones) should assume priority. Such investi
gations should be directed at one or more of the three phases of humoral trans
mission: release, inactivation, and receptor-bound transduction to obtain evi
dence at what point (or points) in the "wet" transmission mechanism a drug at
tacks. Here it is of interest - as it was with respect to biophysical studies - to 
spread the experimental probes to a variety of structures (not least those that are 
plagued by a notoriously high epileptogenic sensitivity) to obtain evidence about 
possible structure-specific influence of the antiepileptic drugs to be tested. 

Studies on the levels and kinetics of the various relevant ions are probably as 
important with regard to the clarification of the modes and mechanisms of 
antiepileptic action. Here too, a structure-dependent approach is indicated. Fi
nally, studies on a variety of enzymes (e.g., carboanhydrase) and on the various 
structured constituents of the neuronal and glia membranes - including proteins 
and lipids - should be used to broaden the spectrum of approaches and, thus, to 
increase the probability of finally pinpointing the important (yet "normal") sub
strate(s) for the action of antiepileptic drugs. For details the reader is referred to 
the chapter on "Pathophysiology of Epilepsy." 

D. Discussion 
In the two preceding sections we have described and discussed a variety of ex
perimental procedures which, based on their very nature, lend themselves as mod
els for the discovery and characterization of potential antiepileptic drugs. The 
bulk of these models are symptomatic in nature; they exhibit convulsive activity 
and/or interictal phenomena induced, in the majority of cases, artificially, by a 
variety of "epileptogenic" agents. In a few of these symptomatic models, though, 
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the epileptiform symptoms appear "spontaneously", due evidently to genetic 
priming. Some of the experimental procedures described are basically nonsympto
matic in nature. Still, due to the particular neurophysiological system under 
scrutiny, these nonepileptic models are valuable instruments in the further char
acterization of antiepileptic agents. 

In this concluding section, we shall now make an attempt to assign an ex
perimentalfunction to some of these models. We must decide - or at least suggest 
- what model(s) should preferably be used in realizing the experimental aims as 
outlined and defined in the introduction to this chapter: (1) qualitative and quan
titative characterization of "unknown" chemicals as antiepileptic drugs in gener
al, or screening; (2) determination of efficacy of such compounds in special forms 
of convulsive disease, or testing for special indications. 

I. Models for Screening 

Two important conditions must be imposed on any screening procedure: it must 
be 'fast and snappy" and it must be (reasonably) reliable. On average it should 
be possible to test two to three new substances, together with standards, per day, 
and still have time available to run additional more time-consuming tests, e.g., 
time course studies or establishment of proper dose-response relations. As to re
liability, the tests should be able to predict, with adequate probability, clinical ef
ficacy - or inefficacy. These screening procedures should produce no, or only a 
minimal number of, false positives. Enough (potential) "true positives" must be 
discarded for a number of other reasons: too many and/or too severe side effects, 
toxicity, etc. So whatever passes the tests of further development should turn out 
to be a potent and efficient anticonvulsant drug. Also, and even more important, 
the screening procedures must not yield false negatives, lest potential clinically ef
fective anticonvulsants are rejected at an early state of development. Inappropri
ate dose range, i.e., failure to test high doses when low doses proved to be inef
fective, is one of the important causes for the production of such false negatives. 

Most laboratories involved in the development of anticonvulsants (or 
antiepileptics) use two or more of the "simple" testing procedures for screening 
purposes: the maximal electroshock procedure and one or more of the "simple" 
chemically induced acute convulsion models. Maximal electroshock (MES) test
ing in mice (n= to/dose) comes first. Doses of 3,30, and 300 mg/kg p.o. give an 
initial indication of (possible) anticonvulsant efficacy. Depending on the results 
obtained in the first test, a second series is run with the same doses and doses in
termediate to those in the effective dose range. Then, again in mice, the penty
lenetetrazol MET or PTZ), picrotoxin (PIC) and, possibly, strychnine (STR) tests 
are performed, with doses within and around the range found effective in the MES. 
EDsos are calculated for all these tests. Finally, and only with substances found 
effective in the preceding procedures, a MES test may be performed in rats, again 
with a range of doses the EDsos found in mice. Some laboratories also use, in ad
dition to (or replacing some of) the procedures just mentioned, the audiogenic 
mice test. 

The Epilepsy Branch of the US National Institute of Neurological and Com
municative Disorders and Stroke, National Institute of Health, has initiated an in-
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tramural program to screen - for "outsiders" - potential anticonvulsant drugs 
(KRALL et al. 1978). 

To evaluate the time course of effectiveness of the drugs the NIH group rec
ommends - as first approximation - testing for anticonvulsive activity 30 and 240 
min after administration of the drug. We prefer a somewhat more detailed pro
cedure and test - using MES in mice and rats - 0.5, 1,2,4,8, 16, and 24 h after 
oral administration of the compound in question. Here, it is of importance to al
low, through proper experimental design, for circadian influences on sensitivity 
to the drug and to the epileptogenic agent. 

II. Testing for "Special Indications" 
The description of the various models in Sect. B of this chapter has revealed that 
convulsions, precipitated acutely or chronically by a wide variety of physical or 
chemical factors, or occurring "spontaneously in genetically primed animals, as 
well as the many interictal phenomena, differ considerably in severity and form. 
Often the convulsions impress as being generalized attacks with a tonic-clonic se
quence. Often the fits may have all the earmarks of a partial seizure which, 
though, may generalize. Behavioral indicators may indicate that we deal, in one 
or the other model, with a complex partial attack oflimbic origin. Electrophysio
logical recordings enable us to differentiate at least two forms of discharge: a fast, 
spiky one that has all the characteristics of a focal or a "grand-mal" attack; 
or then the 2-4/s spike- (or polyspike-) wave patterns reminiscent of an absence 
seizure. 

Quite evidently, the animal (at least down to amphibia, if not further) is apt 
to produce (or release) epileptiform activity which, in electrographic and be
havioral appearance, is not far removed from such activity observed in man; this, 
in the first place, is independent of etiology! Thus, this gives us the idea of using 
such special forms of animal convulsions as models for testing putative antiepilep
tic drugs on special efficacy in the various forms of (human) convulsions. In recent 
years, a variety of compounds of known efficacy in special forms of seizures in 
man were tested in such special animal models. The results are encouraging; it 
seems possible to predict to some 'extent in what types of seizure a particular 
(putative) antiepileptic drug would be most efficacious - at what price and with 
how many "false positives" and "negatives" cannot be foreseen as yet. Still, some 
discussion of such procedures, making use of some of the models described ear
lier, is in place. 

1. Testing Efficacy in Petit-Mal Epilepsy 

According to WOODBURY (1972) and many others, a (relatively) high potency of 
a particular compound in the pentylenetetrazol test (in comparison with the maxi
mal electroshock test) is characteristic for compounds with high efficacy in petit
mal epilepsy. WOODBURY (1972) also claimed that a strong (inhibitory) reaction 
of post-tetanic potentiation (PTP) to a drug is a good predictor of its high efficacy 
in petit-mal epilepsy. Furthermore, the arrest reaction (HUNTER and JASPER 1949, 
see Sect. B.I.5) has been suggested as a model for this purpose. Yet, in this 
experiment the electrically induced electro graphic and behavioral reactions 
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appear with considerable variability; as often as not the arrest reaction develops 
into an overt grand-mal seizure. This makes interpretation of results obtained 
with the drug somewhat difficult. 

The research efforts of recent years have yielded a number of new "petit-mal" 
models that may be better suited and more reliable for prediction of anti-petit-mal 
efficacy. The "acute" model of MARCUS (1972) (see Sect. B. III.2) with bilateral co
balt application should be mentioned as one possibility. Not much work has been 
done with this experimental procedure for the testing of drugs (involving "old 
standards"), so that its suitability for discovering specific anti-petit-mal remedies 
cannot be judged. Also the use of a "high-standing" primate in an acute fashion 
would make one hesitate to utilize this model for routine exploration. "Acute
ness," i.e., the necessity of using one animal for each experiment, and loss of be
havioral manifestations due to immobilization are again the important draw
backs of the cat Premarin model (MARCUS et al. 1968; JULIEN et al. 1975; see Sect. 
B. 1I.6). Still, JULIEN and his co-workers obtained some relevant results with this 
procedure. It could be shown that acetazolamide, ethosuximide, and trimetha
dione strongly inhibited, whereas diphenylhydantoin intensified, the estrogen-in
duced spike-wave pattern. 

GLOOR and TESTA (1974) and GLOOR et al. (1977) administered penicillin i.m. 
and (bilaterally) directly to the cortex, respectively, in "acute" immobilized cats 
and noted, in response to such treatment, a spike-wave pattern (see Sect. B. 11.9). 
Little pharmacological work has been performed with this model, so its use as a 
"predictor" for anti-petit-mal efficacy cannot be jugded. As these models also rely 
on immobilization of the animals, the masking of behavioral manifestations and 
of their reaction to test drugs is certainly a drawback. This though is not the case 
with the experiment carried out by FISHER and PRINCE (1977), who worked in 
freely moving cats under i.m. or i.v.-administered penicillin. Again, no systematic 
work with a variety of antiepileptic agents has been done with this model, so its 
suitability for prediction purposes is far from being settled. 

We described a model (Sect. B. I.6) in which cortical spike-wave (after-)dis
charges, accompanied by a "staring gaze" and myoclonic twitches of the face and 
occasionally of the legs, was elicited by bilateral electrical stimulation of the white 
matter (below the sensorimotor cortex) of chronically prepared freely moving 
cats. This model impressed by its reliability in revealing these "symptoms" over 
and over again during numerous repeated (at hourly, as well as at weekly inter
vals) sessions. The petit-mal features reacted well to typically antiabsence drugs, 
whereas substances such as phenobarbital, carbamazepine, but also meth
suximide and trimethadione were effective in (relatively) high doses only (Table 
1). Figure 2 illustrates the effect of sodium valproate on the spike-wave afterdis
charge elicited by electrical stimulation of the cat's white matter. Also, the phot
omyoclonic baboon (see KILLAM 1979; also Chap. 3, this volume) may lend itself as 
a petit-mal model, as suggested by WOODBURY (1972). These animals, in reaction 
to an intermittent photic stimulus, revealed not only localized myocloniform 
movements but also spike-wave patterns in the EEG. However, the picture is of
ten obscured by a generalized clonus and, in the EEG, by frequent spikes and 
polyspikes, so that the otherwise characteristic phenomenology of a petit-mal at
tack becomes ambiguous. 
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Table 1. Potency of a variety of antiepileptic drugs in the cat "petit-mal" 
model (PMM) (SCHMUTZ et al. 1980) compared with that in the electroshock 
test in mice (ESM). Potency in the former is expressed by the dose revealing 
"threshold" effects, in the latter by EDso. R designates "relative potency" 
and is the quotient obtained by division of the EDso (ESM) by threshold dose 
inPMM 

Drug PMM ESM R 
Threshold dose EDso 

Ethosuximide 30 mg/kgp.o. 1000(40%) > 30 
Methsuximide 30 mg/kgp.o. 41 1.3 
Trimethadione 300 mg/kgp.o. 430 1.4 
Valproate sodium 30 mg/kgp.o. 210-530 10 
Clonazepam 0.3 mg/kg p.o. I 3 
Phenobarbital 10 mg/kgp.o. 13 1.3 
Carbamazepine 3 mg/kgp.o. 10 3 
Phenytoin 3 mg/kgp.o. 7-20 5 

2. Testing Efficacy in Grand-Mal Epilepsy 
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WOODBURY (1972) offered a choice of eight "symptomatic" models which, with 
their special reactivity to selected and/or "new" anticonvulsive drugs, should en
able the effectiveness "in generalized seizures of the grand-mal type" to be pre
dicted. He suggested maximal electroshock seizures (mouse), maximal penty
lenetetrazol seizure (mouse), maximal audiogenic seizures (mouse), flurothyl-in
duced tonic-clonic seizures, chronic alumina lesions, freezing lesions, topical 
penicillin (or other convulsants), and focal (cortical) electrical stimulation (with 
afterdischarge). In first approximation, this choice can be supported. Still, for de
tailed drug work, it is important to distinguish between primarily and secondarily 
generalized seizures. 

There is a good chance that antiepileptic drugs are able to differentiate in their 
effectiveness between spread arising from a focus and leading to (secondary) gen
eralization, on the one hand, and a primarily generalized seizure, on the other. 
To obtain experimental evidence for such differential efficacy, it is necessary to 
test drugs in models of both kinds. For testing efficacy in primarily generalized 
attacks, the "old-fashioned" maximal electroshock paradigm still seems to be the 
model of choice. For testing efficacy against spread (and secondary generaliza
tion) a (preferably "chronic") model with a sustained large focus in one of the 
highly susceptible areas of the neocortex, including detailed and widespread elec
trographic pick-up for recording of the spread and generalization, should be used. 
Still, the question of spread will be dealt with in somewhat more detail in Sect. 
D.II.4. 

3. Testing Efficacy Against Temporal Lobe Seizures 

In principle any animal experiment in which seizures are induced by an epilepti
genic focus, or lesion, placed into the temporal lobe area should lend itself as a 
model for temporal lobe epilepsy. The electrically induced hippocampal afterdis-
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charge described in Sect. B. I.3, using cats either acutely or chronically prepared 
with stimulating and recording electrodes (KOELLA 1980a, b), seems to serve this 
purpose adequately. Figure 1 shows the effect of carbamazepine, a drug said to 
be specially effective in temporal lobe epilepsy, on hippocampal afterdischarges 
in "chronic" preparation. In addition to this model with an electrically induced 
limbic afterdischarge, experiments with placements of chemicals or metals as 
epileptogenic agents in the hippocampus may be used here. The experiment car
ried out by MELLANBY et al. (1977) with tetanus toxin deposits, the method of 
ROLDAN et al. (1971 a) with cobalt application, and the experiment of BLUM et al. 
(1961) with tungstic acid (all described in Sects. B. II, B. III) deserve to be tried 
with established and putative anti epileptic drugs. 

4. Testing Efficacy in Focal and Spreading Seizures 
and on Development of Epilepsy 
Seizures arising in foci, in particular in those of the cerebral cortex, tend to spead 
and to lead, eventually, to (secondarily) generalized attacks. The therapeutic ap
proach can be looked at as being twophased. Treatment may either confine itself 
merely to stem back the spread, or then, and preferably, may combat the seizure 
in the focus itself. Models used to characterize drugs as to their special application 
should allow differentiation between these two modes of action. Evidently, they 
must present a discharging epileptogenic focus and they must exhibit - possibly 
at a later state of the developing epilepsy - spread, either around the initial focus, 
or by "jumping" toward remote structures, e.g., the contralateral homotopic 
area. The primary focus produced in cats by local freezing (see MORRELL'S work 
described in Sect. B. IV), together with the temporally well-defined development 
first of a dependent, and then of an independent, secondary focus probably sat
isfies these criteria best. Applications of drugs in identical doses, at various time 
points over the development of the primary and secondary focus, should enable 
the two targets of action to be differentiated. 

It stands to reason that foci engendered by other agents, e. g., metals such as 
cobalt, tungstic acid, ferri- or ferrochloride, can serve the same purpose. In turn, 
foci produced acutely by electrical stimulation or by application of such chemical 
agents as penicillin may be apt to act as models for "purely" focal seizures and 
for the monitoring of the effect of antiepileptic drugs thereupon. 

With the discussion of spread of the epileptiform discharge, we also have 
closed in on another - easily the most important - problem of epilepsy per se, 
namely its development. From an analysis of clinical cases, it has become quite 
clear that at least one mode of development involves "contamination": an initial
ly well-confined discharging focus spreads - possibly by a mechanism akin to 
post-tetanic potentiation - the propensity to produce epileptiform discharge to 
neighboring and/or remote ("downstream"); initially healthy areas. It is easy to 
understand that the end point of such spread is generalization, possibly even "pri
mary" generalization, iflarge areas of the brain have lowered - through such con
tamination - their threshold to any convulsogenic factor. 

This is not the place to dwell too long on these and other mechanisms of de
velopment of epilepsy, but it seems that the secondary focus paradigm and, pos
sibly even more so, the kindling paradigm can easily stand in as models of such 
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development. If they do, they should be used to a greater extent as instruments 
for the testing of drugs that are potentially able specifically to slow down, or even 
stop, the development of epilepsy. 

Thus, for testing drug efficacy in the development of epilepsy, the "nonsymp
tomatic" post-tetanic potentiation model should also be put to use. And finally, 
one or the other of the "genetic models" - in particular during their early stages 
of development - may lend themselves as valuable additional instruments for the 
discovery of truly antiepileptogenic remedies, i.e., drugs that not only combat 
"secondary" establishment - spread, "contamination" - but also primary de
velopment, the making of the very local epileptogenic lesion. 

If the work on established and new anticonvulsant drugs in the many different 
animal models is to yield still better drugs - possibly true antiepileptic remedies 
- and improve our understanding of the very nature of epilepsy, then the use of 
such models in epileptology is well justified and the search for still superior ex
perimental techniques must continue. 
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APPENDIX TO CHAPTER 12 

Antiepileptic Drug Development Program 
G. D. GLADDING, H. J. KUPFERBERG, and E. A. SWINYARD 

A. Antiepileptic Drug Development Program 
The Antiepileptic Drug Development (ADD) Program of the National Institute 
of Neurological and Communicative Disorders and Stroke (NINCDS) is search
ing for more effective and less toxic drugs than those now available. This pursuit 
entails the integration of several activities: (a) synthesis of compounds; (b) eval
uation of the anticonvulsant and toxicity profiles of compounds in mice and rats 
by use of several seizure models and various routes of administration; (c) study 
of the compounds' toxicity in rats and dogs after oral administration for 90 days; 
(d) determination of the compounds' pharmacokinetic parameters in the primate 
seizure model, healthy volunteers, and epileptic patients; and (e) appraisal of 
antiepileptic efficacy in controlled clinical trials. 

In its first efforts to develop new antiepileptic drugs, the NINCDS sponsored 
clinical trials of drugs with antiepileptic potential marketed for other diseases or 
disorders or antiepileptic drugs under investigation in other countries. It soon be
came apparent, however, that too few promising drugs were available for clinical 
study and that the continued flow of new antiepileptic agents would require the 
involvement of the NINCDS in preclinical development of anticonvulsant drugs. 
Initially, emphasis was placed on the evaluation of available compounds. Thus, 
the Anticonvulsant Screening Project, the first preclinical segment of the ADD 
Program, was begun in 1975. 

B. Anticonvulsant Screening Project 
The Anticonvulsant Screening Project evaluates several aspects of drug action: 
(a) the existence, specificity, and profile of anticonvulsant activity; (b) the profile 
of toxicity, particularly in the central nervous system; (c) the therapeutic and pro
tective indices; (d) the time course of activity; (e) the comparative activity follow
ing intraperitoneal and oral administration; and (f) the presence or absence of to 1-
erance after repeated administration ofthe drug. 

Compounds are submitted from suppliers throughout the world, including 
pharmaceutical firms, academic institutions, government organizations, and any 
other parties interested in antiepileptic drug research. Any substance of known 
matter or composition is accepted. The only substances not accepted are mix
tures, such as extracts of natural products. The purity of the compounds must be 
assured by the suppliers. Suppliers retain all commercial rights to their com
pounds. The results of the screen are returned to the supplier quickly to expedite 
decisions about further development of the compound. 
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Water-soluble compounds are administered in 0.9% sodium chloride; water
insoluble subtances are either dissolved or suspended in 30% polyethylene glycol 
400 (PEG 400) in water. PEG 400 was chosen as a solvent for water-insoluble 
compounds because it was found to have the least effect on anticonvulsant activ
ity, time of peak effect, duration of action, slope of the pro bit regression line, and 
median effective dose. 

The screening project is divided into seven phases, each serving as a decision 
point for further evaluation. The battery of screening tests is standardized, allow
ing comparison of anticonvulsant activity and neurotoxicity of the test com
pounds with a large number of prototype antiepileptic drugs. Table 1 shows the 
results from five phases of the screening project for most the currently marketed 
antiepileptic drugs in the United States. 

I. Phase I 

Phase I identifies the anticonvulsant activity and neurotoxicity of the compounds 
in mice. The maximal electroshock seizure (MES) test (SWINYARD et al. 1952) 
evaluates the ability of a substance to prevent seizure spread through neural tis
sue, and the subcutaneous pentylenetetrazol (scMet) test (SWINYARD 1972) esti
mates the ability to raise seizure threshold for excitation of neural tissue. The ro
to rod ataxia test assesses central nervous system toxicity. Neurological deficit is 
indicated by the inability of a mouse to remain on a 25.4-mm knurled plastic rod 
rotating at 6 rpm for 1 min (DUNHAM and MIYA 1957). 

A dose of 30, 100, 300, or 600 mgjkg is administered intraperitoneally; four 
mice are tested at each dose level (16 animals). All mice are subjected to the ro
to rod test 30 min after drug administration. At the same time, and then 4 h later, 
two animals from each group are tested, one by the MES test and one by the 
scMet test. The results of these tests indicate the potency of the compound and 
allow an estimate of the protective index. Testing for anticonvulsant activity at 
both 30 min and 4 h after drug administration yields elementary pharmacokinetic 
information and minimizes the likelihood of failure to identify slowly absorbed 
compounds or compounds with anticonvulsant activity attributable to metabo
lites. 

Compounds are divided into four categories on the basis of the data from 
phase I testing: (1) anticonvulsant activity at 100 mgjkg or less, (2) anticonvul
sant activity at 300 mgjkg, (3) no anticonvulsant activity at all or activity only at 
600 mgjkg, and (4) anticonvulsant activity and neurotoxicity at 30 mgjkg. Com
pounds in category 1 are usually advanced to phase II testing immediately, and 
compounds in category 4 are generally retested at doses of less than 30 mgjkg. 
Category 2 compounds mayor may not undergo further evaluation, and com
pounds in category 3 are dropped from further consideration. 

II. Phase II 
Phase II quantitates the anticonvulsant activity and neurotoxicity of the com
pounds in mice, and determines the time of peak anticonvulsant and toxic effect. 
An estimated median effective dose (ED 50) or median toxic dose (TD 50) is admin
istered intraperitoneally to four groups of four mice each, and the animals are 
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tested by the MES or scMet test and the rotorod test at 30 min, and 1, 2, and 4 h, 
or until peak activity or toxicity has obviously passed. All further tests are then 
performed at the time of peak effect. The TDso and EDso are determined by es
tablishing at least four dose levels between 0% and 100% minimal neurotoxicity 
or anticonvulsant effectiveness. Probit analysis of the data provides the 95% con
fidence intervals of the EDso and TDso and the slopes of regression lines (with 
standard errors). Data from phase II are essential to a critical evaluation of struc
ture-activity relationships, as well as anticonvulsant activity and neurotoxicity. 

III. Phase III 
Phase III, the toxicity profile in mice, is established by a modification of the pro
cedure of IRWIN (1968) and a determination of the median hypnotic dose (HDso) 
and the median lethal dose (LDso). The toxicity profile is determined by the 
intraperitoneal administration of the TDso, twice the TDso, and four times the 
TDso to two mice at each dose level. The mice are then observed and tested at 
10,20, and 30 min and 1,2,4,6, 8, and 24 h after drug administration for the 
onset, intensity, and nature of overt toxicity. The assessment considers approxi
mately 40 signs and symptoms, including alterations in motor activity, overt cen
tral nervous system effects, respiratory changes, and various peripheral manifes
tations. These observations provide preliminary but essential pharmacological in
formation about the effects of the test compounds on the central and autonomic 
nervous systems. 

IV. Phase IV 
Phase IV, quantitation of anticonvulsant activity in mice, provides the same kind 
of information as phase II, except that the compounds are administered orally. 
Data from this phase are important because they help define the absorption and 
metabolic characteristics of the agents. In some cases, anticonvulsant activity is 
greater after oral administration than after intraperitoneal injection, whereas in 
other cases activity is decreased or lost after oral administration. Moreover, if 
metabolic considerations are important (for example, first-pass metabolism), 
then structure modifications that change metabolic profile can be considered. If 
absorption factors are important, water-soluble pro-drugs can be made. 

V. Phase V 
Phase V delineates the antiepileptic potential of the compounds in mice. Selective 
chemical convulsants are administered subcutaneously to help elucidate differ
ences in the mechanisms of action of the compounds. Strychnine, picrotoxin, and 
bicuculline are used, in addition to pentylenetetrazol, because they each induce 
seizures by different mechanisms (WOODBURY 1980). Strychnine (scStr) induces 
generalized tonic-clonic seizures by blocking postsynaptic inhibition mediated by 
the inhibitory transmitter glycine in the spinal cord. Picrotoxin (scPic) produces 
seizures by blocking gamma-amino butyric acid (GABA) at a presynaptic inhibi
tory site. Bicuculline (scBic) blocks GABA receptors at the postsynaptic inhibi
tory terminals. The mechanism of pentylenetetrazol-induced threshold seizures 
(scMet) is still unkown, but it is believed to stimulate neuronal membranes direct
ly. 
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VI. Phase VI 

Phase VI, quantitation of anticonvulsant activity in rats, verifies the anticonvul
sant activity and neurotoxicity in another rodent species. More importantly, it 
provides essential information for determining whether the accumulated ex
perimental data justify costly pharmacokinetic and long-term toxicity studies of 
the compounds. After oral administration, anticonvulsant activity is determined 
again by the MES and scMet tests. Instead of the rotorod test, however, the po
sitional sense, gait, stance, and muscle tone tests are used to determine 
neurotoxicity. Generally, compounds found active in mice are active in rats, and 
differ only in the therapeutic or protective indices. Information obtained in this 
phase and in phase VII is important in choosing the oral doses for the 90-day 
toxicity studies in rats. 

VII. Phase VII 
Phase VII determines the minimal lethal dose (LD3) and the effect of repeated ad
ministration on anticonvulsant activity of the compounds. The LD3 is determined 
by orally administering the compound (estimated LD3) to two groups of rats (one 
male group and one female group) for 5 days, and recording the body weight and 
number of deaths daily for 5 days thereafter. Tolerance to the anticonvulsant ef
fect is determined by administering the compound (EDso) to one group of male 
rats for 5 consecutive days; a second group of male rats receives only the requisite 
volume of solvent for the 5 days, and a third group receives only the requisite vol
ume of solvent for 4 days and then a single dose of the compound (EDso) on 
day 5. 

c. Toxicity ISelected Pharmacology Project 
For compounds that show outstanding activity in all seven phases of the Anticon
vulsant Screening Project, pharmaceutical firms are urged to make a commitment 
to toxicological and pharmacological tests in collaboration with the Toxicity/Se
lected Pharmacology Project of the ADD Program, and academic suppliers are 
assisted in finding sponsors from the pharmaceutical industry. This project iden
tifies potential sites of toxicity prior to clinical trials of the compounds. It includes 
14- to 28-day studies to determine dose range and 90-day studies of toxicity after 
oral administration to rats and dogs. If the data from these studies warrant use 
of the drug in humans, the sponsor may file a Claimed Notice ofInvestigational 
Exemption for a New Drug (IND) with the Food and Drug Administration. 

D. Primate Model of Epilepsy 
Another important segment of the ADD Program is evaluation of the compounds 
in the primate model of epilepsy. This model of partial seizures in M acaca mulatta 
provides an advanced, specialized means of determining the efficacy and dose-re
lated toxic side effects of investigational anticonvulsant drugs (LOCKARD 1980). 
This model has been standardized and developed with the integration of pharma
cokinetic data so that important metabolic questions may also be answered. 
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E. Controlled Clinical Trials 
Compounds judged in the foregoing antiepileptic drug development process to 
have potential clinical application will be considered for controlled clinical trials 
sponsored by the Epilepsy Branch. This group has been central in developing 
methodology and designs for controlled clinical trials, in identifying appropriate 
patient populations, and in monitoring and analyzing data accumulated during 
these trials. Controlled clinical trials, the ultimate segment of the ADD Program, 
continue to be the keystone to the evaluation and approval of new antiepileptic 
drugs in the United States. 
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CHAPTER 13 

Hydantoins 
G. L. JONES and G. H. WIMBISH 

A. Introduction 

Selective antiepileptic therapy with organic compounds began in 1912 when 
Hauptmann (1912) reported on the clinical efficacy of phenobarbital. Prior to this 
the only effective drug therapy for epilepsy involved the bromide ion, introduced 
clinically in 1857 (LOCOCK 1857). Although modestly successful in the treatment 
of generalized tonic-clonic (GTC, grand mal) seizures, the bromide ion proved to 
be highly toxic at therapeutic concentrations. Phenobarbital, on the other hand, 
afforded a relatively low-risk modality of treatment, and proved to be effective 
against GTC seizures, as well as some ofthe partial (focal) seizures (e. g., Jackson
ian). However, further significant advances were not realized until a quarter cen
tury later when MERRITT and PUTNAM (1938 a, b) reported on the efficacy of 
phenytoin (5,5,-diphenylhydantoin) in GTC seizures. 

Phenytoin was first synthesized in 1908 (BILTZ 1908), but pharmacological 
studies with the compound were not reported until 3 decades later. Preliminary 
screening for hypnotic action was conducted by Parke-Davis Laboratories 
(GRUHZIT 1939), and MERRITT and PUTNAM (1938 a) subsequently tested its effi
cacy against electroshock-induced convulsions in cats. In the same year, MERRITT 
and PUTNAM (1938b) reported on its anticonvulsant efficacy in man. Because it 
proved to be highly effective in humans and lacked sedative properties in normal 
doses, phenytoin received immediate acceptance in therapeutics. 

The introduction of phenytoin was of value for several reasons unrelated to 
its immediate therapeutic application. It provided the first evidence of the selec
tive nature of antiepileptic therapy. Phenytoin was somewhat effective in the 
treatment of complex partial seizures (e.g., psychomotor epilepsy) as well as ele
mentary partial and GTC seizures; phenobarbital was notably ineffective against 
the former. Furthermore, because it is not a sedative, phenytoin was also respon
sible for the recognition that sedation is not a requisite for anticonvulsant action. 
Thus, the hydantoins represent the second chemical class of organic compounds 
to find applicability in the treatment of epilepsy. Phenobarbital and phenytoin 
continue to this day as the two most useful antiepileptic agents. 

Although there is much interest today in the study of novel antiepileptic com
pounds, the bulk of our present knowledge of antiepileptic mechanisms has de
rived from research with phenytoin and other hydantoins. A review of the liter
ature through 1958 showed that there were 504 hydantoin derivatives synthesized 
and tested in various experimental models of epilepsy, compared with only 131 
barbituric acid derivatives, 163 succinimides, and 80 substituted ox-
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azolidinediones (CLOSE and SPIELMAN 1961). A similar review covering the period 
between 1958 and 1976 showed that 316 new hydantoins were tested, compared 
with 122 barbiturates, 145 oxazolidinediones, and 334 succinimides (VIDA and 
Gerry 1977). Thus, over 800 hydantoin derivatives were synthesized and tested 
as of 1976, compared with 497 succinimide derivatives, 253 barbiturates, and 225 
oxazolidinediones. 

Despite the very large number of hydantoin derivatives evaluated for anticon
vulsant potency in laboratory animals, only three are in common use throughout 
the world today. These include phenytoin, mephenytoin (3-methyl-5-ethyl-5-
phenylhydantoin), and ethotoin (3-ethyl-5-phenylhydantoin). Mephenytoin, in
troduced as an antiepileptic in 1945 (CLEIN 1945; LOSCALZO 1945), has a spectrum 
of activity similar to that of phenytoin. Although it might prove dramatically su
perior to phenytoin in selected cases of refractory epilepsy, serious toxicity is 
much more common than with phenytoin. The N-demethylated product of me
phenytoin metabolism, Nirvanol, was employed clinically in the 1920s, but was 
abandoned because of a high incidence of serious toxicity. Ethotoin was intro
duced as an antiepileptic by SCHWADE et al. (1956). However, the apparent low 
efficacy and pharmacokinetic limitations of this drug have relegated its role to 
that of adjunctive status in the treatment ofGTC seizures. A very limited number 
of additional hydantoins, or hydantoin-like derivatives, have found restricted use 
in a few countries. However, phenytoin is without question the most important 
of the hydantoin derivatives, both in terms of its therapeutic value und its heuris
tic value in the study of antiepileptic mechanisms. Therefore, emphasis will be giv
en in this chapter to the experimental pharmacology of phenytoin; the other hy
dantoins will be discused where their properties differ significantly from those of 
phenytoin and where such properties are useful to an understanding of antiepilep
tic mechanisms. 

B. Chemistry 

I. Physicochemical Properties 
Phenytoin is a weak organic acid (molecular weight 252.26; melting point 295°-
298°C). Its pKa is not known with certainty, as estimates have varied between 
8.06 (SCHWARTZ et al. 1977) and 9.2 (DILL et al. 1956). However, the most reliable 
estimate is probably that given by AGARWAL and BLAKE (1968), who reported an 
apparent pKa of 8.31 based upon spectrophotometric titration in alcohol-water 
solution. This apparent pKa value is for the dissociable hydrogen at the imide 
(N3) position of the hydantoin ring (Fig. 1 b). The hydrogen at the amide (Nl) 
position is much less acidic. Because of alkyl substitution, mephenytoin and 
ethotoin lack a dissociably hydrogen at the N3 position in their structures. 
The molecular weights of mephenytoin and ethotoin are 218.25 and 204.22, 
respectively. 

Phenytoin as the free acid is very poorly soluble in water, but it will dissolve 
readily in alkali and many organic solvents. Salt formation occurs by lactam
lactim tautomerism involving the imidic hydrogen at the N3 position. Although 
the amide (Nl) hydrogen is much less acidic than the imidic hydrogen, it might 
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also undergo lactam-lactim tautomerism under certain conditions (VIDA and 
GERRY 1977). The aqueous solubility of phenytoin at pH 7.5 is 21.9 J.lg/ml (at 
25 DC), which just exceeds the usual therapeutic plasma concentrations. However, 
the apparent solubility in plasma is much greater (75 J.lg/ml at 37 DC), due to sig
nificant binding to plasma protein (GLAZKO 1972 b). 

The poor aqueous solubility of phenytoin is due largely to the hydrophobicity 
of the diphenyl moiety at the hydantoin C5 position. Hydrophobicity (or lipophil
icity) estimates for phenytoin have been reported as the log of the partition coef
ficient (log P) measured in various two-phase systems. The log P value for the free 
acid in a standard octanol-water system has been reported as 2.47 (HANSCH and 
LEO 1979). A similar value (2.40) was reported for octanol equilibrated with aque
ous buffer at pH 6.0 (LEPETIT 1977). At pH 10.49 the value in the octanol-buffer 
system was 0.14 (LEPETIT 1977). Lower values oflog P were reported when min
eral oils were used as the nonaqueous phase: 0.96 for an oil: water system (VERE
BELY et al. 1970) and 0.83 for an oil: buffer system, pH 7.5 (OLDENDORF 1974). 
The partition of phenytoin between synaptosomal membranes and pH-I0.49 
buffer has been reported as 1.75 (SEEMAN et al. 1972). Experimental log P values 
have not been reported for mephenytoin or ethotoin. However, if the experimen
tal log P value for hydantoin ( - 1.69; octanol: water system) is added to the lipo
philicity constants (n) for the respective substituents, it is possible to estimate a 
relative order oflipophilicity for ethotoin, mephenytoin, and phenytoin (HANSCH 
and LEO 1979). Using n constants 2.13, 1.02, and 0.56 for phenyl, ethyl, and 
methyl substituents, respectively, the order of increasing lipophilicity is ethotoin 
(log P calc = 1.46), mephenytoin (log P calc = 2.02), and phenytoin (log P calc = 2.57). 
The calculated log P of phenytoin is very close to the experimental value (2.47). 

Little is known about the electronic structure of phenytoin and related hydan
toins. One author (G. JONES) has performed iterative extended Huckel calcu
lations (REIN et al. 1966) on phenytoin and ethotoin, and several non-hydantoin 
derivatives (unpublished data). The net atomic charges at each of the heavy atoms 
in phenytoin and ethotoin are depicted in Fig. 2. The relationships among the 
atoms in each molecule approximate what one would expect from chemical intui
tion, the more electronegative atoms carrying a greater negative charge. The in
fluence of inductive effects can also be rationalized in terms of the depicted net 
charges. 

II. Structure-Activity Relationships 

An understanding of the qualitative structure-activity relationships (SARs) of an
ticonvulsants began to emerge several decades ago (GOODMAN et al. 1949; PUT
NAM and MERRITT 1941). These relationships have been documented more recent
ly in monographs by CLOSE and SPIELMAN (1961) and VIDA and GERRY (1977). 
One of the most serious limitations of these SAR data is that they were not ob
tained by application of uniform experimental models of epilepsy. Furthermore, 
the data were often reported simply as "active" or "inactive"; quantitative data 
amenable to parametric statistical analysis were often lacking. However, in recent 
reports KRALL et al. (1978a, b) have described a uniform approach to antiepilep-
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Fig. 1. Structures (a--h) are variety of substituted compounds found at one time to be clini
cally useful. (a), barbituric acid derivatives such as phenobarbital (Rl = phenyl, R2 = ethyl, 
R3 = R4 = hydrogen); (b), hydantoins such as phenytoin (Rl =R2 = phenyl, R3 =R4=hy
drogen); (c), oxazolidinediones such as trimethadione (Rl =R2 =R3 = methyl); (d), suc
cinimides such as ethosuximide (Rl = ethyl, R2 = methyl, R3 = hydrogen); (e), acetylureas 
such as phenacemide (Rl = phenyl, R2 = hydrogen); (f), benzodiazepines such as diazepam 
(Rl = methyl, R2 = chlorine, R3 = hydrogen); (g), tricyclic carboxamides such as carba
mazepine; (h), sulfonamides such as acetazolamide. Structures if-h) bear a less obvious 
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Fig. 2. Net atomic charges at heavy atoms, calculated for phenytoin and ethotoin using it
erative extended Huckel theory 

tic drug development which will likely make future SAR data more amenable to 
study. 

For the purposes of illustrating SARs, anticonvulsant activity will be defined 
only with respect to the maximal electroshock (MES) model of GTC seizures 
(TOMAN et al. 1946; SWINYARD 1972) and the subcutaneous Metrazol (penty
lenetetrazol) model of absence seizures (SWINYARD et al. 1952; WOODBURY 1972). 
The MES test represents the most thoroughly documented experimental model 
of GTC epilepsy, while drugs that are effective in the subcutaneous Metrazol 
(scMet) test are very often effective against the absence seizure in man (WOOD
BURY 1972). Experimental models selective for partial seizures have not been ad
.. 
structural similarity among themselves than do structures (a-e), and substituent effects 
on selectivity are different. Structures (i-m) have not been found clinically useful, but are 
active in various experimental models of epilepsy. Procyclidine (I) and trihexyphenidyl (j) 
lack obvious structural similarities to structures (a-h). Structures (k-m) possess greater 
structural similarity to structures (a-e), but the composition of the heterocyclic ring dif
fers. See the text for discussion 
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equately documented (Sect. C.I.2), nor do reliable in vitro models of epilepsy ex
ist. 

With reference to hydantoin derivatives (Fig. 1 b), at least one phenyl or simi
lar aromatic group is required at Rl or R2 for optimal activity against MES-in
duced seizures. Alternatively, alkyl substitution (at Rl or R2) imparts efficacy 
against scMet-induced seizures. Alkyl substitution elsewhere on the molecule can 
attenuate to some degree the selective influence of aromatic or alkyl groups at Rl 
or R2. (The foregoing discussion pertains specifically to hydantoin derivatives, 
but most of the stated relationships also apply to other so-called "traditional" an
ticonvulsant structures, i.e., the oxazolidinediones, succinimides, barbiturates, 
and acetylureas. See Fig. 1 a--e.) 

Maximal MES activity is achieved when there are two phenyl groups at the 
tetrahedryl (C5) carbon (phenytoin), although significant activity is retained with 
just one phenyl group at this position (5-phenylhydantoin). Replacement of one 
phenyl group in phenytoin with a methyl, ethyl, or thienyl group results in a vari
able decrease in MES activity, and in some cases an increase in scMet activity. 
Replacement of both phenyl groups in phenytoin by benzyl groups destroys both 
MES and scMet activity. Complete loss of MES activity also occurs when both 
phenyl groups are replaced by alkyl groups; an exception is that replacement by 
two isobutyl groups will decrease, but not abolish MES activity. Any substitution 
on the phenyl groups will also decrease activity. Alkyl groups at the C5 position 
impart scMet activity. 

Introduction of a third phenyl group at the N3 p.itrogen of phenytoin abol
ished activity. On the other hand, methylation at this position simply reduces 
MES activity. The introduction of n-butoxymethyl or benzyloxymethyl groups at 
N3 will decrease the MES activity slightly while increasing scMet activity. 

Replacement of a phenyl group of phenytoin by an ethyl group, with the in
troduction of a methyl group at the N3 nitrogen (mephenytoin), confers signifi
cant scMet activity without decreasing MES activity. The introduction of a sec
ond methyl group at the NI nitrogen of mephenytoin does not affect scMet ac
tivity, but decreases MES activity. 

A more comprehensive appreciation of anticonvulsant SAR began to unfold 
as a result of the Camerman's X-ray crystallography studies, which have revealed 
conformational and other similarities among phenytoin (CAMERMAN and CAMER
MAN 1971 a), diazepam (CAMERMAN and CAMERMAN 1972 a), procyc1idine 
(CAMERMAN and CAMERMAN 1971 b), trihexyphenidyl (CAMERMAN and CAMERMAN 
1972b), and phenacemide and ethyphenacemide (CAMERMAN and CAMERMAN 
1977). They found that all of these drugs possess hydrophobic regions and elec
tron-donor groups with similar stereochemical features. For example, the two 
phenyl rings of phenytoin share a similar mutual orientation in space with the 
phenyl and chlorophenyl rings in diazepam, and with the phenyl-cyc1ohexyl 
moiety in procyc1idine and trihexyphenidyl. When these hydrophobic groups 
were approximately superimposed, it was found that two electron-donor func
tions (either oxygen or nitrogen) also occupy similar positions and orientations 
in space. This was true even for the open-chained acetylureas (phenacemide and 
ethylphenacemide) because the acetyl urea moiety folds back on itself to form a 
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six-atom "ring" stabilized by hydrogen bonding. Such relationships can be clari
fied by reference to Fig. 1 a-j. 

These observations led the Camermans to propose that stereochemical prop
erties form the basis of selective anticonvulsant action, and that anticonvulsant 
potential in new compounds might be predictable from this knowledge (CAMER
MAN and CAMERMAN 1980). A quantitative measure of the stereochemical simi
larities among these drugs was provided as the interatomic distance between elec
tron donor atoms, and the distance between these atoms and the hydrophobic 
groups. For example, the two electronegative atoms in phenytoin thought best to 
approximate the optimal configuration for anticonvulsant action are the two car
bonyl oxygens. The distance between these atoms is 4.56 A. The respective atoms 
in diazepam (those that best approximate the carbonyl oxygens in phenytoin 
when the phenyl groups of the two molecules are superimposed) are the carbonyl 
oxygen and the trigonal nitrogen at the 4-position of the azepine ring. Their in
teratomic distance is 3.35 A. Based upon a comparision of these distances with 
the respective interatomic distances for a variety of benzodiazepine (CAMERMAN 
and CAMERMAN 1980) and sulfonamide compounds (CAMERMAN and CAMERMAN 
1975), the Camermans proposed that a critical lower limit (approximately 2.4 A) 
must be exceeded before a particular compound will possess significant anticon
vulsant activity (CAMERMAN and CAMERMAN 1980). 

However, a simple quantitative relationship between interatomic distance and 
activity cannot be demonstrated. For example, drugs which are totally ineffective 
against scMet seizures have interatomic distances that include the extremes (i.e., 
trihexyphenidyl, 2.76 A; procyclidine, 3.55 A; phenytoin, 4.56 A). Also, an 8.8-
fold difference in scMet potency (comparing phenacemide and phenobarbital) 
can be compared with only a very modest difference in interatomic distance 
(4.13 A vs 4.51 A). The interatomic distances also fail to correlate with MES 
potency. The correlation coefficients (r) are only 0.29 in either comparison (scMet 
orMES). 

These findings are not remarkable considering the diversity of potent anticon
vulsants that clearly do not conform to the structural prescription discussed 
above. Doxenitoin, for example, is a phenytoin-like structure, the only difference 
being reduction of the carbonyl at the 2-position to a methylene group (Fig. 1 k). 
Yet this drug retains significant anticonvulsant potency when evaluated by the 
MES test (GOODMAN et al. 1954). It is possible that the nitrogen in the I-position 
suffices as the second electron donor in the absence of the carbonyl oxygen; the 
distance between Nl and the remaining carbonyl oxygen is 3.5 A (an estimate 
taken from Drieding stereomodels) compared with 4.56 A between the two oxy
gens in phenytoin. The distance between the N3 nitrogen and the single oxygen 
in doxenitoin (approximately 2.3 A, estimated) would not satisfy the critical dis
tance defined in the above formulation. However, a reasonably potent 2-pyr
rolidinone has been described which is in essence a hydantoin with the Nl nitro
gen and the C2 carbonyl replaced by methylene groups (MARSHALL 1958) (Fig. 
11). This compound, 3-ethyl-3-phenyl-2-pyrrolidinone, has two relatively elec
tronegative atoms, but their separation is estimated to be only about 2.3 A. Fur
thermore, an imidazole derivative, 4,4,-diphenylimidazolidine, is an effective an
ticonvulsant even though it is totally without oxygen (GOODMAN 1956) (Fig. 1 m). 
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Thus, the possibility exists that two nitrogens (approximately 2.2 A apart) suffice 
as the requisite electron donors even though they are separated by less than the 
critical distance already discussed. These observations support a less rigorous hy
pothesis of anti-GTC activity: simply two electron donors are required in some 
proximity to a bulky hydrophobic group. For activity in the scMet model two 
electron donors would again be required, but in proximity to a smaller, less hy
drophobic moiety. Although it is possible to cite exceptions even to the "two elec
tron-donor" requirement (BRODIE et al. 1958), it is not clear that these exceptions 
represent drugs with "selective" anticonvulsant action (as opposed to general 
CNS depression). 

III. Analytical Methods 

Recent advances in microprocessor-based instrumentation, combined with the 
fundamental principles of analytical chemistry, have provided accurate and pre
cise methods for the determination of hydantoins in biological specimens. The 
analytical methods currently available for the analysis of hydantoins are briefly 
described below. 

1. Thin-Layer Chromatography 

Although the primary use of thin-layer chromatography (TLC) has been for qual
itative analysis (screening), recent advances in high-performance TLC (HPTLC) 
have permitted the quantitative analysis of several anticonvulsants, including 
phenytoin (DAVIS and FENIMORE 1981; FENIMORE and DAVIS 1978). These pro
cedures require about 50 III plasma. The.drug is extracted into ethyl acetate, and 
the residue spotted (with standards) on an HPTLC plate. The developing solvent 
includes chloroform, isopropanol, and ammonium hydroxide (80:20:1). The use 
of HPTLC is a relatively new approach to quantitative analysis, and is not pres
ently in wide use. HPTLC has some advantages in its ability to provide rapid anal
ysis of multiple samples for direct comparison. However, the instrumentation 
required to adapt the procedure for quantitation approaches that of some of the 
methods described below, and the simplicity of the procedure is thereby lost. The 
scanning step alone approaches the elution time of other chromatographic 
methods; thus the time gained by the simultaneous development of many samples 
is lost. 

2. Gas-Liquid Chromatography 
A thorough treatment of the application of gas-liquid chromatography (GLC) to 
antiepileptic drug assay is provided in a book edited by PIPPENGER et al. (1978). 
GLC permits analysis not only of the parent compound, but also of major metab
olites, which allows one to look at the metabolic profile of an individual by de
termining the ratio of parent compound to metabolites. The ability to select spe
cialized columns and specific detectors to enhance sensitivity makes GLC one of 
the most powerful techniques available for drug and metabolite analysis. Sensitiv
ity is normally in the microgram to picogram range. 

In order for a drug to be analyzed by GLC it must be heat stable (50-300 DC), 
have a significant vapor pressure at these temperatures, and be extractable from 
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the biological specimen. As with other chromatographic procedures, hydantoins 
are first extracted from their biological matrix with an organic solvent such as 
chloroform or toluene. The solvent is then evaporated and the residue analyzed 
by injection onto an appropriate column. Columns frequently used for hydan
toins include 3% OV-17 on Gas Chrome Q; 3% SP2250 on Gas Chrome Q, or 
a special deactivated column of2% SP2210 plus 1 % SP2520DA on 100/120 mesh 
Supelcoport (Supelco, Inc.). The latter column allows the hydantoin to be ana
lyzed without derivatization. However, the chromatographic properties of 
phenytoin are greatly improved by derivatization to an N-alkyl analogue 
(GREELEY 1974). Detection is most commonly by flame ionization, which has ad
equate sensitivity for the assay of hydantoins. If a more specifc or sensitive detec
tor is required, the nitrogen-phosphorus detector (NPD) and the electron capture 
(EC) detector have particular advantages. The NPD detector allows selective de
tection of nitrogen atoms in the hydantoin molecule and is relatively insensitive 
to co extracted hydrocarbons. EC detection greatly increases the sensitivity and 
reduces the amount of sample required, but derivatization of the hydantoin to a 
corresponding halogenated analogue is required. 

3. High-Pressure Liquid Chromatography 

HPLC is an excellent alternative to GLC for compounds that lack volatility or 
thermal stability. In addition, both mobile and stationary phases usually affect 
separation, whereas in GLC only the stationary phase contributes to the separa
tion. HPLC requires only that the analyte be soluble in the mobile phase, and de
tectable. Advances in bonded phases and detector systems (including ultraviolet, 
fluorescent, and electrochemical detection) have expedited the application of 
HPLC in therapeutic drug monitoring. A thorough discussion of the analysis of 
phenytoin and other antiepileptics was provided by HAWK and FRANCONI (1978). 
Although sample extraction is required, HPLC is similar to GLC in that it allows 
for the use of an internal standard. Columns frequently used for hydantoins in
clude modified silica gel C-8 or C-18, for reverse-phase chromatography. The mo
bile phase usually consists of acetonitrile, methanol, and phosphate buffer 
(1.5 x 1O- 4 M) in the volume ratio 210:120:670. 

4. Immunoassay 

The immunochemical techniques developed for anticonvulsant analysis include 
radioimmunoassay, homogenous enzyme immunoassay, nephelometric analysis, 
and fluorescence polarization immunoassay. Generally, these techniques are 
based on competitive binding between an unlabeled drug (analyte) and a labeled 
drug (tracer) for antibody raised against the analyte. In the presence of analyte 
(from specimen or standard), competition for antibody-binding sites results in an 
increase in free (unbound) tracer in proportion to the concentration of analyte. 
The procedures differ, however, in the method of relating drug concentration to 
that of the unbound tracer. 

In the radioimmunoassay (RIA) the analyte is made radioactive (usually 1251), 
so that it is only necessary to measure the radioactivity of either the free or the 
bound tracer. However, since both free and bond tracer are radioactive, it be-
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comes very important to employ methods that achieve complete separation of 
these two entities. The double antibody method employed a second antibody that 
precipitates the soluble radioligand-antibody complex formed initially. Separa
tion has also been achieved by the precipitation of antibody complex with salts 
or organic solvents, by solid-phase techniques, and by methods designed to ab
sorb the free ligand to various substances. The application of RIA to the assay 
of phenytoin has been described in several recent publications (COOK et al. 1976, 
1973; SPIEHLER et al. 1976). 

The homogenous enzyme assay systems include the enzyme multiplied im
munoassay technique (EMITR) and the substrate-labeled fluorescent immunoas
say (SLFIA). Neither of these methods requires extraction or separation of the 
drugs from its plasma matrix. EMITR measures the rate of an enzyme reaction 
which is proportional to the concentration of drug in the specimen. The tracer is 
a complex formed between the analyte and the enzyme glucose-6-phosphate de
hydrogenase, which is active only when it is not bound by antibody against the 
analyte. In the unbound state, the tracer catalyzes the oxidation of glucose-6-
phosphate to 6-phosphoglucose-y-lactone, with the accompanying reduction of 
NAD+ to NADH. The rate of increase ofNADH is measured spectrophotomet
rically at 340 nm. Thorough discussions of the application of EMITR to 
phenytoin and other antiepileptics have been provided by SCHOTTELIUS (1978) 
and others (PIPPENGER et al. 1975). 

Substrate-labeled fluorescent immunoassay (Miles Laboratories) also em
ploys the principle of competitive protein binding, but the competition in this case 
is between the drug (from specimen or standard) and an enzyme substrate-labeled 
drug for binding sites on a specific antibody. The substrate-drug complex formed 
with umbelliferyl-p-D-galactoside, is referred to as GUD. While GUD itself is 
nonfluorescent, reaction of unbound GUD with the enzyme p-galactosidase pro
duces a fluorescent complex. In the absence of unlabeled drug (in specimen or 
standard), GUD binds to the drug-specific antibody and cannot be hydrolyzed 
by the enzyme to a fluorescent product. In the assay, unlabeled drug is allowed 
to compete with GUD for antibody-binding sites. The fluorescence produced is 
proportional to the amount of drug in the specimen (or standard). At present, this 
procedure is based on equilibrium rather than kinetic measurements, thus sim
plifying instrumentation. 

The nephelometric inhibition immunoassay (NIIA) is designed to measure the 
change in light scattering due to a change in particle size during an antigen-anti
body reaction. Both equilibrium (GAULDIE and BIENENSTOCK 1978) and rate (AN
DERSON and STERNBERG 1978) NIIAs have been described. The analyte of interest 
is first linked to a carrier protein, and the resulting conjugate is used to raise an 
antibody. The analyte is then linked to an unrelated carrier protein, and the new 
conjugate allowed to react with a limited amount of antibody. The soluble im
mune complexes that form will scatter light, and the inhibition of light scattering 
by unbound analyte serves as a basis for its quantitation by NIIA. Specific assays 
for phenytoin have been developed for both equilibrium (NISHIKAWA et al. 1979) 
and rate (BECKMAN INSTRUMENTS, FULLERTON, CA) NIIAs. The sensitivity of the 
rate NIIA for phenytoin is about 2 Ilg/ml. Rate NIIA has the advantage of rapid 
analysis, but greater control over assay variables (especially the ratio of developer 
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antigen to antibody) is often required. Other advantages include those common 
to all homogeneous immunoassays, and relate to the lack of an extraction require
ment. 

The most recent example of microcomputer-based methodology is the fluores
cence polarization immunoassay (FPIA). FPIA is similar in principle to the im
munoassay techniques already described, except that the tracer in this case is 
analyte labeled with a fluorescent probe (POPELKA et al. 1981). When the tracer 
is bound to antibody, the fluorophore is constrained from rotating during the in
terval of time that light is absorbed and emitted. Therefore, when plane-polarized 
light is used to excite the tracer, the fluorophore is still highly polarized upon 
emission. However, when the tracer is free (unbound), the rotational motion of 
the fluorophore is much greater and the emitted light is depolarized. The greater 
the concentration of analyte (in specimen or standard), the larger the fraction of 
unbound tracer; and the concentration of analyte can be estimated from a stan
dard curve. The advantages of FPIA include the specificity, speed, and conve
nience characteristic of all homogenous immunoassays (see above). 

c. Anticonvulsant Activity 
I. Anticonvulsant Potency in Laboratory Animals 

1. Standard Experimental Models in Small Rodents 

The hydantoins as a class have been extensively investigated using both the MES 
and scMet models of GTC and absence seizures, respectively. The methodology 
and interpretation of these experimental models has been reviewed previously 
(SWINYARD 1972; WOODBURY 1972). Anticonvulsant activities based upon these 
models have been evaluated in both rats and mice, and for various routes of ad
ministration. A summary of selected data is presented in Table 1 for phenytoin, 
mephenytoin, and ethotoin. No attempt was made to provide comprehensive doc
umentation of the multiplicity of reported values (for phenytoin in particular). In
stead, an effort was made to select data which were obtained by reasonably uni
form methods. In assessing the variability among estimates, however, it is impor
tant to recognize that factors other than "model," "species," and "route of ad
ministration" might influence potency. For example, differences in the adminis
tration vehicle might produce significant variations in bioavailability. While sus
pensions in gum acacia or tragacanth were often employed in early studies, aque
ous solvents composed of methylcellulose, polyethylene glycol, and other alco
hols, or detergents have been used more recently. Another possible source ofvari
ability might be the use of different strains of mice (or rats) or the use of different 
sexes. Although the standardized procedure for the MES test (SWINYARD 1972) 
employs male CF =11= 1 albino mice, some of the reported studies used other strains 
and mixed sex groups. 

The failure of some studies to adhere rigidly to standardized models might al
so contribute to variability. For example, ACHARI and SINHA (1967) administered 
240-mA current (O.4-s duration) to rats, compared with the standard 150 mA 
(0.2-s duration). Thus, it is difficult to determine whether their relatively low es-



Table 1. Anticonvulsant activity of hydantoin derivatives: a comparison using standard 
experimental models in small rodents 

Derivative Model EDso Species Route of Refs. 
(mgjkg) admin-

istration 

Phenytoin MES 9.6 Mouse i.p. SLATER et al. (1950) 
MES 8.1 Mouse (young) i.p. PETTY and KARLER (1965) 
MES 14 Mouse (old) i.p. PETTY and KARLER (1965) 
MES 8.3 Mouse i.p. WITIAK et al. (1972) 
MES 9.5 Mouse i.p. Krall et al. (l978b) 
MES 7.1 Mouse i.p. JONES et al. (1981) 
MES ca. lO Mouse s.c. SWINYARD et al. (1952) 
MES 9.1 Mouse s.c. GOODMAN et al. (1953) 
MES 11.4 Mouse p.o. CHEN and ENSOR (1950) 
MES 12 Mouse p.o. GESLER et al. (1961) 
MES 16 Mouse p.o. WOLF et al. (1962) 
MES 17 Mouse p.o. NAKAMURA et al. (1965) 
MES 12.8 Mouse p.o. RAINES et al. (1973) 
MES ca. 7.5 Mouse p.o. VIDA et al. (1975) 
MES 23 Rat i.p. HARNED et al. (1953) 
MES 11.3 Rat i.p. SWINYARD et al. (1950) 
MES 5.0 Rat (young) i.p. PErry and KARLER (1965) 
MES 5.1 Rat (old) i.p. PErry and KARLER (1965) 
MES ca. lO Rat s.c. SWINYARD et al. (1952) 
MES 42 Rat s.c. STILLE and BRUNCKOW 

(1954) 
MES 24 Rat p.o. CHEN and ENSOR (1950) 
MES 30.0 Rat p.o. SWINYARD and TOMAN 

(1950) 
MES 18.9 Rat p.o. NAKAMURA et al. (1965) 
scMET NA Mouse i.p. KRALL et al. (1978b) 
scMET NA Mouse p.o. VIDA et al. (1975) 
scMET NA Rat p.o. CHEN and ENSOR (1950) 

Mephenytoin MES 60.5 Mouse i.p. KRALL et al. (1978 b) 
MES 45 Mouse p.o. CHEN and ENSOR (1950) 
MES ca. 35 Mouse p.o. SWINYARD et al. (1952) 
MES 37.1 Mouse p.o. GOODMAN et al. (1953) 
MES 30 Mouse p.o. SCHLOGL et al. (1961) 
MES 46 Mouse p.o. WOLF et al. (1962) 
MES 80 Mouse p.o. NAKAMURA et al. (1965) 
MES 4.5 Rat i.p. SWINYARD (1949) 
MES 81.0 Rat s.c. ACHARI and SINHA (1967) 
MES 7.1 Rat p.o. CHEN and ENSOR (1950) 
MES ca. lO Rat p.o. SWINYARD et al. (1952) 
MES 5.0 Rat p.o. NAKAMURA et al. (1965) 
scMET 30.5 Mouse i.p. KRALL et al. (1978 b) 
scMET ca. 55 Mouse p.o. SWINYARD et al. (1952) 
scMET 40 Mouse p.o. WOLF et al. (1962) 
scMET 54.9 Rat i.p. SWINY ARD (1949) 
scMET 97 Rat s.c. ACHARI and SINHA (1967) 
scMET ca. 105 Rat p.o. SWINYARD et al. (1952) 

Ethotoin MES 85.5 Mouse i.p. KRALL et al. (1978b) 
MES 350 Mouse p.o. MILLICHAP (1972) 
scMET 48 Mouse i.p. KRALL et al. (l978b) 
scMET 350 Mouse p.o. MILLICHAP (1952) 

NA. not active 
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timate of potency (81 mg/kg) for mephenytoin in rats is due to the use of higher 
current, or is caused by the subcutaneous administration of this drug (Table 1). 
Therefore, a knowledgeable assessment of the variability among the depicted data 
will require the reader to consult the original reports. 

In the MES test, phenytoin appears to be slightly more potent in mice than 
in rats (Table 1). The opposite is found with mephenytoin, which is clearly more 
potent in rats than in mice. Phenytoin is more potent than mephenytoin in mice, 
but there appears to be little overall difference in their activity in rats. However, 
ethotoin is clearly less potent than either phenytoin or mephenytoin, an observa
tion that is corroborated by clinical experience in humans. There does not appear 
to be a substantial difference in anti-MES potency when phenytoin is admin
istered by the intraperitoneal or subcutaneous routes, but activity is expectedly 
somewhat lower by the oral route. There does not appear to be a significant age
related difference in the potency of phenytoin in rats, but the situation is less clear 
in mice. 

In sharp contrast to its activity against MES seizures, phenytoin is essentially 
inactive in the scMet test. Single doses of phenytoin as large as 500 mg/kg failed 
to prevent clonic seizures in rats administered pentylenetetrazol (93 mg/kg, s.c.) 
(CHEN and ENSOR 1950), and a similar lack of activity was noted in mice (VIDA 
et al. 1975). Although an anti-scMet effect was noted when phenytoin was admin
istered per os twice daily (20-30 mg/kg) to mice (or rats) for 4-7 days (REINHARD 
and REINHARD 1977), the EDso for single doses in rats was reported to exceed 
3,200 mg/kg (SWINYARD and TOMAN 1950). Unlike phenytoin, both mephenytoin 
and ethotoin are active in the scMet test. This effect is undoubtedly due partly 
to the replacement of a phenyl group at the hydantoin C5 position (in phenytoin) 
with smaller, nonaromatic groups, and the presence of substitution at the hydan
toin N3 position (see Sect. B.II). However, neither mephenytoin nor ethotoin are 
effective in absence seizures, as their anti-scMet activity alone might suggest. 

2. Special Experimental Models in Small Rodents 

Many experimental models of epilepsy are not yet as thoroughly documented as 
the MES and scMet tests. These models include the 6-Hz minimal electroshock 
threshold (PsM) test, the 60-Hz minimal electroshock threshold (MET) test, the 
hyponatremic electroshock threshold (HET) test, the maximal Metrazol seizure 
(MMS) model, the audiogenic seizure model, and numerous others. Several ex
perimental models have been reported which are primarily conducted with non
rodents, and these will be discussed in Sect. C.I.3. 

a) 6-Hz Minimal Electroshock Threshold 

Descriptions of the 6-Hz minimal electroshock threshold (PsM) method have 
been reported previously (TOMAN 1951; BROWN et al. 1953). Available evidence 
indicates that the PsM test correlates well with minimal neuronal discharge and 
with minimal spread to adjacent areas of the brain. Thus, this test was originally 
thought to have value in the testing of drugs potentially effective against partial 
(focal, including psychomotor) seizures. However, its use as a specific "psy
chomotor" model is invalid, as pointed out by BROWN et al. (1953). These authors 
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Table 2. Anticonvulsant activity of hydantoin derivatives: a comparison using special 
experimental models in small rodents 

Derivative Model ED50 Species Route of Refs. 
(mg/kg) admin-

istration 

Phenytoin PsM NA Mouse p.o. BROWN et al. (1953) 
PsM 61 Mouse p.o. WOLF et al. (1962) 
MET NA Mouse i.p. CARRAZ and EMIN (1967) 
MET NA Mouse p.o. BROWN et al. (1953) 
MET NA Rat s.c. SWINYARD (1949) 
HET ca. 40 Mouse s.c. SWINYARD et al. (1952) 
HET 94.5 Rat s.c. SWINY ARD (1949) 
HET ca. 187 Rat s.c. SWINYARD et al. (1952) 
MMS 42.9 Mouse s.c. GOODMAN et al. (1953) 
MMS 23 Mouse i.p. NAKAMURA et al. (1965) 
Audio 5 Mouse p.o. FINK and SWINYARD (1959) 
Audio 35 Mouse p.o. FINK and SWINYARD (1959) 
Audio 13.9 Mouse i.p. COLLINS and HORLINGTON (1969) 

Mephenytoin PsM ca. 265 Mouse p.o. BROWN et al. (1953) 
PsM 65 Mouse p.o. WOLF et al. (1962) 
MET ca. 40 Mouse p.o. BROWN et al. (1953) 
MET 72.5 Rat i.p. SWINYARD (1949) 
HET ca. 43 Mouse p.o. SWINYARD et al. (1952) 
HET 35.2 Rat i.p. SWINYARD (1949) 
HET ca. 107 Rat p.o. SWINYARD et al. (1952) 
MMS 74 Mouse p.o. GooDMAN et al. (1953) 

found no correlation between relative potency in the PsM test and a drug's clinical 
value in psychomotor seizures. Drugs ineffective in psychomotor epilepsy (e.g., 
phenobarbital) ranked higher than did phenacemide, a drug recognized to be su
perior to most in the treatment of this disorder. 

Furthermore, phenytoin was inactive in the PsM test (Table 2), even though 
it is known to be of value in the treatment of psychomotor seizures in humans. 
In fact, phenytoin exacerbated PsM seizures (BROWN et al. 1953). However, WOLF 
et al. (1962) reported that phenytoin was indeed effective in the PsM test; its ED 50 
was estimated at 61 mg/kg for oral administration (Table 2). The explanation for 
the conflicting reports is not clear, except that BROWN et al. (1953) used a test cur
rent four times the threshold value, while WOLF et al. (1962) employed a current 
only twice the threshold value. 

This explanation is supported by comparison of the EDso values reported for 
mephenytoin in the two studies: 265 mg/kg (BROWN et al. 1953), and 65 mg/kg 
(WOLF et al. 1962). The oral route was employed in both studies (Table 2). 

According to WOLF et al. (1962), the potency of phenytoin and mephenytoin 
were about equal (EDso values 61 and 65 mg/kg, respectively). Yet, mephenytoin 
is recognized as the more effective of the two drugs for clinical psychomotor sei
zures. Thus, the use of less current (i.e., twice threshold) probably offers little if 
any advantage to the PsM test as a model for selective anti-psychomotor drugs. 
The activity of ethotoin apparently has not been evaluated in this model. 
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b) 60-Hz Minimal Electroshock Threshold 

Descriptions of the 60-Hz minimal electroshock threshold (MET) method have 
been reported previously (SWINYARD 1949; BROWN et al. 1953). Although techni
cally different, it is thought that this model provides essentially the same ranking 
of relative potencies as provided by the PsM test (BROWN et al. 1953). However, 
in comparison with the PsM (6-Hz) model, MET (60-Hz) seizures result from a 
more intense discharge of neurons, and are associated with greater (but still 
limited) spread of the discharge to other brain areas (SWINYARD 1972). Thus, the 
MET and PsM models are interchangeable to a degree, although one might ex
pect the two models to yield subtle differences in relative potencies, based on dif
ferent degrees of seizure spread induced by each model. 

Phenytoin was reported to be inactive in the MET test in at least three differ
ent studies (BROWN et al. 1953; CARRAZ and EMIN 1967; SWINYARD 1949), involv
ing both mice and rats (Table 2). Phenytoin actually exacerbated MET seizures, 
as was observed in the PsM model; see above. Because phenytoin's inactivity con
trasts with its documented effectiveness in certain partial seizures, the MET sei
zure appears to suffer the same limitations as a model of partial epilepsy, as does 
the PsM model in the representation of psychomotor seizures. Although the rank 
order of potencies based upon the two models differs somewhat, the correlation 
with clinical potency is equally poor for either model. In fact, BROWN et al. (1953) 
suggest that the MET and PsM tests measure similar or identical anticonvulsant 
properties. 

In contrast with phenytoin, mephenytoin was reported active in both mice and 
rats; the EDso values were about 40 mg/kg for mice (BROWN et al. 1953) and 72.5 
mg/kg for rats (SWINYARD 1949) (Table 2). Mephenytoin usually provides some 
benefit in the treatment of partial seizures in man, and may be tried in place of 
phenacemide for psychomotor epilepsy refractory to safer drugs such as 
phenytoin or carbamazepine. The activity of ethotoin apparently has not been 
evaluated in this model. 

The failure of phenytoin to elevate the threshold for 60-Hz stimulation in the 
adult rat has been attributed to a stimulatory effect on subcortical excitatory sys
tems. For example, excitation of the hypothalamohypophyseal system would 
cause the release of adrenocortical steroids, which might antagonize any effect 
phenytoin might have to elevate electroshock threshold (VERNADAKIS and WOOD
BURY 1969). To test this hypothesis, VERNADAKIS and WOODBURY (1965) studied 
the effect of phenytoin on MET seizures as a function of age in both rats and mice. 
It is known that the hypothalamohypophyseal system does not function com
pletely until about 2 weeks after birth (JAILER 1951). Accordingly, if their hypoth
esis is correct, phenytoin should elevate minimal electroshock threshold during 
the first 2 weeks of life, but not in older animals. The results supported their hy
pothesis. 

c) Hyponatremic Electroshock Threshold 

The hyponatremic electroshock threshold test (HET) is a threshold test similar 
to those described above, except that it employs animals rendered sensitive to sei
zures by acute hyponatremia. Descriptions of the method have appeared else
where (SWINYARD et al. 1952). In contrast to its failure to elevate threshold in the 
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MET test (and certain applications of the PsM model; see above), phenytoin does 
elevate the hyponatremic electroshock threshold (SWINYARD 1949). Mephenytoin 
is also active in this test; data for ethotoin are not available. The EDso values are 
depicted in Table 2. The evidence suggests that mephenytoin is more potent than 
phenytoin in both rats and mice. However, several factors render this conclusion 
uncertain. For example, the large variability in EDso values for phenytoin in rats 
(i.e., 187 mg/kg vs 94.5 mg/kg) cannot be explained by any documented variance 
in experimental procedure (SWINYARD 1949; SWINYARD et al. 1952), and one does 
not know which is the more accurate figure. Furthermore, phenytoin was admin
istered to rats by the subcutaneous route, but mephenytoin was administered by 
either the oral or intraperitoneal routes. Although the EDso values in mice are 
similar for the two drugs, phenytoin was administered subcutaneously and me
phenytoin orally. 

Despite the variability among the electroshock threshold models (PsM, MET, 
and HET) with respect to the activity of phenytoin, it is probable that all three 
models are measuring similar, if not identical, anticonvulsant properties. A com
parison of relative potencies of drugs evaluated by these tests (SWINYARD et al. 
1952; BROWN et al. 1953) will show that the correlation is quite good. The fact 
that phenytoin is inactive in certain tests might simply imply a special mechanism 
not shared by the other drugs. 

d) Maximal Metrazol Seizure 

In contrast to the scMet test, which employs subcutaneous dosage sufficient to 
elicit clonic (threshold) seizures in mice, the maximal Metrazol seizure (MMS) 
test is designed to produce a maximal (tonic) seizure reminiscent of that produced 
by MES. Accordingly, the MMS test requires either larger sucutaneous dosage 
or rapid intravenous administration of Metrazol. The MMS model has been de
scribed previously (WOODBURY 1972). 

Phenytoin is highly effective in the MMS test, even though single doses fail 
to prevent the clonic seizures of the scMet test. Mephenytoin is also active in the 
MMS test, but is less potent than phenytoin (Table 2). This order of potencies is 
the same as that observed for the MES test in mice (Table 1). However, the MMS 
model of epilepsy is not nearly as well documented as are many other models, and 
a selective advantage over the MES test is seriously doubted. Data are not avail
able for the anti-MMS potency of ethotoin. 

e) Audiogenic Seizures 

Audiogenic seizures are convulsions triggered by sound stimuli of adequate inten
sity within a delimited bandwidth. The audiogenic seizure in mice begins with an 
initial startle response shortly after the onset of sound, and is followed by a period 
of running and leaping, which gives way to clonic spasms as the animal loses pos
tural tone. This is the so-called pretonic phase. The tonic phase begins with hind
limb flexion, which is followed by a more persistent hindlimb extension. If the ani
mal survives the tonic extension, the post-tonic phase consists of clonus and pos
tictal depression. Thorough descriptions of audiogenic seizures and test protocols 
have been reported previously (COLLINS 1972). 
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FINK and SWINYARD (1959) employed two end points for their study of drug 
effects on audiogenic seizures in mice: one based on abolition of the tonic extensor 
component and the other on the running response. Phenytoin was active in both 
tests; the EDso values were 5 mg/kg and 35 mg/kg, respectively (Table 2). COL
LINS and HORLINGTON (1969) used a different strain of mice and reported an EDso 
value of 13.9 mg/kg (p.o.) for phenytoin (Table 2). However, their study has been 
criticized for their failure to make allowance for variance in peak time (REINHARD 
and REINHARD 1977). The activities of mephenytoin and ethotoin in this model 
have not been reported. 

It is commonly held that audiogenic convulsions represent generalized sei
zures analogous to those provoked by other means (COLLINS 1972) and that com
pounds capable of inhibiting maximal audiogenic seizures have therapeutic 
potential in grand mal epilepsy (WOODBURY 1972). Although it has been difficult, 
due to technical limitations, to corroborate an analogous relationship between 
audiogenic and other "generalized" seizures, some pharmacological relationships 
support such a concept. A comparison of the rank order of potencies of several 
drugs tested in either the MES model (KRALL et al. 1978 b) or the audiogenic 
model (SWINYARD et al. 1963) show remarkable correlation. For example, the 
ratio of EDso values for trimethadione and the more potent phenytoin in the 
MES test is 66; the same ratio in the audiogenic model is almost identical at 75. 

f) Other Models 

Numerous other experimental models of epilepsy have been developed for use in 
small rodents. However, only a relatively few of these models have received much 
experimental documentation. A procedure designed to induce local epileptogenic 
activity involves the topical application of penicillin to the cerebral cortex; but 
tonic-clonic as well as purely clonic seizures may develop, and the selectivity of 
drug action on either type of seizure might give clues relevant to its clinical poten
tial. Phenytoin has very low activity against the clonic seizures elicited by topical 
penicillin, but is highly active against the tonic-clonic variety in rats and other spe
cies. This would be expected on the basis of the ability of phenytoin to prevent 
seizure spread, but relative inability to elevate the threshold for focal discharge 
(WOODBURY 1972). 

Elevated carbon dioxide concentrations, and sudden withdrawal from hyper
carbia, can induce clonic seizures in both rats and mice (WITHROW 1972). The sei
zures produced by hypercarbia might be due to an effect of CO2 to activate sub
cortical brain centers sufficiently to overcome CO2-mediated cortical depression 
(WOODBURY and KARLER 1960), while the CO2 withdrawal seizures have been ex
plained on the basis of changes in intracellular pH affecting cellular permeability 
to sodium (WITHROW 1972). Phenytoin fails to protect against either seizure type; 
in fact, both types are exacerbated by phenytoin (WOODBURY et al. 1958). In con
trast, many drugs that are effective as anti-petit mal (absence) agents also protect 
against CO2 seizures. Thus, CO2 seizures appear to have potential value in the 
experimental study of absence seizures, but not GTC (grand mal) epilepsy. 

Bemegride is a systemic convulsant whose site of action in the brain (cortex) 
is thought to be the same as that of pentylenetetrazol (HAHN 1960); and was, 
therefore, thought to have predictive value for potential anti-petit mal drugs. 
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Both phenytoin and mephenytoin have been reported active against bemegride
induced seizures (RUMKE 1967), but interpretation of these data are complicated. 
Rii"MKE (1967) demonstrated that phenytoin (100 mg/kg, s.c.) and mephenytoin 
(60 mg/kg, p.o.) produced a significant elevation of the median convulsive dose 
(CDso) of bemegride in mice. However, bemegride may cause both clonic and 
tonic convulsions, and it is not clear from the data whether these drugs had a se
lective effect on one or the other seizure type. Also, phenytoin had no effect on 
the CDso when given 1 Y2 h before the convulsant, a time which approximates 
that peak time in many experiments. However, an anticonvulsant effect of 
phenytoin was noted 24 h after its administration, and a proconvulsant effect 
(i.e., lower CDso) after 96 h. Although the anticonvulsant action of me phenytoin 
occurred after 1 'l2 h, it too had a proconvulsant effect, in this case after 48 h. Be
cause the time course of phenytoin's action does not correspond to peak plasma 
levels, it appears to have a unique mechanism of action against bemegride sei
zures. Although an explanation for the proconvulsant effect was not offered, it 
was suggested to account for the withdrawal supersensitivity seen in epileptics 
who suddenly terminate their medication. 

Other systemic convulsants against which phenytoin has been tested include 
picrotoxin and strychnine. Strychnine appears to act by competing with the in
hibitory transmitter glycine at spinal motorneurons; picrotoxin may compete 
with the inhibitory transmitter gamma-amino butyric acid involved in presynaptic 
inhibition. Phenytoin does not affect either seizure process in rats (VERNADAKIS 
and WOODBURY 1969). 

3. Other Animal Species 
Many of the experimental models already discussed have also been applied to 
nonrodent species. For example, the EDso for phenytoin in the MES model is 
about 60 mg/kg (s.c.) in rabbits and 10 mg/kg (i.p.) in cats (TOMAN et al. 1946). 
Phenytoin is also active in both cats and monkeys against tonic convulsions in
duced by penicillin, but is only minimally effective against the clonic seizures in
duced in this model (WOODBURY 1972); it is active against tonic seizures induced 
in rabbits and monkeys by large doses of pentylenetetrazol (MMS model), but is 
inactive (in rabbits) against the threshold seizure (scMet); it is inactive against 
CO2-withdrawal seizures in dogs (WYKE 1963); and is ineffective in the prevention 
of barbiturate-withdrawal convulsions in dogs. Data are not available for 
ethotoin and mephenytoin in other animal species. 

In addition to those already discussed, several experimental models have been 
developed which employ nonrodent species almost exclusively. A notable ex
ample is the photomyoclonic model developed by KILLAM et al. (1967) using the 
baboon (Papio papio). It was found that intermittent light stimulation (25/s) pro
duces a myoclonic seizure in baboons that closely resembles that seen in man, and 
electrographic evidence corroborates its epileptic-like status. The seizure consists 
of eyelid clonus, followed by clonus of facial muscles and jaws, and terminating 
in violent jerking movements involving the entire body. The activity occurs dur
ing the period of photic stimulation, and may persist as self-sustained discharges 
after the stimulus is terminated. Phenytoin is not very effective in this model, al
though chronic administration will produce some protection. In a related model, 
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BARNES (1954) reported that large doses of phenytoin failed to suppress the elec
trographic response to photic stimulation in the rabbit. Data are not available in 
either animal model for ethotoin or mephenytoin. 

Another experimental model that employs nonrodent species involves topical 
application of alumina cream to the sensorimotor cortex of monkeys. The 
chronic, recurrent, and spontaneous seizures that result frequently resemble Jack
sonian seizures in humans, and may become generalized with propagation to in
volve major motor convulsions. Phenytoin is only modestly effective in prevent
ing the clonic seizures reminiscent of human Jacksonian epilepsy, and this is only 
after chronic dosage; acutely, there is no protection (WOODBURY 1972). Although 
phenytoin would presumably be much more effective against the tonic compo
nent, tonic-clonic seizures are not generally reproducible in chronic animals. Phe
nobarbital is much more effective in this model than is phenytoin, but me
phenytoin and ethotoin have not been tested. 

Cortical lesions induced by local freezing is another model of focal epilepsy 
in which phenytoin has been tested. Although phenytoin was effective in reducing 
discharge frequency and spread from secondary foci, it did not prevent focal spik
ing activity in cat (MUSGRAVE and PURPURA 1963). 

ll. Anticonvulsant Potency in Man 

The relative clinical potencies of phenytoin, mephenytoin, and ethotoin were re
viewed by MILLICHAP (1972), who compared their clinical potencies with anti
MES potencies in mice. The effective daily dose reported for man was 10 mg/kg 
each for phenytoin and mephenytoin, and 50 mg/kg for ethotoin; the anti-MES 
potencies (EDso) in mice were 9, 37, and 350 mg/kg, respectively. Thus, the 
potency of mephenytoin and phenytoin are about equal in man, even though 
phenytoin is more potent in laboratory assays. However, the actual dosages re
ported by MILLICHAP (1972) for phenytoin and mephenytoin may be excessive. 
For example, the 10-mg/kg dose would require 700 mg daily for an average 70-kg 
adult. For seizures responsive to phenytoin, the usual adult dosage is 300-400 mg 
(or about 5-6 mg/kg) daily. Dosage may be increased to 600 mg/day if necessary, 
but care must be taken because of a disproportionate increase in serum concen
tration with increased dosage (see Sect. F.III). The initial pediatric dose is about 
5 mg/kg per day, with increases to a maximum 300 mg/day if necessary. The daily 
maintenance dosage in children is usually in the 5-11 mg/kg range. 

The usual adult dosage of mephenytoin is 200--600 mg daily; pediatric dosage 
varies from 100 to 400 mg/day (or 3-10 mg/kg per day), depending on the nature 
of seizures and age. The normal therapeutic serum concentration, based on the 
metabolite N-desmethylmephenytoin (Nirvanol), is 15--40 Ilg/ml. The usual 
maintenance dose of ethotoin is 2-3 g/day for adults, which is five to six times that 
for phenytoin or mephenytoin. Pediatric maintenance dosage is about 0.5-1 g 
daily, although higher doses may be required in some cases. The therapeutic range 
for serum concentrations is 15-50 Ilg/ml (LARSEN and NAESTOFT 1974). 

The therapeutic serum concentration for phenytoin is about 10--20 Ilg/ml 
(some sources quote 15-25 Ilg/ml). However, efficacy may be encountered at 
lower concentrations, or some patients require much higher concentrations. With 
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concentrations below 15 f.1g/ml, toxicity is usually not a problem. Above 15 f.1g/ 
ml, toxicity increases in both frequency and severity; above 30 f.1g/ml, almost all 
patients will experience some manifestation of toxicity. In adults, the ratio of dose 
(mg/kg) to serum concentration (f.1g/ml) is about 3.5 to 10. That is, a 3.5-mg/kg 
dose will produce an approximate 10 f.1g/ml serum concentration. In the pediatric 
population serum phenytoin concentrations tend to be significantly lower than 
those in the adult population for equivalent (mg/kg) dosages; and children often 
must receive higher maintenance dosages to achieve optimal antiepileptic concen
trations (PIPPENGER 1978). Thus, in children the ratio needs to be increased, so 
that 10 mg/kg may in some cases be required to produce a 10 f.1g/ml serum con
centration (BUCHrnAL and LENNOX-BuCHTHAL 1972). However, individual vari
ations are substantial, and the above ratios for phenytoin should be used only as 
approximations. As noted above, the usual approach in children is to start with 
5 mg/kg dosage, and make adjustments as required. Although a more accurate 
approach would involve the application of pharmacokinetic principles to individ
ual patients, clinical surveillance and therapeutic drug monitoring will provide 
adequate results in most cases. 

III. Mechanism of Anticonvulsant Action 

1. Neuropharmacology and Biochemistry 

The neuropharmacology and biochemical effects of hydantoin derivatives, 
phenytoin in particular, are legion. For example, phenytoin in various systems 
has been reported to: (1) produce a tetrodotoxin-like decrease in passive sodium 
conductance, both during the action potential and during the resting state (NEU
MAN and FRANK 1977; SELZER 1978; PERRY et al. 1978); (2) produce a decrease in 
neuronal excitability due to an increase in chloride and/or potassium conductance 
(AYALA et al. 1977a); (3) produce a reduction in synaptic calcium uptake (HAS
BANI et al. 1974; PINCUS and LEE 1973; SOHN and FERRENDELLI 1976); (4) inhibit 
post-tetanic potentiation (PTP) (ESPLIN 1957; RAINES and STANDAERT 1967); (5) 
inhibit axonal propagation of action potentials during high-frequency stimula
tion (ESPLIN 1957; Y AARI et al. 1977); (6) produce changes in the amplitude of 
synaptic potentials, with excitation being reduced and inhibition increased 
(AYALA et al. 1977b; Selzer 1978); (7) elevate membrane potential (PERRY et al. 
1978; SCHWARZ and VOGEL 1977); (8) raise threshold (MORELL et al. 1958; 
SCHWARZ and VOGEL 1977); (9) reduce conduction velocity and spike amplitude 
(MORELL et al. 1958; SCHWARZ and VOGEL 1977); (10) reduce repetitive firing 
(AYALA et al. 1977 a); (11) suppress bursting activity of certain pacemaker cells 
(JOHNSTON and AYALA 1975); (12) inhibit calcium- and calmodulin-dependent 
protein phosphorylation and neurotransmitter release (DELORENZO 1980); (13) 
inhibit elevation of brain cyclic nucleotides (cyclic GMP and cyclic AMP) pro
duced by electroshock, and decrease basal levels of cyclic GMP in cerebellum 
(FERRENDELLI 1980); and (14) increase Purkinje-cell activity and decrease deep 
cerebellar nuclei activity (LAXER et al. 1980). Those acquainted with the 
antiepileptic field will recognize that the preceding is only a partial accounting of 
the myriad of effects documented for phenytoin and selected other hydantoins. 
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The efficacy of phenytoin in the treatment of various seizure disorders is well 
established, as is its value in certain cardiac arrhythmias. In addition, phenytoin 
has been reported to be of value in the control of insulin hypersecretion (COHEN 
et al. 1973) and antidiuretic hormone hypersecretion (FICHMAN et al. 1970; LAND
OLT 1974), and in the treatment of a syndrome characterized by continuous 
muscle fiber activity (neuromyotonia) (MERTENS and ZSCHOCKE 1965). Although 
the clinical uses of phenytoin might conceivably be explained on the basis of one 
or more of the effects listed above, such an attribution has never been proven. 
However, several theories have been developed in an attempt to unify the neuro
pharmacological and biochemical effects on the one hand, and the clinical ob
servations on the other. The two most popular theories are each based upon a de
crease of intracellular sodium; but differ with respect to the mechanism of such 
decrease. The earlier theory argues that phenytoin might facilitate active sodium 
transport by stimulating Na + -K + -ATPase (WOODBURY 1955; FESTOFF and ApPEL 
1968; LEWIN and BLECK 1977); the more recent theory suggests that phenytoin 
acts to limit the inward current due to sodium (AYALA et al. 1977 a; LIPICKyet 
al. 1972). Other theories have implicated effects on calcium fluxes (FERRENDELLI 
and KINSCHERF 1977; SOHN and FERRENDELLI 1973) or alterations ofneurotrans
mitter disposition and metabolism (AYALA et al. 1977b; DELoRENZO 1980; SAAD 
et al. 1972). These theories are discussed in more detail below. 

2. Effects on Active Sodium Transport 

The hypothesis that phenytoin acts by stimulating active sodium-potassium 
transport (WOODBURY 1955) is controversial. Phenytoin has been reported to in
crease Na + -K + -ATPase activity in brain both in vivo (LEWIN and BLECK 1977; 
LEZNICKI and DYMECKI 1974) and in vitro (FESTOFF and ApPEL 1968; SIEGLE and 
GOODWIN 1972; WILENSKY and LOWDEN 1972 a). Phenytoin was also reported to 
increase Na + -K + -ATPase activity in skeletal muscle (KooTSTRA and WOOD
HOUSE 1974) and cardiac muscle (GOLDSTEIN et al. 1973). However, other studies 
have failed to demonstrate such an effect, either in brain (DEUPREE 1977; 
SCHWARZ et al. 1975) or cardiac muscle (SPAIN and CHIDSEY 1971). In some cases, 
phenytoin actually decreased Na + -K + -ATPase activity (GILBERT and WYLLIE 
1976; GOLDSTEIN et al. 1973). See Chap. 10 this volume, for further discussion of 
anticonvulsant effects on active sodium transport. 

3. Effects on Passive Sodium Influx 

Although stimulation of the active sodium-potassium pump might explain many 
of the physiological and therapeutic effects of phenytoin, so might its effect to de
crease passive sodium influx. For example, one result of a decrease in resting 
sodium permeability is membrane hyperpolarization. Hyperpolarization may el
evate threshold, reduce firing, and generally "stabilize" membranes (an effect 
which might also apply to membranes of secretory cells). The first demonstration 
that phenytoin blocks sodium channels was provided by LIPICKY et al. (1972), us
ing voltage-clamped squid giant axons. They reported that phenytoin altered only 
maximal sodium conductance, and did not affect the kinetic parameters or volt
age dependence of the sodium channel. Thus, it appeared that phenytoin blocked 
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the channel in a manner similar to tetrodotoxin. Additional research has indi
cated that phenytoin might also affect the kinetics and voltage dependence of the 
sodium channel (SCHWARZ and VOGEL 1977; NEUMAN and FRANK 1977). 
SCHWARZ and VOGEL (1977) observed that the reduction of sodium current by 
phenytoin was pH dependent and potential dependent, and postulated that 
phenytoin binds to sites in the sodium channel that are different from those of 
tetrodotoxin. They also observed that phenytoin hyperpolarized the membrane, 
an effect that could be due to inhibition of resting sodium conductance. But they 
did not conduct experiments which might validate this possibility, even though 
LIPICKY et al. (1972) stated that phenytoin did not affect resting membrane prop
erties. 

However, DEWEER (1980) was able to confirm the hyperpolarizing effect of 
phenytoin in squid giant axon, and he also demonstrated that this effect does in
deed result from blockade of resting sodium channels. He specifically eliminated 
the possibility that an increase in potassium permeability or stimulation of an 
electrogenic sodium pump might be responsible for the hyperpolarization. DE
WEER (1980) also demonstrated that phenytoin reverses a veratridine-induced de
polarization in squid giant axon, alone or in combination with tetrodotoxin; and 
the effects of phenytoin and tetrodotoxin were nonadditive, suggesting a common 
action to interfere with the sodium channel gating mechanism. (Veratridine is an 
alkaloid that "holds open" the sodium channels of excitable cells by interfering 
with their inactivation mechanism.) He concluded that phenytoin, like tetro
dotoxin, blocks sodium channels be they resting, excitable, or held open by vera
tridine. 

Thus, is seems clearly established that phenytoin exerts a significant action on 
excitable membranes to decrease passive sodium influx, perhaps by blocking 
sodium channels in a manner similar to that of tetrodotoxin. Indeed, the ex
perimental validation of such an effect has caused several investigators to call into 
question the validity of the earlier theory, which is confirmed only under a very 
specific set of conditions (e.g., high Na + /K + ratios). DEWEER (1980) has shown 
that phenytoin had no detectable effect on active sodium effiux in the squid giant 
axon, and others have reported similar findings in different systems. JOHNSTON 
and AYALA (1975) reported that phenytoin decreased the bursting pacemaker ac
tivity in Ap/ysia neurons, an effect attributable to inhibition of passive sodium 
influx. However, it is still premature to award a decision on the relative merit of 
either theory as it applies to mechanism, because precisely those conditions which 
appear to be required to demonstrate a stimulatory effect on Na + -K + -ATPase 
seem to exist in epileptogenic tissue (see Chap. 10, this volume). Therefore, much 
further experimentation will be required to delineate the relevance of either action 
to the antiepileptic effects. 

4. Effects on Calcium 
Phenytoin has been demonstrated to decrease calcium influx across synaptosomal 
membranes prepared from cerebral cortex (SOHN and FERRENDELLI 1976), and it 
might also inhibit the intracellular uptake of calcium by subcellular fractions 
(Y AARI et al. 1977). However, the mechanism of the decrease is not known with 
certainty. It might be due to a primary action of phenytoin to block calcium chan-
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nels directly, but this has not been proven. On the other hand, phenytoin-induced 
hyperpolarization is known to close the "late" calcium channels (BAKER et al. 
1971). Decreased calcium influx might also be due to blockade of sodium chan
nels, through which calcium may also enter (BAKER et al. 1971). Yet another 
mechanism might involve the steepened sodium gradient across the plasma mem
brane, which results from the inhibition of passive sodium influx. Because of the 
sodium-calcium countertransport mechanism involved in removal of calcium 
ions from cells, an inhibition of passive sodium influx will heighten the electro
chemical gradient of calcium as well as sodium; and this is thought by some to 
be the major regulator of intracellular calcium concentration. See Chap. 10, this 
volume, for further discussion of anticonvulsant effects on calcium metabolism. 

5. Effects on Neurotransmitters 
Phenytoin (and presumably other hydantoins) exert mUltiple effects on 
neurotansmitter metabolism, disposition, and dynamics. For example, phenytoin 
inhibits the release (DELoRENZO 1980) and uptake (WEINBERGER et al. 1976) of 
norepinephrine, and possibly its metabolism by monoamine oxidase (AZZARO 
and GUTRECHT 1973). The inhibition of norepinephrine release is calcium depen
dent, and is discussed separately (below), while the inhibition of its reuptake is 
thought to be related to decreased sodium and/or calcium influx. 

DELoRENZO and co-workers (DELORENZO 1980) demonstrated that phenytoin 
inhibits the calcium-dependent protein phosphorylation that mediates calcium
dependent neurotransmitter release. Phenytoin caused a substantial decrease in 
the calcium-dependent incorporation of labeled phosphate (from ATP) into two 
particular brain proteins labeled DPH-L and DPH-M. Furthermore, this effect 
was demonstrated in a highly enriched synaptic vesicle preparation, and was 
shown to be dependent upon an endogenous calmodulin-like protein present in 
association with the vesicles. Phenytoin supposedly inhibits the effects of the cal
cium-calmodulin complex, and not the binding of calcium to calmodulin. 

In contrast to norepinephrine, the uptake of both GABA and glutamate by 
synaptosomes is increased by phenytoin (WEINBERGER et al. 1976). Since the 
sodium gradient is the energy source for cellular uptake of many organic mole
cules, including neurotransmitters, the steepened sodium gradient produced by 
phenytoin is probably responsible for the enhanced uptake of GABA and gluta
mate. This appears to be a uniform effect for amino acid neurotransmitters. The 
failure of norepinephrine reuptake to be similarly effected is not clearly under
stood, except that phenytoin has been described as a pure blocker of norepineph
rine uptake because of its noncompetitive characteristics (WEINBERGER et al. 
1976). 

VERNADAKIS and WOODBURY (1960) demonstrated that phenytoin decreased 
glutamic acid and slightly increased gamma-amino butyric acid (GABA) levels in 
rat cerebral cortex. SAAD et al. (1972) reported similar findings for GABA. Be
cause phenytoin stimulates the uptake of GABA (see above), its metabolism 
(which occurs outside the synapse, probably in glia) is probably reduced; and this 
might account for the slight increase in cerebral GABA levels. Furthermore, the 
increased uptake of glutamate might contribute to the slight increase in GABA 
levels, and also account for the lower brain glutamate concentrations, because 
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glutamate is converted to GABA in the nerve terminal. Because glutamate and 
GABA are excitatory and inhibitory neurotransmitters, respectively, it is possible 
that such changes could account for an anticonvulsant effect. Although norepi
nephrine, like GABA, is an inhibitory transmitter in the central nervous system, 
its metabolism occurs largely within the synapse. Thus, the opposite effects of 
phenytoin on the uptake of norepinephrine and GABA probably both contribute 
to an anticonvulsant effect. 

The involvement of GABA and other neurotransmitters in the antiepileptic 
effects of phenytoin might depend upon receptor phenomena as well as changes 
in transmitter metabolism/disposition. For example, phenytoin markedly in
creases the duration of the inhibitory postsynaptic potential (lPSP) in the crayfish 
stretch receptor neuron (SRN), presumably by prolonging and increasing the 
conductance change of the postsynaptic membrane to chloride (AYALA et al. 1977 
b). Phenytoin also prolonged the GABA-induced hyperpolarization which results 
when GABA is applied iontophoretically to dendrites of the SRN (AYALA et al. 
1977b; DEISZ and Lux 1977). DEISZ and Lux (1977) have shown that phenytoin 
protects the GABA receptor against the convulsant picrotoxin, which suggests 
competition between phenytoin and picrotoxin for a common site related to 
GABA-dependent chloride conductance changes. Indeed, phenytoin inhibits 
binding of dihydropicrotoxinin (DHP; a derivative of the active component of 
picrotoxin) to rat brain membranes (TICKU et al. 1978). Because the seizure activ
ity induced by picrotoxin is thought to result from blockade of GABA-mediated 
presynaptic inhibition, one would expect the effect of such competition with 
phenytoin to be antagonism of the convulsive effects of picrotoxin. However, in 
mammals, phenytoin enhances the seizure activity induced by picrotoxin, an ef
fect which cannot presently be explained. Furthermore, phenytoin fails to modify 
the chloride-dependent GABA response when studied in various other systems 
(AYALA undJOHNSTON 1980). 

Phenytoin apparently exerts little effect on the acetylcholine-mediated 
chloride-dependent ("short") IPSP in Ap/ysia (AYALA et al. 1977 b), which sug
gests that phenytoin might not act on the chloride channel of the GABA complex, 
but rather at the GABA receptor. However, phenytoin does enhance the acetyl
choline-mediated potassium-dependent ("long") IPSP in Ap/ysia (AYALA and 
JOHNSTON 1980). This "long" IPSP is thought to be due to inactivation of the slow 
inward current responsible for bursting pacemaker activity (WILSON and W ACH
TEL 1978). The inward current is due primarily to calcium, but sodium might also 
be involved; the hyperpolarizing phase is due to slow potassium conductance ac
tivated by calcium influx (JONSTON 1976). Phenytoin in therapeutic concen
trations significantly reduced bursting activity in Ap/ysia neurons, an effect at
tributable to a reduction in slow inward current (due to calcium and/or sodium) 
and slow outward potassium current (JOHNSTON and AYALA 1975). Phenytoin al
so suppressed bursting activity induced in these cells by application of the convul
sant pentylenetetrazol, which is thought to act by blocking GABA-mediated pre
synaptic inhibition (possibly by binding to the DHP site of the GABA complex; 
LAL et al. 1981). However, in this case, phenytoin appeared to act by reducing 
the slow inward current, which is the basis of the "long" IPSP as discussed above. 
Phenytoin also decreased the amplitude of excitatory postsynaptic potentials 
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(EPSPs) in the frog neuromuscular junction (Y AARI et al. 1977) and various other 
systems. See Chap. 10, this volume, for further discussion of anticonvulsant ef
fects on neurotransmitter metabolism/disposition. 

In summary, phenytoin affects numerous indices of neurophysiological func
tion. The changes induced are almost always compatible with an anticonvulsant 
action. Stimulation of the sodium pump, inhibition of passive sodium influx, pro
longing IPSPs, decreasing EPSP amplitude, inhibiting calcium influx or the effect 
of the calcium-calmodulin complex on protein phosphorylation, increasing 
GABA concentrations, and many other observable correlates of phenytoin action 
might all provide logical explanations for the ability of this drug to stabilize the 
hyperexcitable brain. 

D. Other Central Nervous System Effects 
Unlike many other antiepileptics, phenytoin is a remarkably selective drug. It 
lacks sedative properties in usual dosage and may, in fact, elicit "convulsions" if 
very large doses are administered (see below). In contrast to phenytoin, me
phenytoin and ethotoin display significant sedative properties (although less than 
for phenobarbital) in animals and man, an effect attributed to the presence of 
alkyl substitution at positions 3 and 5 of the hydantoin ring. All three drugs may 
produce signs of cerebellar-vestibular toxicity as measured by the rotorod test of 
gross neurological deficit in rodents (see Sect. H). Signs and symptoms referable 
to the cerebellar-vestibular system in humans include ataxia, nystagmus, diplo
pia, and vertigo. Phenytoin is more likely to produce these effects in humans than 
are either mephenytoin or ethotoin. Other central nervous system effects may in
clude blurred vision, mydriasis, hyperactivity, confusion, hallucinations, and be
havioral changes (see Sect. H). 

Although physical dependence is not a significant problem with the hydantoin 
derivatives, their sudden cessation, as for any antiepileptic medication, can result 
in "rebound" hyperexcitability, leading to status epilepticus in some patients. To 
investigate this phenomenon, RUMKE (1967) evaluated the effect of phenytoin and 
mephenytoin on seizure threshold (in mice) to the convulsants pentylenetetrazol 
and bemegride. Phenytoin had no effect on the convulsive potency (CD so) of ei
ther agent when evaluated 1 Y2 h after phenytoin pretreatment. The CDso was in
creased for both convulsants 1-2 days after a single dose of phenytoin, but signifi
cantly lower CDso values (a proconvulsant effect) were recorded after a 96-h in
terval. In contrast, mephenytoin had an anticonvulsant effect (increased CDso) 
if given 1 Y2 h prior to convulsant administration, but a proconvulsant effect 
when the interval was increased to 48 h. Similar experiments using maximal elec
troshock rather than systemic convulsants demonstrated that neither phenytoin 
nor mephenytoin increased the incidence of seizures when evaluated 96 hand 
48 h, respectively, after drug administration. These findings suggested to RUMKE 
(1967) that a central origin of the increased sensitivity to bemegride and penty
lenetetrazol was unlikely. 

An often quoted toxicity of phenytoin is its ability in large dosage to produce 
"convulsions" (GRUBER et al. 1940). However, the characterization ofthese "con
vulsions" as actual seizures has been disputed by BAZEMORE and ZUCKERMANN 
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(1974). These authors reported that the seizure-like episodes that occur in mice 
following the intraperitoneal injection of 85 mg/kg phenytoin are not accom
panied by electroencephalographic evidence of seizure activity. Furthermore, 
there was no postictal change in behavior, the eyes remained open, and the animal 
did not defecate or bleed from the mouth. The seizure-like activity was invariably 
related to the attempts of the animals to move about the cage, and frequently oc
curred as the animal lost its balance. No episodes occurred when the mice were 
immobilized by securing the limbs with tape on a platform. Similar findings were 
reported by these authors for rats, rabbits, and cats, none of which displayed 
clinical seizures with large doses of phenytoin. These observations suggested to 
the authors that the seizure-like episodes encountered with very large doses of 
phenytoin might actually be due to a central disturbance of vestibular integration. 
There was also speculation that phenytoin-induced cerebellar degeneration might 
playa role, since it is thought by some that phenytoin might cause the loss of cer
ebellar Purkinje cells (HABERLAND 1962). 

E. Actions Outside the eNS 

I. Cardiac Muscle 
Phenytoin exerts significant effects on excitable tissues outside the CNS. For ex
ample, in isolated cardiac cells in tissue culture, phenytoin decreases the number 
of cells beating (automaticity) and antagonizes the digitalis-induced increase in 
automaticity (MERCER et al. 1967). Phenytoin also antagonizes the positive ino
tropic effect of ouabain (HELFANT et al. 1967). The antiarrhythmic effect has been 
demonstrated for acute arrhythmias occurring after myocardial infarction in ex
perimental animals (ZEFT et al. 1968) and in man (BASHOUR et al. 1965); it has also 
been demonstrated for various other cardiac arrhythmias (BERNSTEIN et al. 1965; 
SCHERF et al. 1960) and for digitalis-induced arrhythmias in man and animals 
(WOODBURY 1969 a). The antiarrhythmic effects of phenytoin appear to be due to 
inhibition of spread of excessive activity from a focus, analogous to its presumed 
action in the brain to inhibit generalized tonic-clonic seizures (see Sect. C.UI). 
WATSON and WOODBURY (1973) and BASKIN et al. (1973) observed that phenytoin 
antagonized the effect of ouabain to increase sodium and decrease potassium con
centration in heart muscle cells. Thus, these drugs are possibly selective antago
nists of the Na + -K + pump. An action of phenytoin to "stimulate" the pump 
might underlie its antiarrhythmic action, as has been postulated for its antispread 
activity in the CNS. The greatest clinical value of phenytoin as an antiarrhythmic 
drug is in the treatment of ventricular ectopic rhythms, whether or not these are 
the result of digitalis toxicity. 

II. Smooth Muscle 
In addition to its activity in cardiac muscle, phenytoin exerts significant effects 
on both smooth and skeletal (see below) muscle. DRUCKMAN and MOORE (1955) 
studied the effect of phenytoin on isolated rabbit intestinal smooth muscle, and 
found that the amplitude of contractions was decreased. CHOU et al. (1972) re-
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ported that phenytoin reduced the contractile state in situ of canine ascending co
lon and terminal ileum segments, and attenuated both spontaneous and stimulat
ed phasic motor activities of the colon. VANASIN et al. (1973) studied the effect 
of phenytoin on isolated strips of colon smooth muscle from canine and human 
sources. Phenytoin increased significantly the relaxation time and decreased con
traction time when the strips were stimulated either electrically or by acetylcho
line, and the authors conclude that phenytoin has a direct action on smooth 
muscle as well as on the neuromuscular junction. Each of the above authors have 
suggested that the observed effects might represent the basis for the therapeutic 
use of phenytoin in the treatment of intestinal hypermotility and the spastic colon 
syndrome. 

In isolated rat ileum, low concentrations of phenytoin (0.1 ~g/ml) caused an 
initial contraction, which was sensitive to blockade by atropine and potentiation 
by physostigmine (WOODBURY 1969 a). Thus, it is possible that phenytoin causes 
the release of acetylcholine from parasympathetic nerve endings (V AN REES et al. 
1969). Using brain slices, McLENNAN and ELLIOT (1951) reported that low con
centrations of phenytoin stimulate acetylcholine synthesis. These observations 
might explain some of the findings that phenytoin has excitatory effects in the 
brain. It has been postulated that low concentrations of phenytoin block calcium 
uptake by subcellular particles. This would lead to increased cytosolic calcium 
concentration and increased transmitter release. However, higher concentrations 
(1 ~g/ml or higher) of phenytoin progressively inhibit the contraction produced 
by acetylcholine (GAYET-HALLION 1944), and the mechanism appears to be non
competitive (WOODBURY and KEMP 1971). It is known that higher concentrations 
of phenytoin not only reduce calcium uptake by subcellular particles, but also re
duce calcium influx across the synaptic membrane. Such an effect might result in 
a net decrease in transmitter release by lowering intracellular calcium. Also, W AT
SON (1978) showed that phenytoin inhibited the effects of the calcium ionophore 
A23187 to cause contractions of dog coronary artery and rabbit aortic strips. 
Thus, it is apparent that phenytoin might exert at least some of its effects on 
smooth muscle by an action to block calcium movements, either at the level of 
the excitation-contraction coupling system or at the synaptic level. 

BIANCHI et al. (1975) reported that phenytoin had no effect on the level of 
acetylcholine or its release from the cerebral cortex in normal guinea pigs. But in 
epileptic guinea pigs, phenytoin suppressed convulsions and reduced the abnor
mally high cortical acetylcholine outflow. These findings suggest that phenytoin 
alters acetylcholine disposition only indirectly, by restraining paroxysmal 
neuronal activity, and does not affect its presynaptic release. Because acetylcho
line depolarizes the postsynaptic membrane by opening sodium channels, an ac
tion of phenytoin to decrease sodium influx, by whatever mechanism (see Sect. 
C.III), would have the effect of blocking acetylcholine-stimulated excitatory re
ceptors. This effect, which might be noncompetitive, could account for 
phenytoin'S action (at higher concentration) on both smooth muscle and the 
eNS. Also, since the sodium gradient is a major regulator of intracellular calcium 
levels, such a primary action on sodium influx could explain its effects on calcium 
movements. However, other data (VAN REES et al. 1969; WOODBURY and KEMP 
1971; Y AARI et al. 1977) are clearly consistent with an effect either to increase or 
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decrease acetylcholine release. Thus, the effects of phenytoin on acetylcholine me
tabolism and smooth muscle function remain ambiguous. 

III. Skeletal Muscle 

Phenytoin was reported by ISAACS (1961) to be of value in the treatment of a syn
drome characterized by continuous muscle fiber activity. Later, MERTENS and 
ZSCHOCKE (1965) described three patients having in common a continuous spastic 
contraction of the entire skeletal musculature, which was not alleviated by sleep 
or anesthesia. Again, phenytoin provided significant relief. Numerous other re
ports have been made, each proclaiming the therapeutic value of phenytoin in the 
treatment of continous muscle fiber activity. In most cases, withdrawal of 
phenytoin resulted in recurrence of the syndrome. 

The mechanism of the palliative action of phenytoin in this curious disorder 
is unknown. While normal skeletal muscle is electrically silent between con
tractions, the clinical problem in myotonia becomes apparent during relaxation, 
when a myotonic afterdischarge occurs (ISAACS 1967). Phenytoin presumably sta
bilizes the myotonic afterdischarge, as it reportedly stabilizes against post-tetanic 
potentiation and post-tetanic afterdischarge (processes thought to be involved in 
epileptogenesis). ISAACS (1964) postulated that the problem in continuous muscle 
fiber activity might involve the acetylcholine release mechanism. As noted in the 
above section on smooth muscle, it is conceivable that phenytoin primarily antag
onizes calcium entry into the presynaptic terminal and thus reduces transmitter 
release. If this occurred at the neuromuscular synapse, phenytoin should reduce 
evoked neurosecretion. 

YAARI et al. (1977) reported that under normal physiological conditions, 
phenytoin significantly depressed the evoked release of acetylcholine at the frog 
neuromuscular synapse. They also demonstrated that phenytoin increased the 
frequency of miniature end-plate potentials. Both of these effects were explained 
by a logic similar to that used to account for the effects of phenytoin on acetyl
choline disposition in smooth muscle, i.e., blockade of calcium uptake at the ax
onal membrane and blockade of intracellular sequestration-extrusion of calcium, 
respectively. Phenytoin has long been known to reduce post-tetanic potentiation 
(PTP), a phenomenon that involves a prolonged increase in acetylcholine release 
following repetitive presynaptic stimulation. Calcium is required for PTP to oc
cur, and when external calcium is decreased, PTP decays more rapidly. Assuming 
that the myotonic afterdischarge characteristic of continuous muscle fiber activity 
is likewise dependent on calcium, the inhibition of presynaptic calcium influx by 
phenytoin might provide the basis for its action in this disorder. 

IV. Other Actions 
Phenytoin has been reported to inhibit insulin release from isolated perfused rat 
pancreas (LEVIN et al. 1970) and isolated islets of Langerhans (KIZER et al. 1970). 
In the study by KIZER et al. (1970), the inhibitory action of phenytoin was found 
to be reversible by potassium and ouabain. Phenytoin was later shown to be ef-
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fective in the treatment of patients with benign insulinoma (COHEN et al. 1973) 
and functional islet-cell tumors (BRODOWS and CAMPBELL 1974), and in other 
cases of functional hypoglycemia unresponsive to dietary management (STAM
BAUGH and TUCKER 1974). However, the effectiveness of phenytoin in the treat
ment of insulinomas has been questioned by HOFELDT et al. (1974). 

In a related study, GERICH et al. (1972) reported that low concentrations (25 
~g/ml) of phenytoin markedly diminished glucagon release from the isolated per
fused rat pancreas but did not inhibit insulin release. They note that the effects 
on insulin release reported by LEVIN et al. (1970) required higher phenytoin con
centrations. GERICH et al. (1972) concluded that the pancreatic alpha cells are 
more sensitive to phenytoin than are the beta cells, and suggested that the poten
tial action of phenytoin on both glucagon and insulin release might account for 
its reported ability to stabilize poorly controlled diabetes mellitus in humans 
(FABRYKANTand PACELLA 1948). 

Phenytoin has also been reported to inhibit antidiuretic hormone (ADH) re
lease from the neurohypophysis (FICHMAN et al. 1970; GUZEK et al. 1974), an ef
fect shown to be of value in the treatment of the inappropriate ADH syndrome 
(LANDOLT 1974; LEE et al. 1961). LANDOLT (1974) noted that phenytoin corrected 
the abnormal condition, but did not affect normal water metabolism. In a related 
study, MITTLER and GLICK (1972) demonstrated that phenytoin inhibits potas
sium-stimulated oxytocin release from isolated rat pituitary gland. 

An action of particular interest is the inhibition of thyrotropin release from 
the adenohypophysis (WOODBURY 1969b). Low doses (20 mg/kg) of phenytoin 
stimulated the uptake of iodide by the thyroid gland in rats, but larger doses (40-
80 mg/kg) inhibited uptake. The inhibitory effect of phenytoin was absent in hy
pophysectomized rats, suggesting that uptake was mediated through the pitu
itary; and the inference was made that low doses of phenytoin stimulate and high 
doses inhibit the release of thyroid-stimulating hormone (TSH). Because stro
phanthin antagonized the inhibition of iodide uptake by phenytoin, it was rea
soned that the action of phenytoin might involve the stimulation of sodium
potassium transport. 

PENTO (1976) has demonstrated that phenytoin inhibits calcitonin secretion in 
the pig (see also PENTO et al. 1973). Normal basal levels of calcitonin secretion 
apparently were not significantly affected by phenytoin. However, when calci
tonin secretion was stimulated by glucagon or calcium administration, phenytoin 
produced a measurable reduction. PENTO et al. (1973) have noted that these find
ings are in accord with other reports that phenytoin does not alter normal basal 
function, but that when unusual stimuli are present phenytoin exerts a regulatory 
influence. 

Phenytoin also inhibits the release of adrenocorticotrophin from the adenohy
pophysis (RINNE 1966), the secretion of norepinephrine by the adrenal medulla 
(GUTMAN and BOONYAVlROJ 1977), salivary secretion (WATSON and SmGEL 1976), 
and synaptic neurotransmitter release (see Sect. C.UI). Thus, phenytoin appears 
to exert a general inhibitory effect on all secretory cells. Since calcium is known 
to increase secretion in the processes listed above, it is possible that phenytoin acts 
by blocking cellular calcium uptake (see Sect. C.UI). However, as exemplified by 
its effects on thyrotropin release, small concentrations of phenytoin might stim-
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ulate release, an effect that might be explained by the inhibition of calcium uptake 
by subcellular particles. 

Phenytoin exerts an effect on thyroid metabolism which is probably unrelated 
to secretory mechanisms. Serum protein-bound iodine may be reduced during 
phenytoin administration to levels as low as 2.5-3.8 Ilg/100 ml. The mechanism 
possibly involves the displacement of thyroxine from thyroxine-binding globulin 
(OPPENHEIMER and TAVERNETTI 1962), but this concept is controversial (see Sect. 
H.V). The free thyroxine presumably is eliminated more rapidly, resulting in a 
lower total serum thyroxine concentration. However, the free thyroxine concen
tration is not significantly altered (even though the free fraction is increased), and 
there are no signs or symptoms of hypothyroidism. The clinical significance of 
this phenytoin-thyroxine interaction is the diagnostic confusion it might cause. 

F. Pharmacokinetics 

Representative pharmacokinetic data for phenytoin are depicted in Table 3. 
Pharmacokinetic data for mephenytoin and ethotoin are extremely limited, but 
will be cited where appropriate in the following discussion. 

I. Absorption and Bioavailability 
As already noted, phenytoin is a weak acid with an approximate pKa of 8.3 
(AGARWAL and BLAKE 1968). As such, it should be predominantly nonionized at 
physiological pH (approximately 89% at pH 7.4). Furthermore, the drug is very 
lipid soluble as judged from estimates of its partition coefficient in various solvent 
systems (see Sect. B.I). Thus, phenytoin should have little difficulty penetrating 
membranes by nonionic diffusion. While this is in fact the case, the absorption 
of phenytoin is nevertheless slow and subject to substantial variability. Its absorp
tion rate constant and half-life in man were reported as 0.569 h -1 and 1.62 h, 
respectively (GUGLER et al. 1976). 

1. Oral Administration 

The slow and variable absorption of phenytoin relates to several factors. Fore
most is the fact that the nonionized (free acid) from is practically insoluble in wa
ter. Although the sodium salt has a much greater aqueous solubility than the free 
acid, oral administration of phenytoin in this form results in rapid conversion to 
the nonionized form in the acid contents (pH'" 2) of the stomach. Thus, equiva
lent oral dosage of either chemical form might result in equivalent amounts of vir
tually insoluble drug in the stomach. Nevertheless, early observations suggested 
that greater bioavailability was attainable with the sodium salt (DILL et al. 1956). 
For example, LUND (1974) compared two formulations containing phenytoin 
sodium in capsules with a single formulation of phenytoin acid tablets. Much bet
ter bioavailability was reported for phenytoin sodium when the two forms were 
given as a single dose (300 mg or 400 mg) to healthy volunteers. In another report, 
patients who changed from phenytoin acid tablets to capsules containing 
phenytoin sodium experienced a two- to fourfold increase in serum phenytoin 
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Table 3. Pharmacokinetic data for phenytoin in various species 

Parameter Value Notes Refs. 

Plasma protein 77.5 Dog, i.v. LOSCHER (1979) 
binding (%) 76 Cat, 15mg/kg, i.v. FIREMARK et al. (1963) 

80 Rat, 33 mg/kg, i.p. DILL et al. (1956) 
89 (69-96) Man, 4.4 mg/kg, p.o. WOODBURY and SWINYARD 

(1972) 
93 Man BARTH et al. (1976) 

Vd (liters/kg) 1.0 Dog, lOmg/kg, i.v. FREY and LOscHER (1980) 
2.22 Dog, 20mg/kg, i.v. DAYTON et al. (1967) 
6.3 Cat, 15mg/kg, i.v. FIREMARK et al. (1963) 
6.5 Rat, 33 mg/kg, i.p. DILL et al. (1956) 
1.57 Man, 6.5 mg/kg, p.o. WOODBURY and SWINYARD 

(1972) 
2.54 Man, 2 mg/kg, i.v. SUZUKI et al. (1970) 
0.78 Man CRANFORD et al. (1977) 

Km (J.UIlol/liter) 5.9-23.0 Man MAWER et al. (1974) 
4.8-96.0 Man RAMBECK et al. (1979) 

V max (mg/day) 275-585 Man MAWER et al. (1974) 
155-818 Man RAMBECK et al. (1979) 

Cltot (liters/kg/h) 0.168 Dog, lOmg/kg, i.v. FREY and LasCHER (1980) 
0.016 Man CRANFORD et al. (1977) 
0.022 Man GUGLER et al. (1976) 

kelim(h-l) 0.161 Dog, lOmg/kg, i.v. FREY and LasCHER (1980) 
0.199 Dog, 10 mg/kg, p.o. FREY and LOSCHER (1980) 
0.32 Gerbil, 20mg/kg, i.p. FREY et al. (1981) 

Half-life (h) 3.4 Rat, 33 mg/kg, i.p. DILL et al. (1956) 
5 Rat, 100 mg/kg, p.o. DILL et al. (1956) 

72 Cat, 15mg/kg, i.v. FIREMARK et al. (1963) 
2.2 Dog, 20mg/kg, i.v. DAYTON et al. (1967) 
6.4 Dog, 50mg/kg, i.v. DAYTON et al. (1967) 
4.4 Dog, lOmg/kg, i.v. FREY and LasCHER (1980) 
2.1 Gerbil, 20 mg/kg, i.p. FREY et al. (1981) 

10.5 Monkey, lOmg/kg, Lv. GABLER and HUBBARD 

(1973) 
15 Monkey, 30mg/kg, i.v. GABLER and HUBBARD 

(1973) 
22 Man, 4.4 mg/kg, p.o. WOODBURY and SWINYARD 

(1972) 
59 Man, 13mg/kg, p.o. WOODBURY and SWINYARD 

(1972) 
9.5 Man, 2mg/kg, i.v. SUZUKI et al. (1970) 

10.2 Man, 4.4mg/kg, i.v. SUZUKI et al. (1970) 

Vd , apparent volume of distribution [all data except those of FREY and LOSCHER (1980) and 
CRANFORD et al. (1977) are based on plasma free drug concentrations]; Km, Michaelis 
constant; V max' maximum metabolic rate; Cltot, total body clearance; kelim, elimination rate 
constant. 
a Although half-life values have been reported for phenytoin, it is now established that the 

elimination of this drug is better described by Michaelis-Menten kinetics than by first
order kinetics. Thus, strictly speaking, it is inappropriate to refer to a half-life for 
phenytoin, at least in man. However, for comparative purposes data for different doses 
are given for various animal species and man 
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concentration (ALVAN et al. 1975). However, these data have become controver
sial. In such studies where the bioavailability of phenytoin sodium has been prov
en superior to that of the free acid, the product containing the free acid had an 
exceptionally poor bioavailability; thus, these results should not be generalized 
to all phenytoin acid products. Recent studies have shown that equivalent oral 
doses of either phenytoin acid or phenytoin sodium produce equivalent plasma 
concentrations, providing that high-quality formulations were administered (Jo
HANNESSEN and STRANDJORD 1975; TAMMISTO et al. 1976). It is now recognized 
that the size and form of phenytoin crystals exert a major influence on bioavail
ability, and major differences in bioavailability are likely related to such factors 
rather than to chemical form. Thus, phenytoin acid in a microcrystalline suspen
sion has been shown to be completely absorbed after oral dosage (GLAZKO 1972 
a), while the amorphous form may be poorly and erratically absorbed. In fact, 
several studies have demonstrated superior bioavailability for selected phenytoin 
acid formulations than for products containing the sodium salt (SANSOM et al. 
1975; STEWARTet al. 1975). A reasonable approximation of the absolute bioavail
ability of quality formulations, free acid or sodium salt, is in the order of 80% 
-95%. 

The relatively alkaline contents of the small intestine (pH 7-8) permit greater 
solubility of phenytoin because of an increase in ionization (although the majority 
of drug is still unionized); and the presence of bile salts further enhances solubil
ity. The considerably greater surface area available for absorption, and the higher 
vascularity and blood flow, are yet additional factors that combine to make the 
upper small intestine the major site of phenytoin absorption. Quantitative esti
mates of phenytoin absorption at different gastrointestinal sites were provided by 
DILL et al. (1956), who measured plasma concentrations in rats 4 h after placing 
100 mg of the drug in isolated stomach and segments of the intestinal tract. 
Judged from plasma concentrations, absorption was greatest when phenytoin 
was placed in the isolated upper small intestine, and least when placed in the iso
lated stomach. Significant absorption also occurred from the lower small intes
tine, and less from the cecum and colon. 

However, because phenytoin is relatively insoluble even at the higher pH of 
the intestinal fluid, its absorption from intestinal sites is often directly dependent 
upon the rate of dissolution of the remaining crystalline material. With the usual 
doses there may be substantial crystalline drug in the intestine. The solubility of 
phenytoin in intestinal fluid at pH 7.8 (37 DC) is about 100 Ilg/ml. Because the 
maximum volume of intestinal fluid available for solution is only 1,000 ml in hu
mans, doses exceeding 100 mg may saturate the intestinal fluid and exceed the 
limit of phenytoin solubility. Because in reality the volume of distribution in in
testinal fluid is much less than 1,000 ml, the limit of phenytoin solubility may be 
exceeded at doses much less than 100 mg. This has been demonstrated in rats giv
en various oral doses of phenytoin (WOODBURY and SWINYARD 1972). Plasma 
concentrations increased with doses up to 66 mg/kg, but larger doses failed to 
produce further increases; hence, dissolution of crystalline phenytoin was rate
limiting with respect to absorption. 
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2. Intramuscular Administration 
The absorption of phenytoin by the intramuscular route is limited by many of the 
properties which affect its gastrointestinal absorption. Because of its poor aque
ous solubility, phenytoin at an intramuscular site acts as a repository preparation, 
and is absorbed only as fast as the free drug is cleared from the plasma by the 
disposition factors discussed above. However, unlike the gastrointestinal environ
ment, the volume for dissolution and surface area for absorption are much less 
at the intramuscular site. Because phenytoin must be concentrated to a conve
nient volume for intramuscular injection, the solvent is made very alkaline; injec
tion results in the precipitation of crystals which will dissolve slowly and errati
cally. In addition, because of capacity-limited metabolism (see Sect. F.I1I), the 
drop in plasma concentration in changing from oral to intramuscular administra
tion would be more than proportional to the reduction in absorption at the intra
muscular site. This was demonstrated by WILDER et al. (1974) when a change from 
oral to intramuscular administration resulted in an initial 40%-60% decrease in 
phenytoin plasma concentration, while metabolite excretion decreased by only 
16%-20%. For these reasons, phenytoin is rarely recommended for intramuscu
lar administration. If it is deemed necessary (e.g., for abdominal surgery or in a 
malabsorption syndrome), then it may require that dosage be increased by about 
50%. On the other hand, intoxication may occur on resumption of oral therapy 
if dosage is not readjusted accordingly. When parenteral administration is neces
sary many consultants will prefer to give phenytoin by intravenous infusion 
rather than by the intramuscular route. 

II. Distribution 
1. Plasma Protein Binding 
Following absorption, phenytoin distributes freely throughout the body because, 
at pH 7.4, it exists predominantly in the nonionized form, which permits the rapid 
penetration of membranes by passive diffusion. However, in man phenytoin is ap
proximately 90% bound to plasma proteins (EHRNEBO et al. 1971; PORTER and 
LAYZER 1975), which, as already noted, increases its solubility in blood well above 
that in aqueous solution. The binding fraction in neonates is less (EHRNEBO et al. 
1971; FREDHOLM et al. 1975), and in fetuses it is less still (EHRNEBO et al. 1971). 
Plasma binding in animals is generally less than in man (Table 3). The binding, 
which is reversible, is primarily to albumin (ODAR-CEDARLOF and BORGA 1976a), 
but secondary low-affinity sites on other proteins (alpha-globulins) bind the drug 
when it is displaced from albumin (MONKS et al. 1978). 

The phenytoin-binding sites appear to be identical with those to which other 
drugs and endogenous substances bind. Phenytoin may compete with thyroxine 
and triiodothyronine for binding to albumin and alpha-globulin fractions, but 
not to prealbumin. Thus, phenytoin may displace the thyroid hormones onto 
prealbumin (WOODBURY and SWINYARD 1972). Bilirubin can cause displacement 
in the neonate (FREDHOLM et al. 1975); and free fatty acids have been reported 
to displace phenytoin in the rat (COLBURN and GIBALDI 1977). However, displace
ment by free fatty acids is not thought to represent an important interaction in 
neonates or adults (ODAR-CEDARLOF and BORGA 1976 b). Phenytoin can also be 
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displaced from plasma protein-binding sites by valproic acid (MONKS et al. 1978), 
diazoxide (ROE et al. 1975), salicylic acid (ODAR-CEDARLOF and BORGA 1976a), 
phenylbutazone (LUNDE et al. 1970), sulfisoxazole (LUNDE et al. 1970), and other 
drugs (Sect. G). Because the displaced phenytoin is either redistributed in a larger 
body volume or metabolized more rapidly, the total serum phenytoin concentra
tion will decrease. However, the lower total serum concentration reflects the 
amount of phenytoin displaced; the free phenytoin concentration at steady state 
does not change significantly. Therefore, the fraction of free drug concentration 
is now greater, and it may be possible to achieve the same therapeutic end point 
at lower total phenytoin concentration. It is important that allowance be made 
for this in therapeutic drug monitoring. It is also important to recognize that 
phenytoin can displace the above-mentioned drugs as well as being displaced it
self. However, phenytoin is not readily displaced by other anticonvulsants that 
may be administered concomitantly. 

There has been controversy on the significance of variability in protein bind
ing among the population. While BOOKER and DARCEY (1973) reported that vari
ability is considerable, their work has been criticized on technical grounds, and 
others (Y ACOBI et al. 1977) have indicated that the variation in free drug concen
tration is no greater than two fould, providing the albumin concentration is with
in the normal range. However, a two fold variation may indeed be significant. In 
man, for example, 10% of the serum phenytoin concentration is unbound; a fac
tor that reduces binding by 10% (i.e., from 90% to 80%) produces a 100% in
crease in free drug concentration. Since the free drug is the pharmacologically and 
metabolically active form, there can be both pharmacodynamic and pharmacoki
netic consequences of such interactions. 

Other factors that might affect phenytoin binding to plasma protein include 
a variety of pathological changes. Because studies in humans have suggested a re
ciprocal relationship between the free phenytoin fraction and plasma albumin 
concentration (PORTER and LAYZER 1975), it is not surprising that phenytoin 
binding is reduced in hepatic diseases accompanied by hypoalbuminemia (Hoop
ER et al. 1974). Phenytoin binding to plasma proteins may also be reduced in 
uremic patients secondary to renal disease (REIDENBERG and AFFRIME 1973), and 
several mechanisms have been postulated to account for this phenomenon (LET
TERI et al. 1971; BooBIs 1977; KINNIBURGH and BoYD 1981; ODAR-CEDARLOF 
1977). 

Pregnancy (RuPRAH et al. 1980), age (HAYES et al. 1975), and severe burns 
(BOWDLE et al. 1980) have also been shown to affect phenytoin binding to plasma 
protein. In the latter study, rats exposed to severe experimental burns demon
strated an increase in clearance and volume of distribution, which the authors ex
plained on the basis of decreased plasma protein binding; the decreased binding 
was in turn accounted for by a decrease in serum albumin. 

2. Extravascular Distribution 
Phenytoin which is not bound to plasma proteins readily enters cells and binds 
to subcellular fractions (see below). Within 15 min, the drug has reached its maxi
mum volume of distribution (Vd), which in man ranges from about 1.6 to 2.5 
liters/kg (Table 3) for measurements based upon the concentration of unbound 
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phenytoin in plasma (WOODBURY and SWINYARD 1972). [Lower estimates of Vd 
are obtained in man if calculations are based upon total plasma concentration. 
See CRANFORD et al. (1977).] Estimates of Vd in experimental animals, when based 
on total plasma drug concentration, are generally greater than in man, an effect 
accounted for by the lower plasma protein binding in animals (Table 3). How
ever, the difference is not as great in the dog as it is in cats and rats. Thus, it is 
apparent that phenytoin is distributed in a volume greater than total body water 
(about 41 liters), which suggests that the drug is bound in various cellular and tis
sue compartments as well as to plasma protein. According to NOACH et al. (1958) 
phenytoin in rats is present in liver, kidney, fat, muscle, and brain in greater 
amounts than in plasma. The same approximate relationships have been demon
strated for tissues from mice and cats (WOODBURY and SWINYARD 1972) and in 
man (HOUGHTON et al. 1975; MIRKIN 1971 b; SIRONI et al. 1980). The accumula
tion of phenytoin in tissues is due mainly to binding, since the concentration of 
unbound phenytoin in all tissues measured is approximately equal to that in plas
ma (WOODBURY and SWINYARD 1972). 

Phenytoin in the unbound form also distributes into transcellu1ar fluids, in
cluding CSF, saliva, gastrointestinal fluid, and bile (DILL et al. 1956; NOACH and 
VAN REES 1964; NOACH et al. 1958). Both CSF and saliva concentrations approxi
mate the free phenytoin fraction (i.e., 10%-12%) in plasma (TROUPIN and FRIEL 
1975). Because unbound drug concentration would represent a better guide for 
therapeutic monitoring than total serum concentration, some have advocated the 
use of saliva specimens to obtain this information. Because the salivary glands act 
as simple dialysis membranes across which free drug molecules in plasma are able 
to diffuse, the use of saliva would circumvent the cumbersome methods required 
to measure free drug in plasma. However, there is considerable interpatient vari
ability in the relationship of plasma-free drug to saliva-free drug; and a consensus 
regarding the suitability of using saliva specimens in therapeutic monitoring has 
not yet evolved. 

Most of an administered dose of phenytoin is metabolized in the liver and ex
creted in bile. After the metabolites enter the intestinal fluid they are reabsorbed 
into the blood and excreted in the urine. Approximately 60% of an administered 
dose in rats was excreted in a 48-h period; of this total, 46% was excreted in urine 
and 14% in feces (WOODBURY and SWINYARD 1972). If the bile duct was cannu
lated, approximately 72% of the administered dose in rats was excreted in a 48-h 
period; the bile contained 43% of the radioactivity, the urine 28%, and feces only 
0.6% (WOODBURY and SWINYARD 1972). Thus, it is apparent that most of the me
tabo1ized phenytoin is excreted in bile, reabsorbed in the intestine, and ultimately 
excreted in urine. 

After chronic administration, phenytoin concentrations in plasma from 
mother's blood, cord blood, and infant's blood are approximately equal at par
turition (MIRKIN 1971 a; RANE et al. 1974; IsmzAKI et al. 1981). Thus, phenytoin 
appears readily to cross the human placenta and reach equilibrium between 
mother and fetus. Available evidence suggests a similar distribution of phenytoin 
in experimental animals (WESTMORELAND and BASS 1971). In rhesus monkeys, 
placental transfer of the unconjugated metabolite 5-(p-hydroxypheny1)-5-pheny1-
hydantoin (P-HPPH) has also been demonstrated (GABLER and HUBBARD 1973). 
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MIRKIN (1971 b) studied the distribution of phenytoin in maternal and fetal 
tissues of rats on the 18th or 19th day of gestation. The animals were killed at 
varying times after intravenous or intraperitoneal administration, and maternal 
tissues (liver and brain) and fetal tissues (placenta, liver, and brain) analyzed for 
phenytoin. Peak phenytoin concentrations were observed in specimens of fetal 
liver (57 ~g/g) and brain (47 ~g/g) I h after a maternal injection of phenytoin (25 
mg/kg, i.v.). Note that this peak time is significantly delayed in comparison with 
results from other studies (RAMSAY et al. 1979; NOACH et al. 1958). The ratio of 
fetal to maternal phenytoin concentration in liver and brain tissue demonstrated 
that phenytoin was more concentrated in the fetal tissues during the early periods 
following intravenous administration. In contrast, peak phenytoin concen
trations were not achieved unti14 h after intraperitoneal administration, at which 
time the concentration in maternal liver was 213 ~g/ g, and 15 ~g/ gin fetal liver . 

In the same investigation, MIRKIN (1971 b) reported the distribution of 
phenytoin in human maternal plasma, and in plasma and tissues from aborted 
fetuses 30 min after maternal injection (intravenous). Phenytoin was distributed 
widely in fetal tissues, with highest concentrations occurring in the liver. Lower 
concentrations occurred (in decreasing order) in the kidney, cerebral cortex, and 
plasma from cord blood. Maternal plasma phenytoin concentration 30 min after 
an intravenous dose was about 30% greater than that of umbilical cord plasma. 
Thus, the similarity of maternal and fetal plasma concentrations of phenytoin 
probably reflects an equilibrium established during long-term administration. 

Breast milk obtained on various days postpartum from women on chronic 
phenytoin therapy contained from 15% to 69% of the concentration found in ma
ternal plasma (MIRKIN 1971 b; RANE et al. 1974). Furthermore, increasing the ma
ternal plasma concentration from 5.5 ~g/ml to 8.4 ~g/ml did not produce a cor
responding increase in phenytoin concentration in breast milk (MIRKIN 1971 b). 
These data suggest a limited transport capacity of the mammary glands of 
phenytoin which is exceeded at relatively low plasma concentrations. 

3. Brain and Cerebrospinal Fluid 
According to RAMSAY et al. (1979), maximum phenytoin concentrations were at
tained in cat brain 6 min after a 2-min intravenous infusion was completed. This 
compares with 3 min for phenobarbital and 1 min for diazepam (RAMSAY et al. 
1979). Thus penetration into the brain is rapid, and provides justification for its 
use in status epilepticus (although diazepam is currently considered the drug of 
choice). In the same experiments peak CSF concentration also occurred at 6 min, 
which is consistent with the idea that phenytoin enters the brain and CSF com
partments by independent mechanisms. Others have also reported rapid equilib
rium of unbound phenytoin between plasma, CSF, and brain water (FIREMARK 
et al. 1963; WILDER et al. 1977). 

The rapid attainment of peak brain concentrations after intravenous admin
istration is due to two factors: the high lipophilicity of the phenytoin molecule and 
the relatively high blood flow to the brain. These are factors which also contribute 
to the redistribution phenomenon; that is, the rapid termination of drug action 
due to a shift in concentration from the brain to peripheral binding or storage 
sites (e.g., muscle, fat). Intravenous administration of any drug will present ini-
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tially high concentrations to the brain and other organs which receive a high 
blood flow. Because lipophilic molecules will rapidly enter the brain along the 
concentration gradient, a new gradient is quickly established from the brain to 
the periphery. Thus, the brain concentration rapidly declines as continued high 
blood flow discharges drug to the greater mass of less vascular peripheral tissue. 
However, redistribution kinetics are not as apparent with phenytoin as with some 
other more lipophilic molecules (e.g., thiopental, diazepam). This can be demon
strated using a conventional three-compartment model, as described by RAMSAY 
et al. (1979). The brain behaves as a rapidly equilibrating (shallow) compartment 
for most lipophilic molecules which readily penetrate membranes. A peripheral 
(deep) compartment communicates with the shallow compartment through the 
central (plasma) compartment. In this model the deep compartment equilibrates 
with the central compartment more slowly than does the shallow compartment. 
The constants k12 and k21 represent the rates of drug entry into the shallow 
(brain) compartment and its exit therefrom, respectively. Higher values for these 
constants indicate higher rates. RAMSAY et al. (1979) reported k12 = 0.539/h for 
phenytoin and k12 = 1.092/h for diazepam. Thus, diazepam enters cat brain much 
more rapidly than phenytoin, which is consistent with the very early onset of 
diazepam's action. The constants k21 for phenytoin and diazepam were O.l37/h 
and 0.194/h, respectively, which is consistent with the more rapid offset of diaze
pam's action. RAMSAY et al. (1979) acknowledge that k21 is unexpectedly low for 
diazepam, and attribute this to inaccurracy in the measurement of the initial plas
ma distribution phase. Thus, the rate of diazepam's distribution out of the brain 
is probably much greater in relation to phenytoin than the two values indicate. 
This is suggested by the much larger values for k21 cited by KAPLAN et al. (1973), 
who reported a mean k21 value of 3.89 /h for diazepam in human experiments. 

The ratio k21/k12 reflects the net entry and return of drug from the shallow 
compartment. A ratio greater than unity indicates relatively free transfer of drug 
from the brain to the central compartment, whereas a value less than unity sug
gests slow equilibrium and binding of the drug in the shallow compartment. RAM
SAYetal. (1979) reported k21/k12 values of 0.389 and 0.547 for phenytoin and phe
nobarbital, respectively; the value for diazepam from KAPLAN et al. (1973) is 1.4. 
Thus, the relatively low ratio for phenytoin suggests that equilibrium of plasma 
with the shallow compartment is slow, probably due to tissue binding in the brain; 
phenobarbital equilibrates more rapidly, and diazepam faster still. These data 
correlate with the relatively stable phenytoin concentrations found in the brain 
for the 60-min experimental period described by RAMSAY et al. (1979). In contrast 
to diazepam, there was no significant difference between the brain phenytoin con
centration at the 6-min peak time and 60 min postinfusion. Furthermore, the 
brain concentration remained stable even while the plasma concentration fell and 
the brain: plasma ratio increased. The brain: plasma concentration ratio peaked 
at 20 min and remained fairly constant for the duration of the experiment. The 
authors interpreted this as evidence for substantial binding of phenytoin in the 
brain. Other investigators have been led to the same conclusion. For example, 
FIREMARK et al. (1963) reported that phenytoin concentrations in 14 brain regions 
of the cat were only slightly lower at 24 h than 3 h, although plasma concen
trations had fallen considerably. On the other hand, several studies have demon-
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strated much lower brain phenytoin concentrations at 24 h. NOACH et al. (1958) 
reported values near 0% at 16 h; YANAGIHARA and HAMBERGER (1971 c) reported 
values at 24 h which were only 10% of the maximum value; and LEE and BASS 

(1970) reported values 20%-25% of maximum at 24 h. The reasons for these dis
crepancies are not readily apparent. 

The steady-state brain: plasma ratio has been reported by different investi
gators using different species at about 0.75 to 3.5 (SHERWIN et al. 1973; WOOD
BURY and SWINYARD 1972; VAJDA et al. 1974). If only the free concentrations are 
measured, the brain: plasma ratio is much less variable; estimates range from 0.91 
to 1.0 (WOODBURY and SWINYARD 1972). Estimates of the brain: eSF ratio in 
various studies range from 0.88 to 1.0 for the unbound drug; and plasma: eSF 
ratios range from 0.96 to 1.0 (WOODBURY and SWINYARD 1972). Thus, the brain 
does bind phenytoin at least as well as plasma protein, and at equilibrium the con
centrations of unbound phenytoin in plasma, eSF, and brain are approximately 
equal. 

NAKAMURA et al. (1966) have shown that preferential accumulation of 
phenytoin occurs in the superior and inferior colliculus, amygdala, and hippo
campus, as measured in dogs and cats. Measurements on human specimens taken 
at autopsy show that phenytoin concentrations in the midbrain were relatively 
high, while lower (and approximately equal) concentrations were found in both 
the cerebellum and cerebral cortex (SHERWIN et al. 1973). However, experiments 
in rats have shown that phenytoin accumulates in a perikaryon-enriched Purkin
je-cell fraction isolated from cerebellar specimens, and that uptake in this fraction 
was about four times that in other cerebellar neurons and more than twice that 
in cerebral neurons (SA VOLAINEN et al. 1980). Although the functional signifi
cance remains unknown, it possibly relates to the action of phenytoin to increase 
cerebellar Purkinje-cell discharge rates. Its relationship to target-cell toxicity is 
questionable, especially since the cerebellar atrophy associated with Purkinje-cell 
loss is more likely the result of hypoxia or other changes associated with severe 
epilepsy than phenytoin toxicity (DAM 1972). 

SIRONI et al. (1980) have reported on the distribution of phenytoin in the 
brain, plasma, and eSF in 12 surgically treated epileptic patients. They found 
that the brain: blood concentration ratios were highest in the temporal lobes, 
lower in the parietal lobes, and lowest in the frontal lobes, providing that white 
matter and gray matter were combined or if white matter only was measured. The 
concentration in the temporal lobes was about twice that in the frontal lobes, and 
about 20% greater than in the parietal lobes. If only gray matter was measured, 
the rank order was temporal lobes followed by frontal lobes and parietal lobes. 
The concentrations were higher in white matter than in gray matter, except in the 
frontal lobes. 

Of considerable interest is the observation that the rank or of phenobarbital 
concentrations in the same brain regions was opposite that for phenytoin: highest 
concentrations were found in the frontal lobes, followed by the parietal lobes and 
the temporal lobes. This possibly has significance with respect to the relative se
lectivity of these drugs in the treatment of temporal lobe epilepsy. While 
phenytoin is quite effective against these seizures, phenobarbital is of only limited 
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value. However, HOUGHTON et al. (1975) and SHERWIN et al. (1973) reported 
higher phenytoin concentrations in the frontal and parietal lobes. 

SIRONI et al. (1980) also reported that the molar concentration of phenytoin 
in cerebral cortex was in the therapeutic range or higher for all of their medically 
refractory patients (i.e., those requiring surgery). This varies with the data of 
SHERWIN et al. (1977), which show that molar concentrations in cerebral cortex 
were significantly greater in patients whose seizures were well controlled medi
cally than in those requiring surgery. Furthermore, SIRONI et al. (1980) reported 
that phenytoin concentration in epileptogenic scar tissue was not significantly dif
ferent from that in normal tissue, while RAPPORT et al. (1975) and SHERWIN et al. 
(1977) found a marked decrease in phenytoin binding in such focal lesions. An 
explanation for these discrepancies is not apparent. 

Another observation by SIRONI et al. (1980) was that phenytoin was slightly 
more concentrated in white matter than in gray matter. The brain: plasma ratio 
was 1.33±0.48 in white matter, 1.13±0.25 in gray matter, and 1.18±0.35 in 
white plus gray matter. These data are in general agreement with those of SHER
WIN et al. (1973,1975, 1977), except that the latter authors reported a larger white 
matter: gray matter ratio (about 1.4-1.6). A similar distribution has been noted 
in the monkey (VAN DER KLEIJN et al. 1972), and other experimental observations 
also suggest a greater distribution of phenytoin in white matter (RAPPORT et al. 
1975). FIREMARK et al. (1963) demonstrated that phenytoin accumulation in cat 
brain was greater in gray matter than in white matter during the first 30-60 min 
after a single 15 mgjkg intravenous dose. However, after 60 min cerebral and cer
ebellar white matter contained more phenytoin than the gray areas. They showed 
that the primary factor limiting the rate of accumulation in various brain regions 
is the blood flow and vascularity. 

Several interpretations have been offered to account for a preferential dis
tribution of phenytoin in white matter. Because phenytoin is highly lipophilic, it 
was suggested that the high lipid content of myelin (which is 2.5 times that of ce
rebral cortex) might be responsible (SHERWIN et al. 1973). The fact that white mat
ter contains less water than gray matter might also improve the solubility of 
phenytoin. However, it has been shown by GoLDBERG and TODOROFF (1973) that 
phenytoin binding in the brain best correlates with protein content. Because the 
myelinated fibers in white matter contain more protein and proteolipid than the 
nerve-cell bodies and unmyelinated fibers of gray matter, such can possibly ex
plain the observed distribution. 

GOLDBERG and TODOROFF (1973) discussed methodological factors that might 
account for the apparent selective affinity of phenytoin for myelin. They sug
gested that such affinity might represent a redistribution phenomenon reSUlting 
in some of the drug being removed from other fractions during centrifugation. 
This is supported by the discrepancy in phenytoin binding observed when binding 
was studied in previously separated subcellular fractions versus binding after in
jection in vivo followed by subsequent separation. Using previously isolated 
fractions, GOLDBERG and TODOROFF (1973) demonstrated that binding to myelin 
could be related to protein content, as was true for all other brain fractions. 

It has also been noted that the concentration of phenytoin in adipose tissue 
rises when the mobilization of fats from cells in stimulated, as in starvation- or 



390 G. L. JONES and G. H. WIMBISH 

epinephrine-induced lipolysis (ALVIN and BUSH 1977). This provides additional 
evidence that binding to cellular protein is quantitatively more important than 
solubility in fat. In fact, GOLDBERG and TODOROFF (1976) have shown that 
marked enhancement of phenytoin binding to the nonlipid material resulted when 
brain homogenates were extracted with cholorform-methanol. This was at
tributed to the possible unmasking of potential protein-binding sites by removing 
lipid normally associated with those sites (GOLDBERG 1980). 

In order to characterize further the properties of phenytoin binding that lead 
to its prolonged retention in the brain, many investigators have studied various 
aspects of subcellular distribution. The apparent selective affinity of phenytoin 
for brain protein, as opposed to lipid, has already been noted. However, KEMP 
and WOODBURY (1971) found that p4C]phenytoin associated with the nuclear 
fraction of rat brain shortly after administration and over a 12-h period declined 
in the nuclear fraction and increased in the microsomal fraction. They suggested 
that binding was covalent because it could only be released upon alkaline hydro
lysis. On the basis of these observations they suggested that phenytoin was incor
porated into messenger RNA, which might subsequently influence protein syn
thesis. Although phenytoin may inhibit protein synthesis in the brain (JONES and 
WOODBURY 1976; YANAGIHARA and HAMBERGER 1971 a, b), the possible mecha
nism suggested by KEMP and WOODBURY (1971) has been controversial. Other in
vestigators have reported that phenytoin binding is neither irreversible nor time 
dependent (i.e., the concentrations decrease in all fractions at approximately 
equal rates) and that microsomes bind only a small percentage of total radioactiv
ity (GOLDBERG and TODOROFF 1973; NIELSEN and COTTMAN 1971). YANAGIHARA 
and HAMBERGER (1971 c) found a significant fraction of drug associated with the 
microsomal fraction of rat brain, but in their study the microsomal binding de
creased in unison with the decrease in total brain phenytoin. However, these 
authors did find a significant amount of phenytoin bound to the nuclear fraction 
at the earliest measurements (15 min), and the concentration decreased there
after. On the other hand, the concentration in the microsomal fraction peaked at 
30 min (as it did for brain slices and homogenates) and decreased thereafter. 
Therefore, it is conceivable that some transfer of phenytoin from the nuclear to 
the microsomal fractions occurs very early, but it is less certain that the trans
ferred material might be covalently bound. 

YANAGIHARA and HAMBERGER (1971 c) also reported a greater affinity of 
phenytoin for a neuronal fraction (nerve-cell bodies) than for a glial fraction. The 
phenytoin concentration in the glial fraction was only 5%-14% of that in the 
neuronal fraction. Most of the neuronal [14C] phenytoin activity was associated 
with neuronal plasma membranes exclusive of the synaptosomal elements. 
Phenytoin concentrations were lowest in the synaptosomal fraction during the 
first 30 min of distribution; thereafter, phenytoin concentration in synaptosomes 
increased, but exceeded only that in the myelin and glial fractions. Much of the 
microsomal activity was thought to be due to phenytoin selectively bound to 
neuronal plasma membranes which were sheared from the neuronal structure 
during preparation. WILENSKY and LOWDEN (1972b) also reported significant 
phenytoin binding to micro somes and concluded that the drug binds to all 
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fractions containing plasma membranes. SEEMAN et al. (1972) reported that 
phenytoin also binds to synaptosomes in vitro. 

Interpretation of data on subcellular distribution of phenytoin should be ap
proached with caution. For example, GOLDBERG and TODOROFF (1973) have em
phasized the possibility that the apparent selectivity of phenytoin for certain cel
lular and subcellular fractions might be due to isolation artifacts related to the 
redistribution of phenytoin during incubation, homogenization, and centrifuga
tion. Another caution that should be applied to those studies that demonstrate 
a subcellular redistribution of phenytoin concentration is that anticonvulsant ac
tions are often manifest much earlier than the time course of the proposed redis
tribution. A final caution relates to the false assumption that the active site must 
necessarily reside in the particular compartment where the drug concentrations 
are highest. Morphine, for example, does not concentrate in the neuronal tissue 
where it is thought to act (FISHMAN et al. 1976). Although a fundamental tenet 
in pharmacology is that dose and response are inextricably related, it is also es
tablished that only a very small fraction of the total dose is necessary to elicit a 
full response. Thus, it is conceivable that phenytoin concentrations in the active
site tissue may be so low as to preclude accurate measurement by sensitive 
methods. 

HI. Biotransformation 
1. Phenytoin 

Phenytoin is metabolized largely by the hydroxylase complex of hepatic endoplas
mic reticulum. In man and most other species renal excretion of unchanged 
phenytoin accounts for less than 5% of an administered dose (BOCHNER et al. 
1973). (Normal renal clearance was about 5.6 mljmin in a group of 16 patients.) 
The major metabolite in man is 5-(p-hydroxyphenyl)-5-phenylhydantoin (p
HPPH), but smaller amounts of 5-(m-hydroxyphenyl)-5-phenylhydantoin (m
HPPH), 5-(3,4-dihydroxy-l,5-cyclohexadien-I-yl)-5-phenylhydantoin (a dihy
drodiol), diphenylhydantoic acid (DPHA), and catechol metabolites may be 
formed (Fig. 3) (ALVIN and BUSH 1977). The hydroxy metabolites (p-HPPH and 
m-HPPH) are mostly conjugated with glucuronic acid and excreted in urine. 
There is no evidence for the formation of other conjugates (e.g., sulfates), and 
other metabolic reactions involvingp-HPPH (or m-HPPH) have not been demon
strated (CHANG and GLAZKO 1972). Renal excretion involves both filtration (free 
DPH) and tubular secretion. The conjugated metabolites are too polar to be re
absorbed, and are thus quantitatively eliminated from tubular volume. The 0-
glucuronidated metabolites are also secreted into the bile. However, in the intes
tine the conjugates are hydrolized by the bacterial flora, and the free hydroxy me
tabolites are then reabsorbed. In fact, such enterohepatic circulation is responsi
ble for a major fraction of the metabolite delivered to the kidney for excretion. 
Only a very small fraction of an administered dose is normally excreted in feces. 
The metabolites of phenytoin have little or no anticonvulsant activity. 

Metabolic hydroxylation of phenytoin presumably occurs via an arene oxide 
intermediate. Such intermediates are thought to be involved in all aromatic hy-
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See text for details 

droxylations, and may rearrange nonenzymatically in the presence ofliver micro
somes to phenols (DALY et al. 1969), or they may be enzymatically hydrated to 
dihydrodiols by epoxide hydrase. The dihydrodiol may be further oxidized to the 
corresponding catechol, which is then methylated to the 3-0-methykatechol 
(CHANG et al. 1972). It has been suggested that the free catechol may compete with 
catecholamine neurotransmitters for 3-0-methylation and thereby potentiate the 
action of the latter (AL YIN and BUSH 1977). Other effects of the catechol metab
olite might include the alteration of catecholamine uptake and binding (HADFIELD 
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1972) and inhibition of the oxidative deamination of catecholamines by mono
amine oxidase (AZZARO and GUTRECHT 1973). Hydrolysis of the hydantoin ring 
(to form DPAH) is thought to be enzymatic, but the details of the reaction have 
not been established (DUDLEY et al. 1974). 

The hydroxylated metabolite p-HPPH accounts for 50%-90% of an admin
istered dose of phenytoin in man. As noted above, less than 5% is excreted un
changed; the remainder is excreted as various metabolites, which include m
HPPH, DPAH, and dihydrodiol and catechol derivatives. The dihydrodiol and 
DPAH metabolites are formed only in trace amounts in man, but larger amounts 
have been reported in urine from rats, mice, cats, rabbits, dogs, and monkeys 
(CHANG and GLAZKO 1972). HOPPEL et al. (1977) reported that steady-state plas
ma phenytoin concentrations of 5-30 ~g/ml in man were associated with p
HPPH levels of 0.04-0.2 ~g/ml and p-HPPH glucuronide levels of 1.2-4.5 ~g/ml. 
Thus, the plasma p-HPPH glucuronide concentrations are about ten times greater 
than the unconjugated HPPH concentrations. Corresponding dihydrodiollevels 
were 0.02-0.45 ~g/ml. As in man, the major metabolite found in urine from cats, 
mice, rats, rabbits, and monkeys wasp-HPPH (CHANG and GLAZKO 1972). How
ever, there is some species variation in the pattern of phenytoin metabolism. For 
example, the major hydroxylated metabolite in man is p-HPPH (about 90% of 
the total hydroxylated metabolite); m-HPPH accounts for only about 7% of the 
total hydroxylated metabolite (ATKINSON et al. 1970). The estimate for m-HPPH 
is probably high, since some investigators have reported only insignificant 
amounts of this metabolite. However, the major hydroxylated metabolite in dog 
is m-HPPH (75%), with smaller amounts (25%) of p-HPPH formed (ATKINSON 
et al. 1970). 

The rate at which phenytoin is hydroxylated is "dose dependent". Other terms 
often applied to describe the same phenomenon include "capacity limited" and 
"saturation" elimination. This implies that metabolism is first-order (i.e., the rate 
is proportional to concentration) at very low plasma concentrations and zero-or
der (i.e., the rate is independent of concentration) at very high plasma concen
trations. Because the calculation of half-life is based on the assumption that elimi
nation is log linear for all concentrations, the usual concept of half-life cannot be 
used to describe the time course of plasma phenytoin concentrations. However, 
it is now known that "dose-dependent" metabolism can be conceptualized and 
adequately described in the context of Michaelis-Menten kinetics. Therefore, the 
pharmacokinetics of phenytoin can be characterized by (1) a Km value (in units 
of concentration), which represents a whole-body Michaelis constant, and (2) a 
V max paramater (in units of concentration per unit time), which represents the 
maximum metabolic rate. The Michaelis-Menten equation for enzyme kinetics 
can be modified by substituting drug concentration [D] for substrate concentra
tion [S]. Thus: 

Vmax[D] 
V= Km+[D]' (1) 

At very low plasma phenytoin concentrations, where [D] is much smaller than Km 
(the plasma concentration at which the enzyme complex is 50% saturated), Eq. (1) 
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simplifies to: 

(2) 

Because Vmax/Km is itself a constant, Eq. (2) clearly describes a first-order process; 
that is: 

v=k[D] . (3) 

Under these conditions, concentration will decrease exponentially with time. The 
elimination half-life (TI/2 ) is given by: 

T. _ 0.693Km 
1/2- Vmax 

which is a simple rearrangement of the equation 

T. _ 0.693 
1/2 --k-' 

e 

(4) 

(5) 

where ke is the first-order elimination rate constant. Eq. (2) is useful when 
[D]<O.1 Km. 

On the other hand, at very high plasma phenytoin concentrations (e.g., 
[D] > 10 Km>, the contribution of Km becomes insignificant. Under these con
ditions the modified Michaelis-Menten equation simplifies to: 

_ Vmax[D] _ V. 
v- [D] - max (6) 

which is the equation for a zero-order process. The rate, v, is simply V max; increas
ing the phenytoin concentration will not further increase the metabolic rate. Be
cause concentration will decrease linearly with time under these conditions, the 
time required for the plasma concentration [D] to decrease by half, Tso, is de
pendent upon the concentration. 

[D] 
Tso=~. 

max 
(7) 

As already noted, the usual concept of half-life cannot be strictly applied to 
describe the elimination of drugs which exhibit saturation kinetics, because the 
decay in plasma concentration is not log linear. Therefore, the term "effective 
half-life" will be used to distinguish Tso from a half-life (TI/2 ) in the ordinary 
pharmacokinetic sense, which subsequently will be referred to simply as "half
life", or T1/2 . This should be remembered when referring to the experimental 
Tso values in Table 3. 

Intermediate plasma concentrations (e.g., those with values in the range 0.1 
Km < [D] < IOKm) may be characterized by effective half-lives given by: 

(8) 



Hydantoins 395 

Statistically confident average values for Km and V max have not been estab
lished, but various estimates in different populations range from 1.2 to 24.2 Ilg/ml 
(4.8-96Ilmol-liter) for Km, and 155-818 mgjday for Vmax (RAMBECK et al. 1979). 
Based upon these values for Km, first-order kinetics will prevail at concentrations 
up to 0.12-2.42Ilg/ml; nonlinear kinetics will apply at higher concentrations (to 
12-242 Ilgjml). Increases in plasma concentration up to 0.1 Km (0.12-2.42 Ilg/ml) 
should produce reasonably proportionate increases in metabolic rate, with the re
sult that half-life does not change. However, further increases in concentration 
(to 12-242 Ilgjml) should produce less than proportionate increases in metabolic 
rate, with the result that effective half-life increases and clearance decreases. In
creases in concentration greater than 10 Km will result in effective half-lives that 
increase in direct proportion to concentration. Thus, phenytoin metabolism is 
saturable within the usual therapeutic range of plasma concentrations (10-20 Ilg/ 
ml). The typical graphic appearance of such behavior is depicted in Fig. 4. A log
linear decline in serum concentration would be expected if the amount of 
phenytoin metabolized at anyone time was determined by its concentration in 
serum (i.e., first-order kinetics). However, the nonlinear portion of the curve dur
ing the early periods of elimination show that the enzyme involved in phenytoin 
metabolism was saturated at higher concentrations. A gradual change from zero
order to first-order kinetics appears to occur as the concentration decreases. 

Because the Km is so low, the dose-concentration relationship for phenytoin 
is curvilinear in the therapeutic range of plasma concentrations (Chap. 24, this vol
ume, Fig. 3). The most important clinical consequence of this relationship is that 
increases in dosage may produce disproportionate increases in plasma concentra
tion, and the dose required to produce an acceptable concentration in the thera
peutic range is very close that which will produce toxicity. Thus, a small increase 
in dose for a patient at the lower end of the therapeutic range might produce a 
large increase in plasma concentration, resulting in toxicity. 

o 
c 
o 
() 

Ol o 
..J 

Beginning of 
\I first-order 

kinetics 

Time 

Fig.4. The expected appearance of plasma decay curves for different concentrations of a 
drug that displays "dose-dependent" elimination. Low doses are expected to result in log
linear curves, as depicted; larger doses result in a progressive shift to more complex curves, 
the nonlinear portion of which is due to saturation of the drug-metabolizing enzymes. The 
depicted curves have been experimentally validated in numerous studies 
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This can be demonstrated by applying a revised form of Eq. (1), where the 
metabolic rate (v) is expressed as the daily dose or administration rate (R), and 
the drug concentration (D) is expressed as the average steady-state plasma con
centration Cp : 

(9) 

This is permissible because the clearance of phenytoin from plasma occurs pri
marily by metabolism, and at steady state the rate of administration equals the 
rate of elimination. Assuming relatively low values of Km and V max of 2 Ilg/ml and 
5 mg/kg per day, respectively, solution of Eq. (9) for daily doses of 200, 300, 320, 
and 330 mg gives 2.7, 12.0, 21.3, and 33.0 Ilg/ml plasma concentration, respec
tively. The calculations were based upon 70 kg body wt. Thus, an increase in dose 
of just 10% (30 mg/day) might result in an increase in plasma concentration from 
12 Ilg/ml (low therapeutic range) to over 30 Ilg/ml (toxicity is normally associated 
with values greater than 30 Ilg/ml). Unfortunately, the clinical reality imposed by 
"dose-dependent" kinetics is not mitigated by the relatively narrow therapeutic 
range (i.e., low therapeutic index) of phenytoin. 

The very sensitive relationship between dose and phenytoin concentration is 
further complicated by significant intersubject variability in the Michaelis
Menten parameters, V max and Km' The rate at which individual patients metabo
lize phenytoin appears to be determined genetically, probably by polygenic con
trol (RICHENS 1975). Therefore, the variability in Vmax and Km possibly depends 
on genetic endowment. However, other factors might also contribute to intersub
ject variability in phenytoin metabolism. These include variables such as age, 
pregnancy, liver disease, and renal disease. Drug interactions may also be of con
siderable pharmacokinetic and clinical significance, due in large part to the very 
steep dose-concentration relationship and narrow therapeutic ratio of phenytoin. 
Drug interactions are discussed briefly in Sect. G of this chapter, and in further 
detail in a separate chapter of this volume (Chap. 28). 

2. Mephenytoin 

The basic and clinical pharmacology of mephenytoin and ethotoin have not been 
studied in nearly the same detail as for phenytoin. However, a considerable 
amount of information is now available on the metabolism of these agents. Me
phenytoin (3-methyl-5-ethyl-5-phenylhydantoin) is metabolized by hydroxyl
ation to 3-methyl-5-(p-hydroxyphenyl)-5-ethylhydantoin (P-OH-M) and by N
demethylation to the active anticonvulsant Nirvanol (5-ethyl-5-phenylhydantoin) 
(Fig. 5). Hydroxylation of the parent molecule is presumably achieved by the ar
omatic hydroxylase complex involved in the metabolism of phenytoin. Sub
sequent conjugation at the p-hydroxy group results in the rapid elimination of this 
metabolite in urine. The mean half-life of mephenytoin in man was reported by 
TROUPIN et al. (1979) to be 6.8 h. The mean half-life of the metabolite Nirvanol 
was shown in the same study to be 95.8 h. With long-term administration, me-



Hydantoins 

Mephenytoin 

3-methyl-5-(p-Hydroxyphenyl)-
5-ethylhydantoin (P-OH-M) 

5-ethyl-5-Phenylhydantoin 
(nirvanol) 

Fig. 5. Metabolism of me phenytoin. See text for details 

397 

phenytoin represents less than 10% of the total drug (including metabolites) in 
the serum. Thus, the clinical value of mephenytoin therapy is attributable to the 
metabolite Nirvanol. Although itself an anticonvulsant, unchanged mephenytoin 
has little relationship to the course of antiepileptic therapy or incidence of side 
effects (TROUPIN et al. 1976). The very long half-life of Nirvanol allows for ease 
in dosing, with very small fluctuations in plasma concentrations following once
daily administration. 

Although it was formerly considered that mephenytoin was rapidly and nearly 
quantitatively demethylated prior to hydroxylation, recent studies have demon
strated that the major metabolites in dog and human urine are p-OH-M and Nir
vanol (KUPFER and BIRCHER 1979; KUPFER et al. 1980, 1981); p-hydroxylated Nir
vanol was not a significant metabolite. Furthermore, the above studies demon
strated a stereoselective basis for mephenytoin metabolism. Mephenytoin hy
droxylation in the dog is stereoselective, but the demethylation reaction is not 
(KUPFER and BIRCHER 1979). In man, both metabolic reactions appear to be 
stereoselective (KUPFER et al. 1981). 

In the human study (KUPFER et al. 1981), mephenytoin was administered as 
a racemic mixture of equal quantities of S- and R-enantiomers which were sepa
rately labeled with 14C or 3H, respectively. The urinary excretion of p-OH-M af
ter a single oral dose of the racemix mixture was rapid, with a cumulative recovery 
of 45.8 ± 4.7% (mean ± SD) of the total dose in 72 h. In contrast, urinary excre
tion of Nirvanol was slow, and only 2.9± 1.4% of the administered dose was re
covered in 72 h. Urinary recovery of the parent drug during the same period ac
counted for less than 0.5% of the dose. The cumulative recovery of 14C (from the 
S-enantiomer) over the 72-h period was essentially complete (96.8 ± 5.4%). In 
contrast, the urinary excretion of 3H from the R-enantiomer was slower, with on-
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ly 25.2±4.5% being recovered in 72 h. Most (91 %) of the p-OH-M present at 
72 h was formed from S-mephenytoin; 9% was from R-mephenytoin. About 71 % 
of the Nirvano1 present at 72 h was formed from R-mephenytoin; 29% was from 
S-mephenytoin. The authors concluded from these data that the S-enantiomer 
was rapidly excreted, mainly as p-OH-M, whereas the R-enantiomer was slowly 
eliminated, mainly as Nirvanol. However, the combined contribution of tritium
labeled Nirvanol and p-OH-M during the first 72 h accounted for only 50% of 
the total tritium in urine. Thus, it is possible that smaller amounts ofhydroxlated 
Nirvanol and other metabolites were also formed. 

3. Ethotoin 

Early studies demonstrated the existence of at least two distinct pathways for the 
metabolism of ethotoin (3-ethyl-5-phenylhydantoin). DUDLEY et al. (1970) re
ported that a major metabolic pathway in the dog involves N-deethylation fol
lowed by ring opening to form 2-phenylhydantoic acid (Fig. 6). A relatively minor 
pathway was reported to involve p-hydroxylation of the phenyl ring followed by 
conjugation with glucuronic acid, similar to that described for mephenytoin. 

DUDLEY et al. (1970) further reported that racemic mixtures of 5-phenylhy
dantoin were metabolized in dogs by stereoselective ring-opening to form R(-)-2-
phenylhydantoic acid. The enzyme responsible for this conversion was later iden-
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tified as dihydropyrimidinase, and shown to be selective for 5-monosubstituted 
hydantoins; 5,5-disubstituted and N-substituted hydantoins such as mephenytoin 
and ethotoin are not substrates for the enzyme (DUDLEY et al. 1974). Therefore, 
it was reasoned that N-deethylation of ethotoin must take place for the com
pound to be metabolized to 2-phenylhydantoic acid. It was also shown that only 
the R(-)-enantiomer of 5-phenylhydantoin is a substrate for the enzyme; the 
S( + )-enantiomer must undergo racemization before it can be metabolized by this 
enzyme (DUDLEY and BIDS 1976). 

More recent studies by YONEKA WA et al. (1975) demonstrated the presence of 
an additional metabolite, m-hydroxyethotoin, in urine from epileptic patients. In 
other respects, their results in epileptic patients were consistent with the data for 
dog urine reported by DUDLEY et al. (1970). Both groups reported that only very 
small amounts of unchanged ethotoin appeared in urine. 

NAESTOFT and LARSEN (1977) also studied ethotoin metabolism in epileptic 
patients. They found that p-hydroxylation is apparently a major pathway (14% 
-32% of daily dose) in the degradation of ethotoin; smaller amounts of 5-phenyl
hydantoin (5%-14%) and very small amounts of unchanged ethotoin (0.2%-
2%) were also found. Four other unidentified metabolites were also detected. 
These were labeled as metabolites III, IV, V, and VI. Metabolite IV accounted 
for 17%-35% of the daily dose; the remaining metabolites combined accounted 
for about 0.8%-2% of the daily dose. 

Most recently, BIDs et al. (1980) reported the detection in human urine of 11 
metabolites of ethotoin. These included unchanged ethotoin, 5-phenylhydan
toin, 2-phenylhydantoic acid, p-hydroxyethotoin, m-hydroxyethotoin, 5-hy
droxyethotoin, 5-hydroxy-5-phenylhydantoin, 5-hydroxy-5-(p-hydroxyphenyl)
hydantoin, O-hydroxyethotoin, 3-methoxy-4-hydroxyethotoin, and a dihydro
diol. Careful analysis permitted the identification of metabolite III from the study 
ofNAEsTOFT and LARSEN (1977) as 5-hydroxyethotoin; metabolite IV was identi
fied as 5-hydroxy-5-phenylhydantoin. Metabolites V and VI appeared to be the 
same as those to which BIDS et al. (1980) assigned the structures of dihydrodiol 
and 5-hydroxy-5-(p-hydroxyphenyl)hydantoin, respectively. There was no evi
dence for the presence in urine of 5-(p-hydroxyphenyl)hydantoin. The identifica
tion by BIDS et al. (1980) of the 5-hydroxylation products implies the existence 
of yet another major pathway for ethotoin metabolism in man, especially since 
5-hydroxy-5-phenylhydantoin (metabolite IV) appeared to account for 17%-
34% of the administered dose in the study reported by NAESTOFT and LARSEN 
(1977). 

Thus, it would appear that the metabolism of ethotoin is considerably more 
complex than previously anticipated. Unlike mephenytoin, however, the anticon
vulsant activity of ethotoin is apparently due only to the parent compound; the 
major metabolites lack anticonvulsant efficacy. Therefore, the half-life reported 
by TROUPIN et al. (1979), 5.1 h in man, can be used as a guide for therapeutic dos
age schedules. With such a short half-life (less than 6 h), it will be necessary to 
administer ethotoin at least four times daily in order to maintain steady-state con
centrations without excessive fluctuations in plasma concentration. Dose-depen
dent elimination kinetics were not observed by TROUPIN et al. (1979) despite an 
earlier report of such behavior (SJO et al. 1975). 
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IV. Excretion 

Phenytoin is excreted primarily in the urine as the glucuronide conjugate of p
HPPH. Not more than 5% (and probably much less) of the drug is excreted un
changed in urine of experimental animals and man. Only small amounts (as free 
HPPH or HPPH glucuronide) are normally found in feces of all species. There 
is considerable variability in the values reported for urinary HPPH excretion. In 
one study in rats about 70% of the total phenytoin dose was excreted as HPPH, 
and about 25% as other metabolites (NOACH et al. 1958). In a study involving a 
single human subject, 75% of the dose was accounted for by urinary HPPH in 
a 5-day period following intravenous administration (GLAZKO et al. 1969). In an
other study, involving 12 normal human subjects receiving oral dosage, total 
HPPH recovery in the urine was 64% (GLAZKO and CHANG 1972). Other studies 
in humans have shown that the amount excreted as HPPH is dose dependent. 
Total urinary HPPH excretion was 60%-85% after oral administration of 100 
mg; it was 76% at 250 mg and only 50% at a dose of 500 mg. In usual clinical 
doses, 60%--63% of the administered dose is excreted as HPPH (WOODBURY and 
SWINYARD 1972). However, values much higher and much lower have been re
ported. In yet another study (CHANG and GLAZKO 1972), the urinary excretion 
of free and conjugated HPPH, DPHA, and dihydrodiol were compared for six 
animal species. Whereas only trace amounts of dihydrodiol and DPHA are nor
mally found in human urine, significant amounts of these metabolites may be 
found in certain species. 

A significant fraction of an administered dose is metabolized in the liver and 
excreted in the bile as a conjugate of glucuronic acid. The conjugate is hydrolyzed 
by the bacterial flora in the gut, and the free HPPH is reabsorbed and ultimately 
eliminated in the urine (after being conjugated again in the liver). Evidence for 
this pathway was presented in Sect. C.II.2 for the rat. Similar evidence is available 
in rhesus monkeys and dogs (GLAzKO and CHANG 1972). A 5 mg/kg dose of 
phenytoin was administered intravenously to normal or bile fistula animals. The 
normal monkey excreted 88% of the dose in the urine and 6% in the feces over 
a 3-day period; in normal dogs, urinary and fecal excretion was 80.4% and 
20.7%, respectively, during the same period. The presence of the drug in feces is 
evidence for excretion into the intestinal tract, since the drug was administered 
intravenously. The bile fistula monkey excreted 84% of the dose in the urine, 
about 10% in the bile, and only a trace in the feces during the 72-h period. The 
bile fistula dog excreted 54% of the dose in the urine, 34% in the bile, and 1 % 
in the feces. Thus, it is apparent that significant amounts of phenytoin metabolites 
are excreted from the liver to bile, and the major fraction of the metabolite ex
creted in bile is reabsorbed from the intestinal tract. 

The drug must be in its ionized form to be efficiently excreted. Although un
changed phenytoin might conceivably be excreted at the glomerulus, its extensive 
binding to plasma proteins will limit the amount filtered, and reabsorption of the 
lipophilic parent molecule will readily occur in the renal tubules. However, 
alkalinization of the urine should enhance phenytoin excretion because of a 
higher percentage of the drug in the ionized form. Active tubular secretion is 
probably responsible for the excretion of the bulk of phenytoin metabolites. 
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G. Drug Interactions 
There are numerous experimental reports in the literature on drug interactions 
with hydantoins, especially phenytoin, but their significance for clinical treatment 
often remains equivocal, not least because the doses used were often clearly in ex
cess of those used in the patient. 

Drug interactions observed in patients have been reviewed often, most recent
ly by PERUCCA and RICHENS (1981) and in the section on "Clinical Pharma
cology" in this volume. 

H. Toxicology 

I. Acute Toxicity 

1. Animal Studies 

Animal data are summarized in Table 4 for the acute toxicity of phenytoin, me
phenytoin, and ethotoin. The median toxic dose (TD50) is that which elicits mini
mal neurological deficit in 50% of the test population. Such deficit was evaluated 
in most studies (in rodents) by the rotorod test of DUNHAM and MIYA (1957) and 
presumably reflects dysfunction of the cerebellar-vestibular system. Although 
Table 4 is not comprehensive, it should serve to illustrate approximate relation
ships among the drugs, between species, and for various routes of administration. 
For example, the oral LD50 for phenytoin in the mouse is reported to range from 
367 to 1,800 mg/kg, while the intraperitoneal LD50 ranges from 310 to 360 mg/ 
kg. The oral TD50 for phenytoin in the mouse ranges from 71 to 165 mg/kg; the 
intraperitoneal TD50 ranges from 66 to 74 mg/kg. The oral LD50 reported by 
RAINES et al. (1973) for phenytoin (1,800 mg/kg, mouse) contrasts significantly 
with values reported by FINK and SWINYARD (1959) or NAKAMURA et al. (1965), 
which were 490 and 367 mg/kg, respectively (Table 4). RAINES et al. (1973) sug
gested that the discrepancy between their value and that reported by FINK and 
SWINYARD (1959) might be due to differences in mouse strain (CFW versus CF1, 
respectively). Furthermore, it was noted that FINK and SWINYARD (1959) admin
istered phenytoin as the sodium salt, while the study by RAINES et al. (1973) em
ployed the free acid. Thus, significant differences in bioavailability might be re
sponsible for the large variance in LD 50 values. It should be emphasized that 
many factors other than species and route of administration might influence ex
perimental TD50 and LD50 values. This was discussed in Sect. C.1.1 in the context 
of anticonvulsant potency in small rodents (Table 1). 

2. Human Data 
Although cases of phenytoin intoxication are not uncommon, relatively few 
deaths have occurred as a result of acute overdose. After acute ingestion of 2.8 g 
phenytoin by a 21/ 2-year-old child, a maximum blood concentration of 112 J.1g/ml 
was observed, at which time the patient was comatose (TENCKHOFF et al. 1968). 
A 41/r year-old girl died 3 days after ingesting 2 g phenytoin. A blood sample 
drawn 24 h after the onset of symptoms revealed a phenytoin concentration of 
94 J.1g/ml. Postmortem findings were: blood, 45 J.1g/ml; brain, 78 J.1g/ml; kidney, 



402 G. L. JONES and G. H. WIMBISH 

Table 4. Acute and chronic toxicity of hydantoin derivatives in various animal species 

Derivative TDso· LDso b Species Route of Refs. 
(mg/kg) (mg/kg) admin-

istration 

Phenytoin 74.3 Mouse i.p. WITIAK et al. (1972) 
65.5 Mouse i.p. KRALL et al. (1978 b) 

ca. 95 Mouse s.c. SWINYARD et al. (1952) 
165 Mouse p.o. GESLER et al. (1961) 
110 Mouse p.o. WOLF et al. (1962) 

71 Mouse p.o. NAKAMURA et al. (1965) 
134 Rat i.p. HARNED et al. (1953) 

ca. 130 Rat s.c. SWINYARD et al. (1952) 
180 Rabbit i.p. TOMAN et al. (1946) 
40 Cat i.p. TOMAN et al. (1946) 

310 Mouse i.p. NAKAMURA et al. (1965) 
360 Mouse i.p. CARRAZ and EMIN (1967) 
490 Mouse p.o. FINK and SWINYARD (1959) 

1,000 Mouse p.o. GESLER et al. (1961) 
367 Mouse p.o. NAKAMURA et al. (1965) 

1,800 Mouse p.o. RAINES et al. (191973) 
350 Rat i.p. NAKAMURA et al. (1965) 

2,500 Rat p.o. NAKAMURA et al. (1965) 

Mephenytoin 154 Mouse J.p. KRALL et al. (1978 b) 
ca. 95 Mouse p.o. SWINYARD et al. (1952) 
ca. 80 Mouse p.o. BROWN et al. (1953) 

200 Mouse p.o. WOLF et al. (1962) 
50 Rat i.p. GOODMAN et al. (1948) 

ca. 140 Rat p.o. SWINYARD et al. (1952) 
317 Mouse i.p. NAKAMURA et al. (1965) 

1,460 Mouse p.o. SCHOEGL et al. (1961) 
475 Mouse p.o. NAKAMURA et al. (1965) 
560 Mouse p.o. BARNES and ELTHERINGTON 

(1966) 
300 Rat i.p. NAKAMURA et al. (1965) 
270 Rat i.p. BARNES and ELTHERINGTON 

(1966) 
2,500 Rat p.o. NAKAMURA et al. (1965) 

340 Rabbit p.o. BARNES and ELTHERINGTON 
(1966) 

190 Cat p.o. BARNES and ELTHERINGTON 
(1966) 

Ethotoin 171 Mouse i.p. KRALL et al. (1978 b) 
400 Mouse p.o. MILLICHAP (1972) 

2,000 Mouse p.o. MILLICHAP (1972) 

• Median neutrotoxic dose, i.e., that dose eliciting minimal neurological deficit (rotorod) 
in 50% of the test population 

b Median lethal dose 
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112 Ilg/m1; and liver, 272 Ilg/ml (LAUBSCHER 1966). The toxicity data available for 
mephenytoin and ethotoin are related primarily to chronic administration. Fur
ther descriptions of the human toxicology of antiepileptics are provided in a sep
arate chapter in this volume. 

II. Chronic Toxicity Studies 

Because phenytoin received early clinical acceptance following its introduction by 
MERRITT and PUTNAM (1938 b), much of its toxicity was encountered for the first 
time in man. Consequently, most animal studies of hydantoin toxicology were 
undertaken to explain clinical observations reported in man. Similar to its acute 
toxicity, the most frequent toxicity associated with chronic phenytoin therapy is 
referable to the central nervous system and is dose related. Symptoms usually dis
appear soon after dosage is discontinued and can be correlated with plasma drug 
concentrations. The incidence of intoxication with increasing dosage is similar in 
both animals and man (DAM 1966). Nystagmus and ataxia have been investigated 
in pigs (DAM 1966), mice (DEL CERRO and SNIDER 1967), and cats and rats 
(KOKENGE et al. 1965). In these studies phenytoin dosage was increased until signs 
of toxicity appeared and dosage was continued for periods ranging from a few 
days to a month. In each case, the plasma phenytoin concentrations were 25-50 
Ilg/ml when toxicity first appeared, which is similar to observations in man. In 
addition to these effects on the cerebellar-vestibular system, a syndrome termed 
"diphenylhydantoin encephalopathy" has been documented as a dose-related 
toxicity. This syndrome, which is thought to represent an action on "higher" ce
rebral activity, is described in more detail in the section on "Clinical Pharmacol
ogy" in this volume. Another toxic effect of chronic phenytoin therapy is the pe
ripheral neuropathy that has been occasionally observed, especially in patients 
40-50 years of age. This effect is also discussed in the section on "Clinical Phar
macology." 

Although the above effects are generally regarded as dose related, and usually 
subside after withdrawal of the drug, there have been several reports of ataxia per
sisting for as long as 6 months after withdrawal (LIVINGSTON 1957; HABERLAND 
1962; KOKENGE et al. 1965). UTTERBACK et al. (1958) reported that ataxia pro
duced in cats given 8 mg/kg phenytoin for lO days was irreversible and that doses 
of 30 mg/kg per day produced widespread loss of cerebellar Purkinje cells. Gliosis 
and other histological changes were also noted. KOKENGE et al. (1965) described 
a loss of Purkinje cells in both rats and cats receiving high doses of phenytoin; 
and also noted edema of Bergmann's glial layer. Similar losses of cerebellar Pur
kinje cells were reported in rats administered 10--40 mg phenytoin daily for lO 
weeks (DEL CERRO and SNIDER 1967). 

However, DAM (1972) provides evidence that phenytoin, in therapeutic or 
toxic doses, does not cause changes in Purkinje-cell density or glial-cell ultrastruc
ture. Studies were conducted in pigs, monkeys, and rats, each receiving toxic 
doses of phenytoin for variable lengths of time. There was no difference in the 
density ofPurkinje cells in treated and untreated animals in all three species. Fur
thermore, no gliosis was detected as was noted in previous studies (UTTERBACK 
et al. 1958). DAM (1972) noted that in the studies of KOKENGE et al. (1965) and 
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SNIDER and DEL CERRO (1967) many of the rats receiving high doses of phenytoin 
were comatose and died during the experimental period. Thus, the morphological 
changes described by these authors were probably secondary to hypoxia. DAM 
(1972) also performed studies in brains from autopsied epileptic patients. His 
findings were consistent with severe Purkinje-cellioss, but these changes were re
lated to severe grand mal epilepsy rather than phenytoin toxicity. 

Another well-documented effect of chronic phenytoin therapy in humans is 
gingival hyperplasia (Sect. H.V). DAM (1972) confirmed similar effects in both 
pigs and monkeys. This effect, which appears to be related more to duration of 
therapy than dose, is thought to be due to both inhibition of collagen catabolism 
(HOUCK 1970) and lowered defense mechanisms (via reduced folate and IgA 
levels) (HASSELL et al. 1979). 

III. Teratogenic Effects 

The frequency of malformation in progeny of mothers that received phenytoin 
during pregnancy has prompted concern over its possible teratogenic effects. The 
most consistent observations have involved mild to moderate retardation of both 
physical and mental indices, and dysmorphic facies, consisting of a short nose, 
low nasal bridge, and a mild ocular hypertelocism (HANSON et al. 1976; WAZIRI 
et al. 1976). The growth deficiency tends to be dysharmonic, of greater severity 
in the distal phalanges. Cleft lip and/or cleft palate, ptosis of the eyelid, and car
diac defects are also occasionally seen in this disorder, which has frequently been 
referred to as the "fetal hydantoin syndrome" (HANSON et al. 1976; PINTO et al. 
1977). Although it is possible that the natural frequency of such defects in off
spring of epileptic mothers might account for the apparent drug effects (SHAPIRO 
et al. 1976), HANSON et al. (1976) dispute this suggestion. Indeed, FRITZ et al. 
(1976) reported a 9.3% incidence of cleft palate in mice treated with 170 mg/kg 
phenytoin during the period of organogenesis (days 6-15 of gestation). The spon
taneous incidence of this type of malformation in mice is about 0.13%. FRITZ et 
al. (1976) also reported lethal effects on the early postimplantation stages of em
bryonic development, but no significant effect on later embryonic deaths (re
sorptions). There was evidence for retardation of fetal growth following the 170 
mg/kg dosage. 

Others also dispute the idea that epilepsy per se is the decisive factor in the 
etiology of "fetal hydantoin syndrome". Using an animal model (inbred mice 
with spontaneous seizures controllable with phenytoin) thought to reproduce the 
malformations associated with the syndrome, FINNELL (1981) provided convinc
ing evidence that phenytoin, not the presence of a maternal seizure disorder, is 
responsible for the increased incidence of congenital defects. 

Phenytoin and/or its metabolite has been reported to bind covalently to ma
ternal and fetal tissue (HASSELL et al. 1979). These investigators suggested that p
HPPH (via an epoxide intermediate) could bind covalently with critical molecules 
in the fetus and induce dysmorphic changes. This hypothesis has been supported 
by studies in pregnant mice treated with an inhibitor of epoxide hydratase. This 
group of animals demonstrated a high incidence of fetal anomalies when com
pared with appropriate controls. 
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IV. Mutagenic Effects 

There is no substantive data to indicate that phenytoin produces significant mu
tagenicity. 

V. Other Toxic Effects 

Phenytoin may produce hypocalcemia and osteomalacia associated with alter
ations in vitamin D metabolism (ASHWORTH and HORN 1977; WINNACKER et al. 
1977). The severity of this effect seems to be related in part to total drug dosage 
and duration of therapy. Enzyme induction by phenytoin results in increased me
tabolism of vitamin D and its active metabolites, which are essential for calcium 
absorption and disposition. In addition, phenytoin blocks the absorption of cal
cium from the intestine, resulting in significant alteration of the physiological dis
position of calcium (CASPAR 1972). These processes are the presumed mechanisms 
for bone demineralization and related pathology associated with phenytoin ther
apy. 

Hyperglycemia and glucosuria have been associated with phenytoin intoxica
tion (SAID et al. 1968), but in the majority of patients this effect is associated with 
high plasma drug concentrations (MALHERBE et al. 1972). Plasma phenytoin con
centrations of 75 J.Lg/ml have been associated with hyperglycemia in animals and 
complete inhibition of insulin release from pancreatic islet cells in pancreatic per
fusion studies (LEVIN et al. 1970). However, other studies have shown that plasma 
phenytoin levels of 5-22 J.Lg/ml do not cause hyperglycemia, and that oral loading 
doses of glucose given subjects receiving phenytoin produced no difference in the 
blood sugar versus time curve when compared with a control group not receiving 
phenytoin (CUMMINGS et al. 1973). For further discussion of this effect, see Sect. 
E.lV. 

It is well established that patients on phenytoin therapy demonstrate altered 
thyroid function tests while remaining euthyroid. The concentration of protein
bound iodine, total thyroxine, and free thyroxine are significantly reduced (CA
PLAN et al. 1977). In some studies, triiodothyronine (T 3) concentrations and T 3 
uptake have been found to be altered, while others have not demonstrated any 
significant change in these parameters; the same is true for thyrotropin (TSH) 
levels (HANSEN et al. 1974; HEYMA et al. 1977). While in vitro tests have demon
strated competitive displacement of thyroxine (T 4) to thyroxine-binding globulin 
by phenytoin, prospective studies have shown that total and free T 4 remain lower 
even 1 month after phenytoin had been discontinued (HEYMA et al. 1977). The lat
ter study makes attractive the idea that lowered T 4 levels are the result of accel
erated degradation of T 4 via increased glucuronidation and biliary, urinary, and 
fecal excretion, rather than direct displacement of thyroxine from the binding 
sites by phenytoin (MENDOZA et al. 1966). 

Serum and cerebrospinal fluid folate levels may be reduced by as much as 50% 
in patients taking phenytoin or other antiepileptic medications (REYNOLDS 1975). 
However, folate-deficiency (megaloblastic) anemia occurs in less than 1 % of 
patients taking phenytoin. Although the mechanism is not clear, impaired folate 
synthesis and/or impaired folate absorption is the most probable cause. 
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Other effects associated with phenytoin therapy include a possible coagula
tion deficiency (SOLOMON et al. 1975), lymphadenopathy (RAUSING 1978), hirsut
ism (MERRITT and PuTNAM 1939), gingival hyperplasia (GARDNER et al. 1962), 
and various hypersensitivity and hematological reactions. While gingival hyper
plasia may occur in as much as 20% of the population on chronic medication, 
the other effects are quite rare. Possible hypersensitivity reactions include skin 
rash (1 %-5% of patients taking phenytoin), serum sickness (MULL and MOL
LINEX 1966), Stevens-Johnson syndrome (BIANCHINE et al. 1968), lupus erythe
matosus, and hepatitis. Possible hematological reactions (most of which are 
thought to have an immunological basis) include aplastic anemia (BEST 1963), 
pancytopenia (CHANARIN 1969), leucopenia, agranulocytosis (LIVINGSTON 1966), 
thrombocytopenia (WEINTRAUB et al. 1963), and erythroid aplasia (YUNIS et al. 
1967). 

Toxicity or side effects generally occur less frequently with ethotoin than with 
phenytoin or mephenytoin. Those that do occur include skin rash, anorexia and 
vomiting, drowsiness, nystagmus, and occasionally lymphadenopathy. Ataxia 
occurs only with large doses of ethotoin, and gum hyperplasia and hirsutism are 
not reported. Mephenytoin causes less nausea and vomiting, less ataxia, and less 
gum hyperplasia than phenytoin, but these advantages are offset by a greater ten
dency to drowsiness and a higher incidence of serious dermatitis (LOSCALZO 
1952), blood dyscrasias (ABBOTT and SCHWAB 1954), and hepatitis, some 
reactions being fatal. 
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CHAPTER 14 

Barbituric Acid Derivatives 
B. B. GALLAGHER and L. S. FREER 

A. Introduction 
Recently, a number of reviews of various aspects of barbiturate pharmacology 
have appeared (PRICHARD 1980; VIDA 1977; Ho and HARRIS 1981; NICOLL 1978). 
These books and reviews more than adequately cover the current understanding 
of barbiturate anticonvulsant, hypnotic, and tolerance activity at a cellular level 
and in the whole organism. In order to avoid, as much as possible, a recapitula
tion of this literature we will take a slightly different approach by focusing pri
marily upon the anticonvulsant barbiturates and in particular comparing the 
pharmacology of phenobarbital (PhB) with an experimental anticonvulsant bar
bituric acid derivative eterobarb (EtB; N,N-dimethoxymethyl phenobarbital). 
Where appropriate, and as information exists, we will consider the other anticon
vulsant barbituric acid derivative, mephobarbital (MB). 

B. Chemistry and Physicochemical Properties 
The synthesis of barbital by FISCHER and VON MERING in 1903 provided the first 
practical method for the synthesis of the large series of barbiturates and resulted 
in the landmark discovery that barbital possessed hypnotic properties. Sub
sequently, the introduction of a second hypnotic barbiturate, phenobarbital, in 
1912 (LOEWE 1912; HAUPTMANN 1912; JULIUSBURGER 1912) led to an awareness 
that certain barbiturate compounds exhibited anticonvulsant properties. As a re
sult of these discoveries, systematic investigations describing the pharmacological 
activity of numerous barbiturate derivatives were carried out, many of which 
were directed toward discovering compounds which were active as anticonvul
sants but devoid of sedative and toxic properties. 

Analogous to the situation found with other classes of compounds which af
fect the central nervous system, both the qualitative and quantitative aspects of 
pharmacological activity demonstrated by barbituric acid derivatives are depen
dent upon: (1) the steric configuration of the molecules, which influences the abil
ity of the compounds to interact with the "receptive" tissue; (2) the overall struc
tural and electronic characteristics of the individual compounds, which dictate 
their ability to influence intrinsically the response of "receptive" tissue; and (3) 
the relative proportions of ionized or un-ionized molecules that exist at physio
logical pH, which influence the ability of a compound to cross the blood-brain 
barrier or other impeding membranes, thus determining access to sites of metab
olism, tissue sites at which sequesterin occurs, or "receptive" tissue. For barbitu-
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rates many of the factors dictating the qualitative and quantitative aspects of 
pharmacological activity which would be predicted for an individual compound 
have been systematically investigated and are reviewed below. 

Barbiturate 

Phenobarbital 
Pentobarbital 
Mephobarbital 
Eterobarb 
Barbital 

Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 

Phenyl 
1-Methylbutyl 
Phenyl 
Phenyl 
Ethyl 

I. Relationship of Molecular Structure 
to Anticonvulsant Activity 

H 
H 
Methyl 
Methoxymethyl 
H 

H 
H 
H 
Methoxymethyl 
H 

As summarized by VIDA and GERRY (1977), the following structural features are 
required for anticonvulsant activity, based on maximal electroshock (MES) and 
pentylenetetrazol (PTZ) threshold testing. 

1. Maximal anticonvulsant activity is obtained when one substituent attached 
to carbon-5 is a phenyl group. 

2. Maximal anticonvulsant activity is obtained when the second substituent 
attached to carbon-5 is an alkyl group containing two to four carbon atoms 
(ethyl, propyl, or butyl groups). 

3. Replacement of the ethyl group in 5-ethyl-5-phenylbarbituric acid by an 
alkyl group containing five carbon atoms decreases activity (5-amyl-5-phenylbar
bituric acid is less active than 5-ethyl-5-phenylbarbituric acid). 

4. Replacement of the ethyl group in 5-ethyl-5-phenylbarbituric acid by an 
alkyl group containing six or more carbon atoms destroys activity (5-hexyl-5-
phenyl barbituric acid is inactive). 

5. Replacement of the ethyl group in 5-ethyl-5-phenylbarbituric acid by a 
phenyl group decreases activity (5,5-diphenylbarbituric acid is less active than 5-
ethyl-5-phenylbarbituric acid). 

6. Replacement of the phenyl group in 5-ethyl-5-phenylbarbituric acid by an 
ethyl, butyl, isoamyl, sec-pentyl, amyl, or pentenyl group, in order, reduces activ
ity in an increasing manner (5,5-diethylbarbituric acid is more active than 5-ethyl-
5-amylbarbituric acid). 

7. Replacement of the phenyl group in 5-ethyl-5-phenylbarbituric acid by a 
methyl or an alkyl group containing more than seven carbons destroys activity 
(5-ethyl-5-octylbarbituric acid is inactive). 
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8. Replacement of the phenyl group in 5-ethyl-5-phenylbarbituric acid by a 
benzyl or phenylethyl group greatly reduces (benzyl group) or destroys (phenyl
ethyl group) anticonvulsant activity. 

9. Replacement of both the ethyl and phenyl groups in 5-ethyl-5-phenylbar
bituric acid by methyl groups destroys anticonvulsant activity (5,5-dimethylbar
bituric acid is inactive). 

10. Replacement of both ethyl and phenyl groups in 5-ethyl-5-phenylbar
bituric acid by methyl groups coupled with methylation of one of the nitro gens 
retains some of the anticonvulsant activity of the parent compound (1,5,5-
trimethylbarbituric acid is active in the PTZ but inactive in the MES test). 

11. Replacement of the phenyl group in 5-ethyl-5-phenylbarbituric acid by an 
ethyl group coupled with methylation of one of the nitro gens produces a drug 
with satisfactory properties. Without methylation a less active compound is ob
tained (l-methyl-5,5-diethylbarbituric acid is more active than 5,5-diethylbar
bituric acid). 

12. Methylation of one of the nitro gens of 5-ethyl-5-phenylbarbituric acid 
does not significantly alter anticonvulsant activity. 

13. Alkylation of one of the nitrogens in 5-ethyl-5-phenylbarbituric acid with 
the methoxymethyl group results in an anticonvulsant (3-mexthoxymethyl-5-
ethyl-5-phenylbarbituric acid is as potent against MES as is 5-ethyl-5-phenylbar
bituric acid). 

14. Alkylation of both nitrogens in 5-ethyl-5-phenylbarbituric acid with small 
groups containing an electronegative atom produces potent anticonvulsants [e.g., 
1,3-bis(methoxymethyl)-, 1 ,3-bis( acetoxymethyl)-, and 1,3-bis(bromomethyl)-5-
ethyl-5-phenylbarbituric acids]. 

15. Introduction of polar groups (OH,N02 , hydroxyalkyl, diazoamine, etc.) 
into the phenyl groups of 5-ethyl-5-phenylbarbituric acid decreases or destroys 
anticonvulsant activity. 

II. Relationship of Acidic and Lipophilic Properties 
of Barbituric Acid Derivatives to eNS Activity 

Following a series of studies on substituted barbituric acids, SANDBERG concluded 
that in order for a barbiturate to demonstrate definitive eNS activity two criteria 
must be met: (1) the compound must be a weak acid and (2) it must have a lipid/ 
water partition coefficient within certain limits (SANDBERG 1949; ROSEN and 
SANDBERG 1950; HANseR et al. 1968). 

1. Acidic Properties 
The acidic properties of barbituric acid derivatives result from the ability of these 
compounds to undergo lactim-Iactam and keto-enol tautomerism. Unsubstituted 
barbituric acid is strongly acidic (PKa=4.12) and contains three sites at which 
tautomerism can occur. Under conditions of physiological pH (7.4), less than 
0.1 % is undissociated. The degree of acidity of substituted derivatives of bar
bituric acid in aqueous solution is determined by the number and position of the 
groups attached to the barbituric acid ring. Both the monosubstituted (1- or 5-
substituted) and 1,5-disubstituted or I ,3-disubstituted barbituric acids are strong 
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acids and at physiological pH are less than 0.1 % undissociated. However, 5,5-di
substituted barbituric acid, the 5,5-disubstituted thiobarbiturates (with Ka rang
ing from 7.1 to 8.1), and the 1,5,5-trisubstituted barbituric acids (with Ka ranging 
from 8.0 to 9.0) are weak acids and at physiological pH exist approximately 40% 
--65% in the undissociated form. The 1,3,5,5-tetrasubstituted barbiturates exist 
totally in the undissociated form. 

Based on the acidity characteristics or the degree of ionization at physiological 
pH, barbituric acid derivatives can be predicted to be either active or inactive 
compounds (DORAN 1959; VIDA 1977), Inactive compounds include barbituric 
acid, 1- and 5-monosubstituted barbituric acids, 1,3-, and 1,5-disubstituted bar
bituric acids, and 1,3,5,5-tetrasubstituted barbituric acids. The inactivity of some 
of these compounds has been logically attributed to their inability to cross the 
blood-brain barrier (BRODIE and HOGBEN 1957) due to their ionization charac
teristics. Active components include 5,5-disubstituted and 1,5,5-trisubstituted 
barbituric acids largely present in the un-ionized form. After the discovery of the 
hypnotic properties of barbital by FISCHER and VON MERING in 1903, a number 
of 5,5-dialkylbarbituric acids were shown to possess CNS activity (FISCHER and 
DILTHEY 1904). Notably all barbiturates currently in clinical use are 
disubstituted at the 5-position. 

2. Lipophilic Properties 
According to the theory of MEYER and OVERTON (HANSCH AND DUNN 1972), 
the potency of a depressant drug is proportional to its coefficient for distribu
tion between lipid and water. The lipid/water partition coefficients of pharma
cologically active barbiturates have also been found by SANDBERG (1951) to fall 
within a narrow range, suggesting that the relationship between the biolog
ical activity (i.e., biological response) of barbiturates and the relative lipophilic 
character of the drug is nonlinear (HANSCH et al. 1968; HANSCH and DUNN 1972; 
HANSCH and CLAYTON 1973). The relative drug response is defined in terms of the 
molar concentration of drug producing a standard response, and the lipophilic 
character of a compound is defined by its oil/water partition coefficient (P), where 
P equals the concentration iI1 lipid phase/concentration in aqueous phase. The 
nonlinear relationship between drug response and P has been accurately de
scribed by HANSCH and CLAYTON (1973) to be a parabolic relationship. According 
to the parabolic model, as P for a given compound approaches zero, the com
pound will be so insoluble in lipid phases that it will not cross a lipid membrane 
and therefore will remain localized in the first aqueous phase it enters. Converse
ly, if P approaches infinity, the compound will be so insoluble in water that it will 
become sequestered in fatty tissue. An optimum P value would result in minimal 
inhibition of movement through the aqueous and lipophilic phases of living tis
sues (HANSCH and CLAYTON 1973). Although the partitioning process involved in 
a drug reaching its active site is dependent on lipophilic properties, the steric and 
electronic characteristics of the drug may also be rate limiting by influencing the 
actual interaction of drug with an active site (HANSCH and DUNN 1972). In gen
eral, structural changes that increase lipid solubility of barbiturates decrease 
latency of onset of activity, decrease duration of action, accelerate metabolic de
gradation, and may increase hypnotic potency (BREON et al. 1976). 
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Recent investigations have shown that 1 ,3-dialkoxymethyl derivatives of phe
nobarbital have marked activity against PTZ- and MES-induced seizures (SA
MOUR and VIDA 1971). Several other derivatives of phenobarbital and mephobar
bital have also been found to possess potent anticonvulsant activity (VIDA et al. 
1973 a, b). In the 1,3-dialkoxymethylphenobarbital series, the anticonvulsant ac
tivity decreased as the size of the alkoxy group increased. Eterobarb proved, 
therefore, to be the most effective of the series against PTZ- and MES-induced 
seizures and showed activity greater than phenobarbital against MES-induced 
seizures. Several of these derivatives including EtB were reported to be devoid of 
the hypnotic activity associated with the parent compound following oral admin
istration in mice (SAMOUR and VIDA 1971). The pattern of toxicity observed was 
a progressive depression of the central nervous system, but loss of righting reflex 
did not occur except at lethal doses. 

Based on the work of BUTLER (1955) and BREON et al. (1976) and its structure, 
EtB should be highly lipophilic. Determination of the partition coefficients of 
EtB, N-monomethoxymethyl-PhB (MMP), PhB, and p-OH-PhB between 1-
chlorobutane and water revealed the high lipid solubility of EtB. The partition 
coefficients were EtB:MMP:PhB:p-OH-PhB=50:l2:0.4:0.02 (ALVIN and BUSH 
1974a). In comparison, thiopental is ten times more lipid soluble than pentobar
bital, which is about six times more lipophilic than PhB (MARK et al. 1949). These 
results suggest that EtB is approximately 125 times more lipid soluble than PhB 
and on a relative basis about two times more lipophilic than thiopental. The de
gree oflipid solubility ofMMP lies between that of thiopental and pentobarbital. 

Increasing lipid solubility of barbituric acid derivatives apparently has its 
limits as predicted by the parabolic model and as evidenced by the hypnotic ac
tivity of a series of 5-phenyl-5-alkyl barbituric acids determined in mice (ALLES 
et al. 1947). As the 5-alkyl group was increased in length, the hypnotic potency 
decreased. Although the increase in alkyl chain length increased lipid solubility, 
this was reflected in a decrease in water solubility; the latter characteristic prob
ably is responsible for the decreased pharmacological activity. However, as em
phasized by Ho and HARRIS (1981) lipid solubility may govern access to sites of 
action but other factors such as hydrogen bonding may determine the molecular 
interactions leading to neurochemical changes. 

Structure-activity relationships have been considered in more detail by 
SCHAFER in this volume (Chap. 9). 

c. Analytical Methods for Determination 
of Barbituric Acid Derivatives 
in Biological Fluids and Tissues 
Although spectrophotometric and thin-layer chromatographic procedures have 
been described, they have been completely replaced by gas-liquid (GLC) and 
high-pressure liquid chromatography (HPLC) as well as by various immuno- and 
radioimmunoassay procedures. 

Most of the GLC methods utilize flame ionization detection and pre- or on
column alkylation derivative formation. The procedures of BAYLIS et al. (1970) 
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and GREELEY (1974) are representative of these approaches. In agreement with 
GREELEY, we have found that pre-column butylation of barbiturates produces the 
greatest flame ionization sensitivity and we have utilized such a butylation pro
cedure for all of the analytical data reported in this chapter. The problems associ
ated with some derivatization procedures are discussed by KUPFERBERG (1978), 
and the interested reader should refer to this definitive text on antiepileptic drug 
determination. 

SOLDIN and HILL (1976) have described the use of high-pressure liquid chro
matography, and this procedure has been discussed in detail by HAWK and FRAN
CONI (1978). Similarly, the advantages and disadvantages of immunoassay 
(SCHOTTELIUS 1978) and radioimmunoassay (COOK 1978) have been considered 
in detail in the same volume. 

D. Anticonvulsant Activity 
Until relatively recently it was only possible to describe anticonvulsant com
pounds by their activity in certain experimental models of epilepsy or toxicity. 
While this served a useful descriptive and comparative purpose it revealed little 
or nothing about mechanism of action. Additionally, in part because the same 
battery of experimental models of epilepsy have been employed to screen new 
compounds for anticonvulsant activity, almost all anticonvulsant compounds 
currently in clinical use are variations of the molecular structure of the first mod
ern anticonvulsant, phenobarbital. If more were known about the mechanism(s) 
of action of various anticonvulsant compounds it should be possible to synthesize 
new compounds more intelligently and to develop more specific tests for anticon
vulsant activity. 

Table 1 summarizes some data concerning anticonvulsant activity of pheno
barbital and mephobarbital in different species and with varying test procedures. 
In the classical MES test, GooDMAN et al. (1953 a) found that phenobarbital, as 
its sodium salt, and mephobarbital had about equal potency in mice on a molar 
basis. The EDso for phenobarbital was 0.081 mmolfkg (95% confidence limits 
0.077-0.087 mmolJkg) while that for mephobarbital was 0.085 mmol/kg (95% con
fidence limits, 0.069-0.105 mmol/kg). Rats are more effectively protected against 
MES than mice with phenobarbital but this species difference is less apparent 
with mephobarbital (SWINYARD et al. 1952). Additionally, with rats there is a di
rect correlation of age with efficacy for phenobarbital in the MES test (PETTY and 
KARLER 1965). In contrast, with threshold testing such as the PTZ test, minimal 
electroshock test, or hyponatremic electroshock threshold (HET) test, phenobar
bital provides better protection for the mouse in comparison to rat (GOODMAN et 
al. 1953 a, b). For both mouse and rat, phenobarbital and mephobarbital are 
about equally efficacious in threshold tests. In the audiogenic seizure model phe
nobarbital produces the same results as it does in the maximal and threshold tests, 
i.e., the maximal seizure is blocked at low doses while the minimal seizure (run
ning component) requires much larger doses for inhibition (REINHARD and REIN
HARD 1977). In both mice and rats the time to peak effect is about 2 h with phe
nobarbital and 2.5 h (mice) to 3.5 h (rats with) mephobarbital (SWINYARD et al. 
1952). 



Table 1. Anticonvulsant activity of barbituric acid derivatives in standard experimental models of epilepsy 
utilizing various modes of drug administration. (Adapted from Table II of REINHARD and REINHARD 1977) 

Test Species EDso Route of Refs. 
(mg/kg) admin-

istration 

Phenobarbital 
MES Mouse (CF 1) 28.0 (24.8-31.6)3 p.o. GOODMAN et al. (1953b) 

Mouse (CFW) 50 (27.5-90.9) p.o. RAINES et al. (1973) 
Mouse (CF*I) 20.6 s.c. GOODMAN et al. (1953 a) 
Mouse 13 (11-15) p.o. FREY and MAGNUSSEN (1971) 
Rat (young) 7.4 i.p. PETTY and KARLER (1965) 
Rat (mature) 4.9 (3.7-6.5) p.o. GOODMAN et al. (1953b) 
Rat (mature) 12 i.p. TOMAN et al. (1946) 
Rat (old) 1.4 i.p. PETTY and KARLER (1965) 
Rabbit 15 i.p. TOMAN et al. (1946) 
Cat 2 i.p. TOMAN et al. (1946) 

scPTZ Mouse 9.8 (6.7-14.2) p.o. VIDA et al. (1973a) 
Mouse 15.5 (12.7-19.0) p.o. GOODMAN et al. (1953 b) 
Mouse 11 s.c. FERNGREN (1968) 
Rat 67 (48-93) p.o. GOODMAN et al. (1953 b) 
Cat 30-60 i.m. SPEHLMANN and COLLEY (1968) 

MMS Rat 9.5 (6.3-14.2) s.c. GOODMAN et al. (1953 a) 
MET (60-Hz EST) Mouse 25 (18.5-34.0) p.o. GooDMAN et al. (1953 b) 

Rat 62.5 (57-68) p.o. GOODMAN et al. (1953 b) 
HET Mouse 29 (22-38) p.o. GOODMAN et al. (1953 b) 

Rat 80 (70-91) p.o. GOODMAN et al. (1953 b) 
Audiogenic seizures Mouse 2.3 (1.6-3.4) i.p. COLLINS and HORLINGTON (1969) 

Mouse 9.0 (5.5-14.8) p.o. ROBICHAUD et al. (1970) 
Mouse 4.6 (3.1-6.9) p.o. FINK and SWINYARD (1959) 

Strychnine seizures Mouse 25.0 (15.4-40.5) p.o. ROBICHAUD et al. (1970) 
Bemegride seizures Cat 30 s.c. VAN DUIJN and VISSER (1972) 
Picrotoxin seizures Mouse 13-32 s.c. FERNGREN (1968) 
Focal seizures (cobalt) Cat Uneffectiv s.c. VAN DUIJN and VISSER (1972) 
Intermittent photic Baboon 15 l.m. STARK et al. (1970) 

stimulation 
Flurothyl seizures Rat 20 i.p. BAUMEL et al. (1973) 
Alumina-induced Cat 10-15 i.m. STEINMANN (1967) 

seizures 

Mephobarbital 
MES Mouse 16 (1l.4-22.4) p.o. VIDA et al. (1973b) 

Mouse 20.9 s.c. GOODMAN et al. (1953a) 
Mouse 20 p.o. SWINYARD et al. (1952) 
Rat ca. 20 l.p. CRAIG and SHIDEMAN (1971) 
Rat 10 s.c. SWINYARD et al. (1952) 
Cat 12.5 p.o. CHEN and ENSOR (1950) 

scPTZ Mouse 24 (16.9-34.1) p.o. VIDA et al. (1973) 
Mouse 25 p.o. SWINYARD et al. (1952) 
Rat 40 p.o. SWINYARD et al. (1952) 
Rat 15.3 s.c. SWINYARD (1949) 

MMS Mouse 11.3 p.o. GOODMAN et al. (1953a) 
MET (60-Hz EST) Mouse ca. 30 p.o. BROWN et al. (1953) 

Mouse 30 p.o. SWINYARD et al. (1952) 
Rat 90 p.o. SWINYARD et al. (1952) 

HET Mouse 26 p.o. SWINYARD et al. (1952) 
Rat 80 p.o. SWINYARD et al. (1952) 

MES, maximal electroshock seizures; scPTZ, subcutaneous pentylenetetrazol seizure threshold test; 
MMS, maximal metrazole (pentylenetetrazol) seizure; MET (60-Hz EST), minimal electroshock seizure 
threshold; HET (60-Hz EST), hyponatremic electroshock seizure threshold 
a Numbers in parentheses generally represent 95% fiducial limits 
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In the cat, phenobarbital raises the threshold for bemegride seizures but is in
effective in blocking focal cobalt seizures (VAN DUIJN and VISSER 1972) while it 
is quite effective (15 mgjkg i.m.) in blocking alumina-induced seizures. Photically 
induced seizures in the baboon are inhibited for as long as 24 h with phenobar
bital (STARK et al. 1970). 

With the kindling model of epilepsy in the rat, phenobarbital inhibits both 
cortical- and amygdala-kindled seizures with EDsos of 12 mgjkg, respectively 
(ALBRIGHT and BURNHAM 1980). As with the standard experimental seizure mod
els generalized seizures were controlled at lower doses of phenobarbital than 
threshold responses (focal amygdala seizures). 

Investigation of the pharmacological activity of p-OH-PhB in mice by CRAIG 
and his associates (1960) revealed that it did possess significant anticonvulsant ac
tivity although it was less potent than phenobarbital. They report an EDso of20 
mgjkg for PhB compared with 368 mgjkg for p-OH-PhB in the MES test; 25 vs 
262 mgjkg in the MET test; 18 vs 160 mgjkg in the HET test, and 25 vs 445 mgjkg 
for pentylenetetrazol-induced seizures. Hypnotic potency (HDso) was reported as 
50 mgjkg for PhB and 1,275 mgjkg for p-OH-PhB. These data have not been re
ported other than in abstract form. While it is possible that some phenobarbital 
may have contaminated their preparation of p-OH-PhB, the varying protective 
indices for the two compounds and the differing EDso ratios in different anticon
vulsant models argue against this interpretation. The toxicity data are in close 
agreement with those found by BUTLER (1956), who observed that mice receiving 
500 mgjkg (i.v.) were not noticeably affected, while 1,000 mgjkg caused sluggish
ness, tremor of the limbs, and some difficulty in righting. BUTLER (1956) has also 
shown that the plasma concentration of p-OH-PhB after a single dose declines 
rapidly (t1/2' 22 min). Since in most species over half of the p-OH-PhB is conju
gated, the disappearance from plasma is in all probability due mainly to conjuga
tion. The relationship between the ratio of production and conjugation of p-OH
PhB is such that the plasma concentration of this substance as it arises from the 
metabolism of PhB probably remains low. Thus, it is unlikely that p-OH-PhB 
contributes to the pharmacological activity ofPhB. 

Some of the conventional estimates of anticonvulsant activity and toxicity 
have been compiled (REINHARD and REINHARD 1977; VIDA and GERRY 1977) for 
PhB, EtB, and MB (Table 2). In mice EtB was most effective for the MES test, 
PhB was least effective, and MB was intermediate. In contrast, in the threshold 
tests, PhB was most effective, EtB was least effective, and MB was again interme
diate. In this species there was a striking difference in toxicity between EtB and 
PhB. Data relevant to this interesting observation will be presented later in this 
chapter. In these tests these three barbituric acid derivatives appear to behave as 
different compounds despite the fact that EtB and MB are completely metabo
lized to PhB. The difference between EtB and PhB in the MES is understandable 
in light of the findings of BAUMEL et al. (1976), who demonstrated the effective
ness of a metabolite of EtB in the MES test. This metabolite, N-monomethoxy
methyl phenobarbital (MMP), was also shown to be ineffective in the PTZ test 
with this species, and consequently the differential activity in this test is undoubt
edly a reflection of differences in the rate of phenobarbital accumulation in brain, 
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Table 2. Comparison of anticonvulsant activity and toxicity in mice for three barbituric acid 
derivatives. (REINHARD and REINHARD 1977; VIDA and GERRY 1977) 

EDso EDso EDso HDso 
(mg/kg) (mg/kg) (mg/kg) (mg/kg) 
MES MET scPTZ 

Phenobarbital 20 (13.8-29) 25 (18.5-34) 9.8 (6.7-14.2) 100 (72.5-138) 
Eterobarb 13.5 (8-22.7) 57 (33.1-98) 47 (29.4-75.2) None 
Mephobarbital 16 (11.4-22.4) 30 (19.5--40) 24 (16.9-34.1) 180 (148.7-217.8) 

MES, maximal electroshock, oral drug administration; MET, minimal electroshock 
threshold, oral drug administration; scPTZ, pentylenetetrazol threshold test; EDso, 
effective dose required to induce effect in 50% of the animals; HDso, hypnotic oral dose 
required to induce sleep (complete loss of fore- and hind-limb righting reflexes) in 50% of 
animals 
Figures in parentheses are the 95% confidence limits 

which is considerably slower when EtB is the source of PhB. The difference in 
hypnotic activity is now known to be due, at least in part, to a differential de
velopment of hypnotic tolerance between PhB and PhB derived from EtB. This 
will be elaborated upon later. 

The neurophysiological effects of barbiturates are reviewed in detail by Jurna 
in this volume (Chap. 23). 

E. Other eNS Effects 

The principal other CNS effect of the anticonvulsant barbiturates is sedation. As 
noted previously, the anticonvulsant action of phenobarbital occurs at concen
trations that are lower than those producing hypnosis. Recent work in our lab
oratory suggests that a differential tolerance to the hypnotic effect of phenobar
bital occurs when eterobarb administration is compared with phenobarbital ad
ministration. 

One of the most comprehensive studies on the factors altering the rate of tol
erance to barbiturate has been carried out in cats by OKAMOTO and her colleagues. 
It has provided a quantitative assessment of the pharmacological parameters im
portant in the development of tolerance to barbiturates (ROSENBERG and OKA
MOTO 1974; OKAMOTO et al. 1975, 1977; BOISSE and OKAMOTO 1978 a, b, c, d). Basi
cally the work relied on the development of a procedure termed the "chronically 
equivalent" barbiturate dosing method (based on the "maximally tolerable" dos
ing method in cats; OKAMOTO et al. 1975), which allowed a reproducible level of 
CNS depression to be maintained throughout a chronic treatment period. This 
permitted the direct quantitative comparison of the tolerance developed to a long
acting barbiturate, barbital, with the tolerance developed to the short-acting 
pentobarbital (ROSENBERG and OKAMOTO 1974; OKAMOTO et al. 1975; BOISSE and 
OKAMOTO 1978 a, b). From these studies the authors described several pharmaco
logical parameters which in their opinion are critical to dispositional and func
tional tolerance development. 
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1. With short-acting barbiturates known to produce dispositional tolerance, 
the functional tolerance developed cannot be quantitatively characterized with 
changing brain concentrations and compared to a longer-acting minimally me
tabolized barbiturate, unless the challenge to the brain is stabilized throughout 
the treatment period. 

2. The degree of barbiturate challenge to the brain can be individually ad
justed to produce equi-effective peak CNS depression throughout chronic treat
ment and thus produce a constant barbiturate challenge for the development of 
functional tolerance. 

3. The rate and extent of functional tolerance development to a short- and 
long-acting barbiturate were similar when induced by a dosing regimen which 
produced chronically equivalent levels of CNS depression. 

4. The total time the CNS is challenged by depression is more important to 
functional tolerance development than the frequency of drug administration. 

5. After 5 weeks of chronic barbiturate administration, functional tolerance 
developed slowly but continuously with no apparent maximum. 

Although the specific biochemical or neurohumoral mechanism(s) underlying 
functional barbiturate tolerance have not been delineated (SMITH 1977; Ho and 
HARRIS 1981), changes in CNS sensitivity have definitively been implicated in the 
development of tolerance to barbiturates. 

Studies of EtB in animals (GALLAGHER et al. 1973; BAUMEL et al. 1976) and 
man (GALLAGHER and WOODBURY 1975; GALLAGHER et al. 1975) have confirmed 
its effective anticonvulsant activity and support the impression that hypnotic ac
tivity of this compound was attenuated in comparison to PhB in spite of the fact 
that EtB was completely metabolized to PhB (MATSUMOTO and GALLAGHER 1975; 
BAUMEL et al. 1976). More recently the hypnotic activity of EtB was extensively 
evaluated in acute and chronic animal studies (FREER 1978). Since these data have 
not yet been published they will be presented in part here because they are very 
relevant to an understanding of an important aspect of barbiturate pharmacol
ogy, tolerance. 

Using loss of righting reflex (LRR) in the albino rat as an end point, orally 
administered PhB had an HD50 of 102 mg/kg (90-116 mg/kg), while EtB had an 
HD 50 of 700 mg/kg (569-861 mg/kg). Latency to LRR over a range of oral doses 
of EtB was about 7 h while the same latency for PhB over a range of oral doses was 
about 1.5h. In rat (BAUMEL et al. 1976) and man (MATSUMOTO and GALLAGHER 
1975) oral EtB undergoes a rather complete first-pass metabolise so that 
little or no parent compound is detected in plasma, but its metabolites MMP and 
PhB do accumulate in plasma and tissues. Brain concentrations ofPhB in rats re
ceiving oral doses of PhB and MMP or oral doses of EtB were determined at 
LRR, and in a separate series of studies it was determined that the metabolite 
MMP had hypnotic activity equivalent to 0.7 of that of PhB. Consequently the 
total brain concentration at LRR averaged 192 nmol/g for the PhB-dosed animals 
and 308 nmoljg in phenobarbital equivalents for the EtB-dosed animals. Thus, a 
rather significant acute functional tolerance to the hypnotic activity of EtB was 
demonstrated. Further studies utilizing intravenous administration and oral com
binations of MMP and PhB with and without metabolic blockade supported the 
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conclusion that an interaction between the MMP and PhB metabolites resulted 
in the occurrence of acute functional tolerance. 

Utilizing a modification, for the rat, of the chronically equivalent dosing tech
nique ofBOISSE and OKAMOTO (1978 a, b), rats were treated for 6 and 12 days with 
equivalently hypnotic doses of PhB or EtB. The doses were independently ad
justed daily to compensate for tolerance (metabolic and functional). At the end 
of 6 days and 12 days PhB-treated animals were challenged with an oral dose of 
PhB (95 mg/kg) known to produce 100% LRR, and EtB-treated animals were 
challenged with a dose ofEtB (120 mg/kg) known to produce 100% LRR. Brain 
concentrations ofPhB and MMP were determined at LRR. In addition to the two 
chronic barbiturate-treated groups, vehicle-treated control animals also received 
the challenge doses and had brain concentrations of PhB and MMP determined 
atLRR. 

When tolerance was assessed by the direct measurement of whole brain bar
biturate concentration, a constant rate of functional tolerance development was 
observed with PhB treatment at 6 and 12 days so that 62% more brain PhB was 
found at LRR after 12 days of treatment. After 12 days of chronically equivalent 
doses of EtB, brain phenobarbital concentrations found at LRR were significant
ly greater than acute controls (121 %) and chronically treated PhB rats (21 %). 
Thus when PhB and EtB are administered in chronically equivalent doses to the 
rat, both the rate and magnitude of functional tolerance development to EtB are 
significantly increased over that developed to PhB. 

Eterobarb, a 1,3,5,5-tetrasubstituted barbituric acid derivative, should be an 
inactive hypnotic compound (VIDA 1977). In addition, the pharmacokinetics of 
EtB are such that little or no EtB should reach or accumulate in brain because 
of the pronounced first-pass effect. Consequently, it is reasonable to assume that 
either MMP or more polar metabolites of EtB are involved in the development 
of functional hypnotic tolerance. With regard to acute functional tolerance it is 
most likely that MMP is the active compound because CNS concentrations of the 
polar metabolites would be negligible in the time required to reach LRR. 

The functional tolerance that developed with chronic eterobarb treatment 
confirms the finding of others that functional tolerance develops slowly relative 
to metabolic tolerance (EBERT et al. 1964; KATO 1967; REMMER 1959; BELKNAP et 
al. 1977; BOISSE and OKAMOTO 1978 a, b). On the other hand, the differential rate 
and magnitude of tolerance developed with EtB in comparison to PhB suggests, 
in contrast to the finding of BOISSE and OKAMOTO (1978 a), that functional toler
ance does not develop at the same rate to all barbiturates. It is not clear if this 
is a reflection of species differences or the different barbituric acid derivatives 
studied. 

F. Pharmacodynamic Effects Outside the eNS 
The ability of phenobarbital to induce increased activity in enzyme systems is the 
basis for numerous drug interactions and effects upon endogenous metabolic sys
tems and hormones that are discussed subsequently in this chapter (drug interac
tion and toxicity section). Perhaps the most important nonepileptic use ofpheno-
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barbital is in the treatment of neonatal jaundice and the prevention of kernicterus 
(CRIGLER and GOLD 1969) as a result of its inducing properties. 

G. Pharmacokinetics 
The factors governing the movement of barbituric acid derivatives across mem
branes (solubility, percentage undissociated, acidity, and lipid solubility) have 
been discussed in relation to the physicochemical properties of these compounds 
and will not be repeated here in relation to absorption, distribution, and excre
tion. 

I. Absorption 

The calculations of BUTLER et al. (1954) and SVENSMARK and BUCHTHAL (1963) 
suggest that phenobarbital absorption in man is relatively complete. In contrast, 
mephobarbital is poorly absorbed by dog and man, with only 50%-60% of the 
dose accounted for following oral administration (BUTLER and WADDELL 1958; 
BUTLER et al. 1952). The absorption of anticonvulsant barbiturates has not been 
studied extensively. In the rat, intestinal absorption rate at pH 5.5 was calculated 
to be 1.57/h for phenobarbital in comparison to a rate of 1.12/h for mephobar
bital (KAKEMI et al. 1967). The slower rate of absorption for mephobarbital was 
attributed to poorer protein binding of the methylated barbiturate. In addition 
to protein binding, the lipid solubility of the un-ionized barbiturate molecule is 
important for absorption at all gastrointestinal surfaces (SCHANKER 1961). Other 
factors may also influence the absorption of barbiturates. FREY and KAMPMANN 
(1966) have demonstrated in mice that DL-amphetamine is able to delay the 
absorption of phenobarbital and other anticonvulsants. In rats, ethanol increases 
the gastric but not the intestinal absorption of phenobarbital (MAGNUSSEN 1968). 

II. Distribution 

Following intravenous administration to mice, phenobarbital is found in the 
highest concentration in liver and blood, while about 5% of the dose administered 
is distributed to the brain within the first 6 h (GLASSON and BENAKIS 1961). In rab
bits, intravenously administered phenobarbital was more evenly distributed be
tween plasma, liver, brain, heart, kidney, lung, and muscle I h after administra
tion (GOLDBAUM and SMITH 1954). Phenobarbital is relatively excluded from sig
nificant distribution to fat (SVENSMARK and BUCHTHAL 1963) while mephobarbi
tal probably accumulates in fat (BUTLER et al. 1952). The volume of distribution 
(Vd) for intravenous phenobarbital in beagle dogs was found to be 0.6±0.035 
liters/kg in comparison to 2-phase elimination kinetics in mongrel dogs with a Vd 
of 0.68 ±0.029 liters/kg (FREYet al. 1979). The same workers also found the ratio 
of CSF to plasma phenobarbital in the dog at steady state to be 0.565 with a per
meability constant ofO.042/min. 

One aspect of distribution which merits discussion is phenobarbital brain con
centration. DOMEK et al. (1960) clearly demonstrated in adult cats that, although 
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phenobarbital initially penetrates gray matter more effectively than white, dis
tribution between gray and white matter is eventually equal. Furthermore, dis
tribution within gray matter was uniform in the adult brain. They also found that 
phenobarbital distribution in newborn kittens was initially the reverse of that in 
adults and progressively evolved to the adult pattern as myelinization proceeded. 
In general, similar distribution has been found in human brain material obtained 
at the time of surgery for epilepsy (VAJDA et al. 1974; HOUGHTON et al. 1975; 
SHERWIN et al. 1976; HARVEY et al. 1977). Distribution of phenobarbital is equal 
between gray and white matter and, statistically, there is a good correlation be
tween plasma and brain concentration with the latter uniformly the lower concen
tration. However, when one looks at individual brain to plasma ratios ofpheno
barbital concentration there is about a threefold variability in the ratio. Thus, for 
a given individual, plasma concentration of phenobarbital is not necessarily a 
good predictor of brain concentration. 

Protein binding of phenobarbital is about 46% for the ionized and un-ionized 
forms and is rather independent of pH, concentration of the drug, and species 
(WADDELL and BUTLER 1957; GOLDBAUM and SMITH 1954; Lous 1954; LOSCHER 
1979). 

Ill. Metabolism 

The general pathways by which the barbiturates are metabolized are known and 
have been extensively reviewed in animals and man (MAYNERT and VAN DYKE 
1949; WILLIAMS and PARK 1964; MARK 1963; BUSH and SANDERS 1967; FREUDEN
THAL and CARROLL 1973). 

Since phenobarbital was first shown to be oxidized to p-hydroxy-PhB (BUT
LER 1954), many studies have attempted to delineate the metabolic pathways of 
phenobarbital. These are still not fully understood. Although there are some spe
cies differences, radioactive tracer studies have indicated that 65%-85% of phe
nobarbital is excreted in the urine, with 18%-32% unchanged (EISENHARDT et al. 
1977). The remaining 45%-65% is metabolized to p-hydroxy-PB, which then can 
be conjugated to glucuronide or sulfate (BUTLER 1956). It has been reported that 
CO2 accounts for a small fraction of oxidized p4C]PhB in the rat (GLASSON and 
BENAKIS 1961; EISENHARDT et al. 1977). A most unusual finding has been reported 
for phenobarbital metabolism in man. After oral administration of 14C,15N_la_ 
beled phenobarbital, the major metabolite recovered in urine was identified as N
hydroxy-PhB (31 %). This compared to only 17% appearing as the p-OH deriv
ative (TANG et al. 1977). However, subsequent studies of amobarbital N-hydrox
ylation established the N-metabolite as amobarbital-N-p-D-glucopyranoside 
rather than the originally identified metabolite N-hydroxyamobarbital (TANG et 
al. 1978). A recent review provides evidence that phenobarbital can potentially 
be biotransformed to several other minor metabolites, including 5-(l-hy
droxyethyl)-5-phenylbarbituric acid, 5-(3,4-dihydroxyphenyl)-5-ethylbarbituric 
acid, and 5-(3,4-dihydroxycyclohexadien)-5-ethylbarbituric acid (FREUDENTHAL 
and CARROLL 1973). PhB is known to be slowly eliminated by rat (ti, 15 h) and 
man (tt, 3-6 days; MAYNERT 1972). 
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The importance of N-dealkylation of barbituric acids in vivo was first demon
strated by BUTLER and BUSH (1939). Following the intravenous administration of 
N-methylbarbital or N-methylphenobarbital to dogs, barbital or phenobarbital, 
respectively, were recovered in the urine. Subsequent studies in dogs (BUTLER 
1952, 1953 a, b) and rats (BUTLER et al. 1952) substantiated these early findings. 
When single doses of the methylated drugs were administered to dogs, complete 
demethylation required 1-2 days. The products of demethylation were eliminated 
very slowly and they persisted long after the parent drug was no longer detectable. 
Based on the plasma concentration of the products, estimates of the extent of de
methylation indicated that conversion of the methylated drugs to the correspond
ing nonmethylated compounds was nearly complete. CRAIG and SHIDEMAN (1971) 
also demonstrated the rapid demethylation ofMB by rats and presented data sup
porting significant induction of this dealkylation reaction with prior exposure to 
MB or PhB. BUTLER (1955) also studied demethylation of dimethylbarbital and 
methylbarbital in the rat and determined that the rate of removal of the first 
methyl group from dimethyl barbital was approximately six times greater than the 
second demethylation. BUTLER and WADDELL (1958) reported concentrations of 
demethylated products of MB and metharbital (MTB) in plasma of human sub
jects receiving the methylated drugs on a chronic dosage schedule. In three sub
jects receiving MB, PhB accumulated in concentrations two to six times higher 
than MB. A similar pattern was observed in four subjects receiving MTB, except 
that after approximately 1 week of chronic administration plasma MTB concen
trations dropped to undetectable levels. This most likely occurred as a conse
quence of hepatic microsomal enzyme induction. 

Initial studies in the rat and mouse have shown that EtB is metabolized to phe
nobarbital and an intermediate, MMP (GALLAGHER et al. 1973; RApPORT and 
KUPFERBERG 1973). These results were supported and extended when it was 
shown that phenobarbital and its metabolites, p-OH-PhB and conjugated p-OH
PhB, accounted for 90% of a radioactive dose of [14C] EtB excreted into the urine 
(ALVIN and BUSH 1974b). ALVIN and BUSH (1974b) also studied the in vitro me
tabolism of EtB and found that enzymatic removal of the first N-alkoxymethyl 
group was very rapid (t4, 12.5 min), while removal of the second methoxymethyl 
group took several hours. The rate of microsomal dealkoxylation of EtB in vitro 
was approximately 75 times that of its primary metabolite, MMP. In the in vitro 
study by ALVIN and BUSH (1974a), a minor metabolite, which accounted for 
about 8% of the radioactivity recovered from urine, also appeared as a metabolite 
ofMMP in the liver homogenate studies. Based on partition coefficients it is com
parable in lipid solubility to p-OH-PhB. It was suggested that this metabolite was 
hydroxylated MMP in free and conjugated form. Based on partition coefficients, 
MMP is considerably less polar than phenobarbital and therefore would be ex
pected to penetrate rapidly into lipid tissue such as brain. In accordance one could 
expect a low renal clearance (BUTLER 1955) and, in fact, urine was devoid ofMMP 
(ALVIN and BUSH 1974b). 

The most extensive study evaluating the in vivo metabolism and tissue dis
tribution ofEtB in the rat also correlated brain concentrations ofEtB, MMP, and 
PhB with anticonvulsant activity (BAUMEL et al. 1976). EtB (ethyl-l-p4C], 24 mg/ 
kg, i.p.) was rapidly metabolized to MMP and then converted at a slower rate to 
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phenobarbital. It was no longer detectable in plasma after 30 min. Plasma con
centrations of phenobarbital increased progressively during the 4 h of measure
ment. MMP declined at a slower rate from brain and liver than plasma, indicating 
that it is probably sequestered in these tissues. The observed accumulation of 
MMP and phenobarbital in the liver also suggested preferential binding in he
patic tissue. BAUMEL and associates demonstrated that MMP was effective 
against MES seizures but not PTZ seizures, at a time when brain concentrations 
of phenobarbital were too low to account for the protection. The data regarding 
the metabolism of EtB do suggest that the previously reported attenuated hyp
notic properties ofEtB (SAMOUR and VIDA 1971) could involve an interaction of 
MMP with phenobarbital. 

A very polar, unidentified metabolite (s) also appears in liver, plasma, and 
brain. It shows two peaks in plasma, one at % h and the second at 2 h. The first 
peak coincides in time (in liver) with the EtB peak and the second coincides in 
time with the phenobarbital peak. Although not suggested by the authors, it 
seems possible these polar metabolites may represent p-OH-MMP and p-OH
PhB, respectively. 

The most recent report on EtB metabolism in the rat (JENDEN et al. 1978) is 
consistent with the EtB-MMP-PB metabolic sequence, each showing a later peak 
than the last, with the brain concentration following plasma concentrations. Af
ter intravenous administration there was a 2.5-min delay to peak plasma and 
brain concentrations of EtB. According to the authors this suggested very rapid 
tissue clearance and/or a substantial first-pass metabolism. Due to its very high lipid 
solubility, EtB appeared to be rapidly sequestered in the lipophilic regions of the 
liver and the brain. The MMP plasma and brain curves showed two peaks, at 2.5 
and 30 min. This is consistent with its continued metabolic production at a time 
when tissues are approaching a steady state. An important finding by JENDEN and 
his associates was that (in man) the rate of MMP formation occurred at zero-or
der kinetics, with its formation ending abruptly at a time when EtB metabolism 
was complete. Although these studies did not differentiate between the various 
possibilities for this, e.g., zero-order absorption or zero-order metabolism, the 
unusual metabolism of EtB is comparable to a sustained release preparation of 
MMP and PB. The combined results of these animal studies support a scheme of 
EtB metabolism as follows: 

EtB MMP PhB 

O-order? ~ ~ 
OH-MMP OH-PhB 

1 1 
Conjugated MMP Conjugated PhB 

In man, two metabolites, MMP and PhB, appeared in plasma within 5 min 
after oral administration of[14C] EtB (MATSUMOTO and GALLAGHER 1975) (Fig. 
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Fig.t. Radioactivity in plasma associated with PhB and MMP following an oral dose of 
4,6-p4C]eterobarb (SA 10.5 l!Ci/mg). Study 1(., .&.) was performed before any anticonvul
sant treatment and study 2 (0, l'.) was performed after 4 months of treatment with etero
barb at 360 mg/day (MATSUMOTO and GALLAGHER 1975) 
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Fig. 2. Radioactivity in plasma associated with PhB, MMP, and eterobarb (EtB, DMMP) 
following an oral (0, l'.) or intravenous (., .&.) dose of 4,6-[14C]eterobarb (SA 10.5 l!Ci/mg). 
Study I (oral dose) performed during chronic treatment with phenytoin and eterobarb. 
Study 2 (intravenous) performed 3 months later during same treatment (MATSUMOTO and 
GALLAGHER 1975) 
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Fig. 3. Urinary excretion ofPhB (above the line) and metabolite II (p-hydroxyphenobarbi
tal) (below the line) following an oral dose of 4,6[14C]eterobarb (SA 10.5 !lei/mg) in a 
patient not previously treated with anticonvulsant drugs (top offigure). Urinary excretion 
of the same compounds following an oral dose of [14C]phenobarbital in a patient after 
3 months of treatment with phenobarbital at 90 mg/day (bottom of figure) (MATSUMOTO 
and GALLAGHER 1975) 

1). No EtB was found in the plasma at any time; a similar result has been reported 
by JENDEN and his colleagues (1978). MMP reached a peak plasma concentration 
at 30 min and declined with a half-life of 4-6 h after acute administration and 2-
3 h after chronic (3 months) administration. Phenobarbital appeared rapidly in 
plasma and reached peak concentration within 4 h. A biphasic rise and fall in con
centration was observed, with a second peak appearing at about 10 h after a slight 
decline. These data emphasize the extremely rapid absorption, distribution, and 
metabolism of EtB in man. Induction of metabolism was apparent for MMP 
when the study was repeated after chronic treatment with EtB. PhB derived from 
EtB was always cleared with a half-life varying from 4 to 6 days. When EtB was 
administered intravenously it was cleared with a half-life of 10 min and the dis
tribution pattern of MMP and PhB strongly resembled oral administration of 
EtB (Fig. 2). Three polar metabolites, I, II, III, PhB, and as much as 50%-75% 
ether unextractable material were found free and as glucuronide conjugates in 
urine. Metabolite I and the ether unextractable material remain unidentified. Me
tabolite II was identified as p-OH-PB and metabolite III corresponds to the un
identified metabolite described by ALVIN and BUSH (1974a) and is probably p
OH-MMP. The pattern of excretion of phenobarbital and p-OH-PhB differed af-
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ter EtB in comparison to phenobarbital administration (Fig. 3). With PhB admin
istration the main urinary metabolite was unchanged phenobarbital. After EtB, 
larger amounts ofp-OH-PhB were excreted. 

IV. Excretion 
The high lipid solubility of EtB, MMP, and MB assure efficient renal tubular 
reabsorption of these compounds. Consequently, the major excretion product in 
urine is phenobarbital and its metabolites. BUTLER (1952) found that the renal 
clearance of MB in dogs was 0.2 ml/min following a single dose of MB, while the 
renal clearance of the PhB metabolite was 0.9 ml/min. Similarly, in man, SVEND
SON and BROCHMANN-HANNSEN (1962) demonstrated that following a single 150-
mg dose of MB, 1.2 mg (0.8% of the dose) was excreted in urine during the first 
9 h after the dose, with negligible amounts excreted subsequently. In contrast, un
metabolized phenobarbital amounted to 19.5 mg during 32 h of collection. An
other individual given a single 200-mg dose of phenobarbital excreted 46.8 mg or 
23.4% of the dose during the first 48 h after dosing. 

FREY et al. (1979) measured renal clearance of phenobarbital after intrave
nous administration of a single dose of PhB in beagle and mongrel dogs. Beagles 
had a clearance rate of 13 ± 1.7 ml/kg per hour, while that for mongrel dogs was 
7.0± 1.3 ml/kg per hour. The differences were statistically significant and related 
to different pharmacokinetic models in these dogs. FREY et al. (1981) have also 
measured some aspects of phenobarbital clearance in gerbils and found a clear
ance half-life of 10.6 h in this species after drug administration. 

An important aspect of phenobarbital renal excretion is the effect of urine pH 
upon clearance rate. WADDELL and BUTLER (1957) found renal clearance ofphe
nobarbital (expressed in terms of unbound drug) to be less than 1 ml/min with 
a urine flow of 0.2 ml/min in the dog. Diuresis of neutral or acidic urine produced 
linear increases in clearance up to at least 5 ml/min with urine flow of about 7 ml/ 
min. Diuresis of alkaline (pH 7.8-8.0) urine produced linear increases in renal 
clearance up to about 45 ml/min with a flow of 7 ml/min. In man, with a urine 
pH of about 6 and a flow of 0.8-1.2 ml/min, clearance of phenobarbital ranged 
from 2.0 to 3.0 ml/min. Following alkalinization of urine, a flow of 2.3 ml/min 
was associated with a clearance of9.8 ml/min, and a flow of8.0 ml/min produced 
a clearance of 29.0 ml/min. These data emphasize the importance of the extent 
of ionization of renal tubular phenobarbital upon its excretion rate. 

The kinetics of the excretion of hydroxylated and conjugated metabolites of 
phenobarbital have been less intensively studied. BUTLER (1956) demonstrated 
that the amount of phenobarbital that is hydroxylated increases with increased 
exposure to the drug. This is clearly demonstrated in the data discussed in the me
tabolism section above. 

H. Drug Interactions 
Phenobarbital is a classical inducing agent for the hepatic mixed function oxidase 
enzymes responsible for many drug oxidations. Inducing barbiturates also affect 
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Table 3. Barbituric acid derivative interactions with drugs: 
drugs which are cleared more rapidly as a result of barbi
turate treatment 

Compound 

Alprenolol 
Antipyrine 
Bishydroxycoumarin 
Clonazepam 
DDT 
Digitoxin 
Dipyrone 
Griseofulvin 
Isoniazid 
Metoprolol 
Phenylbutazone 
Phenytoin 
Propranolol 
Warfarin 

Ref. 

ALVAN et a1. (1977) 
CoNNEY (1967) 
CUCINELL et a1. (1965) 
KHOO et a1. (1980) 
DAVIES et al. (1969) 
CONNEY (1967) 
CONNEY (1967) 
CONNEY (1967) 
LEVI et a1. (1968) 
HAGLAND et a1. (1979) 
LEVI et a1. (1968) 
MORSELLI et a1. (1971) 
ROWLAND (1972) 
CUCINELL (1972) 
O'REILLYet a1. (1980) 
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numerous other hepatic and extrahepatic enzyme systems and consequently affect 
the metabolism of endogenous substances as well as xenobiotics. A number of 
compounds which have been documented as interacting with barbituric acid de
rivatives are listed in Table 3. This is not intended to be an exhaustive list of such 
compounds. Interactions in which barbiturates inhibit the metabolism of other 
drugs are less common as are interactions in which other drugs inhibit the metab
olism of barbiturates. The interaction between valproic acid and phenobarbital 
is an important example of the latter interaction (KAPETANOVIC et a1. 1981). 

J. Toxicology 

In the mouse, orally administered phenobarbital has a median neurotoxic dose 
(TDso) of 51 mg/kg (44-60 mg/kg) (GOODMAN et a1. 1953 b). Subcutaneous ad
ministration increases the TDso to about 100 mg/kg (SWINYARD et a1. 1952). In 
the rat comparable TD so values are 35 mg/kg (30-41 mg/kg) p.o. and 90 mg/kg s.c. 
(GOODMAN et al. 1953 b; SWINYARD et al. 1952). The TDso for rabbit is identical 
to that for rat, while the cat is much more sensitive to phenobarbital, with a TD so 
of 5 mg/kg (TOMAN et a1. 1946). The oral TD so for mephobarbital is 60 mg/kg for 
mouse (SWINYARD et al. 1952). The same authors report a TDso of 80 mg/kg for 
the rat with subcutaneous administration of mephobarbital. 

VIDA et a1. (1973 a) did not find an HDso in mice for EtB. In rats (FREER 1978) 
an oral HDso of 102 mg/kg (90-116 mg/kg) was found for PhB and that for EtB 
was 700 mg/kg (569-861 mg/kg) when the HDso was defined as 50% of the ani
mals losing the righting reflex. The LD so in mice with oral dosing is 270 mg/kg 
for PhB, 300 mg/kg for MB, and 470 mg/kg for EtB (VIDA and GERRY 1977). 
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The principal undesired side effect of the anticonvulsant barbiturates in man 
is sedation. This has been discussed extensively in this chapter and will not be fur
ther elaborated. Barbiturates do affect other organs directly and/or indirectly. 
Bone is affected by chronic barbiturate exposure. Vitamin D is metabolized by 
two hydroxylations which activate the vitamin. The first oxidation occurs in the 
liver, forming 25-hydroxyvitamin D, and the second in the kidney, forming 1,25-
dihydroxyvitamin D (DELUCA 1979). Barbiturates induce the hepatic mixed func
tion oxidase system that oxidizes vitamin D. In addition, anticonvulsant drugs 
have direct inhibitory effects on intestinal calcium transport as well as on para
thyroid hormone or 1,25-dihydroxyvitamin-D-induced bone resorption (HAHN 
1980). 

Anticonvulsant treatment is also associated with decreased serum calcitonin 
concentration (KURSE et al. 1980). Because of the alterations and serum calcium 
in parathyroid hormone, secondary hyperparathyroidism can develop and 
further complicate bone pathology. It also seems likely that there are direct 
effects of anticonsulvant drugs upon calcium ion movement in bone. The net 
result of all of this is an incidence of severe osteopenia of at least 20% of 
epileptic patients (DYMLING et al. 1979; CHRISTIANSEN et al. 1973; HAHN et al. 
1975; ZANZI et al. 1981). 

Vitamin K deficiency has been noted in neonates born to mothers receiving 
phenobarbital treatment (VAN CREVELD 1958; DOUGLAS 1966). This may result 
in a potentially fatal bleeding disorder if it is not corrected with prophylactic vi
tamin K therapy. Serum folic acid concentration is also lowered during barbitu
rate treatment and, in some instances, this may produce a megaloblastic anemia 
(HAWKINS and MEYNELL 1956, 1958). The anemia is corrected with folic acid 
treatment (DRUSKIN et al. 1962); however, there is not benefit associated with 
treatment of the folate deficiency in the absence of anemia (MATTSON et al. 1973). 
Another effect of barbiturate treatment, again related to induction of hepatic en
zymes, is the increased rate of metabolism of prophyrin precursors (GRANICK 
1965). As a result, barbiturate treatment may precipitate attacks of acute por
phyria in susceptible individuals. Anticonvulsant drug treatment, including bar
biturates, has been associated with hypercortisolemia (GALLAGHER 1976) and an 
altered pattern of cortisol metabolism. The former effect may be a consequence 
of the epileptic process as well as anticonvulsant treatment (Gallagher, unpub
lished data) while the latter is a result of he pta tic induction. 

The teratogenicity of barbiturates has been suggested by some studies. 
NAKANE et al. (1980) found a correlation between PhB treatment and teratogenic
ity in humans. The association of teratogenicity with MB was less significant. 
However, the patients treated with either barbiturate may have been receiving 
other drugs and when the teratogenic influence of trimethadione was removed 
from the statistics the overall rate of congenital anomalies approximated that 
found in the nonepileptic population. Some of the complications in determining 
teratogenicity of anticonvulsant drugs in epileptic patients have been illustrated 
by FRIIS (1979). 

All ofthe typical allergic reactions occur with barbiturates and these have fre
quently been discussed (BROWNING and MAYNERT 1972; MEINARDI and STOEL 
1974) and thus will not be reenumerated here. 
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The last toxic effect to be considered is the effects of barbiturates upon higher 
mental functioning. When the appropriate psychological tests are employed, a 
positive correlation between impaired performance and rising phenobarbital con
centration has been noted in normal subjects (HuTT et al. 1968). The susceptible 
tests required sustained attention, memory, and speed of thought. Similar results 
were obtained by HARTLAGE (to be published), again using a battery of tests 
selected for sensitivity to sedation. Interestingly, the only report in the literature 
comparing psychological performance of normal volunteers treated with pheno
barbital with those treated with eterobarb found significantly less clinical 
toxicity in the eterobarb-treated group when blood concentrations of pheno
barbital were comparable between groups (SMITH et al. 1975; SMITH, personal 
communication). This observation is consistent with the animal studies of FREER 

(1978) and suggests that further evaluation of eterobarb, as an alternative 
anticonvulsant to phenobarbital, may be warranted. 
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CHAPTER 15 

Primidone 
H.-H. FREY 

A. Chemistry and Physicochemical Properties 
I. Physicochemical Properties 

Primidone - 5-ethyldihydro-5-phenyl-4,6(1H,5H)-pyrimidinedione - is the 2-
deoxy analogue of phenobarbital. It can be synthesized by electrolytic reduction 
of phenobarbital or by catalytic desulfuration ofthiophenobarbital. The synthe
sis of 14C_ and 2D-Iabeled primidone and its metabolite phenylethylmalondia
mide has been described (ALVIN and BUSH 1975). Primidone has a molecular 
weight of218.25 and a melting point of281 0-282 DC. It is a white, crystalline pow
der, is odorless, and has a slightly bitter taste. Primidone has no characteristic UV 
spectrum and no acidic properties. It is poorly soluble in water (0.6 g/liter at 
37 DC), slightly more soluble in ethanol (5.88 g/liter), but nearly insoluble in most 
organic solvents. Low particle size is important for the rate of absorption of 
primidone formulations. A series of primidone analogues, substituted in the l
and 3-positions, has been synthesized, but these compounds lacked the anti
convulsant activity of the parent drug (BUCHI et al. 1966). 

II. Analytical Methods for Determination 
from Biological Material 
On account of its poor solubility in most solvents and its lack of characteristic 
UV spectrum, the determination of primidone proved difficult until the develop
ment of methods for thin-layer chromatography and more recently, highly sensitive 
methods for gas-liquid chromatography of the drug and its main metabolites. The 
simultaneous determination of the metabolite phenobarbital is indispensable 
since this metabolite is responsible for most of the antiepileptic activity of long
term primidone medication. Phenylethylmalondiamide (PEMA) is much less ac
tive as an anticonvulsant and its determination is thus ofless importance for drug 
monitoring. 

1. Thin-Layer Chromatography 

Primidone and its metabolites can be extracted from serum or urine using chloro
form/methylacetate (60: 40), chloroform, or toluene (HUISMAN 1968; GARCEAU et 
al. 1973; WAD et al. 1977). HUISMAN (1968) nitrated the phenyl group of the drugs 
after extraction, separated the nitrated compounds by thin-layer chromatography 
(TLC), identified the spots under UV light, scratched them off the plate, and sub-
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sequently used a Bratton-Marshal reaction for quantitative photometric determi
nation at 550 nm. Other authors made quantitative determinations by scanning 
the TLC plates at 215 or 220 nm with a spectrodensitometer (GARCEAU et al. 
1973; WAD et al. 1977). The recovery was reported as 90%-100% for primidone, 
phenobarbital, and PEMA; the limit of detection was 1-2 ~g. WIEGREBE and 
WEHRHAHN (1975) determined primidone, phenobarbital, and other antiepileptic 
drugs polarographically after separation by TLC, but this method was less sen
sitive (3.5-5.5 Ilg). 

2. Gas-Liquid Chromatography 

Numerous methods for gas-liquid chromatography (GLC) determination of 
primidone and its metabolites have been developed during the past 10 years. 
Most of these methods are equally reliable, differences being due to variations in 
equipment and the special requirements of the authors. The following citations 
are not intended to be a complete survey. 

Most authors use flame ionization detectors, but the use of N-sensitive detec
tors (GOUDIE and BURNETT 1973; VANDEMARK and ADAMS 1976; SCHWEIZER et al. 
1978) or electron-capture detectors (WALLACE et al. 1977) provides high sensitiv
ity even when volumes of only 50-1 00 ~l serum are extracted. Derivatization -
mostly on-column methylation - is used in many methods (ABRAHAM 1976; AB
RAHAM and JOSLIN 1976; BAUMEL et al. 1972; DAVIset al. 1975; DORRITY and LIN
NOILA 1976; HILL and LATHAM 1877; KUPFERBERG 1970; LOSCHER and GOBEL 
1978; NISHINA et al. 1976; PERCHALSKI et al. 1973; SCHWEIZER et al. 1978; VAN
DEMARK and ADAMS 1976; WALLACE et al. 1977), but also the determination of 
underivatized drug is recommended (COUCH ET AL. 1973; GUPTA et al. 1977; HEI
PERTZ et al. 1977; SCHAFER 1975; TOSELAND et al. 1972), though the latter methods 
are less sensitive on average. Most methods aim at the simultaneous determina
tion of primidone and phenobarbital, and sometimes also PEMA and other 
antiepileptic drugs; but GUPTA et al. (1977) and LOSCHER and GOBEL (1978) sep
arate the neutral drugs primidone and PEMA from two acidic phenobarbital by 
differential extraction, and determine both fractions in the subsequent runs. 

NAU et al. (1980b) have combined mass spectrometry with GLC in the deter
mination of primidone and its metabolites and reached limits of detection as low 
as 1.4-3.4 ng/ml from 100-~1 serum samples. 

3. High-Pressure Liquid Chromatography 

High-pressure, liquid chromatography (HPLC) has been used for the simulta
neous determination of primidone, phenobarbital, and other antiepileptic drugs, 
and is characterized by high sensitivity (100 ng/ml from 0.5-ml samples, or even 
the use of 25-1l1 samples). Quantification is by UV absorption and measuring of 
peak areas. Correlation with GLC is reported to be excellent (ADAMS and VAN
DEMARK 1976; KABRA et al. 1976; SOLDIN and HILL 1976). 

4. Enzyme Immunoassay 

Enzyme multiplied immunoassay technique (EMIT) assays for primidone and 
phenobarbital have been compared with GLC methods repeatedly, and high de-
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grees of correlation between both methods have been reported (SUN and W AL
WICK 1976; BARTELS et al. 1977; DIETZLER et al. 1980). Kits for PEMA are not 
available. The method has the adventage of being simple and rapid, but it is rather 
expensive. Interference with other drugs seems to be minimal. 

B. Anticonvulsant Activity 

The anticonvulsant activity of primidone was described for the first time by 
BOGUE and CARRINGTON (1953) in rats. Since then its anticonvulsant activity has 
been studied in many experimental models and species. 

Since primidone is metabolized to two metabolites with anticonvulsant activ
ity, the question of whether the observed effect is dependent on primidone itself 
or partly, or even mostly, on its metabolite phenobarbital remains open in most 
studies. The time between drug administration and testing for anticonvulsant ac
tivity is crucial in this respect: the longer the interval the greater the share of the 
metabolites in the anticonvulsant effect observed. 

I. Anticonvulsant Efficacy in Laboratory Animals 

1. Standard Models in Mice and Rats 

Primidone has been studied in the two standard tests for anticonvulsant activity, 
the maximal electroshock seizure (MES) test and the pentylenetetrazol seizure 
threshold (PTZ) test (SWINYARD et al. 1952), both in mice and rats. The drug was 
mostly administered orally, 3-8 h before testing. The results of these studies are 
summarized in Table 1. The data show that primidone is much more active 
against maximal electroconvulsions than against pentylenetetrazol-induced sei
zures. In the MES test, primidone was more potent than phenobarbital in most 
studies (BOGUE and CARRINGTON 1953; GOODMAN et al. 1953; SWINYARD et al. 
1954; BOGUE et al. 1956), but some authors found both drugs equipotent 
(LOSCHER 1975; BOURGEOIS et al. 1983a) or even phenobarbital considerably 
more potent than primidone (LEAL et al. 1979a). Against pentylenetetrazol-in
duced seizures, primidone was found to be two to ten times less potent than phe
nobarbital (BoGUE and CARRINGTON 1953; GOODMAN et al. 1953; BOGUE et al. 
1956; FREY and HAHN 1960) or even ineffective, when the metabolism of the drug 
was inhibited by SKF 525-A (BOURGEOIS et al. 1983a). GOODMAN et al. (1953) 
compared primidone and phenobarbital 3 h after oral administration in the fol
lowing models in rats and mice: minimal electroshock seizure threshold, hypona
tremic electroshock seizure threshold, maximal pentylenetetrazol seizure pattern, 
and "psychomotor" seizures [for details of these methods see SWINYARD et al. 
(1952)]. The EDso values in Table 2 show that primidone was the less potent drug 
in all procedures. 

When the doses of primidone, phenobarbital, and PEMA elevating the elec
troconvulsive threshold in mice by 40 V were determined after oral administra
tion, doses of 0.01 mmol/kg (2.4 mg/kg) phenobarbital, 0.017 mmol/kg (3.6 mg/ 



452 H.-H. FREY 

Table 1. Anticonvulsant effect of primidone and phenobarbital in standard models for 
antiepileptic activity in mice and rats 

Maximal electroshock Pentylenetetrazol seizure Refs. 
seizure test threshold test 

Primidone Pheno- Primidone Pheno-
EDso barbital EDso barbital 
(mg/kg) EDso (mg/kg) EDso 

(mg/kg) (mg/kg) 

Rat 5 (6) '" 10 (3) '" 20 (4-6) < 10 (3) BOGUE and 
CARRINGTON (1953) 

4.9 (6) 8.5 (3) 690 (6) 67 (3) GOODMAN et at. (1953) 
2 (3--6) 7 20 (3--6) 10 BOGUE et at. (1956) 
4.0 (2) } 7.1 (2--6) SWINYARD et at. (1954) 4.9 (6) 

Mouse 13 (3) 28 (3) 74 (3) 15.5 (3) GOODMAN et at. (1953) 
79 (4-8) 17 (2) FREY and HAHN (1960) 

18 (4) 15 (2) LOSCHER (1975) 
75 (7) 27 (3) LEAL et at. (1979a) 

3.6 (3)a 2.4 (2) a FREY et at. (1979) 

Figures in parentheses are times of testing in hours after oral administration 
a EDso for elevation of the electroconvulsive threshold by 40 V 

Table 2. Anticonvulsant effect of primidone and phenobarbital in different experimental 
models in mice and rats. The drugs were administered orally at the times indicated. 
(GOODMAN et at. 1953) 

Test Mouse Rat 

Primidone Phenobarbital Primidone Phenobarbital 
EDso (mg/kg) sodium EDso (mg/kg) sodium 

EDso (mg/kg) EDso (mg/kg) 

Time of testing 3h 3h 6h 3h 

Minimal electroshock 86 25 560 62.5 
seizure test 

Hyponatremic electro- 81 20 403 80 
shock seizure 

"Psychomotor" 1000 66 
seizure test 

Maximal pentylene- 16.5 9.5 
tetrazol seizure 
pattern 

kg) primidone, and 0.37 mmol/kg (75 mg/kg) PEMA were found equipotent 
(FREY et al. 1979). 

In mice sensitive to audiogenic seizures, COLLINS and HORLINGTON (1969) de
termined the following EDso values 45 min after i.p. administration: primidone 
1.3 mg/kg and phenobarbital 2.3 mg/kg. Since primidone has an LDso three 
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times higher than that of phenobarbital, a more favorable ratio, LDso/EDlOO' 
could be calculated for primidone. 

In nephrectomized rats, the EDso for primidone in the MES test was reduced 
from 4.9 mg/kg in the controls to 2.4 mg/kg, while that for phenobarbital was 
hardly changed (SWINYARD et al. 1954; GOODMAN et al. 1953). When the liver of 
rats was damaged by carbon tetrachloride, the EDso of both drugs was reduced 
to about the same level (SWINY ARD et al. 1954). 

2. Special Experimental Models in Small Rodents 
In mice isolated for long periods, a head twitch or even a convulsive movement 
can be elicited by touching the occiput. During a 7-h observation period, an oral 
dose of 200 mg/kg primidone inhibited the head twitch only slightly but reduced 
the incidence of convulsive movements by 30%. Fifty-six percent of the mice were 
considered sedated by this dose (BARNES 1960). MATIN et al. (1981) found primi
done, 50 mg/kg i.p., without effect against convulsions elicited in mice by oral ad
ministration of 600 mg/kg chlorophenothane. Phenobarbital, with the same dose, 
suppressed the convulsions, but the time of only 1 h during which the animals 
were observed may have been too short to detect an effect of primidone. 

In rats, GALLAGHER et al. (1970) determined the threshold of hexafluoro
diethyl ether both for the first myoclonic jerk and for tonic-clonic convulsions. 
The elevation of the threshold for the first myoclonic jerk was clearly correlated 
with the phenobarbital plasma concentration, irrespective of whether the animals 
had been treated with phenobarbital or primidone. For tonic-clonic convulsions, 
the increase in the threshold at a given concentration of phenobarbital was more 
pronounced in animals treated with primidone. When rats were tested 4 h after 
administration of 32.5 mg/kg phenobarbital or 250 mg/kg primidone, the thresh
olds for tonic-clonic convulsions were identical in both groups, although the plas
ma concentration was 17.3 ~g/ml phenobarbital or 11 ~g/ml phenobarbital + 52 
~g/ml primidone, respectively. In the same model, PEMA doses from 62.5 to 750 
mg/kg raised both thresholds, with a maximal effect 1 h after oral administration. 
Given together with phenobarbital, doses from 31.25 mg/kg (tonic-clonic convul
sion) or 62.5 mg/kg (myoclonic jerk) ofPEMA clearly augmented the anticonvul
sant effect of the barbiturate (BAUMEL et al. 1972). 

In barbital-dependent rats, 50 mg/kg primidone suppressed audiogenically in
duced barbiturate withdrawal seizures. When primidone was withdrawn 6 days 
later, the animals became susceptible to audiogenic seizure~ (NORTON 1970). 

Allylglycine-induced tonic convulsions of the limbs in rats could be 
antagonized by primidone given 2 h before allylglycine with an EDso of 
about 15 mg/kg, but even the highest dose of 80 mg/kg only delayed the 
time to death (ASHTON and WAUQUIER 1979b). 

In amygdaloid-kindled rats, doses of 400 and 800 mg/kg primidone were 
without effect on duration of afterdischarge and convulsion score after 30 min, 
had some positive effect at 2 h after administration, and showed the most pro
nounced reduction in seizure rank score and duration of afterdischarge at 48 h, 
when plasma concentrations of 5.9 ~g/ml primidone together with 14 ~g/ml phe
nobarbital and 7.7 ~g/ml PEMA were determined at the highest dose level (AL
BERTSON et al. 1980). In the same model, ASHTON and WAUQUIER (1979 a) deter
mined an EDso for protection against the forepaw clonus of 82 mg/kg primidone 
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30 min after i.p. injection, but only 12 mg/kg 24 h after administration. Other 
components of the kindled seizure were less sensitive. 

In gerbils, in which convulsions were elicited by a blast of compressed 
air, the maximal anticonvulsant effect was observed 6 h after oral administration 
(EDso 9.5 mg/kg) (FREY et al. 1984). 

3. Anticonvulsant Effect in Other Animal Species 

In cats and rabbits, primidone provided long-lasting protection against minimal 
and maximal electroshock seizures and against convulsant doses of pentylene
trazol (15 mg/kg i.v.). In cats doses of 25-100 mg/kg protected for 3 days, and 
rabbits were protected for 24 h by 50 mg/kg and for 72 h by 100 mg/kg. However, 
all doses used in these species induced considerable side effects (GOODMAN et al. 
1953). Treatment with 25 mg/kg primidone twice daily protected 70% of dogs 
against convulsions elicited by dl-methionine sulfoximine (BOGUE et al. 1956). 
Dogs could be protected against the convulsant effect of threshold doses ofpenty
lenetetrazol (15-25 mg/kg i.v.) by daily oral doses of between 29 and 36 mg/kg 
primidone (FREY and HAHN 1960). Protection was complete in two out of three 
dogs on the 2nd day, when only traces of phenobarbital could be detected in the 
plasma of the one dog, and 8 Ilg/ml in that ofthe other. In the third dog full pro
tection was only achieved after 11 days of treatment at a plasma concentration 
of 11 Ilg/ml phenobarbital. In parallel experiments with phenobarbital, protec
tion was complete at plasma phenobarbital concentrations of 20-25 Ilg/ml (FREY 
and HAHN 1960). The authors concluded that at least 50% of the anticonvulsant 
effect of primidone must have been due to the metabolite phenobarbital. Later 
experiments (FREY et al. 1979) showed that the proportion of the effect due to 
phenobarbital is considerably higher when steady state has been achieved. In a 
clinical study in epileptic dogs, SCHWARTZ-PORSCHE et al. (1982) reported that 10 
out of 30 dogs became free of fits at daily doses of 13-39 mg/kg primidone and 
at average phenobarbital plasma concentrations of 6--27 Ilg/ml. In a further ten 
dogs, the clinical condition was considerably improved by the administration of 
daily doses of 30-77 mg/kg. 

Rhesus monkeys, in which focal seizures had been elicited by application of 
aluminum hydroxide gel beneath the pia of the left pre- and postcentral gyrus, 
seemd to fare better on a daily regimen of 15-60 mg/kg primidone than on 3-12 
mg/kg phenobarbital. However, withdrawal reactions were more pronounced af
ter primidone (LoCKARD et al. 1975). 

Fits can be elicited by intermittent photic stimulation in seizure-susceptible 
chickens (CRAWFORD 1970). In the experiments by JOHNSON et al. (1978) 50% of 
these chickens were protected 1 h after i. p. injection of 69 mg/kg primidone. Plas
ma concentrations were 20-25 Ilg/ml primidone and 3.5 Ilg/ml phenobarbital at 
that time. Twelve hours after administration, primidone could no longer be de
tected in plasma, and phenobarbital concentrations averaged 10.7 Ilg/ml, but at 
that time 90% of the chickens were protected. A dose of 60 mg/kg PEMA had 
no anticonvulsant effect at plasma concentrations of 55 Ilg/ml. 

ll. Anticonvulsant Potency in Man 

By treatment with daily oral doses of 0.75-3 g primidone, only three out of nine 
psychiatric patients were protected against the tonic phase of therapeutic elec-
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troshock, but side effects occurred in seven of the nine patients (GOODMAN et al. 
1953). The period of treatment varied from 2.5 to 10 days so that steady-state 
conditions for phenobarbital had not been obtained. In patients with focal sei
zures, several groups have determined the doses of primidone and phenobarbital 
approximately equipotent in controlling the seizures. GRUBER et al. (1957) and 
WHITE et al. (1966) found primidone to have about one-fifth of the antiepileptic 
potency of phenobarbital, but in a later study GRUBER et al. (1962) found 30 mg 
phenobarbital equipotent with 200 mg primidone in focal epilepsies, and in a 
more recent review KUTT and LOUIS (1972) give average maintenance doses of90 
mg phenobarbital and 750 mg primidone for patients with grand mal or focal sei
zures. SCHMIDT (1981) even gives a dose ratio of 1: 10. 

III. Mechanism of Anticonvulsant Action 
The exact mechanism of the anticonvulsant action of primidone is still unkown 
and few attempts have been made to elucidate it. One of the reasons is the still 
unsettled question of the importance of the active metabolites of primidone, espe
cially phenobarbital, in the anticonvulsant effect of the parent drug. Therefore, 
attempts to elucidate the role of unmetabolized primidone, on the one hand, and 
of its metabolites phenobarbital and PEMA, on the other, for the total anticon
vulsant effect of primidone will be reviewed before studies on the biochemical 
mechanism of action of the drug. 

1. Importance of the Metabolites Phenobarbital and PEMA 
in the Anticonvulsant Effect ofPrimidone 

The acute anticonvulsant activity ofprimidone and its metabolites has been com
pared by several authors. In rats, an EDso ofless than 4 mg/kg primidone, about 
5 mg/kg phenobarbital, and about 62.5 mg/kg PEMA gave protection against 
maximal electroconvulsions, whereas the ratio of phenobarbital to PEMA with 
regard to protection against pentylenetetrazol-induced convulsions was about 
1: 10 in the study by BAUMEL et al. (1973). LEAL et al. (1979 a) determined EDso 
values of75 mg/kg primidone at 7 h after administration, 27 mg/kg phenobarbi
tal at 3 h, and 840 mg/kg PEMA at 3 h in mice; and FREY et al. (1979) determined, 
also in mice, the doses of the three drugs which increased the electroconvulsive 
threshold by 40 V: 0.017 mmol/kg primidone at 3 h, 0.01 mmol/kg phenobarbital 
at 2 h, an 0.37 mmol/kg PEMA at 1 h after oral administration. At 3 h after 
primidone administration only negligible plasma concentrations of phenobarbi
tal and PEMA could be detected. According to these studies, primidone has an 
activity in the same order of magnitude as phenobarbital, whereas PEMA only 
has about 1/20-1/40 of the anticonvulsant potency ofprimidone or phenobarbi
tal. This metabolite must therefore be supposed to playa minor role in the total 
anticonvulsant effect of primidone, though BAUMEL et al. (1972) demonstrated 
that relatively small doses may potentiate the anticonvulsant effect ofphenobar
bital. 

A true antiepileptic effect of primidone is beyond any doubt. Dogs treated 
with primidone were protected against pentylenetetrazol-induced convulsions at 
lower phenobarbital plasma concentrations than animals treated with phenobar-
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bital (FREY and HAHN 1960). A similar observation has been reported in rats by 
GALLAGHER et al. (1970), and BAUMEL et al. (1973) found that their rats were pro
tected against maximal electroconvulsions before the metabolites phenobarbital 
and PEMA could be detected in plasma and brain. On the other hand, the ED 50 

of primidone had to be raised from 75 to 110 mg/kg in order to protect mice 
against electroconvulsions when the metabolism ofprimidone had been inhibited 
by pretreatment with SKF 525-A (LEAL et al. 1979 a). However, the effect of the 
drug against photically induced seizures in epileptic fowl seemed somewhat 
stronger after pretreatment with SKF 525-A (JOHNSON et al. 1978). 

The study by BAUMEL et al. (1973) in rats is of special interest since the an
ticonvulsant effect against maximal electroconvulsions as well as against seizures 
induced by pentylenetetrazol or hexafluorodiethyl ether and the concentrations 
of primidone and its metabolites were followed for 24 h after administration. 
Primidone protected against electroconvulsions at a time when no metabolites 
could be detected, but protection against chemically induced convulsions 
required higher doses and occurred at a later point of time when considerable con
centrations of the metabolites were detectable, and is thus dependent on transfor
mation to phenobarbital. Similarly, epileptic fowl proved to be best protected at 
a time when phenobarbital plasma concentrations exceeded those of primidone 
(JOHNSON et al. 1978). 

The main question is, of course, the role primidone and its metabolites play 
in the anticonvulsant effect during chronic treatment, i.e. under steady-state con
ditions. This has been studied by FREY et al. (1979) in dogs that were treated for 
18 days with daily doses of 30-40 mg/kg primidone. When a steady state had been 
reached after about 1 week of treatment, phenobarbital had accumulated to an 
average plasma concentration of 65 nmol/ml, PEMA had accumulated to be
tween 30 and 50 nmol/ml, and primidone levels fluctuated between 7 and 25 
nmol/ml within one dosage interval (8 h) on account of its relatively short half
life. Transforming the steady-state concentrations of primidone and PEMA into 
phenobarbital equivalents on the basis of their anticonvulsant potencies in mice, 
the authors arrived at the conclusion that, during steady state, primidone ac
counts for only 11 % and PEMA for 2% of the total anticonvulsant effect, thus 
leaving a share of more than 85% to phenobarbital. Since the pharmacokinetics 
of primidone are fairly similar in man and dog, comparable conditions can be 
taken to be valid during primidone treatment of human epilepsy. BOGAN and 
SMITH (1968) arrive at a similar conclusion by comparison of phenobarbital plas
ma levels during treatment with primidone or phenobarbital in man, and OLESEN 
and DAM (1967) even doubt a true antiepileptic effect of unmetabolized primi
done in human epilepsy. OXLEY et al. (1980) see an advantage ofprimidone treat
ment over phenobarbital in a clinical study with control of phenobarbital plasma 
concentrations, but the statistical evaluation of their results is not very convinc
ing. 

FINCHAM and SCHOTTELIUS (1982) found primidone plasma concentrations in 
the same range as those for phenobarbital under steady-state conditions, and sup
pose that primidone plays a major role in the antiepileptic effect. The determi
nations were made 2-4 h after drug administration, i.e., when primidone values 
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should be maximal. Determinations before drug administration might give a 
quite different concentration ratio. 

In conclusion, phenobarbital must be considered to be responsible for the ma
jor part of the antiepileptic effect of treatment with primidone, although the par
ent drug has, in animal experiments, some properties clearly different from those 
of phenobarbital. These should, however, be more important for the acute effect 
of a single dose and less so under steady-state conditions, during which the con
centrations of primidone show pronounced fluctuations (FREY and LOSCHER 
1980). The clinical consequence of only monitoring phenobarbital concentrations 
during treatment with primidone (EADIE 1974, 1979; RICHENS and WARRINGTON 
1979) seems thus justified. However, BOURGEOIS et al. (1983 b) have shown that 
primidone is able to potentiate the effect of phenobarbital in the MES test, and 
at the same time, to increase the therapeutic index. 

2. Biochemical Mechanism of Action 
With regard to the part of the drug transformed to phenobarbital, its mechanism 
of action must be assumed to be identical to that known for barbituric acid de
rivatives. Studies into unique mechanisms by which unchanged primidone dis
plays its anticonvulsant action are in fact lacking. 

The well-known reduction of folic acid levels in serum, erythrocytes, cerebro
spinal fluid, and brain during treatment with primidone (WOODBURY and KEMP 
1970; REYNOLDS 1973) is a property the drug shares with phenobarbital and 
phenytoin. Since phenobarbital accumulates to therapeutically active concen
trations during primidone treatment, this effect cannot be considered a unique 
property of primidone. The lowered concentrations of folate seem to be conse
quence of inhibition of intestinal absorption and interference with transport 
across the blood-brain barrier, and it has been suggested that they playa role in 
the anticonvulsant effect, but this opinion cannot be regarded as generally ac
cepted (SINGH and HUOT 1973). 

Interference of primidone with the cerebral gamma-amino butyric acid 
(GABA) metabolism has been studied repeatedly. GABA concentrations in the 
hemispheres or the total brain were not influenced by i.p. or oral doses of up to 
50 mgjkg primidone, both at 1 h and at 4 h after administration (SAAD et al. 1972; 
LOSCHER 1975). The activity of glutamic acid decarboxylase (GAD) was not al
tered 4 h after oral administration of 44 mgjkg primidone in mice, but the activity 
of the degrading enzyme GABA-tX-ketoglutarate transaminase (GABA-T) was 
slightly but significantly inhibited (LOSCHER 1975). Doses of 25 or 50 mgjkg 
primidone given to mice 1 h before they were killed provided protection against 
the decline in cerebral GABA concentrations induced by insulin (SAAD 1970) or 
isoniazid (SAAD et al. 1972), and gave protection against the convulsions elicited 
by both drugs. Though primidone should not have been metabolized to a greater 
extent 1 h after administration, it shares this property with barbiturates and hy
dantoins, so that the effect on the metabolism of GABA cannot be regarded as 
a unique property of the drug. TICKU and OLSEN (1978) reported inhibition of the 
specific binding of [3H]dihydropicrotoxinin to brain membranes by primidone. 
The drug had a median inhibitory concentration (IC5o) of 170 IlM, and was thus 
more active than phenobarbital (400 1lM), but less active than mephobarbital 
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(5 11M), metharbital (10 11M), and barbital (50 11M), so that a correlation with its 
anticonvulsant effect seems hardly probable. 

Both primidone and phenobarbital stimulated Na + -independent GABA 
binding to bovine cortex membranes, but both drugs belonged to the less active 
among the barbiturates studied in this respect. For the whole group of barbitu
rates, the stimulation of GABA binding paralleled anesthetic activity better than 
anticonvulsant potency (ASANO and GASAW ARA 1982). 

C. Other Central Nervous System Effects 

1. Sedative Effect 

BARNES (1960) reported a sedative effect in 56% of mice given an oral dose of200 
mg/kg primidone. In the experiments of RiiMKE and BOUT (1960), the hexobarbi
tal sleeping time was significantly prolonged 1 h after oral pretreatment with 100 
mg/kg primidone. Also the metabolite PEMA prolonged the hexobarbital sleep
ing time in mice when injected i.p. 1 h before the anesthetic; the lowest dose with 
a significant effect was 62.5 mg/kg (BAUMEL et al. 1972). 

2. Physical Dependence 

Whereas pretreatment with primidone 1 h before hexobarbital prolonged the 
sleeping time, this was significantly shortened when primidone had been admin
istered 24 or 48 h before hexobarbital (ROMKE and BOUT 1960). At 72 h after pre
treatment, no influence on sleeping time could be detected. In later experiments, 
RiiMKE (1967) reported a similar effect regarding the anticonvulsant action of the 
drug. The convulsive EDso of bemegride was significantly increased 1 h after oral 
administration of 100 mg/kg primidone to mice, but was slightly but significantly 
depressed 48 h after administration. Similar results were obtained when penty
lenetetrazol or dioxone was used as a convulsant, but not in the MES test. Primi
done, at a daily dose of 50 mg/kg, suppressed audiogenically induced barbital 
withdrawal seizures in rats, but the incidence of convulsions was increased when 
primidone was withdrawn after 6 days of treatment (NORTON 1970). Also LoCK

ARD et al. (1975) saw an increased incidence of withdrawal seizures on termination 
of primidone treatment in monkeys made epileptic by cerebral implantation of 
aluminum hydroxide gel. This increase was more pronounced than after treat
ment with phenobarbital or phenytoin, and the authQrs speculate that the rapid 
elimination of unchanged primidone might be responsible for the phenomenon. 

3. Brain Enzymes 

A dose of 25 mg/kg primidone orally, which protected mice completely against 
audiogenic seizures 2 h after administration, was without effect on the activity of 
the following enzymes: cytochrome oxidase (E.C.1.9.3.l), alanine aminotrans
ferase (E.C.2.6.1.2), aspartate aminotransferase (E.C.2.6.1.1), and monoamine 
oxidase (E.C.1.4.3.4) (CONSTANTINESCU et al. 1976). 
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There have been very few studies on the pharmacodynamic actions of primidone 
not related to its anticonvulsant effect. 

1. Neuromuscular Junction 

At the neuromuscular junction of the frog, primidone (0.2-1 mM)increased 
transmitter release presynaptically, but slightly decreased miniature end-plate po
tentials, whereas PEMA had no comparable effect (TALBOT and ALDERDICE 
1982). Phenobarbital had a similar presynaptic effect, but a much stronger inhibi
tory postsynaptic effect (PROCTOR and WEAKLY 1976). 

2. Antiarrhythmic Effect 

In dogs in which ventricular tachycardia had been elicited by the two-stage cor
onary ligation technique, an i.v. dose of 15 mg/kg primidone reduced the ectopic 
activity by 75%-100% and was thus more potent than quinidine. The effect was 
maximal from 10 to 40 min after administration and disappeared after 2 h 
(ARORA and SHARMA 1958). BOSE et al. (1963) elicited atrial fibrillation in dogs 
by infusion of acetylcholine or by electrical stimulation. Primidone provided par
tial protection at a dose of 10 mg/kg and complete protection at 25 mg/kg. Since 
the acetylcholine content of the heart was reduced by 16% or 24% after doses of 
4 or 8 mg/kg, the authors considered inhibition of acetylcholine uptake as the 
possible mechanism of action. 

3. Thyroid Function 

In children and adolescents treated with primidone for their epilepsy, protein
bound iodine, total and free thyroxine, thyroxine-binding globulin and thyrotro
pin were significantly reduced; however, the situation of the children was not 
clearly hypothyroid (FICHSEL and KNOPFLE 1977). Interference with the hypotha
lamic-hypophyseal regulation of thyroid function was discussed. 

E. Pharmacokinetics 
I. Absorption 
The absorption of primidone after oral administration has been studied in labo
ratory animals and in man. 

In mice, an absorption rate constant, ka, of 3.55 h - 1 has been determined after 
oral administration of a suspension in carboxymethylcellulose; maximal plasma 
concentrations were reached at 36 min (LEAL et al. 1979 a, b). Maximal plasma 
concentrations were determined in rats 1-2 h after oral administration of suspen
sions of the drug (GALLAGHER et al. 1970; BAUMEL et al. 1973). After oral admin
istration of commercial tablets of primidone to dogs, FREY et al. (1979) reported 
an average ka of 0.0243 min -1 with extreme values of 0.011 and 0.046 min -1. 

Maximal plasma concentrations of unchanged primidone were reached at 
2.1 ± 0.63 h (x ± SD), which is in good agreement with the value of 2-4 h that can 
be read from the graphs of YEARY (1980). 
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After oral administration of 250-750 mg primidone to epileptic patients, peak 
plasma concentrations were reached at between 0.5 and 9 h (BAUMEL et al. 1972; 
GALLAGHER et al. 1972; GALLAGHER and BAUMEL 1972). The most concise data 
are given by GALLAGHER et al. (1972), 2.7±0.4 h, and by GALLAGHER and BAU
MEL (1972), 3.2± 1.0 h. MATZKE et al. (1981) have analyzed the pharmacokinetic 
data from an intoxication with phenytoin and primidone and for the latter drug 
found two distinct absorption phases characterized by absorption rate constants 
ofl.08 and 0.096 h- 1. 

In children, KAUFFMAN et al. (1977) found maximal plasma concentrations 4-
6 h after oral administration. These authors were able to recover an average of 
92 % of the total dose from the urine of their 12 patients within 24 h, either in the 
form of unchanged primidone or as one of the metabolites phenobarbital or PE
MA. This high recovery permits the conclusion that the enteral absorption of 
primidone can be regarded as complete. In certain patients concomitant admin
istration of acetazolamide suppressed or delayed the absorption of primidone 
(SYVERSEN et al. 1977). 

After oral administration of 400 mg PEMA to human volunteers, peak plas
ma concentrations were reached within 2-4 h (COTTRELL et al. 1982). 

II. Distribution 
1. Apparent Volume of Distribution 
A reliable determination of the apparent volume of distribution (Vd) for primi
done is difficult on account of the insolubility ofthe drug in water. Whenever the 
drug has been injected i.v., solubilizers have had to be used, and these may have 
influenced the distribution of the drug. Following the i.v. injection of 10 mg/kg 
primidone to rabbits, a Vd" of 0.68 liters/kg and an apparent volume of the cen
tral compartment (Vc) of 0.2 liters/kg was calculated (HUNT and MILLER 1978). 
In the same study, Vc was 0.21 liters/kg and Vd" 0.58 liters/kg after administra
tion of 10 mg/kg phenobarbital, and after administration of 10 mg/kg PEMA Vc 
was 0.3 liters/kg and Vd,. 0.82 liters/kg. YEARY (1980) gives an apparent volume 
of distribution for the three compounds in the dog: primidone (10 mg/kg i.v.), 
0.815 liters/kg; phenobarbital (15 mg/kg i.v.), 0.63 liters/kg; and PEMA (10 mg/ 
kg i.v.), 0.73 liters/kg. In an experiment in a monkey, VAN DER KLEIJN et al. (1975) 
determined a value of 3.65 liters/kg, but only 0.6 liters/kg in a human subject. 
Since the authors calculated the pharmacokinetic data after infusion of the drug, 
it must be supposed that a greater share of it was transformed to phenobarbital 
or PEMA in the monkey, thus giving rise to the extraordinarily large apparent 
volume of distribution for unchanged primidone. During intoxication with primi
done and phenytoin, MATZKE et al. (1981) calculated a Vd of 0.54 liters/kg, as
suming complete absorption of the drug. For PEMA, a Vd of 0.71-0.86 liters/kg 
was calculated assuming complete absorption after oral administration (COT
TRELL et al. 1982). 

2. Binding to Serum Proteins 
In the study by LEAL et al. (1979 b), less than 10% ofprimidone and phenobar
bital in mice were protein bound, while PEMA seemed to be totally in the free 
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form. LOSCHER (1979) found a fraction of a little less than 25% bound to serum 
proteins in the dog up to a concentration of 15 flg/ml; the binding percentage de
clined at higher concentrations. Corresponding values for phenobarbital and PE
MA in the interesting range of concentrations were 40%-45%, and 6%-7%, re
spectively. Values determined in man range from 3%-22% binding for primi
done, 42%-57% for phenobarbital and 7%-9% for PEMA (BAUMEL et al. 
1972; LOSCHER 1979). 

3. Concentrations in Tissues and Body Fluids 

In rats and mice primidone concentrations in brain were considerably lower than 
those in plasma and the peak concentration was delayed in some instances (BAU
MEL et al. 1973; LEAL et al. 1979 a). Also PEMA brain concentrations remained 
lower than the plasma concentration and were reached with delay, whereas phe
nobarbital concentrations in plasma and brain were practically equal (LEAL et al. 
1979a). In samples from temporal lobectomies, HOUGHTON et al. (1975) found 
primidone concentrations only slightly lower than those in plasma. 

FREY et al. (1979) determined an average permeability constant of 0.0 16/min 
for the penetration of primidone from plasma to CSF in dogs. CSF concen
trations corresponded to about 80% of those in plasma, which agrees well with 
the fraction unbound to serum proteins. PEMA penetrated at about the same rate 
and reached 86%-88 % of the plasma concentrations in CSF. In man, the CSF / 
serum ratio was in the range of 0.7-0.9 in most studies (HOUGHTON et al. 1975; 
SCHMIDT and KUPFERBERG 1975; TROUPIN and FRIEL 1975; MONACO et al. 1981), 
though earlier studies give lower or higher values (HUISMAN 1968; GALLAGHER 
and BAUMEL 1972; REYNOLDS et al. 1972). 

The relation between primidone concentrations in plasma and saliva or tears 
has been studied in man. The saliva/plasma ratio ranges from 0.68 to 1.15 in these 
studies (SCHMIDT and KUPFERBERG 1975; TROUPIN and FRIEL 1975; BARTELS et al. 
1979; MONACO et al. 1981). An explanation for the wide variation is given by BAR
TELS et al.: a high ratio of 1.15 was found under conditions of resting flow, but 
it declined to about 0.7 when secretion was stimulated by chewing gum. Drug 
monitoring by analysis of saliva concentrations seems justified when standard 
conditions are applied. The ratio between tears and plasma was 0.54 with wide 
variation (MONACO et al. 1981). 

Transplacental passage ofprimidone has been shown by MARTINEZ and SNY
DER (1973) and by NAU et al. (1980a), who determined the drug in maternal and 
cord serum. Especially the study of NAU et al. demonstrated complete equili
bration: concentrations of primidone, phenobarbital, and PEMA were in fact 
equal in the plasma of the mother and that of the newborn infant. 

In four patients milk/serum ratios of 0.72 for primidone, 0.76 for PEMA, and 
0.41 for phenobarbital were determined (NAU et al. 1980a). In muscle samples 
from human patients, HOUGHTON et al. (1975) found the concentration of prim i
done on average was 57% of that in plasma. High primidone concentrations in 
ligaments have been reported from autoradiographic studies (VAN DER KLEIJN 
et al. 1975). 
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III. Metabolism 

1. Qualitative Aspects (Fig. 1) 

Phenylethylmalondiamide was the first metabolite of primidone to be identified 
(GOODMAN et al. 1953; BOGUE et al. 1956). This metabolite, which has only weak 
anticonvulsant activity (BOGUE et al. 1956; FREY et al. 1979; LEAL et al. 1979 a), 
has now been found in all species in which primidone metabolism has been studied. 

Of greater importance is phenobarbital, the second metabolite to be identified 
in man and dog (BUTLER and WADDELL 1956). It has since been found in all spe
cies studied and is thought to be mainly responsible for the anticonvulsant effect 
of primidone during prolonged treatment (see Sect. B.IIL1). 

Alpha-phenyl-gamma-butyrolactone has been identified in the urine of 
patients with primidone intoxication (ANDRESEN et al. 1976). This metabolite has 
also been found after administration of glutethimide and after intoxication with 
phenobarbital. No quantitative data are given. Further metabolites of minor im
portance are 2-phenyl-butyramide (FOLTZ et al. 1972) and hydroxyprimidone 
(HORNING et al. 1975). 

In experiments with rat liver microsomes, relatively more p-hydroxypheno
barbital was found when primidone was used as the substrate than after pheno
barbital (BOGAN and SMITH 1968). This opens the possibility that primidone is 
metabolized by aromatic hydroxylation before oxidation of the pyrimidine ring 
to a barbituric acid. 

BOGUE et al. (1956) mention some other possible metabolites of primidone and 
give data for their anticonvulsant potency. These have, however, never been iden
tified in animal or human studies. The metabolism of primidone can be inhibited 
by pretreatment with SKF 525-A, a known inhibitor of liver mixed function hy
droxylases (JOHNSON et al. 1978; LEAL et al. 1979a). 

2. Quantitative Aspects 

From a practical point of view, the quantitative aspects of biotransformation of 
primidone, especially with regard to active metabolites, deserve much attention. 

Primidone Phenobarbital 

'" - Phenyl- r- butyrolactone Phenylethytmalondiamide ( PEMA ) 

Fig. I. Metabolic transformation of primidone. cx-Phenyl-y-butyrolactone has only been 
identified in the urine of patients with primidone intoxication (ANDRESEN et al. 1976) 
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In the following, the rates and percentages of biotransformation of phenobarbital 
and PEMA, as well as the steady-state concentrations of the three compounds 
with anticonvulsant activity, will be discussed for the different species that have 
been studied in this respect. 

a) Mouse 
In acute experiments, after oral doses of 50 or 100 mg/kg to normal or pregnant 
mice, peak concentrations of primidone in plasma were reached after 0.6-1 h, of 
PEMA at 4 or 6 h, and of phenobarbital at 4-8 h after administration (McELHAT
TON et al. 1977b), but during chronic administration the plasma concentrations 
of all three compounds peaked at 2 h after administration (LEAL et al. 1979 b). In 
pregnant mice, plasma concentrations of primidone and PEMA, but not of phe
nobarbital, were lower than in nonpregnant mice (McELHATTON et al. 1977 a). 
When a dose of 50 mg/kg primidone was administered six times at 4-h intervals, 
steady-state concentrations of 4-5 Ilg/ml primidone, 11-13 Ilg/ml phenobarbital, 
and about 12.5 Ilg/ml PEMA were determined in plasma (LEAL et al. 1979 b). 

b) Rat 
BAUMEL et al. (1973) followed the concentrations ofprimidone and its metabolites 
in plasma and brain of rats for 24 h after oral administration of a wide range of 
primidone doses. Primidone concentrations peaked after 1-2 h, whereas the con
centrations of the metabolites remained rather low, with maximal values after 4-
6 h for PEMA and after 6-12 h for phenobarbital. In the isolated perfused rat 
liver, the metabolism of [14C]primidone was studied by ALVIN et al. (1975). 
During 2 h, 80% of the drug was converted to PEMA and 15% to pheno
barbital. Pretreatment of the rats with phenobarbital accelerated both metabolic 
transformations, while addition of PEMA to the perfusion fluid reduced the 
rate of transformation. 

c) Guinea Pig 

Slow formation of phenobarbital and a correspondingly weak anticonvulsant ef
fect ofprimidone has been reported for this species (FREY and HAHN 1960). 

d) Gerbil 

In gerbils the anticonvulsant effect was mostly born by unchanged drug at 
1 h after oral administration, at 4 h phenobarbital concentrations exceeded those 
of primidone, and at 12 h unchanged primidone could no longer be detected 
(FREY et al. 1984). 

e) Rabbit 

After i.v. injection of primidone, 10 mg/kg, the metabolites phenobarbital and 
PEMA could be detected in plasma as soon as 5 min after administration. Peak 
concentrations of these metabolites were reached after 12 h or 6-8 h, respectively. 
About 20% of the primidone administered was excreted unchanged, whereas 
about 40% of the total dose was transformed to each of the two main metabolites 
(HUNT and MILLER 1978). In another study in which the very high dose of 400 
mg/kg was administered orally, FunMoTo et al. (1968) also found urinary excre
tion of 20% of the dose unchanged, 48% as PEMA, but only 10% as phenobar-



464 H.-H. FREY 

bital. The difference may be explained by saturation of the biotransformation to 
phenobarbital, but not to PEMA, when high doses are used (HUNT and MILLER 
1978). Biotransformation was increased when rabbits were pretreated with 
phenytoin (FUJIMOTO et al. 1968). 

f) Dog 

BUTLER and WADDELL (1956) were the first to show biotransformation to pheno
barbital in this species: during oral administration of 200 mg/kg primidone daily 
for 6 days, phenobarbital plasma concentrations rose to nearly 40 llg/ml. The 
authors concluded that 5% of the primidone dosed had been converted to phe
nobarbital. When dogs received daily primidone doses of 23-28 mg/kg orally for 
30 days, phenobarbital plasma concentrations rose to final values of 12-15 llg/ml 
(FREY and HAHN 1960). A later study be FREY et al. (1979) showed that the ap
pearance of phenobarbital can be delayed considerably: this metabolite could not 
be detected in the plasma of mongrel dogs after a single oral dose of 30 mg/kg, 
whereas in beagles phenobarbital could be detected as soon as 3 h after adminis
tration and remained at concentrations of 1-3 llg/ml from 6 to 30 h after admin
istration. PEMA was rapidly formed both by mongrels and beagles, so that an 
apparent ka for its appearance could be calculated: it averaged 0.0029 min -1 in 
the mongrels and 0.0047 min - 1 in the beagles. During steady-state conditions af
ter administration of daily doses of 30-40 mg/kg, plasma concentrations aver
aged 65 nmol/ml phenobarbital and 50 nmol/ml PEMA, whereas primidone, on 
account of its short half-life, showed great variations between 10 and 20 nmol/ml. 
A similar relation was found by YEARY (1980), and both authors agree that the 
role of unchanged primidone in the anticonvulsant effect ofprimidone should on
ly be a minor one. 

g) Fowl 

In epileptic chickens treated with primidone i.p., primidone concentrations de
clined rapidly and were no longer detectable at 12 h, while phenobarbital concen
trations were highest at 8 and 12 h after administration (JOHNSON et al. 1978). 

h) Man 
The appearance of phenobarbital plasma concentrations during treatment with 
primidone can be delayed for 2-4 days (BOOKER et al. 1970; GALLAGHER et al. 
1972; CLOYD et al. 1981). HUISMAN (1969) mentions a single patient in whom phe
nobarbital could not be detected before the 7th day of treatment. Similar ob
servations have been reported for PEMA (GALLAGHER et al. 1972; CLOYD et al. 
1981). Combined treatment with other antiepileptic drugs seems to accelerate the 
appearance of the metabolites (CLOYD et al. 1981). 

Rate constants for the conversion of primidone into the metabolites have been 
calculated in children (KAUFFMAN et al. 1977): 0.0424 h -1 for conversion to PE
MA and 0.0045 h- 1 to phenobarbital. MATZKE et al. (1981) calculated the rate 
constant for conversion to phenobarbital from a case of intoxication with 
phenytoin and primidone as 0.033 h -1 . 

The degree to which primidone is converted to phenobarbital has been calcu
lated by different authors and shows a fairly wide variation. ZAVADIL and 
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GALLAGHER (1976) estimated an overall conversion of 16%-17% of the total dose 
from [14C]primidone studies in epileptic patients, whereas KAUFFMAN et al. (1977) 
found 1 %-8% of the daily primidone dose excreted as phenobarbital or metab
olites of phenobarbital in children. BUTLER and WADDELL (1956) mention a value 
of 15%; OLESEN and DAM (1967) calculated between 22% and 29% by comparing 
the phenobarbital steady-state concentrations during treatment with primidone 
or phenobarbital. The latter authors found the lowest conversion percentage with 
the highest doses of primidone. In the mentioned case of intoxication with 
phenytoin and primidone, a conversion rate of even 30% was calculated (MATZKE 
et al. 1981). BOGAN and SMITH (1967) calculated from a series of patients in steady 
state that 1 mg/kg phenobarbital/day resulted in a blood level of 5.2 Ilg/ml, and 
1 mg/kg primidone/day gave a level of 1.1 Ilg/ml phenobarbital; a relation in 
agreement with the clinical potency ratio for both drugs (GRUBER et al. 1957). In 
the study of ZAVADIL and GALLAGHER (1976) about 40% of a single dose was ex
creted as unchanged primidone and 28% as PEMA over 5 days; in children 
KAUFFMAN et al. (1977) recovered 15%-66% of the daily dose as unchanged 
primidone and 16%-65% as PEMA from the urine. The degree of conversion 
may be different from different batches ofprimidone (BIELMANN et al. 1974). 

The ratio between plasma concentrations of phenobarbital and primidone 
during steady state has been studied by many authors, with highly different re
sults. Ratios of 1:1 to 2:1 have been reported (HUISMAN 1969; GALLAGHER et al. 
1972; FINCHAM et al. 1974; CLOYD et al. 1981) for patients on monotherapy with 
primidone, but a value of3: 1 seems more common (BOOKER et al. 1970; WINDOR
FER et al. 1978; HEIPERTZ et al. 1979; LAMBIE and JOHNSON 1981). REYNOLDS et 
al. (1972) report a ratio of 4.4: 1. The ratio may rise to values of up to 6: 1 in cases 
of combined treatment (HUISMAN 1969; BOOKER et al. 1970; FINCHAM et al. 1974; 
REYNOLDS 1975; HEIPERTZ et al. 1979; LAMBm and JOHNSON 1981), and even to 
7: 1 in cases of intoxication (HEIPERTZ et al. 1979). On account ofthe rapid elimi
nation of unchanged primidone, this ratio must be highly dependent on the time 
after administration at which the blood sample is taken, and this may in part ex
plain the differences. In neonates from mothers treated with primidone, pheno
barbital/primidone ratios from less than 1.0 to about 3.0 were found (NAU et al. 
1980 a). 

PEMA has been reported as being found at about the same or slightly higher 
concentrations than primidone in the plasma of patients (KUTT 1974), but in an
other study, PEMA concentrations tended to be lower than those of primidone 
(CLOYD et al. 1981). Equal or even higher concentrations ofprimidone than of 
phenobarbital were reported in a patient with renal insufficiency and in children 
intoxicated with primidone (HEIPERTZ et al. 1979). 

IV. Elimination 
1. Renal Excretion 
Primidone is excreted by the kidneys, partly unchanged and partly in the form of 
its active metabolites phenobarbital and PEMA, of which at least the former is 
mostly hydroxylated and conjugated with glucuronic acid. Quantitative data exist 
for the rabbit (FUJIMOTO et al. 1968), in which excretion in the urine was followed 
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for 3~ days after a single oral dose of 400 mg/kg. Of the total dose 20% was ex
creted as primidone, 48% as PEMA, but only 4% as unmetabolized phenobarbi
tal. The proportion of the latter increases, however, to about 10% when account 
is taken of the part which is hydroxylated and conjugated. For man, BOGUE et 
al. (1956) stated that 60-80% of a single dose is excreted within 48 h, partly in 
the form of metabolic products. ZAVADIL and GALLAGHER (1976) followed the ex
cretion of a single dose over 5 days: about 40% was excreted as primidone, 28% 
as PEMA, and 3,3% as unchanged phenobarbital. In children, an average of 
92% of the daily dose could be recovered from the urine: 42% (15%--66%) as un
changed primidone, 45% (16%-65%) as PEMA, and 4.9% (Ll %-8.0%) as phe
nobarbital and metabolites of it (KAUFFMAN et al. 1977). NAU et al. (1980 a) have 
given data for the renal clearance of primidone and its metabolites in neonates 
and their mothers (see Table 3). 

2. Pharmacokinetic Parameters for Elimination 
The elimination half-lives as well as data for the total body clearance of primi
done and its metabolites from studies in laboratory animals and in humans have 
been compiled in Table 3. It is apparent from the data in the table that elimination 
kinetics in dogs is most similar to that in man. The studies of ZAVADIL and 
GALLAGHER (1976) and of CWYD et al. (1981) show that the half-life of primidone 
is considerably shorter in patients also receiving other antiepileptic drugs than in 
patients on mono therapy with primidone. Prolonged treatment with primidone 
seems not to alter elimination kinetics significantly (GALLAGHER et al. 1972). Also 
the values determined in cases ofprimidone intoxications (BRILLMAN et al. 1974; 
MATZKE et al. 1981) were well within the range determined for nonintoxicated 
patients. 

F. Drug Interactions 
Interactions between primidone and other concomitantly administered drugs 
have been rarely studied in laboratory animals, and the clinical evidence is often 
equivocal. One chapter is devoted to clinical interactions in the section on "Clini
cal Pharmacology" in this volume (Chap. 28). 

In rabbits the elimination of primidone and its active metabolites was consid
erably accelerated by pretreatment with 40 mg/kg phenytoin for 5 days (HUNT 
and MILLER 1974). This combination has been studied repeatedly in patients (FIN
CHAM et al. 1974; REYNOLDS 1975; CWYD et al. 1981; LAMBIE and JOHNSON 1981), 
and an increased rate of elimination has been found in these studies. Also the ratio 
phenobarbital/primidone in plasma was increased. LAMBIE and JOHNSON (1981) 
also report an increase in the PEMA/primidone ratio. Pretreatment with high 
doses of nicotinamide inhibits the biotransformation of primidone and decreases 
the phenobarbital/primidone ratio (BOURGEOIS et al. 1982). 

Acetazolamide has been reported to inhibit or delay absorption of primidone 
in some patients (SYVERSEN et al. 1977), and HUISMAN (1968) noted an increase 
in phenobarbital serum concentrations when acetazolamide was withdrawn. Val
proate was reported to have no effect on primidone and phenobarbital plasma 
concentrations (BRUNI 1981) or to induce a transient increase in primidone 
plasma concentrations (WINDORFER et al. 1975). 
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Clinical reports on interactions with carbamazepine or clonazepam are equiv
ocal (for review see EADIE and TYRER 1980). Elevated phenobarbital plasma con
centrations during concomitant therapy with primidone and ethylphenacemide 
have been noted (HUISMAN 1968). 

Pretreatment with primidone increased the activity of the mixed function hy
droxylases in rat liver by 50% with a consequent increase in the elimination of 
meprobamate (KATO and VASSANELLI 1962). A similar observation has been re
ported for griseofulvin (KRAML et al. 1966). Isoniazid decreased the biotransfor
mation of primidone to phenobarbital in a patient so that suspiciously high primi
done plasma concentrations could be measured (SUTTON and KUPFERBERG 1975). 
Decreases in serum Ca + + during treatment with primidone were interpreted as 
the consequence of increased metabolic inactivation of vitamin D (RICHENS and 
ROWE 1970). 

Some cases of failures of contraceptive medication during treatment with 
primidone are mentioned in the review of BACK et al. (1981). 

In many of these observations it cannot be excluded that the interaction was 
more dependent on the metabolite phenobarbital than on primidone itself. 

G. Toxicology 

I. Acute Toxicology 

1. Animal Studies 

An oral LD so of 600-800 mg/kg was determined in mice; in rats of 100 g body 
weight the LDso was 1.5 g/kg orally, but the LDso was higher than 2 g/kg in rats 
weighing 200 g. The animals displayed ataxia and hypnosis; male rats were more 
resistant than females. Monkeys receiving 500 mg/kg orally for 4 days showed 
ataxia and torpor from the 2nd day; these symptoms lasted for several days after 
termination of treatment (BOGUE and CARRINGTON 1953). A neurotoxic dose 
(TDso), i.e., the dose eliciting minimal neurological deficit, of 1.06 gjkg in mice 
and 630 mg/kg in rats was determined by GOODMAN et al. (1953). These authors 
noted crystalluria in animals treated with high doses; the crystals were identified 
as PEMA. Cats and rabbits showed signs of neurological impairment from doses 
as low as 25 or 50 mg/kg, respectively: ataxia; depression; impairment of placing, 
postural, corneal, and pinna reflexes; and decreased response to pain. 

2. Human Data 

After the first exposure to primidone, ataxia, drowsiness, and nystagmus were ob
served at primidone concentrations ranging from about 1 to 15 Jlg/ml and before 
any metabolites could be determined in plasma (GALLAGHER et al. 1973). Doses of 
up to 30 g primidone, even a dose of 400 mg/kg in a child, have been survived 
(ARNOLD and CERANKE-HoFERMAYER 1953; KAPPY and BUCKLEY 1969). A fatal 
dose of 32.5 g primidone was reported by BOGAN et al. (1965). When this patient 
died after 33 h, phenobarbital concentrations of93 Jlg/ml in plasma and 275 Jlg/g 
in liver were determined. 
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H. Chronic Toxicity Studies 
Rats receiving daily oral doses of 125, 250, or 500 mg/kg primidone all showed 
pronounced ataxia, and, with the highest dose, torpor, but only six out of the ten 
females died between the 4th and 6th days of treatment. Newly weaned rats were 
treated for 9 weeks with daily doses of 100 or 250 mg/kg. The growth of these rats 
was somewhat retarded but all animals survived. The histological examination re
vealed swelling of the cells of the convoluted renal tubules as well as vacuolization 
and desquamation of these cells. In about half of the rats of both treated groups 
from the 9-week study, the thyroid epithelium was columnar and stained poorly 
(BOGUE and CARRINGTON 1953). Dogs survived daily oral doses of 50 mg/kg for 
6 months and of 200 mg/kg for 4 months without signs of depression, ataxia, or 
hypnosis (BOGUE et al. 1956). Monkeys were treated with oral doses of 50, 100, 
or 250 mg/kg on 5 days of the week for 8 weeks. Only the largest dose provoked 
ataxia. Histologically, this group showed some alterations of the renal tubules but 
not of the thyroid. Blood counts were normal (BOGUE and CARRINGTON 1953). 
In an epileptic dog, treated with daily doses of 100-150 mg/kg for 3 months, JEN
NINGS et al. (1974) describe ataxia, incoordination, anorexia, tachycardia, and hy
perventilation as well as an increase in the activity of serum alkaline phosphatase. 
Liver cirrhosis developed in dogs treated with primidone for 2-3 years, but the 
causal relationship remaines dubious since these dogs also received other 
antiepileptic drugs (BUNCH et al. 1982). 

HI. Teratogenic Effect 
In pregnant mice receiving daily doses of 100-200 mg/kg primidone on days 12-
16,8.5%-10.5% of fetuses had a cleft palate. Concurrent administration of 3.75 
mg/kg folic acid s.c. reduced the incidence of palatal defects from 10.9% to 3.4% 
in mice receiving 1.25 g/kg primidone in the diet on days 12-16 (SULLIVAN and 
McELHATTON 1975). In a later study (SULLIVAN and McELHATTON 1977), an in
creased incidence of cleft palate, enlarged cerebral ventricles, and clubfoot were 
noted in the offspring of mice treated on days 6-16 of pregnancy with doses of 
90 or 180 mg/kg. The overall incidence of fetuses with major defects in all primi
done-treated groups of the latter study was 4.8% compared with 1.3% for un
treated controls. The same incidence of malformations was noted with equieffec
tive doses of carbamazepine or phenobarbital, whereas a much higher number of 
malformations was seen in phenytoin-treated mice. 

In two children, the mothers of whom had been treated with primidone and 
had extremely high serum concentrations of primidone and phenobarbital, RUDD 
and FREEDOM (1979) saw retarded growth, hirsutism, microencephaly, mental re
tardation, cardiac defects, and hypoplastic fingernails. In the collaborative study 
ofNAKANE et al. (1980) primidone was judged to be significantly teratogenic. 

IV. Mutagenic Effect 
In cultures of human lymphocytes, primidone (2.5-375 Ilg/ml) and phenobarbital 
(22-388 Ilg/ml) caused a slight increase of aberrant mitoses, mostly gaps and 
breaks of the chromosomes. PEMA had no comparable effect up to a concentra-
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tion of 750 Ilgjml. The alterations were hardly dose dependent and remained 
within the borders of the normal range so that primidone and phenobarbital are 
considered not to be highly mutagenic (FOERST 1972). In the dominant lethal test 
system in mice, a treatment with twice 70 mgjkg primidone induced a significant 
dominant lethality in the postmeiotic stages, but chromosomal aberrations in 
spermatogonia were only slightly increased (BUCKEL 1975). 

V. Other Toxic Effects 
Megaloblastic anemias have repeatedly been reported during treatment with 
primidone (LULLMANN 1962). Treatment with vitamin B12 is ineffective, but folic 
acid has a curative action (GIRDWOOD and LENMAN 1956). In microorganisms 
primidone interfered with the following steps offolate metabolism: (1) reduction 
of folic acid to dihydrofolic acid, (2) metabolism of unconjugated pteridine, and 
(3) phosphorylation of thymidine to thymidilic acid. Only reactions (1) and (3) 
occur in man and interference at both these points may explain the megaloblastic 
anemia (BAKER et al. 1962). Enzymes of the folate metabolism from pigeon liver 
were not inhibited by high concentrations of primidone (HAMFELT and WILMANS 
1965). Other authors think that interference of the drug with folic acid absorption 
and its transport into the eNS is the important step (WAXMAN et al. 1970; SINGH 
and HUOT 1973). 

VI. Clinical Intoxications 
Intoxications with primidone have been reported repeatedly (ARNOLD and 
CERANKE-HOFERMAYER 1953; BOGAN et al. 1956; CARTELLIERI 1956; KAPPY and 
BUCKLEY 1969; WILSON and WILKINSON 1973; BRILLMAN et al. 1974; PLAA et al. 
1974). In most cases the symptoms resemble those of barbiturate intoxication, 
and high phenobarbital concentrations have been determined in the plasma. 
However, especially in acute intoxications, primidone may be responsible for part 
of the symptomatology (ARNOLD and CERANKE-HOFERMAYER 1953; BRILLMAN et 
al. 1974). Crystalluria has been reported; crystals consisted mostly of primidone 
(BRILLMAN et al. 1974). STERN (1977) found high concentrations ofPEMA during 
intoxication with primidone and considers that this metabolite plays a significant 
role in the clinical picture. This conclusion does not seem convincing in view of 
the low pharmacological activity of PEMA and the high concentration of 
phenobarbital found in this case. 

Particular attention will be paid to clinical intoxications in the section on 
"Clinical Pharmacology" in this volume. 
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CHAPTER 16 

Carbamazepine 
M.SCHMUTZ 

A. Introduction 

In the course of work on iminodibenzyl compounds in the laboratories of J. R. 
Geigy AG the first carbamoyl derivative was synthesized in 1953 and found to 
possess anticonvulsant properties. This discovery prompted the synthesis of re
lated compounds of which the most promising turned out to be carbamazepine. 
It was synthesized by SCHINDLER and BLATTNER in 1957 and published in 1961. 
THEOBALD and KUNZ investigated the anticonvulsant activity of carbamazepine 
in the Geigy laboratories and reported on its characteristic spectrum of activity 
in 1963. 

Clinical trials of carbamazepine had been in progress in several European 
countries since 1958 and the first results in epileptic patients were published in 
1963 (BONDUELLE and SALLOU; MULLER; PAKESCH; RETT; TCHICALOFF and PEN
NETI). In the same year, the drug was introduced in Switzerland and Great Britain 
under the trade name of Tegretol. Carbamazepine has been used as drug of choice 
for the treatment of partial seizures as well as generalized tonic-clonic convulsions 
in adults and children (e.g., CEREGHINO et al. 1974; JEAVONS 1977; TROUPIN et al. 
1977; JANZ 1978; PENIN 1978; EADIE 1979; HUF and SCHAIN 1980). As a rule it pro
vokes no severe side effects; it can even bring about improvement in emotional 
difficulties and behavioral problems of epileptic patients. This "psychotropic ef
fect" was first described by LORGE in 1963. 

Besides its application in the epilepsies, carbamazepine has been useful also 
for other indications such as trigeminal neuralgia, glossopharyngeal neuralgia, 
postherpetic neuralgia, diabetic neuropathy, phantom-limb symptoms, causalgia, 
diabetes insipidus, delirium alcoholicum, alcohol withdrawal, antiarrhythmias, 
and manic-depressive psychosis (see SILLANPAA 1981; AYD 1979; POST 1982). 

B. Chemistry and Physicochemical Properties 

The molecule of carbamazepine (5H-dibenz(b,t)azepine-5-carboxamide) consists 
of two benzene rings, one seven-membered ring, one double bond, and one amide 
group (see Fig. 1). 

In contrast to the structure of other antiepileptic drugs, carbamazepine lacks 
a saturated carbon atom, its amide group is not part of a heterocyclic ring, and 
it is the only anticonvulsant compound having a tricyclic structure comparable 
to that of psychoactive drugs such as chlorpromazine or imipramine. The most 
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Fig. 1 a-c. Molecular structure of carbamazepine. a Structural formula of carbamazepine. 
b, c, Perspective view of the molecule (X-ray structure determination. Courtesy of Mrs. G. 
RIHS, Ciba-Geigy Ltd.) 

reactive site of the carbamazepine molecule is the carbon-carbon double bond, 
which can undergo addition reactions (GAGNEUX 1976). 

According to its chemical and physical properties, carbamazepine can be clas
sified as a neutral, lipophilic compound (FAIGLE et al. 1976). It is soluble in 
acetone, alcohol, carbon tetrachloride, chloroform, dimethylformamide, diox
ane, and propylene glycol but practically insoluble in water. 

Gas-chromatographic methods have been developed for the quantitative de
termination of carbamazepine and its 10, 11-epoxide metabolite in plasma and 
urine (e.g., GERARDIN and HIRTZ 1976). However, under these conditions neither 
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compound is sufficiently stable (FRIGERIO et al. 1973), and high-performance liq
uid chromatography (HPLC) is therefore the best method for the simultaneous 
determination of the intact drug and its metabolites in blood and urine (e.g., 
EICHELBAUM and BERTILSSON 1975; WESTENBERG and DE ZEEUW 1976). For 
routine monitoring in clinical practice, a reliable enzyme immunoassay technique 
(EMIT) is available (e.g., SUN and SZAFIR 1977). 

C. Anticonvulsant Activity 

I. Anticonvulsant Activity in Rodent-Screening Tests 

A number of authors have investigated the anticonvulsant activity of carba
mazepine in electroshock and chemoshock tests in mice and rats (THEOBALD and 
KUNZ 1963; DAVIS et al. 1964; COYNE and CUSIC 1968; STILLE and SAYERS 1970; 
HOLLISTER and JULIEN 1974; JULIEN and HOLLISTER 1975; KOELLA et al. 1976; 
BALTZER and SCHMUTZ 1978; DAVIDSON et al. 1978; KRALL et al. 1978; MASUDA 
et al. 1979, 1980; JONES et al. 1981). As shown in Table 1, carbamazepine antag
onizes electroshock-induced seizures in mice and rats, with EDsos of 5-20 mg/kg 
p.o. or i.p. Effects of this nature are generally considered to be indicative of pot en
tial therapeutic activity against generalized tonic-clonic convulsions and also 
against partial seizures. In rats, the drug remains fully effective for at least 4 h af
ter a single oral dose. No" escape" phenomenon occurs when rats are treated daily 
for a period of 28 days with carbamazepine (BALTZER et al. 1980). In pentylene
tetrazol-induced seizures in mice, EDsos of 16 mg/kg i.p. and 30 mg/kg p.o. were 
found, but occasionally the drug was also ineffective; more than 100 mg/kg car
bamazepine is needed to protect 50% of the treated mice against picrotoxin-in
duced convulsions and strychnine-induced death (see Table 1). Differences in re
sults in the chemoshock tests seem mainly due to variations in the experimental 
design. In rats susceptible to audiogenic seizures, the convulsions are suppressed 
by i.p. carbamazepine at an EDso of 10 mg/kg (CONSROE et al. 1980). 

II. Anticonvulsant Activity in Further Animal Models 
There is evidence of a relationship between temporal lobe epilepsy and the limbic 
system (i.e., temporal lobe attacks are closely correlated to hippocampal sclerosis: 
SANO and MALAMUD 1953; MARGERISON and CORSELLIS 1966; SCHEIBEL et al. 
1974). The demonstration of effects of anticonvulsants in this brain region (HER
NANDEZ-PEON 1964,1966; DOLCE 1969; HOLM et al. 1970; STILLE and SAYERS 1970; 
DAVID and GREWAL 1976; KOELLA et al. 1976; BALTZER and SCHMUTZ 1978; 
MARESOVA and MARES 1980; SCHMUTZ et al. 1981) may therefore be predictive, 
above all of therapeutic activity in complex partial seizures. In general, epileptic 
discharges elicited in limbic structures of monkeys, cats, or rabbits were shortened 
or completely suppressed by the drug. According to SCHMUTZ et al. (1981), in ex
periments on unrestrained cats, carbamazepine in doses within the clinically ac
tive range was somewhat more effective than phenytoin and distinctly more so 
than diazepam, valproate sodium, and ethosuximide in shortening electrically in
duced hippocampal afterdischarges. 
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Cortical structures are thought to play an important role in the evolution and 
propagation of generalized tonic-clonic as well as of partial seizures. In cats and 
rabbits carbamazepine was mainly effective against seizures induced by electrical 
stimulation of the neocortex (HERNANDEZ-PEON 1964; STILLE and SAYERS 1970; 
I TO et al. 1977) and less so against chemically induced seizures (V AN DUIJN 1971; 
VAN DUIJN and VISSER 1972; HORI et al. 1979). In rhesus monkeys with alumin
ium hydroxide implants, beneficial effects of acutely and chronically administered 
carbamazepine have been reported. The drug controlled visible seizures and re
duced intracortical spike propagation without completely normalizing the back
ground EEG (LOCKARD et al. 1974; DAVID and GREWAL 1976) despite its short 
half-life and poor absorption in rhesus monkeys. With constant-rate infusion of 
carbamazepine, LOCKARD et al. (1979) obtained equivocal results probably be
cause the levels reached in the serum were low (below 2 Ilgjml). Carbamazepine 
had no appreciable effect on tonic-clonic convulsions induced by infusion of be
megride in cats; in fact, the seizure threshold was slightly lowered (V AN DUIJN and 
VISSER 1972). The drug did, however, decrease the frequency of occurence of such 
seizures induced by injection of tungstic acid gel into the thalamus of cats at doses 
of as little as 1.25 mgjkgi.v. (HoRIetal.I981). 

Spike-wave discharges induced by penicillin and estrogen are thought to be in
dicative of absence-type epileptic activity. In these animal models, carbamazepine 
generally showed a slow onset of action. It was effective against penicillin-induced 
spike-wave discharges; in discharges produced by conjugated estrogens, the fre
quency of the spikes was more affected by the drug than their amplitude. In this 
latter model, carbamazepine was less effective than ethosuximide or clonazepam, 
but it did not intensify the spike-wave discharges as did phenytoin (JULIEN 1973; 
JULIEN et al. 1975; JULIEN and HOLLISTER 1975). However, according to BUSTA
MENTE et al. (1981) carbamazepine, phenytoin, and phenobarbital, although they 
abolished penicillin-induced epileptic discharges in cats, increased the frequency 
of single spikes and decreased their duration at blood levels equivalent to the hu
man therapeutic range. In experiments in which simultaneous microelectrode re
cordings were made from a penicillin focus in the sensorimotor cortex and from 
Purkinje cells in the cerebellum, JULIEN (1974) found that carbamazepine sup
pressed penicillin-induced epileptic discharges, but did not increase the firing rate 
of Purkinje cells. Phenytoin inhibited the penicillin-induced discharges and in
creased the firing rate of Purkinje cells. Thus, the anticonvulsant activity of car
bamazepine does not seem to be based on increased Purkinje-cell discharge rates 
in the cerebellum. Carbamazepine was also effective in shortening the electrically 
induced spike-wave afterdischarges in unrestrained, freely moving cats in doses of 
3 mgjkg p.o. and above. This animal model also seems related to absence-type 
clinical seizures, as is shown by the activity of drugs such as valproate sodium and 
ethosuximide in it (SCHMUTZ et al. 1980). As can be inferred from these ex
periments, carbamazepine also shows protective effects in animal models consid
ered to be predictive of therapeutic activity in patients with absence-type seizures. 
Its activity was generally weaker than that of known antiabsence drugs, but, in 
contrast to phenytoin, cabamazepine did not intensify epileptic discharges. This 
is in accordance with the clinical profile of the above-mentioned drugs: carba-
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mazepine, unlike phenytoin, is not contraindicated in absence-type seizures; in 
fact it has even shown some efficacy in that type of seizure (Grueter 1976). 

A very informative model for the progressive development of epileptic sei
zures (and possibly, behavioral alterations) is provided by the kindling experi
ment. In this experiment carbamazepine has been shown to be effective in delay
ing the seizure development in cats (WADA et al. 1976b) and baboons (WADA 
1977, 1980), whereas in rats it displayed no such activity (W ADA 1977; BALTZER 
et al. 1981). When the compound was investigated in animals with fully developed 
limbic or cortical ("kindled") convulsions, it proved effective in cats and baboons 
(W ADA et al. 1976 a) and rabbits (EHLERS et al. 1979); in rats, on the other hand, 
positive results have been reported (BABINGTON and HOROWITZ 1973; ASHTON 
and WAUQUIER 1979; ALBRIGHT and BURNHAM 1980; HOWE et al. 1981; KAMEl et 
al. 1981) as well as negative or equivocal results (WADA 1977; ALBERTSON et al. 
1980; HOWE et al. 1981; KAMEl et al. 1981). The findings in cats and monkeys 
demonstrate the ability of carbamazepine to suppress the development of seizures 
in, and the spread of seizures from, a given epileptic focus. This might be of 
importance when the use of carbamazepine in the prevention of post-traumatic 
seizures is discussed. As far as the equivocal results with carbamazepine in the rat 
kindling experiment are concerned, it is of interest to note that BALTZER et al. 
(1981) reported that mainly drugs active against absence-type seizures, such as 
valproate sodium (see also SCHMUTZ and KLEBS 1982), ethosuximide, and the 
benzodiazepines, were effective in their model. 

Another interesting animal model is directed toward visual reflex epileptic sei
zures, i.e., seizures provoked by intermittent light or by the visual exploration of 
an intensely illuminated object. KILLAM et al. (1966) discovered the photosensitiv
ity of the Senegalese baboon Papio papio. According to KILLAM (1976) and KIL
LAM et al. (1973), carbamazepine afforded protection against this photomyo
clonic epileptoid response. In a large series of baboons, however, the effective 
dose varied considerably, probably owing to variability in absorption or metab
olism of the drug, or both, in this species. In a modified model, in which the ba
boons were pretreated with allyglycine, MELDRUM et al. (1975 a, b) observed only 
weak protective activity of carbamazepine, associated with distinct side effects 
such as strabismus, nystagmus, and ataxia. 

III. Pharmacological Effects Possibly Related 
to Anticonvulsant Activity 
At 5 mg/kg i.p., carbamazepine slowed down the neocortical background activity 
in the EEG of cats, the rapid components, however, tending to be enhanced. In 
the hippocampus, hypersynchronization of theta waves was noted and the EEG 
of the reticular formation became more regular, showing higher amplitudes. Re
ticulocortical and thalamocortical projections as well as evoked potentials re
corded in the formatio reticularis were hardly affected (DOLCE 1969). At 20 mg/kg 
i.p. the threshold ofthe efferent projections on the nervi ventrales anteriori thala
mi was raised. Simultaneously, inhibition of efferent connections of the centrum 
medianum and ventroanterior nucleus of the thalamus as well as of the afferent 
projections of the hippocampus was observed (HOLM et al. 1970). In baboons, 
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carbamazepine in doses up to 40 mg/kg i.p. evoked dose-dependent increases in 
amplitude of the waves around 5/s and decreased the fast activity (i5-30fs) over 
most of the cortex. An additional peak (9-10/s) at temporal derivations was 
noted, as were increases in overall power in the entire 0-60/s band (KILLAM 1976; 
SURIA and KILLAM 1980). 

Electrophysiological studies with post-tetanic potentiation (KRUPP 1969 a, b; 
THEOBALD et al. 1970; JULIEN and HOLLISTER 1975; KOELLA et al. 1976; HERSH
KOWITZ et al. 1978), reflex discharges (THEOBALD and KUNZ 1963; KOELLA et al. 
1976), muscle spindles (HERSHKOWITZ and RAINES 1978), neuromuscular junc
tions (ALDERDICE and TROMMER 1980), sciatic nerves (HONDA and ALLEN 1973), 
and giant axons (SCHAUF et al. 1974) indicate that carbamazepine exerts an inhibi
tory influence on certain neuronal tissues. But, compared with phenytoin, its ef
fects are generally observed only at fairly high doses. For a more detailed descrip
tion of electrophysiological data see Chap. 23, this volume. 

IV. Neurobiochemical Effects Possibly Related 
to Anticonvulsant Activity 

Biochemical disturbances such as an imbalance of central nervous transmitter 
substances or increased levels of cyclic nucleotides are thought to be of impor
tance in the pathophysiology of epileptic seizures, and the action of anticonvul
sants may to some degree be attributable to their corrective effect on such 
changes. 

Since gamma-aminobutyric acid (GABA) levels were reported to be low in 
some experimental and clinical epilepsies, several authors investigated the influ
ence of anticonvulsants on this important inhibitory neurotransmitter. BER
NASCONI et al. (1982a, c) found that carbamazepine, as well as other anticonvul
sants, reduced the GABA turnover rate in the cortex and hippocampus of mice, 
although only at relatively high doses (100 mg/kg p.o.). It did not change the 
steady-state concentrations of GABA in these structures. In the cerebellum of 
mice LUST et al. (1978) also observed no change in the steady-state levels of 
GABA after treatment with carbamazepine (25 mg/kg i.p.). On the other hand, 
V AROTTO et al. (1981) noted that carbamazepine and phenytoin markedly in
creased the cerebral GABA level in mice, whereas phenobarbital, diazepam, and 
clonazepam had no such effect. High concentrations of carbamazepine inhibited 
the activity of succinic semialdehyde dehydrogenase in mice by about 40% (SA
WAYA et al. 1975). According to MINCHIN and IVERSEN (unpublished data cited 
in KOELLA et al. 1976), the drug did not influence the uptake of GABA into brain 
slices or into the satellite glial cells of dorsal-root ganglia. It did not alter the up
take of GABA and beta-alanine or tetanus labeling when added to cultures of 
fetal mouse cortex and maintained at a concentration of 24 Ilg/ml for 10 days 
(SlIER et al. 1981). Moreover, the release of GABA in the rat brain was not in
fluenced by carbamazepine or other anticonvu1sants under in vivo (superfusion 
of sensorimotor cerebral cortex) or in vitro (superfusion of synaptosomes) con
ditions (ABDUL-GHANI et al. 1981). Only limited information exists on inter
actions between other amino acids (glutamate, glycine, alanine) and carba
mazepine. In rat hippocampal slices the antiepileptic at 20 IlM and above attenu-



486 M.SCHMUTZ 

ated the excitatory influence of the Schaffer-commissural fiber input on CAl 
pyramidal cells. Glutamate is suggested to be the transmitter in these fibers: Since 
carbamazepine at 10 llm and above did not alter [3H]glutamate binding but re
duced [3H]glutamate release it might act presynaptically to reduce glutamatergic 
transmission (OLPE, personal communication). YOUNG et al. (1974) failed to de
tect any influence of carbamazepine on the glycine receptor in strychnine-binding 
assays. Finally, BERNASCONI et al. (1982a, c) reported that carbamazepine and 
other anticonvulsants decrease the alanine content ofthe mouse cortex. This find
ing might be of importance, since electroshock-induced convulsions led to an in
crease in the content of this amino acid. 

At doses of 15 mg/kg i.p. and above, carbamazepine increased acetylcholine 
levels selectivity in the striatum of rats, without affecting those in the mes
ence-phalon, diencephalon, hippocampus, cerebellum, and hemispheric resid
uum. It also decreased the choline level in the striatum; the enzymes involved in 
the synthesis and hydrolysis of acetylcholine, choline-O-acetyltransferase and 
cholinesterase, were not altered in vitro either by carbamazepine or by its 
main metabolite, carbamazepine-l0, ll-epoxide. No tolerance to the action 
of carbamazepine on striatal acetylcholine was observed after treatment with 
25 mg/kg i.p. twice per day for 6 days. Pimozide, a dopaminergic antag
onist, did not prevent the increase in striatal acetylcholine by carbamazepine 
(CONSOLO et al. 1976). It is interesting to note that the 1O,11-epoxide metabolite 
neither accumulated in the brain after chronic treatment, nor was present 
when the concentration of acetylcholine was maximal after acute treatment. 
The authors suggest that carbamazepine acts per se on the cholinergic system, 
and not via its main metabolite. 

QUATTRONE and SAMANIN (1977) and QUATTRONE et al. (1978) assumed 
that catecholamines, in particular norepinephrine, may be preferentially involved 
in the mode of action of carbamazepine: when brain catecholamine concentra
tions were reduced by intraventricular injections of 6-hydroxydopamine, the 
seizure threshold was lowered and the anticonvulsant effect of carbamazepine, 
phenytoin, and phenobarbital diminished. However, in a later publication, 
QUATTRONE et al. (1981) reported that these drugs did not antagonize the 
decrease in norepinephrine concentrations induced by 6-hydroxydopamine, 
suggesting that in rats these anticonvulsants do not affect the brain nor
epinephrine uptake mechanism in vivo. On the other hand, PURDY et al. (1977) 
found that high concentrations of carbamazepine inhibited [3H]norepinephrine 
uptake into brain synaptosomes and rabbit thoracic aorta. These activities were 
reported to be insufficient to account for the anticonvulsant action of the drug. In 
recent experiments carbamazepine at 100 mg/kg i.p. increased the content of 
MHPG-S04 , an essential metabolite of norepinephrine, in the rat brain and, sur
prisingly, reduced the turnover of its amine (WALDMEIER, personal communica
tion). Electrophysiological investigations also suggest interaction of carbamazepine 
with norepinephrine since at 3-30 mg/kg i.p. it dose-dependently activated the fir
ing rate of presumed norepinephrinergic neurons in the rat locus coeruleus (OLPE 
and JONES 1983). In the study by KANEKO et al. (1981), carbamazepine did not 
influence norepinephrine levels in the mouse brain, butjt increased the dopamine 
levels. In addition, a trend toward increased serotonin levels was observed. QUAT
TRONE and SAMANIN (1977) and QUATTRONE et al. (1978) made electrolytic lesions 
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of the nucleus raphe medianus that selectively decreased brain serotonin; but this 
did not significantly modify seizure thresholds or the anticonvulsant activity of 
carbamazepine, phenytoin, or phenobarbital. They concluded that serotonin is 
not involved in the activity of the above anticonvulsants. After producing electro
lytic lesions of the nucleus raphe dorsalis and administering intraventricular 
microinjections of serotonin neurotoxins (5,6- and 5,7 -dihydroxytryptamine), 
CRUNELLI et al. (1979) also found no modification of the anticonvulsant activity 
of carbamazepine compared with that seen in control rats. These authors infer 
that serotoninergic neurons do not playa crucial role in modulating the anticon
vulsant action of carbamazepine. 

Pharmacological combinations of the benzodiazepine antagonists CGS 8216 
and Ro 15-1788 with all major antiepileptic drugs provide evidence that adenosine 
may playa role in the anticonvulsant effect of carbamazepine (SCHMUTZ 1983; 
SCHMUTZ et al. 1983): the anticonvulsant activity of carbamazepine against 
electroshock- and pentylenetetrazol-induced seizures was diminished by CGS 
8216, which interferes with benzodiazepine and adenosine receptors. On the other 
hand, Ro 15-1788, which binds to benzodiazepine but not to adenosine receptors, 
did not impair the anticonvulsant effect of carbamazepine. In addition, the 
adenosine antagonist theophylline interfered with in vivo and in vitro effects of 
the antiepileptic, and binding studies have shown that carbamazepine itself binds 
to adenosine receptors (MARANGOS et al. 1983; SKERRITT et al. 1983a, b). 

All major anticonvulsants, including carbamazepine (WHITTLE and TURNER 
1981 a), inhibit the activity of aldehyde reductase in vitro. Up to now there is little 
evidence of any direct association between this inhibitory effect and the preven
tion of seizures in animals. However, aldehyde reductase might be involved in the 
reduction of succinic semialdehyde to gamma-hydroxy butyrate, which was 
shown to elicit absence-like seizure activity in animals. This observation is quite 
consistent with data reported by WHITTLE and TURNER (1981 b) indicating that 
carbamazepine inhibits the formation of gamma-hydroxybutyrate to a slight ex
tent in the rat. 

In animals with induced seizures and in epileptic patients increases in cyclic 
AMP content have been observed. In mice, rats, and rabbits, carbamazepine in
hibited the electrically or chemically evoked accumulation of cyclic AMP or GMP 
in vivo and in vitro (MYLLYLAE 1976; LEWIN and BLECK 1977; FERRENDELLI and 
KINSCHERF 1977, 1980; PALMER et al. 1979, 1981). On the one hand, it also de
pressed the steady-state levels of cyclic AMP (PALMER et al. 1979) and the cere
bellar cyclic GMP concentration (LUST et al. 1978), or reduced the basal values 
of cyclic AMP in the cerebrospinal fluid of rabbits (M YLLYLAE 1976); on the other 
hand, FERRENDELLI and KINSCHERF (1979, 1980) reported that carbamazepine did 
not alter the basal levels of the cyclic nucleotides in the mouse. Thus, carba
mazepine in general exerted a depressant effect on the concentrations of cyclic nu
cleotides and on the experimentally induced rise in cyclic AMP and GMP levels. 
However, there appears to be no unifying hypothesis in currency with regard to 
the central actions of various classes of anticonvulsants on cyclic AMP and GMP 
mechanisms. 

High concentrations of K + and veratridine cause membrane depolarization 
which stimulates Ca++uptake. FERRENDELLI and DANIELS-McQUEEN (1982) 
noted that carbamazepine and phenytoin inhibit veratridine- and K + -stimulated 
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Ca + + uptake in rat synaptosomes at approximately therapeutic concentrations. 
From these results it can be concluded that the therapeutic effects of the drugs 
may be due to their inhibitory action on Na + and Ca + + conductances in nervous 
tissue (see also Sect. C. III). 

V. Mechanisms of Action 

Several hypotheses have been advanced to explain the mode of action of carba
mazepine, but none that could satisfactorily account for all aspects of its un
usually broad spectrum of activity. It seems improbable that its many different 
therapeutic properties could originate from a single mechanism of action and 
more reasonable to assume that they result from modulations within the brain 
caused by the aggregated effect of various central and peripheral mechanisms. 

A number of investigators have attempted to explain the anticonvulsant ef
fects of carbamazepine in terms of its effects on nerve conductance or inter
neuronal transmission. It was suggested that it might act by inhibiting Na + or 
Ca + + uptake, or both. From the results of studies dealing with the influence of 
the drug on sciatic nerves or giant axons, it seems that a general depression of 
nerve excitability could form part of its mechanism of action. The inhibitory ac
tion of carbamazepine in post-tetanic potentiation points to its ability to prevent 
the spread of epileptic discharges from a given focus. The suppressant effect on 
the kindling phenomenon in cats and monkeys lends further support to this as
sumption. In addition, the results observed in kindling experiments may be indic
ative of a capacity to prevent the development of seizures in a given focus. An ef
fect that may underlie the therapeutic activity of carbamazepine in complex par
tial seizures has been observed in cats, namely its ability to elevate the threshold 
of a reticulothalamic projection and that of efferent and afferent connections of 
thalamic nuclei and the hippocampus, respectively. Effects of this nature can re
sult from direct actions on the nerve membrane, as described above, or from 
modulation of neurotransmission. 

The inhibitory neurotransmitter GABA and catecholamines have been shown 
to interfere with various manifestations of epileptic seizures. In high doses, car
bamazepine modifies the metabolism of GABA and probably also 
catecholaminergic transmission. Moreover a reduction of brain alanine levels, 
which are known to be increased in experimental seizures, has been reported. 
These effects on GABA turnover and alanine levels might be interpreted as being 
a consequence of a reduction in glucose metabolism due to the anticonvulsant. 
As the doses of carbamazepine needed to evoke these biochemical effects are dis
tinctly higher than the anticonvulsant doses, the effects on the above-mentioned 
neurotransmitters probably do not reflect a primary mechanism of action of the 
compound. Convulsants are known to augment the spontaneous release and to 
lower the brain levels of acetylcholine; in the striatum of rats carbamazepine 
raised the acetylcholine content and decreased that of choline, without altering 
the enzymes involved in the synthesis and hydrolysis of acetylcholine. This sug
gests that the anticonvulsant has no direct action on the metabolism of acetylcho
line. Since the effect of carbamazepine was not antagonized by pimozide, its in
fluence on acetylcholine is most likely not mediated by dopaminergic neurons. 
With regard to other neurotransmitters, there is evidence that carbamazepine nei-
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ther binds to the glycine receptor nor has any influence on the serotoninergic 
transmission in the brain. However, recent pharmacological and biochemical 
data suggest that adenosine may play a role in the mode of action of the 
antiepileptic, which might act as a partial agonist at adenosine receptors. 

Several authors have reported that it lowers the content of cyclic AMP and 
also that of cyclic GMP in the brain. Since a rise in these cyclic nucleotides has 
been observed in experimental seizures, this effect might also contribute to the an
ticonvulsant properties of carbamazepine, provided that it is not merely conse
quential upon the suppression of seizures, as indeed might be true of the interfer
ence with cyclic GMP systems; here the actions of the drug seem more closely re
lated to N a + -induced depolarization of nerve tissue than to a direct influence on 
guanylate cyclase. 

D. Behavioral, Neurological, and Autonomic Effects 
I. Antiaggressive and/or Anxiolytic Effects 
An antiaggressive or anxiolytic effect, probably related to the described psycho
tropic effect of carbamazepine in epileptic patients, was found in experiments in 
freely moving cats with electrodes implanted in the hypothalamus (KOELLA et al. 
1976; BALTZER and SCHMUTZ 1978). After administration of carbamazepine the 
threshold current for the hissing reaction, induced by electrical stimulation of the 
perifornical area of the hypothalamus, was distinctly increased; the same obser
vation has been made with benzodiazepine-like compounds, but not to any com
parable degree with other antiepileptics. The fighting reaction of mice kept in 
isolation or subjected to electric foot-shocks was considerably less influenced by 
carbamazepine (KOELLA et al. 1976). These findings suggest that the antiagres
sive properties of the drug are selective and directed only against particular types 
of aggression. 

II. Antineuralgic Effects 
The inhibitory influence of carbamazepine upon the spinal nucleus of the trige
minal nerve as described by HERNANDEZ-PEON (1965), FROMM and KILLIAN 
(1967), FROMM (1969), and FROMM et al. (1981) may well explain the clinical 
antineuralgic properties of the drug (for details see Chap. 23, this volume). A fur
ther mechanism of action can be derived from the finding of HONDA and ALLEN 
(1973) that in rat sciatic nerves carbamazepine decreased or suppressed the action 
potentials of A-alpha and A-delta fibers and diminished the hyperexcitability 
produced by immersion in isotonic sodium oxalate or phosphate. The stabiliza
tion of the membrane of peripheral nerves may contribute to the therapeutic ef
fect of the drug if one assumes that in the trigeminal neuralgia pools of activated 
neurons are built up in which an additional afferent, e.g., tactile stimulus, may 
trigger off an "epileptiform" discharge experienced in the form of an acute attack 
of pain (MUMENTHALER 1976). In peripheral nerves of streptozotocin diabetic rats 
carbamazepine normalized the lowered nerve conduction velocity and elevated 
the excitability threshold. It is suggested that increased excitability threshold of 
fast conducting peripheral nerves, presumably A-delta fibers, could be responsi
ble for the effect of carbamazepine in diabetic neuropathy (DAVID and GREWAL, 
personal communication). 
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HI. Antidiuretic Effects 

The clinically well-known effect of carbamazepine against diabetes insipidus has 
proved difficult to explain on the basis of animal experiments. SUMMY-LoNG et 
al. (1979) reported that in conscious rats systemic carbamazepine produced a de
crease in nocturnal fluid intake as well as in the excretion of sodium and potas
sium. Furthermore, an increase in plasma vasopressin levels was observed. In rats 
with hereditary diabetes insipidus DUMAS et al. (1973) noted that both urinary 
output and fluid intake were rapidly diminished by carbamazepine, whereas food 
consumption was hardly influenced. On the other hand, UHLICH et al. (1972) 
found that neither carbamazepine alone nor carbamazepine together with 
antidiuretic hormone (ADH) increased urine osmolality or decreased urinary 
output in rats with hereditary diabetes insipidus. In normal rats, however, during 
water diuresis, carbamazepine induced a distinct reduction in urine flow and in
creased urine osmolality. The authors suggest that the drug may induce antidiur
esis by a central mode of action (e.g., by stimulation of ADH production and/or 
release). As did MEIER and MENDOZA (1977), they also studied the effects of the 
drug on the water permeability of the toad bladder. When carbamazepine was 
added to the serosal or mucosal bath solution there was neither a change in os
motic water flow nor a potentiation of its increase caused by ADH. In a further 
study in osmotically stressed rats, HANEFELD et al. (1970) measured the effect of 
carbamazepine upon increased activity of the enzymes thiamine phosphatase, 
NADPH2 diaphorase, and glucose-6-phosphate dehydrogenase. As carba
mazepine had no influence on these enzyme activities, either in thirsting rats or 
in those fed regularly, the authors concluded that the antidiuretic effect of the 
drug did not result from stimulation of the supraoptic or paraventricular nucleus. 
The mechanism of action of carbamazepine in experimental diabetes insipidus re
mains unclear. In man, however, carbamazepine is known to augment vasopres
sin function; GOLD et al. (1980) believe that carbamazepine is a vasopressin recep
tor agonist since, compared with controls, lower doses of vasopressin are neces
sary to promote antidiuresis and maintain plasma osmolality when hypertonic sa
line is administered during carbamazepine treatment. 

IV. Effects on Alcohol-Withdrawal Symptoms 
CHU (1979) reported that chronic administration of carbamazepine to rats allevi
ated alcohol-withdrawal symptoms such as heightened spontaneous activity, the 
startle reflex in response to noise, stereotype chewing movements, and intermit
tent body stiffening. In addition, it prevented alcohol-withdrawal seizures when 
its serum levels were above 3 Ilg/ml (l00 and 150 mg/kg via indwelling nasogastric 
tube). In this animal model carbamazepine appeared to be superior to valproate 
sodium, in that it exerted the above effects without producing sedation. 

V. Antiarrhythmic Effects 

STEINER et al. (1970) reported that carbamazepine displayed antiarrhythmic prop
erties in vivo and in vitro. It restored sinus rhythm in dogs with ventricular ar
rhythmias provoked by digitalis, and ventricular tachycardia was similarly con-
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verted to normal sinus rhythm. Interatrial and intraventricular conduction was 
not affected by carbamazepine. In Purkinje fibers of dogs the drug was found to 
shorten the duration of the action potential as well as the relative refractory pe
riod. Unlike various antiarrhythmic agents, carbamazepine did not affect mem
brane responsiveness in "antiarrhythmic" concentrations. Ventricular arrhyth
mias are partly the result of an increase in the automaticity of the cells in the His
Purkinje system to the point where their firing rate exceeds that of the sinus node 
and they become the dominant pacemaker. The ventricles of dogs with complete 
heart block [destruction of the atrioventricular (A V) node or bundle of His] are 
driven by the automatic cells of the His-Purkinje system; the ability of carba
mazepine to decrease the firing rate of these cells may therefore contribute to its 
mechanism of action in human arrhythmias. Besides these results in dogs, carba
mazepine was also shown to suppress arrhythmias in anesthetized cats induced 
by epinephrine, ouabain, aconitine, and acute coronary ligation (PEREZ-OLEA et 
at. 1979). 

VI. Antimaniacal Effects 

Ifwe assume that in its symptomatology mania seems related to aggressive behav
ior and that it probably originates from hyperexcitability of groups of neurons 
in the limbic system, the inhibitory influence of carbamazepine on limbic struc
tures as outlined in Sect. C.I1, C.I1I, and D.I may account for the antimaniacal 
properties of the drug. Of particular interest is the suppression of the kindling 
process, since kindling, a representative model for the development of seizures, 
might equally be a valuable tool for the investigation of long-lasting behavioral 
changes such as mania. As described in Sect. C.IV, at high doses carbamazepine 
interferes with the metabolism of catecholamines and GABA. Such effects may 
also account for the psychotropic and antimaniacal properties of the drug. It has 
been hypothesized that "GABA-ergic" anticonvulsants in general may possess 
antimaniacal properties (EMRICH et at. 1980; BERNASCONI et at. 1982 b). According 
to POST et al. (1980), however, carbamazepine does not significantly alter GABA 
levels in the cerebrospinal fluid of patients with manic-depressive illness. 

VII. Other Effects 
The motor activity of mice is increased when they are systemically injected with 
morphine, whereas neither carbamazepine (10-50 mgjkg i.p.) nor phenytoin (5-
20 mgjkg i.p.) induce such hyperactivity. However, KATZ and SCHMALTZ (1979) 
noted that pretreatment with the anticonvulsants facilitated this effect of mor
phine. Centrally injected D-Ala2 leucine enkephalinamide, a long-acting 
analogue ofleucine enkephalin, also increases motor activity in mice. Again, car
bamazepine and phenytoin facilitated this effect. Both drugs are effective against 
various types of seizures and peripheral neuropathies. Since a relation between 
opioids and nonconvulsive limbic seizures has recently been postulated (HENRIK
SEN et at. 1978) and the relation between opioids and pain is well known, closer 
studies of the effects on opioid functions might disclose important interactions. 
In mice, however, carbamazepine did not reveal analgesic effects at doses up to 
200 mgjkg p.o. 
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Unlike other major anticonvulsants carbamazepine reduced the amnestic 
effect of cerebral electroshock in mice at doses lower than those evoking 
anticonvulsant activity (0,1 mg/kg i.p. and above; MONDADORI and CLASSEN, 
to be published). This property might be of clinical relevance as memory 
disturbances constitute a problem for a number of epileptic patients. 

The most often observed unwanted effects of carbamazepine in rodents are se
dation and ataxia, although doses well above the EDso found in the electroshock 
test are needed to produce them. The ratio of the threshold dose of sedation to 
the EDso in the electroshock test in mice and rats is about 3 (BALTZER and 
SCHMUTZ 1978). In Papio papio strabism and nystagmus were seen at doses as 
high as 20-40 mg/kg i. v. (MELDRUM et al. 1975 a, b). 

E. Pharmacokinetics 

I. Absorption 
After oral administration, the absorption of carbamazepine in the rat is relatively 
slow, maximum concentrations in the brain and plasma being reached within 4-
6 h (MORSELLI et al. 1971). After i.p. administration, however, peak plasma levels 
are demonstrable within 30-45 min (MORSELLI 1975). In gerbils given carba
mazepine as a suspension, maximal plasma levels were observed 30 min after ad
ministration (FREY et al. 1981). 

In cats, peak concentrations in cerebrospinal fluid and plasma were noted 90 
min after i.p. application. Since the brain levels had already reached a steady state 
after 15 min, MONACO et al. (1982) suppose that carbamazepine enters the two 
compartments by way of independent mechanisms. 

The absorption of orally administered carbamazepine in dogs is fairly rapid. 
The drug was found to be more readily absorbed from a liquid preparation than 
from tablets (peak plasma concentrations within average times of 1 and 2.1 h, re
spectively). Both formulations produced peak plasma levels of the epoxide metab
olite after about 4 h (FREY and LOSCHER 1980). 

According to LEVY et al. (1975), plasma peak concentrations are detected 
within 1-2.5 h in rhesus monkeys given carbamazepine by mouth. After i.m. in
jection, PATEL and LEVY (1980) noted a biphasic absorption of the drug in this 
species: an initial rapid phase with plasma levels rising to peak values in less than 
1 h was followed by a slower phase during which absorption seemed to be rate
limiting. In Papio papio i. v. administration led to maximum blood concentrations 
within 15 min (SURIA and KILLAM 1980). 

Compared with these data, the absorption of carbamazepine in man is gener
ally slow, maximum plasma levels of the unchanged drug being reached within 
7-13 h (F AIGLE and FELDMANN, unpublished results). 

II. Distribution 
The distribution pattern in animals (mouse, rat, squirrel monkey) after i.v. ad
ministration of a single dose of 14C-labeled carbamazepine indicates that the drug 
is rapidly and uniformly distributed throughout the body with no preferential af
finity for particular organs or tissues (MORSELLI et al. 1971; FAIGLE et al. 1976; 



Carbamazepine 493 

WESTENBERG et al. 1977). Similar findings have been made in man (i.e., MORSELLI 
etal. 1977; FRIIS et al. 1978). 

WAGNER (1982, personal communication) investigated the binding of 
[14C]carbamazepine to serum proteins of healthy volunteers, dogs, rabbits, and 
rats in vitro by equilibrium dialysis. In man the drug was bound to serum protein 
to the extent of 73.6%. Similar values were obtained in rabbits (75.0%) and dogs 
(73.9%), while in rats a distinctly smaller portion of the dose was bound (68.4%). 
In dogs comparable results were reported by FREY and LOSCHER (1980), who 
found the serum protein binding of carbamazepine and its epoxide metabolite to 
be 70% and 40%, respectively. 

Placental transfer of carbamazepine has been demonstrated in pregnant rats 
(MORSELLI 1975), in pregnant women (PYNNOENEN et al. 1977), and in newborns 
of mothers treated continuously with carbamazepine during pregnancy (RANE et 
al. 1975; NIEBYL et al. 1979). 

When 14C-labeled carbamazepine was administered in a single dose to lactat
ing rats, it penetrated immediately into the maternal milk, the milk levels exceed
ing the plasma levels by 15%-60% (STIERLIN and SCHUETZ 1981, personal com
munication). The concentrations of carbamazepine determined in human breast 
milk during chronic medication corresponded to about 40%-60% of the respec
tive plasma value (PYNNONEN et al. 1977; KANEKO et al. 1979; NIEBYL et al. 1979; 
REITH and SCHAFER 1979). 

III. Metabolism 

The metabolism of carbamazepine has been most thoroughly investigated in man. 
Biotransformation proceeds by four main pathways, as shown in Fig. 2 (FAIGLE 
and FELDMANN 1982): 
1. Epoxidation of the 10, II-double bond of the azepine ring 
2. Hydroxylation of the six-membered aromatic rings 
3. Direct N-glucuronidation at the carbamoyl side chain 
4. Substitution of the six-membered rings with sulfur-containing groups. 

The rat is the only species on which an appreciable amount of information 
about the structures of the metabolites of carbamazepine has been accumulated. 
BAKER et al. (1973) and CSETENYI et al. (1973) described the occurrence of the me
tabolites I and II (see Fig. 2) and imino stilbene in the urine of rats after admin
istration of carbamazepine. BAUER et al. (1976) identified a direct conjugate of 
carbamazepine, i.e., the N-glucuronide X, in rat bile. In a later communication, 
LYNN et al. (1977) mentioned hydroxy- and hydroxymethoxy derivatives as bili
ary metabolites. HORNING and LERTRATANANGKOON (1980) found the same type 
of phenolic compounds in the urine of rats. In most of these reports quantitative 
data on the metabolites or metabolic pathways are lacking, however. Unpub
lished results of a radio tracer study (DIETERLE 1980, unpublished work) indicate 
that rat bile and rat urine contain all the metabolites of carbamazepine previously 
identified in human urine (compounds I-XIV). In the rat also the greater part of 
the metabolites formed are excreted as conjugates. Hence, in spite of the widely 
differing rates of biotransformation in rat and man, the main pathways (1--4, Fig. 
2) are qualitatively similar in both species. Some additional products were found 
in this rat study that were all derived from the known pathways; they include two 
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Fig.2. Structures of metabolites of carbamazepine isolated from human urine and major 
pathways of biotransformation 

further isomers of hydroxymethoxycarbamazepine, the 10-hydroxy-ll-methyl
sulfonyl-l0,II-dihydrocarbamazepine and some compounds carrying substitu
ents introduced by more than one pathway. A few complementary metabolites 
formed by the pathways 1, 2, and 4 have been described recently by LERT

RATANANGKOON and HORNING (1982). 
Judging from the quantities and structures of the biliary and urinary metab

olites in rats identified by DIETERLE (1980, unpublished), epoxidation of the 10,11-
double bond of carbamazepine accounts for a higher percentage of the dose than 
does any of the other pathways. In the rat, however, further transformation of 
the epoxy intermediate to the diol metabolite occurs at a much slower rate than 
in man. The rat urine accordingly contains an appreciably greater amount of 
epoxycarbamazepine than human urine - about 10% of the dose compared with 
1 % - and less of the diol metabolite. The epoxide-hydrase activity in human liver 
homogenate was in fact found to be twice that demonstrable in the rat liver 
(OESCH 1973). The concentration profiles of carbamazepine and epoxycarba
mazepine in plasma reflect the different rates of the metabolic reactions in rat and 
man (F AIGLE et al. 1976). Administration of a single oral dose of carbamazepine 
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to the rat results in epoxide concentrations roughly equal to those of the un
changed drug; after repeated administration, the epoxide reaches even higher 
levels than carbamazepine. In healthy human subjects, on the other hand, the 
plasma concentrations of epoxycarbamazepine do not exceed 15% of those of the 
unchanged drug under similar experimental conditions. The occurrence of the ep
oxide metabolite of carbamazepine has also been observed in rhesus monkeys 
(PATEL et al. 1978) and in dogs (FREY and L6SCHER 1980), whereas in gerbils this 
metabolite could not be detected (FREYet al. 1981). 

Epoxycarbamazepine also possesses anticonvulsant properties. Its EDsos in 
the electroshock test in mice and rats (12-18 mg/kg p.o.) and in the pentylenetet
razol test in mice (8-24mg/kg p.o.) are similar to those of the parent drug (GAG
NEUX 1976; FAIGLE and FELDMANN 1982; FREY and L6SCHER 1980). However, in 
rats the anticonvulsant efficacy of carbamazepine was - on a blood concentration 
basis - higher than that of the epoxide metabolite (F AIGLE et al. 1977). The other 
metabolites of carbamazepine either display little anticonvulsant activity or are 
present in the plasma in low concentrations only and therefore hardly contribute 
toward the therapeutic effect of the parent compound. 

IV. Elimination 

In all animal species studied so far, carbamazepine is largely metabolized: At the 
most 2% of the dose can be recovered unchanged in urine or bile (FAIGLE and 
FELDMANN 1975; LEVY et al. 1975; PITLICK 1975; DIETERLE 1980, unpublished). 
In this respect, there is a close similarity between animals and man. The overall 
rate of biotransformation in man, however, differs greatly from that found in ani
mals, as is evident from the elimination half-lives of carbamazepine determined 
in plasma: In rats, gerbils, dogs, rabbits, rhesus monkeys, and Papio papio the 
mean elimination half-lives after single doses of carbamazepine are between 0.9 
and 1.9 h (LEVY et al. 1975; PITLICK 1975; FARGHALI-HASSAN et al. 1976; RIMER
MAN et al. 1979; FREY and L6sCHER 1980; SURIA and KILLAM 1980; FREY et al. 
1981); in healthy volunteers, the mean half-life is 36 h. The metabolic clearance 
of carbamazepine in the above animal species is consequently more than one 
power of ten higher than in man. Hence, to maintain a given concentration of car
bamazepine in plasma, correspondingly higher doses would be required in ani
mals. Thus, although possibly equal in pharmacological activity, the same plasma 
concentration of carbamazepine may toxicologically impose a greater burden on 
animals than on man. 

It should be noted that male rats eliminate carbamazepine more rapidly than 
females, in which the half-life is about 50% longer (FARGHALI-HASSAN et al. 
1976). Clinical data indicate that the kinetics of carbamazepine in male and fe
male patients are not significantly different (HOOPER et al. 1974). 

The phenomenon whereby carbamazepine accelerates its own metabolism 
when given repeatedly has been observed in rats, dogs, and monkeys (F AIGLE et 
al. 1976; FARGHALI-HASSAN et al. 1976; LOCKARD et al. 1979; FREY and L6sCHER 
1980). The compound primarily induces the microsomal mono-oxygenase system 
(WAGNER and SCHMID 1980, unpublished results); the induction pattern in rats is 
similar to that produced by phenobarbital, although the effects of carbamazepine 
are generally less marked. These results are in accordance with data on human 
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volunteers and epileptic patients indicating that multiple-dose treatment reduces 
the half-life of carbamazepine through autoinduction of drug-metabolizing en
zymes (F AIGLE and FELDMANN 1982). 

F. Drug Interactions 

SCHMUTZ et al. (1979) investigated the combination of carbamazepine and val
proate sodium in mice, rats (electroshock test), and cats (hippocampal afterdis
charge). In all species tested, seizure protection afforded by the two drugs com
bined in various dose-ratios exceeded the additive effects of the same doses of 
each alone. Additionally, in the hippocampal afterdischarge experiments, some 
dose combinations prolonged the anticonvulsant activity. No potentiation of un
desired effects or of acute oral toxicity (rat) resulted from the combination. In the 
electroshock test in mice, especially at lower doses, the combination of carba
maze pine and phenytoin potentiated the anticonvulsant activity of carbamazepine 
less than did the combination of carbamazepine and valproate sodium. 

The mode of action underlying this potentiating effect on the anticonvulsant 
activity of carbamazepine is not clear. SCHUETZ et al. (1982, unpublished results) 
noted that the concomitant administration of valproate sodium and carba
mazepine in rats increased the integrated blood concentrations (0-24 h) of 
[14C]carbamazepine and its epoxide metabolite by 26% and 38%, respectively, 
without altering the elimination half-life of the parent drug. Thus, valproate 
sodium does not seem to inhibit the hepatic enzymes metabolizing carba
mazepine, but rather to cause its redistribution. Augmented absorption can be ex
cluded, since carbamazepine, given alone, is completely absorbed from the gas
trointestinal tract of the rat. Finally, in dogs, valproate sodium had no effect on 
the serum protein binding of carbamazepine (LOSCHER 1979). 

SCHMUTZ et al. (1982) and MONDADORI et al. (to be published) also investigated 
the influence of vincamine and piracetam on the anticonvulsant effect of carba
mazepine in the electroshock test in the rat. The protection against seizures af
forded by several dose combinations of carbamazepine with vincamine and pi
race tam, respectively, exceeded the additive effects of the components, indicating 
potentiation. As in the above-mentioned study, potentiation of unwanted effects 
or of acute oral toxicity (combination with vincamine) was not observed. 

Further studies may reveal whether some modes of action of the drugs com
bined are complementary, whether the serum protein binding of carbamazepine 
is influenced, or whether these drugs show agonistic activities at the as yet un
known receptor sites of carbamazepine. 

SCHUETZ et al. (1982, unpublished results) also found that simultaneous ad
ministration of carbamazepine and the analgesic propoxyphene increased the inte
grated blood concentrations (0-24 h) of [14C]carbamazepine by up to 105% and 
decreased those of its epoxide metabolite. In addition, the mean elimination half
life of the parent compound was prolonged. These effects of propoxyphene are 
similar to, though weaker than, those of the enzyme inhibitor SKF-525-A, indi
cating that the analgesic has an inhibitory effect on the enzymes metabolizing car
bamazepine. 
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G. Toxicology! 

I. Acute Toxicity Studies 

In mice, rats, rabbits, and guinea pigs, the LDso of orally administered carba
mazepine was found to be in the range of 1,000 mg/kg, or above. Dogs tolerated 
single doses of more than 5,000 mg/kg; higher doses could not be given without 
causing emesis. The principal preterminal toxic effects in the mouse, rat, rabbit, 
and g~nea pig were labored respiration, ataxia, clonic and tonic convulsions, and 
coma. 

II. Subacute and Chronic Toxicity Studies 

Toxic manifestations after treatment of rats and dogs with carbamazepine for 
periods up to 12 months were found predominantly in the central nervous sys
tems, gonads, and liver. 

Signs of encephalopathy, occurring at doses not lower than 150 mg/kg daily, 
formed part of the symptoms of systemic toxicity appearing at lethal or sublethal 
doses. 

At doses of 400 mg/kg, which proved lethal in about half of the animals, tes
ticular changes were detected in approximately one-third of the treated male rats. 
Spermatogenesis was inhibited in rats that were debilitated and had markedly lost 
condition. In dogs, inhibition of spermatogenesis was only seen sporadically and 
was unrelated to the dose administered. 

Hepatic changes occurred in both species and were approximately dose re
lated. The livers were enlarged, and, upon, histological examination, hypertrophy 
of centrilobular hepatocytes was visible, accompanied by reduced basophilia of 
the cytoplasm and low glycogen contents. The changes were reversible, as dem
onstrated in a 3-month dietary study in the rat including a I-month post-treat
ment observation period. The threshold dose required to elicit hepatic changes in 
subacute and chronic studies is estimated to be 50 mg/kg. The effect of carba
mazepine on the rat liver after repeated oral administration was examined in a 
combined biochemical and electron-microscopic study. It was concluded that the 
drug induces a reversible, adaptive response of rat hepatocytes closely resembling 
the non-specific type of liver induction produced by a large variety of drugs (e.g., 
phenobarbital). No particular toxicological significance is attached to this find
ing, which is considered to represent an adaptive response to metabolic load. 

III. Reproduction Studies 
Reproduction and teratology studies have been performed at different research 
centers after both oral and parenteral administration of the drug to rats, mice, 
and rabbits. Analysis of all the teratological data obtained since 1963 furnishes 
no unequivocal evidence of any potential teratogenic action of carbamazepine in 
laboratory animals. More recent studies have in fact, confirmed that, in contrast 

1 This section is based on unpublished data from toxicity tests conducted between 1958 
and 1981 by or for Ciba-Geigy Ltd., Basel, Switzerland, where all reports are on file 
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to certain other antiepileptic agents, carbamazepine does not appear to possess 
teratogenic properties in several breeds of mice, i.e., the species considered most 
susceptible to this type of drug reaction. Rare malformations (e.g., cleft palate) 
were invariably associated with a high rate of maternal and/or fetal toxicity of the 
administered doses. It is nevertheless recommended that if pregnancy should oc
cur in a woman receiving carbamazepine, or if the question of initiating treatment 
with carbamazepine should arise during pregnancy, the potential benefits of the 
drug should be carefully weighed against its possible hazards, particularly in the 
first trimester. This applies also to nursing mothers, as carbamazepine passes into 
the breast milk. 

IV. Mutagenicity Studies 
Carbamazepine was found to be devoid of any mutagenic activity in the Ames 
test, performed with and without microsomal activation, in the nucleus anomaly 
test (2 days and 12 weeks), in the dominant lethal test, in chromosome studies in 
somatic cells (bone marrow) and male germinal epithelial cells (mouse spermato
gonia and spermatocytes), and in the mouse lymphoma assay (in vitro and host 
mediated). 

V. Carcinogenicity Studies 
In rats treated with carbamazepine for 2 years, the incidence of tumors of the liver 
was found to be increased. There is, however, no evidence to indicate that this ob
servation has any significant bearing on the therapeutic use of carbamazepine in 
man. 
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CHAPTER 17 

Valproic Acid 
W.LOSCHER 

A. Chemistry and Physicochemical Properties 
Valproic acid was first synthesized by Burton in 1881. There were no reported in
vestigations into its anticonvulsant properties until 1963, when MEUNIER et al. 
noted that several compounds dissolved in valproic acid protected mice and rab
bits from pentylenetetrazol-induced seizures. Valproic acid is the trivial name for 
2-propylpentanoic acid (also called n-dipropylacetic acid). As a simple branched
chain carboxylic acid it differs markedly in structure from other antiepileptic 
drugs. Its structural formula is as follows: 

Valproic acid (molecular weight, 144.21; mp, 120°-121°C) is a colorless liquid 
with a pKa value of 4.56 (LOSCHER and ESENWEIN 1978). Valproic acid is usually 
used as its sodium salt, which has a molecular weight of 166.198. Valproate 
sodium is a hygroscopic white powder which dissolves readily in polar solvents 
(e.g., water, ethanol, methanol) but is poorly soluble in solvents oflower polarity 
(e.g., acetone, chloroform, diethylether, benzene). 

The partition coefficients ofvalproic acid between organic solvents and buffer 
at pH 7.4 have been reported as <0.01 for heptane and benzene and 0.23 for 
chloroform (LOSCHER and ESENWEIN 1978). As for most short-chain fatty acids, 
gas chromatography is the most obvious method for determination of valproic 
acid. The analysis of valproic acid following other methods appears to be more 
intricate. Difficulties as to the proper detection of valproic acid from biological 
material may arise because of its volatility during enrichment. 

Early gas chromatographic methods required derivatization of valproic acid 
to the methyl ester (ALARY et al. 1972) or to the trimethylsilyl derivative (FER
RANDES and EYMARD 1973). MEIJER and HESSING-BRAND (1973) were the first to 
describe the analysis of underivatized valproic acid using a 5% free fatty acid 
phase (FF AP) column (Carbowax mixed with 2-nitroterephthalic acid) with 
3,3,5-trimethyl-caproic acid as internal standard. Valproic acid was concentrated 
from plasma by microdiffusion following the Conway method. Severallaborato
ries have simplified the analysis by the use of microextraction methods, i.e., val
proic acid is extracted from acidified plasma into a small volume of solvent, 
usually chloroform or carbon tetrachloride, and 1-2 ~l of the organic solvent is 
directly injected into the gas chromatography (e.g., DUKHUIS and VERVLOET 1974; 
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SCHOBBEN and VANDERKLEUN 1974 a, LOSCHER 1977; OELKERS et al. 1977). Most 
of these methods use a liquid phase traditionally used for the analysis of fatty 
acids such as Carbowax 6000. The internal standard should have physical prop
erties similar to those of valproic acid. 3,3,5-Trimethylcaproic acid, 2-methylca
proic acid, or other analogues ofvalproic acid may be used. For the simultaneous 
measurement ofvalproic acid and other antiepileptic drugs such as ethosuximide, 
gas chromatographic assays using the weakly polar stationary phase OV 17 have 
been described (KLOTZ 1977; LOSCHER and GOBEL 1978). 

Valproic acid is rapidly metabolized in different species including man (see 
Sect. E), and several methods for the quantitative analysis ofvalproic acid metab
olites have been reported (SCHAFER and LUHRS 1978; KOCHEN and SCHEFFNER 
1980; SCHAFER et al. 1980; LOSCHER 1981 a; NAU et al. 1981). In these methods 
either gas chromatography or combined gas chromatography-mass spectrometry 
is used for determination. However, in contrast to valproic acid, several difficul
ties impede the isolation, identification, and quantification of valproic acid me
tabolites (GUGLER and VON UNRUH 1980). Especially the chemical lability of 
these compounds can lead to erroneous results since degradation products may 
coincide with other metabolites in the gas chromatogram (LOSCHER 1981a). The 
problem of such interference can be resolved by the use of differential extraction 
(LOSCHER 1981 a). More recently, the evaluation of a new enzyme immunoassay 
(EMIT) for the determination of valproic acid in plasma has been reported 
(BRAUN et al. 1981; DONNIAH and BUCHANAN 1981). 

B. Antiepileptic Activity 

Since the antiepileptic properties ofvalproic acid were serendipitously discovered 
by MEUNIER et al. in 1963 and CARRAZ et al. reported the first clinical trial of the 
drug in 1964, numerous investigations have asserted its antiepileptic effect in both 
experimental and clinical epilepsy. Valproic acid is now widely used for the treat
ment of absence seizures but also shows promise in the management of partial 
and generalized tonic-clonic seizures. Two major reviews have summarized its 
therapeutic efficacy (SIMON and PENRY 1975; PINDER et al. 1977). In the following, 
the anticonvulsant properties of valproic acid in various seizure models will be 
reviewed. 

I. Valproic Acid in Experimental Models of Epilepsy 

The anticonvulsant properties of valproic acid are summarized in Table 1. Only 
those reports have been considered in which dose-response relationships were 
presented. In general, valproic acid displays a broad spectrum of moderate activ
ity against several types of chemically or electrically induced convulsions in a 
variety of species. As shown in Table 1, valproic acid also protects against audio
genic seizures in mice and against photic seizures in the baboon, Papio papio. Fur
thermore, it blocks kindled amygdaloid seizures in different species and is active 
in preventing seizures induced by sensory stimulation in the Mongolian gerbil. 
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Table 1. The anticonvulsant activity of valproic acid in various seizure models. The doses 
refer to the sodium salt of valproic acid 

Species Seizure model Anticonvulsant activity, of Refs. 
valproic acid 

Convulsant Dose Route Premedica- Route EDso 
(mg/kg) tion interval (mg/kg) 

(h) 

Mice Pentylene- 85 s.c. 0.5 p.o. 265 SWINYARD (1964) 
tetrazol 100 s.c 0.5 p.o. 220 SHUTO and Nishigaki (1970) 

100 s.c 0.75 p.o. 420 FREY and LOscHER (1976) 
125 s.c. 0.5 p.o 273 LACOLLE et al. (1978) 
100 s.c. 0.5 p.o. 430 LOSCHER (1979a) 
85 s.c. 1.0 p.o. 388 KUPFERBERG (1980) 
85 s.c. 0.25 i.p. 120 SWINYARD (1964) 

100 s.c. 0.25 i.p. 120 SHUTO and Nishigaki (1970) 
85 s.c. 0.25 i.p. 150 KRALL et al. (1978) 

100 s.c. 0.5 i.p. 340 LOSCHER (1980a) 
35 i.v. 0.5 i.p. 42 WORMS and LLOYD (1981) 

Rats Pentylene- 70 s.c. 1.0 p.o. 1020 SWINYARD (1964) 
tetrazol 70 s.c. 0.5 p.o. 179 KUPFERBERG (1980) 

70 s.c. 0.5 i.p. 263 SWINYARD (1964) 
70 s.c. 0.5 i.p. 74 KUPFERBERG (1980) 

Mice Maximal 50mA Corneal 0.5 p.o. 605 SWINYARD (1964) 
electroshock 50mA elec- 0.5 p.o. 315 SHUTO and Nishigaki (1976) 

250V tro- 1.0 p.o. 490 FREY and LOsCHER (1976) 
50mA des 1.0 p.o. 664 KUPFERBERG (1980) 
50mA 0.25 i.p. 260 SWINYARD (1964) 
50mA 0.25 i.p. 235 SHUTO and Nishigaki (1970) 
50mA 0.25 i.p. 270 KRALL et al. (1978) 

250V 0.5 i.p. 290 L6sCHER (1980a) 

Rats Maximal 150mA 1.0 p.o. 318 SWINYARD (1964) 
electroshock 150mA 1.0 p.o. 489 KUPFERBERG (1980) 

150mA 0.5 i.p. 140 SWINYARD (1964) 
150mA 0.5 i.p. 169 KUPFERBERG (1980) 

Rabbits Maximal 0.5 i.p. 235 SWINYARD (1964) 
Cats electroshock 0.5 i.p. 67 SWINYARD (1964) 
Mice Picrotoxin 4 s.c. 0.75 p.o. 200 FREY and L6sCHER (1976) 

6.5 s.c. 0.5 p.o. 165 LACOLLE et al. (1978) 
4 s.c. 0.75 p.o. 430 L6SCHER (1979a) 
3.2 s.c. 0.25 i.p 387 KUPFERBERG (1980) 
1.6 i.v. 0.5 i.p. 240 WORMS and LLOYD (1981) 

Mice Bicuculline 5.5 s.c. 0.75 p.o. 600 FREY and L6sCHER (1976) 
2.7 s.c. 0.25 i.p. 359 KUPFERBERG (1980) 
0.45 i.v. 0.5 i.p. 35 WORMS and LLOYD (1981) 

Mice 3-Mercapto- 40 i.p. 0.5 p.o. 118 LACOLLE et al. (1978) 
propionic 60 s.c. 0.75 p.o. 370 L6sCHER (1979a) 
acid 66 s.c. 0.5 i.p. 290 L6sCHER (1980a) 

Mice Allylglycine 400 l.v. 0.5 i.p. 200 WORMS and LLOYD (1981) 
250 i.p. 0.5 after p.o. 350 SCHULTZ (1983) 

allylglycine 
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Table 1 (continued) 

Species Seizure model Anticonvulsant activity, of Refs. 
valproic acid 

Convulsant Dose Route Premedica- Route EDso 
(mg/kg) tion interval (mg/kg) 

(h) 

Mice Isoniazid 200 s.c. None p.o. 280 LOSCHER and FREY (1977a) 

Mice Strychnine 1.2 s.c. 0.75 p.o. 700 FREY and LOSCHER (1976) 
1.2 s.c. 0.25 !.p. 292 KUPFERBERG (1980) 
1.2 s.c. 0.5 l.p. >900 LOSCHER (1980a) 

Mice Audiogenic 0.75 i.p. ~300 ANLEZARK et al. (1976) 
seizures 0.5 i.p. 55 WORMS and LLOYD (1981) 

Rats Amygdaloid 0.5 i.p. 200 ALBERTSON et al. (1980) 
kindling 

Baboons Photosensitive l.v. 100- MELDRUM et al. (1977) 
epilepsy 200 

Gerbils Reflex epilepsy 
Myoclonic 0.75 p.o. 210 FREY et al. (1983) 
seizures 0.75 p.o. 290 FREY et al. (1983) 
Clonic-tonic 0.5 i.p. 84 LOSCHER et al. (1983) 
seizures 

The absence of concordance among different investigators testing valproic 
acid in the same seizure model is most likely accounted for by a different sensitiv
ity of the animal strain used and methodological differences such as route of ad
ministration, the time at which the tests were carried out after the administration 
ofvalproic acid, and different test parameters. 

The prevention of maximal electroshock seizures in mice is considered the 
classical animal model for evaluating agents potentially useful in the treatment 
of generalized tonic-clonic seizures (SWINYARD 1969). Comparative studies have 
shown that valproic acid has only a weak effect in this model, at least when com
pared with drugs useful in the treatment of grand mal epilepsy such as phenobar
bital and phenytoin (FREY and L6sCHER 1976; KRALL et al. 1978). 

The prevention of pentylenetetrazol-induced seizures in mice is generally con
sidered the classical animal model with the most predictive value for evaluating 
agents potentially useful in absence seizures (SWINYARD 1969). Actually, in this 
seizure model the anticonvulsant EDso of valproic acid is in the same range as 
that of trimethadione or ethosuximide, which are considered standard drugs in 
the therapy of absence seizures (FREY and L6sCHER 1976; KRALL et al. 1978). In 
dogs, MARTINEK and ARBEITER (1980) found that i.p. or i.v. administration of 80-
180 mg/kg valproic acid protected 47% of the animals from seizures induced by 
i.p. pentylenetetrazol, whereas orally administered valproic acid was ineffective 
in this regard. 

VAN DUIJN and BECKMANN (1975) investigated the effect of valproic acid on 
bemegride-induced tonic-clonic convulsions in cats. Forty-five minutes after sc. 
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administration of 200 mg/kg valproic acid no significant effect was obtained, 
whereas 5 min after the same dose given Lv., marked protection was observed. 

Several investigators have evaluated the effect ofvalproic acid on seizures in
duced by drugs which impair the function of the inhibitory neurotransmitter gam
ma-aminobutyric acid (GABA) in the brain. Thus, valproic acid has been shown 
to prevent seizures induced by picrotoxin and bicuculline, two specific and selec
tive GABA antagonists (FREY and LOSCHER 1967; LACOLLE et al. 1978; LOSCHER 
1979 a; KUPFERBERG 1980; LOSCHER 1980a; WORMS and LLOYD 1981). In a similar 
dose range valproic acid proved active against seizures caused by 3-mercaptopro
pionic acid, isoniazid, and allylglycine, which are potent inhibitors of GAB A syn
thesis (LOSCHER and FREY 1977a; LACOLLE et al. 1978; LOSCHER 1979a, 1980a; 
WORMS and LLOYD 1981; SCHULTZ 1983). At least in our laboratory, valproic acid 
was clearly more effective against picrotoxin-,3-mercaptopropionic acid-, or iso
niazid-induced convulsions than against seizures caused by strychnine, a specific 
antagonist of glycine (FREY and LOSCHER 1976; LOSCHER and FREY 1977 a; 
LOSCHER 1979a, 1980a). These results were considered to point to a role of 
GABA in the mediation of the anticonvulsant effect ofvalproic acid. 

Similar to the pentylenetetrazol-induced seizure test, the ability of a drug to 
prevent EEG and clinical seizure manifestations induced by photic stimulation of 
the baboon is considered to be of value in evaluating agents potentially useful 
against absence seizures (WOODBURY 1972). PATRY and NAQUET (1971) and MEL
DRUM et al. (1977) found valproic acid effective in this model after Lv. adminis
tration of doses up to 200 mg/kg. Several investigators have shown valproic acid 
to prevent audiogenic seizures in mice and carbon dioxide withdrawal seizures in 
rats, also useful models of absence seizures (SWINYARD 1964; SIMLER et al. 1973; 
ANLEZARK et al. 1976). 

HILLBOM (1975) studied the effects ofvalproic acid on ethanol withdrawal sei
zures in rats. Chronically administered valproic acid decreased the number of 
withdrawal seizures; however, seizures were not prevented if valproic acid was 
given 12 h after the withdrawal of ethanol. The anticonvulsant effect of valproic 
acid against ethanol withdrawal seizures was confirmed by NOBLE et al. (1976) 
and GOLDSTEIN (1979). 

In the Mongolian gerbil, seizures can be reliably initiated by sensory stimula
tion and evaluated by a standardized rating system (LOSKOTA et al. 1974). Val
proic acid has recently been shown effective in this model of reflex epilepsy 
(LoscHERetal.l983; FREY et al. 1983; Table 1). 

Another genetic animal model of epilepsy is the mutant mouse tottering, 
which displays, in the young homozygote, abnormal bursts of bilaterally synchro
nous spike waves in electrocorticograms recorded from awake, unrestrained ani
mals (NOEBELS and SIDMAN 1979). In addition to these "absence seizures" focal 
motor seizures occur. Valproic acid in oral doses up to 600 mg/kg did not 
influence these focal seizures (SCHULTZ 1983). Similar results were obtained with 
ethosuximide (ineffective up to 500 mg/kg), whereas diazepam proved highly ac
tive in this model (oral ED 50, 1.15 mg/kg). 

In dogs in which epileptic seizures were induced by emotional excitement, val
proic acid was anticonvulsantly active following parenteral administration but 
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showed no effect when administered orally on a chronic basis (MARTINEK and AR
BEITER 1980). 

LEVIEL and NAQUET (1977) studied the action ofvalproic acid on kindling in
duced by repeated stimulation of the amygdala in cats. Daily i.p. doses of 50 mg/ 
kg prevented the progressive establishment of generalized seizures. Higher doses 
(75-150 mg/kg) were necessary to protect the animals against generalized tonic
clonic seizures when kindling was established. Similarly, WADA (1977) and AL
BERTSON et al. (1980) reported that in rats, cats, and baboons valproic acid had 
anticonvulsant effects in the kindling model and prophylaxis was demonstrated 
in cats. More recently, L6sCHER (1983) studied the effect of valproic acid on the 
decrease in seizure threshold and progressive intensification of motor seizures de
veloping in the time course of repeated administration of pentylenetetrazol in 
dogs. Daily oral administration ofvalproic acid in doses up to 180 mg/kg exerted 
no effect on the development of these kindling-like phenomena. Actually, a cer
tain anticonvulsant effect was only determined 1.5-2 h after the daily administra
tion ofvalproic acid. 

In cats with cortical cobalt or alumina lesions, the experimental model for par
tial focal seizures with elementary symptomatology (WOODBURY 1972), valproic 
acid did not decrease focal discharges in the cortex but rather inhibited the spread 
of seizure activity from the focus (FARIELLO and MUTANI 1970; VAN DUIJN and 
BECKMANN 1975). It was about as effective as phenobarbital in suppressing ictal 
and interictal EEG phenomena. In a study by EMSON (1976), valproic acid did not 
affect either the behavioral or EEG manifestations of an intracortical cobalt le
sion in the rat. However, with respect to the short half-life ofvalproic acid in this 
species (L6sCHER 1978), the dose regimen of the chronic treatment was not suited 
to maintain active drug levels. LOCKARD and LEVY (1976) evaluated the anticon
vulsant activity of valproic acid in monkeys following intracortical injection of 
aluminum hydroxide. Constant-rate i.v. infusion of valproic acid attenuated the 
bursts of seizure activity caused by alumina and reduced focal motor seizures at 
higher plasma levels. Interestingly, these authors reported a decrease in electro
graphic seizure activity for a period of 2 weeks after valproic acid was withdrawn. 

Carry-over effects of the drug's anticonvulsant action have also been reported 
in mice, after both acute and chronic administration of valproic acid (LACOLLE 
et al. 1978; L6sCHER and NAU 1982; NAU and L6sCHER 1982). Thus, the anticon
vulsant activity of valproic acid against seizures induced by pentylenetetrazol, 3-
mercaptopropionic acid, or electroshock persisted after the drug had disappeared 
from the brain. Actually, delayed postdrug effects ofvalproic acid have also been 
described in patients (HARDING et al. 1978). The possibility that valproic acid me
tabolites could account for these findings will be discussed in Sect. E.III.3. 

JULIEN and FOWLER (1977) evaluated valproic acid for its ability to alter the 
pattern of febrile convulsions induced in mice by microwave diathermy. Doses 
of valproic acid up to 400 mg/kg i.p. failed to raise the temperature threshold 
for febrile convulsions, but reduced seizure severity at 200 and 400 mg/kg and 
depressed the rate of rise of temperature at 400 mg/kg. This effect was 
comparable to that observed in phenobarbital-treated animals. Indeed, 
CAVAZUTTI (1975) noted a comparable efficacy of valproic acid and pheno
barbital in the clinical prevention of febrile convulsions. 
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II. Mechanism of Anticonvulsant Action of Valproic Acid 

1. Effects on GABAMetabolism 

513 

The role of GABA as an inhibitory neurotransmitter and the relationship be
tween neuronal excitability and GABA are beyond the scope of this chapter, but 
it seems generally accepted that impairment of the GABA system can lead to con
vulsions whereas enhancement of its effectiveness has an anticonvulsant effect 
(MELDRUM 1979). SIMLER et al. (1968) were the first to describe that valproic acid 
raises brain GABA levels. Following i.p. administration of 400 mg/kg in mice a 
maximum GABA increase of 37% was observed after 30 min. Since then, most 
reports dealing with the mechanism of action of valproic acid refer to its ability 
to raise brain GABA levels. Actually, the increase in whole brain GABA of mice 
correlates temporally with the onset and duration of the anticonvulsant activity 
of valproic acid (SIMLER et al. 1973; LUST et al. 1976; LACOLLE et al. 1978; 
LOSCHER 1981 b). GABA levels determined in mouse and rat brain regions after 
valproic acid, 200-400 mg/kg i.p., show increases varying from 0% (caudate nu
cleus, temporal cortex) to 80%-100% (hypothalamus and olfactory bulb) (SIM
LER et al. 1978; IADAROLA et al. 1979). However, since GABA concentrations were 
determined in homogenates of whole brain or brain regions, it is not certain what 
portion of the increase in GABA produced by valproic acid is associated with 
nerve endings concerned with neurotransmission. GABA is present in many cells 
including glial cells and neurons which do not use this amino acid as a neurotrans
mitter (BALASZ et al. 1970). Thus, the cellular compartmentation of GABA makes 
it difficult to correlate elevation of whole brain GABA concentrations and neuro
pharmacological effects such as anticonvulsant action. IADAROLA and GALE 
(1979) have shown in rats that after section of the striatonigral pathway the in
crease in nigral GABA seen after valproic acid was abolished. This observation 
has been interpreted as showing that increases in GABA content after valproic 
acid occur specifically in GABAergic terminals. Indeed, SARHAN and SEILER 
(1979), who examined GABA levels in subcellular fractions of brain tissue ob
tained from mice treated with valproic acid (400 mg/kg), found a pronounced 
GABA increase in a crude fraction of synaptosomes, i.e., discrete particles which 
have been derived from nerve endings. However, this finding was limited by the 
fact that the fraction used (P2) contains a significant amount of nonsynaptic 
mitochondria in addition to the synaptosomes. More recently, LOSCHER (1981 c) 
studied the effects ofvalproic acid, 125-250 mg/kg i.p., on GABA metabolism in 
purified synaptosomes from mouse brain. In all doses valproic acid produced sig
nificant increases of synaptosomal GABA levels of about 20%-30% which were 
comparable to the relative increases determined in whole brain. The enzymic basis 
for the rise in brain GABA following valproic acid remains subject to controver
sy. Before considering in detail the mechanisms by which valproic acid might in
crease GABA levels, it is pertinent to illustrate the routes by which GABA is 
formed and catabolized. As shown in Chap. 7, this volume, Fig. 1, GABA is syn
thesized by decarboxylation of glutamate and is degraded by transamination to 
succinic semialdehyde (SSA). SSA can either be oxidized to succinate or it can be 
reduced to gamma-hydroxybutyrate. The relative importance of these two de
gradative pathways in vivo is unclear, although it appears that the reduction to 
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gamma-hydroxybutyrate is generally a minor route of metabolism. All the en
zymes of GABA metabolism have been extensively characterized with the excep
tion ofSSA reductase. This latter enzyme may be similar or identical to NADPH
dependent aldehyde reductases (EC 1.1.1.2), which act as general aldehyde-me
tabolizing enzymes in brain and other tissues and can reduce SSA in vitro (TUR
NER and WHITTLE 1980). The GABA-elevating action of valproic acid was orig
inally attributed to inhibition of GABA transaminase (GABA-T; EC 2.6.1.19) 
(GoDIN et al. 1969; SIMLER et al. 1973). However, more recent studies have shown 
that this inhibition by valproic acid is extremely weak (Ki > 20 roM) and not likely 
to be of any significance for the action of the drug in vivo (FOWLER et al. 1975; 
LOSCHER and FREY 1977b; Whittle and TURNER 1978; VAN DER LAAN et al. 1979; 
LOSCHER 1980 b). Actually, following administration of therapeutic dose levels of 
valproic acid in man, brain concentrations of only 0.04-0.2 mM have been deter
mined (V ADJA et al. 1981). Several authors have reported a more potent inhibitory 
effect against SSA dehydrogenase (SSADH; EC 1.2.1.16), the enzyme responsible 
for the subsequent stage in the GABA shunt pathway (HARVEY et al. 1975; AN
LEZARK et al. 1976; VAN DER LAAN et al. 1979), but studies by SIMLER et al. (1981) 
suggest that it is apparently not possible to raise brain GABA levels even with 
near total inhibition of SSADH by p-hydroxybenzaldehyde. Recently, WHITTLE 
and TURNER (1978) have shown that valproic acid is a potent inhibitor of aldehy
de reductase purified from ox brain, with a Ki of 38-85 ~M. The physiological sig
nificance of inhibition of aldehyde reductase has not been established. Its possible 
involvement in the conversion of SSA into gamma-hydroxybutyrate has been dis
cussed above. In fact, inhibition of this pathway by valproic acid has recently 
been demonstrated in rat brain homogenates, 67% inhibition occurring at 1 mM 
(WHITTLE and TURNER 1982). Tentatively, inhibition of gamma-hydroxybutyrate 
formation by valproic acid could be of considerable interest since this metabolite 
of GABA has been shown to produce epileptogenic effects in monkeys and rats 
(MARCUS et al. 1976; SNEAD 1978). Besides effects ofvalproic acid on GABA de
gradation, an activation of GABA synthesis could be a likely explanation for the 
GABA-elevating action of this drug. GODIN et al. (1969) measured the relative in
corporation of 14C into GABA in rat brain following the s.c. injection ofp4C]glu
cose. Thirty minutes after administration ofvalproic acid, 400 mg/kg i.p., the in
corporation of 14C into the GABA molecule was increased by 29%, which, how
ever, was not significant on account of the small number of animals studied. In 
similar experiments in mice, TABERNER et al. (1980) found that valproic acid, 80 
mg/kg i.p., produced a significant increase in the rate of production of GAB A by 
90%, whereas after 160 mg/kg the incorporation of 14C into GABA was elevated 
by 40%. Actually, LOSCHER (1981 c) showed that valproic acid, 125-205 mg/kg 
i.p., significantly increased the activity of the GABA-synthesizing enzyme gluta
mic acid decarboxylase (GAD; EC 4.1.1.15) both in the whole brain and brain 
synaptosomes of mice. The time course of this effect matched that of the GABA 
increase (LOSCHER 1981 b). Increase of GAD activity was confirmed by PHILLIPS 
and FOWLER (1982), who demonstrated significant increases in the medulla, pons 
cerebellum, and midbrain regions of rats. Higher, sedative doses ofvalproic acid 
seem to depress GAD activity (LOSCHER and FREY 1977 b) and to decrease the rate 
of incorporation of 14C from glutamate into GABA (CHAPMAN et al. 1982). Ac-
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cordingly, these findings may be interpreted in that at least in part valproic acid 
raises brain GABA levels by elevation of GABA synthesis, but this effect seems 
to occur only within a certain dose range. Irrespective of the mechanisms causing 
the rise in brain GABA concentrations, is it sufficient to explain the anticonvul
sant action ofvalproic acid? The GABA increases after the administration of val
proic acid are small in comparison to the five- to tenfold increases seen after po
tent inhibitors of GABA-T, such as gamma-acetylenic GABA and gabaculine 
(JUNG 1978). However, since decreases in GABA concentrations in nerve termi
nals of only 28% have been demonstrated to impair the function of the inhibitory 
transmitter to such an extent that seizures occur (WOOD et al. 1979), the modest 
potency ofvalproic acid to increase synaptosomal GABA seems sufficient to pre
dict anticonvulsant activity (LOSCHER 1981 c). It has been repeatedly objected that 
the valproic acid doses used in most rodent studies to demonstrate GABA in
creases were far above those used for clinical treatment (20-60 mg/kg). Actually, 
in dogs valproic acid, 60 mg/kg, was recently shown to increase brain GABA 
levels by about 100% (LOSCHER 1982a). This effect was reflected by similar rel
ative increases in GABA levels of plasma and CSF. Accordingly, in volunteers 
and patients under chronic treatment with valproic acid, a pronounced increase 
in plasma and CSF GABA levels has been recently described (LoSCHER and 
SCHMIDT 1980, 1981; ZIMMER et al. 1980; LOSCHER and SIEMES 1984). However, 
in two other clinical studies CSF measurements showed no significant change 
in GABA levels of patients with schizophrenia and Parkinson's disease (NUTT 
et al. 1979; LAUTIN et al. 1980). 

2. Effects on Release, Receptors, and Uptake of GADA 

Recent biochemical studies have examined the effects ofvalproic acid on GABA
linked mechanisms other than metabolism as a possible site of action, namely (a) 
the release of GABA from nerve terminals, (b) the sodium-independent binding 
of GABA to postsynaptic receptors, and (c) the sodium-dependent high-affinity 
GABA reuptake system which removes GABA from the synaptic cleft and 
thereby terminates its action (for illustration see Chap. 7, this volume, Fig. 2). 

Valproic acid at concentrations up to 1 mM had no effects on the release of 
preloaded radiolabeled GABA from rat brain synaptosomal preparations (AB
DUL-GHANI et al. 1981). In the same study it was shown that valproic acid, 200-
400 mg/kg i.p., caused no detectable effiux of GABA from rat cerebral cortex in 
vivo. 

The effect ofvalproic acid on sodium-independent GABA binding to postsyn
aptic receptors has been determined with a crude synaptic membrane fraction 
from rat brain (LOSCHER 1979 b, 1980 b). Up to 10 mM the drug produced no per
ceptible changes in GABA binding. Similarly, valproic acid did not interfere with 
[3H]muscimol binding (KERWIN et al. 1980; LOSCHER et al. 1981). 

The effect ofvalproic acid on the sodium-dependent uptake of [3H]GABA has 
been measured with a crude mitochondrial fraction from rat brain (KULIG et al. 
1977; LOSCHER 1980b). Valproic acid had very little affinitiy to GABA-uptake 
sites, producing 20%-25% inhibition at 10 mM. 

Recent studies ofTICKU and OLSEN (1978) have shown that several convulsants 
and anticonvulsants interact with a site in the GABA receptor-ionophore com-



516 W.L6sCHER 

plex distinct from the GABA recognition sites to which the neurotransmitter at
taches. This site seems directly associated with the GABA-linked chloride iono
phore and can be labeled by radioactive dihydropicrotoxinin (DHP). Actually, a 
number of barbiturates which have been shown to activate GABA-linked Cl
channels are potent inhibitors of DHP binding to rat brain membranes (OLSEN 
et al. 1979). Preliminary experiments in this laboratory suggest that valproic acid 
is a weak inhibitor of DHP binding (ICso > 1 mM), whereas TICKU and DAVIS 
(1981) found valproic acid to inhibit DHP binding in a Lubrol-solubilized frac
tion from rat brain with an ICso of 0.5 mM. 

3. Neurophysiological Effects 

Although binding experiments did not indicate a potent action of valproic acid 
on GABA receptor function, there are several neurophysiological studies which 
suggest direct postsynaptic effects of val pro ate leading to potentiation of GAB A
mediated neurotransmission independent of alterations in GABA metabolism 
(reviewed by JURNA in Chap. 23, this volume). Recent experiments on the 
neurophysiological effects of 2-en-valproic acid, the major metabolite of valproic 
acid, are described in this chapter in Sect. E.III.3. 

4. Effects on Glycine Metabolism 

There is considerable evidence that glycine acts as an inhibitory transmitter in the 
spinal cord and brain stem (WERMAN et al. 1968). Its postsynaptic action is 
blocked by strychnine and related alkaloids and this effect appears to be respon
sible for the convulsant action of these drugs. 

There have been several studies which have reported elevated CSF, plasma, and 
urine glycine concentrations in patients on medication with valproic acid 
(JAECKEN et al. 1977; SIMILAE et al. 1979, 1980; MORTENSEN et al. 1980). Hyper
glycinemia and hyperglycinuria have also been determined following valproic 
acid treatment in rats and have been accounted for by inhibition of the glycine 
cleavage enzyme complex (MORTENSEN et al. 1980). Though the physiological sig
nificance of these findings is not yet evident, the weak anticonvulsant effect of val
proic acid against strychnine seizures does not suggest that the glycinergic system 
is a primary site of action of the drug (FREY and LOSCHER 1976; LOSCHER 1979a, 
1980a). 

5. Effects on Aspartate 

Evidence has accumulated to indicate that aspartate may be the excitatory trans
mitter at some central synapses (CURTIS and WATKINS 1963; CURTIS and JOHN
STON 1974). Following i.p. administration ofvalproic avid, 400 mg/kg in mice, de
creases of brain aspartate levels have been reported which correlated temporally 
with the anticonvulsant activity against audiogenic seizures (SCHECHTER et al. 
1978). Similar decreases in brain aspartate have been determined in rats after i.p. 
injection of 400 mg/kg, whereas subchronic oral treatment (315-365 mg/kg per 
day) proved ineffective in this regard (KUKINO and DEGUCHI 1977; PERRY and 
HANSEN 1978). Subcellular studies of SARHAN and SEILER (1979) indicate that the 
decrease in brain aspartate induced by valproic acid is confined to nonsynapto-
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somal compartments, thus suggesting that this effect is not related to a neuro
transmitter role of the amino acid. 

6. Effects on Cyclic Nucleotides 

LUST and associates (1976, 1978) studied the relationship of cyclic nucleotides to 
anticonvulsant activity in mice. In general, cyclic 3' ,5' -GMP concentrations in the 
cerebellum were elevated by convulsants and diminished by anticonvulsant 
agents, whereas the levels of cyclic 3',5'-AMP remained unchanged by either 
treatment. Following administration of valproic acid, 400 mg/kg i.p., the de
crease in cyclic GMP was accompanied by an increase in cerebellar GABA. Inter
estingly, the increase in cerebellar cyclic GMP induced by isoniazid was sup
pressed in the presence of valproic acid. Similar results were obtained by 
MCCANDLESS et al. (1979) in discrete layers of mouse cerebellum. The authors 
speculated that the decreased cerebellar cyclic G MP level after valproic acid could 
lead to an increase in Purkinje-cell activity, which in turn could then have an in
hibitory influence on various cortical and subcortical areas. 

7. Effects on Monoamine Metabolism 

An involvement of norepinephrine, dopamine, and 5-hydroxytryptamine in the 
mechanism of action of anticonvulsants has repeatedly been suggested (MEL
DRUM 1978; LOSCHER 1981 d). Following administration of valproic acid (400-
600 mg/kg Lp.) in rodents, changes have been reported in the brain concen
trations of these amines and their principal acid metabolites, which, however, did 
not correlate with the anticonvulsant effect (HORTON et al. 1977; HWANG and 
VAN WOERT 1979; KUKINO and DEGUCHI 1977). When mice were pretreated with 
inhibitors of monoamine synthesis, the anticonvulsant action ofvalproic acid was 
not altered (HORTON et al. 1977). Thus, changes in activity in monoaminergic sys
tems would not appear to playa major part in the anticonvulsant action of val
proicacid. 

In conclusion, enhancement of GABA-mediated inhibition by a presynaptic 
effect on GABA metabolism and/or a direct postsynaptic action remains the 
strongest hypothesis concerning the mechanism of action of valproic acid. How
ever, several important questions need a more detailed examination before this 
hypothesis can be accepted as definitive evidence. 

C. Central Nervous System Effects 
Besides the Anticonvulsant Effect 

Because of the effects ofvalproic acid on pre- and postsynaptic GABA-ergic func
tion, there have been attempts to use it in the treatment of neurological disorders 
which are thought to involve impairment of GABA-mediated transmission, such 
as Huntington's disease, Parkinsons's disease, schizophrenia, tardive dyskinesia, 
and manic-depressive psychosis. In general, the results have not been as promis
ing as in the treatment of epilepsy, but there have been reports of ameliorization 
of symptoms with higher dosages of valproic acid (see HAMMOND et al. 1981). In 
rats with kainic acid-induced lesions of the striatum, a model for Huntington's 
disease, valproic acid (400 mg/kg Lp.) only partially corrected the GABA defi
ciency in the striatum, whereas low doses of the GABA-T inhibitor gamma-acety-
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lenic GABA completely restored the decreased GABA levels (SCHWARCZ et al. 
1977). The hyperactivity induced by the bilateral injection of dopamine into the 
nucleus accumbens of rats can be inhibited by valproic acid (KURUVILLA and 
URETSKY 1981), which is consistent with findings of NAGAO et al. (1979) that val
proic acid seems to reduce dopaminergic hyperactivity in schizophrenics with 
tardive dyskinesia. Accordingly, a reduction of dopamine synthesis after valproic 
acid was reported by WALTERS et al. (1979). On the other hand, valproic acid, 
100-400 mg/kg i.p., caused only inconsistent effects in the dyskinesia model using 
2-(N,N-dipropyl)amino-5,6-dihydroxytetralin to induce perioral movements in 
guinea pigs (COSTALL et al. 1978). Furthermore, valproic acid failed to inhibit am
phetamine-induced stereotyped behaviour, which is considered as a screening test 
for antipsychotic compounds with antidopaminergic effect (PATEL et al. 1975). 

LAL and SHEARMAN (1980) recently reported that valproic acid exerts anxio
lytic activity similar to that of the benzodiazepines in a rat model, and it was sug
gested that this action might be due to the effects of valproic acid on the GABA 
system. 

Sedative effects have been noted in patients receiving valproic acid alone but 
are found most often in patients receiving valproic acid in addition to other 
antiepileptic drugs, especially phenobarbital (PINDER et al. 1977; see also Sect. F). 
NORONKA and BEVAN (1976) calculated an overall incidence of drowsiness and se
dation of 5.1 %, of which only 0.2% could be attributed directly to valproic acid. 
Animal studies have shown that valproic acid per se is more sedative than 
trimethadione or phenacemide but less so than phenobarbital or phenytoin 
(SWINYARD 1964). Decreases of spontaneous motor activity do not occur until 
doses of 400-600 mg/kg (i.p.) are reached (e.g., MISSLIN et al. 1972; LOSCHER 1980 
a). In mice, valproic acid, 10-50 mg/kg i.p., has been reported to potentiate the 
hypnotic activity of chloral hydrate and, less markedly, hexobarbital and pheno
barbital (LEBRETON et al. 1964). 

SHUTO and NISIllGAKI (1970) found that valproic acid in s.c. doses of 300-500 
mg/kg exerted antinociceptive action in mice and potentiated the antinociceptive 
effect of morphine. Actually, the antinociceptive effect of 400 mg/kg valproic acid 
was of the same order as that of morphine, 8 mg/kg s.c. 

More recently, acute administration of valproic acid in drug-naive rats has 
been found to evoke a behavioral syndrome which was designated as "quasi-mor
phine abstinence behavior" (as defined by COLLIER 1974) since it resembled the 
behavioral syndrome observed during morphine abstinence (DE BOER et al. 1977, 
1980; COWAN and WATSON 1978; COWAN 1981). The syndrome is characterized 
by a high incidence of shaking behavior ("wet dog shaking"), digging, hunchback 
posture, and piloerection occurring within minutes following i.p. injection of val
proic acid, 200-300 mg/kg. Swallowing and teeth chattering were less frequently 
observed, and so were ptosis and catalepsy, which have also been described in 
mice after high doses of the drug (LOSCHER 1981 a). Most behavioral symptoms 
induced by valproic acid could also be evoked by other branched chain fatty acids 
(VAN DER LAAN et al. 1980). The quasi-abstinence effects were suppressed by bi
cuculline, picrotoxin, and 3-mercaptopropionic acid, whereas strychnine was in
effective. Thus it was suggested that valproic acid-induced quasi-abstinence be
havior may be evoked by an increase of GABA levels at its receptor sites (DE BOER 
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et al. 1977, 1980; VAN DER LAAN et al. 1980). The behavioral syndrome was fur
ther suppressed by amino-oxyacetic acid, lysergic acid diethylamine, and mor
phine, whereas naloxone had no effect (COWAN and WATSON 1980; COWAN 1980; 
DE BOER et al. 1980). When rats were injected twice daily with valproic acid for 
7 days, marked tolerance developed to the behavioral components of the syn
drome (COWAN 1981). 

D. Pharmacodynamic Properties 
Outside the Central Nervous System 
Despite the widespread use of valproic acid, there have been very few reports of 
studies on the pharmacodynamic effects of the drug outside the CNS (see also 
Sect. G). Following acute and subacute admjnistration in rats, valproic acid was 
shown to exert a moderate diuretic effect (CARRAZ et al. 1965; SHUTO and NIsm
GAKII970). 

A number of studies indicate that valproic acid has an immunostimulant ac
tion. Thus, administration of the drug to rabbits during immunization doubled 
the quantity of antibodies formed and opposed the depression of antibody forma
tion induced by cortisone (CARRAZ and FIORINA 1967; CARRAZ et al. 1970). Sub
sequent studies in mice showed that valproic acid enhances humoral immunity in 
vivo, but is uneffective in vitro, suggesting the involvement of metabolites in the 
immunostimulant action of the drug (DE SOUZA-QUEffiOZ and MULLEN 1980). 

According to studies of SHU TO and NISHIGAKI (1970), valproic acid hardly af
fected the cardiovascular system. Recently, a more detailed study on the car
diovascular activity of valproic acid has been carried out in dogs and rats 
(LoSCHER 1982 b). In dogs, valproic acid was injected i.v. in a priming dose fol
lowed by maintenance infusion to compensate the rapid elimination of valproic 
acid in this species (see Sect. E). Doses up to 40 mg/kg plus infusion produced only 
transient reduction of blood pressure. A decrease in heart rate was observed in 
two of ten dogs studied. At 60 mg/kg with subsequent infusion the transient fall 
in blood pressure was followed by sustained hypertension. In rats, valproic acid 
up to 50 mg/kg i.v. induced a temporary fall in blood pressure and heart rate. Ad
ministration of 100-400 mg/kg provoked prolonged cardiovascular depression 
which, at doses of 300-400 mg/kg, was very similar to that observed with high i.v. 
doses of GABA and inhibitors of GABA-T. Both hypotension and bradycardia 
induced by valproic acid could be counteracted by the GABA antagonist bicucul
line, whereas manipulation of other transmitter systems exerted inconsistent ef
fects. Interestingly, the dopamine agonist apomorphine led to a considerable in
tensification of the cardiovascular depression provoked by valproic acid. 

In rats which were made hypertensive by removing the right kidney and by 
implanting a 50-mg pellet of desoxycorticosterone acetate, the daily i.p. adminis
tration of 100 mg/kg valproic acid for 6 weeks was very effective in reducing the 
development of hypertension, but did not prevent suppression of renin activity 
(ROTIROTI et al. 1982). The antihypertensive effect of valproic acid seemed not to 
include interference with peripheral vascular noradrenergic activity or arterial 
baroreflex control. 
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E. Pharmacokinetics 
The main pharmacokinetic data for valproic acid in different species are summa
rized in Table 2. 

I. Absorption and Bioavailability 
Valproic acid is rapidly absorbed in man following single oral doses in conven
tional tablet form, peak plasma concentrations being attained 1-4 h after admin
istration. A mean absorption half-time of 0.42 h has been calculated (see GUGLER 
and VON UNRUH 1980). With enteric-coated preparations, a lag time of absorp
tion of 1-2 h is observed. Bioavailability studies have shown that valproic acid 
is almost completely absorbed from solution, tablet, or enteric-coated prepara
tions (KLOTZ and ANTONIN 1977). 

Following oral administration in mice and dogs, valproic acid is even more 
rapidly absorbed than it is in man (LOSCHER and ESENWEIN 1978). In dogs, the 
bioavailability from solutions, tablets, and enteric-coated preparations is similar 
to that determined in humans, whereas poor absorption was noted in mice 
(LoSCHER and ESENWEIN 1978; LOSCHER 1981 e). Absorption of valproic acid 
from the small intestine has been studied by perfusing drug solutions through the 
intestine of anesthetized rats and by varying the pH (SCHNITGER 1984). Absorp
tion decreased when the pH was raised from 6 to 8. Furthermore, the relative 
intestinal absorption significantly declined with increasing drug concentrations. 
Actually, experiments in rats and dogs may indicate the existence of a probenecid
sensitive transport of valproic acid from the intestine into the circulation 
(SCHNITGER 1984; LOSCHER 1981 e). 

II. Distribution and Protein Binding 
Following i.v. administration ofvalproic acid in man, an apparent volume of dis
tribution of 0.085-0.203 liters/kg has been determined (KLOTZ and ANTONIN 
1977). These values are small compared with most other antiepileptic drugs and 
suggest that distribution of valproic acid is almost restricted to the extracellular 
compartment. Similar figures have been reported for rhesus monkeys, whereas 
higher values were determined in other species (Table 2). This may be explained 
at least in part by the striking species differences in the degree of plasma protein 
binding. At "therapeutic" plasma concentrations of 50-80 J.lg/ml the proportion 
bound varies from about 90% in man to 60% in rat and 10% in mice (Table 2). 
In man and dog, binding is saturable so that a higher proportion ofvalproic acid 
is unbound at high plasma levels (JORDAN et al. 1976; LOSCHER 1979 c). 

Tissue distribution studies with radiolabeled valproic acid in rodents have 
shown that the drug is rapidly distributed in various tissues, maximum concen
trations being reached within 10-30 min after i.v., i.p., or oral administration 
(EYMARD et al. 1971; SCHOBBEN and VAN DER KLEIJN 1974 b; DICKINSON et al. 
1979; ALY and ABDEL-LATIF 1980). Large amounts of activity were found in the 
liver and kidney whereas the radioactivity in brain was only about 20%-30% of 
that in the blood. Valproic acid seems to be relative homogeneously distributed 
in the brain of mice and rats (SCHOBBEN and VAN DER KLEIJN 1974 b; ALY and 
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ABDEL-LATIF 1980). Studies on the subcellular distribution of the drug showed 
that it is associated mostly with the soluble and mitochondrial brain fractions, 
with little radioactivity in the myelin and synaptosomal fractions. 

In human brain tissue obtained from patients during neurosurgery, valproic 
acid levels were 6.8% to 27.9% of those in plasma (V AIDA et al. 1981). Though 
the concentration in brain seemed related to the free fraction of drug in plasma, 
very similar plasma/brain concentration ratios have been determined in other spe
cies despite the marked species differences in plasma protein binding (Table 2). 
In fact, there is evidence for carrier-mediated transport of valproic acid into and 
out of CSF and brain, most probably utilizing the common monocarboxylic acid 
carrier (FREY and LOSCHER 1978; LEVY 1980). The clearance out of the CNS is 
twice as large as the entry and can be inhibited by probenecid. Thus valproic acid 
appears to behave like other relatively strong acids, such as salicylic acid and 
penicillin, for which active transport has been demonstrated in several species. 

Valproic acid apparently does not bind to brain proteins (GOLDBERG and To
DOROFF 1980). Accordingly, acute and subacute studies in mice showed no reten
tion ofvalproic acid in brain tissue (LoSCHER and NAU 1982; NAU and LOSCHER 
1982). However, a gradual accumulation of radioactivity was observed in the ol
factory bulb in mice following i.v. injection as well as in monkeys after long-term 
infusion of radio labeled valproic acid (SCHOBBEN et al. 1980). 

During steady-state therapy with valproic acid in pregnancy, an increase in 
apparent volume of distribution has been determined in the third trimester by 
means of 13C-labeled valproic acid (WITTFOHT et al. 1982). Concomitantly, he
patic and renal clearance increased, resulting in a drop of serum levels. 

Transfer of 14C-labeled valproic acid across the placenta of pregnant rodents 
was reported by EYMARD et al. (1971). Placental transfer has also been demon
strated in humans (NAU et al. 1981 b). Valproic acid is excreted into breast milk, 
but milk concentrations did not exceed 5% of those in plasma (ESPIR et al. 1976; 
NAuetal. 1981 b). 

The excretion ofvalproic acid into semen has been demonstrated in rabbit and 
man (SWANSON et al. 1978). In semen of rabbits 17%-30% of the concurrent 
levels in plasma were found, whereas these figures were 11 %-17% in man. 

Whereas for most antiepileptics the concentration in human saliva equals the 
free drug concentration in plasma, salivary levels ofvalproic acid were only 0.5% 
--4.5% oftotal plasma concentration (SCHMIDT 1976; GUGLER et al. 1977). 

III. Elimination 

1. Elimination Half-life 
Following single-dose administration to volunteers or epileptic patients, plasma 
half-lives of9-18 h have been reported (see GUGLER and VON UNRUH 1980). The 
plasma concentration decay in man is obviously biphasic, indicating that a two
compartment open model should be applied to describe its pharmacokinetics ad
equately. No difference in plasma half-life was found when determined in the 
same subject after a single dose and after multiple dosing, which suggests that nei
ther autoinduction nor saturation of the metabolism of valproic acid occurs 
(GUGLER et al. 1977). 
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In animals, half-lives of valproic acid are considerably lower than in man, 
ranging from about 8 h in cats to 40 min in rhesus monkeys (Table 2). Studies by 
LOSCHER (1978) suggest that the protein binding ofvalproic acid is rate-limiting 
for its clearance by the liver and may be responsible for the striking differences 
in the half-lives of the drug in different species. More recently, DICKINSON et al. 
(1979, 1980) have described that the decline in concentration of valproic acid in 
blood of rats and cynomolgus monkeys was dose dependent and did not follow 
linear first-order kinetics. In rats, enterohepatic recirculation was demonstrated. 
No evidence of dose-dependent kinetics was found in man, mouse, rabbit, and 
dog (LOSCHER and ESENWEIN 1978; DICKINSON et al. 1979). 

2. Renal Excretion 

In general, the renal excretion of unchanged valproic acid is of minor importance 
for the elimination of the drug. In humans, only 1.8% following a single oral dose 
and 3.2% of one dose during chronic treatment are excreted as the unchanged 
drug (GUGLER et al. 1977). Similar figures have been reported in dog, rat, rabbit, 
and monkey (MERITS 1977; DICKINSON et al. 1979, 1980). 

3. Metabolism 

Biotransformation ist the major route of elimination of valproic acid in man and 
animals. Several metabolites have been identified which indicate four main met
abolic pathways, namely glucuronidation, p-oxidation, and w-oxidation (W1 and 
( 2 ) (GUGLER and VON UNRUH 1980). These pathways appear to be as shown in 
Fig. 1. 

Studies with 14C-Iabeled valproic acid (MERITS 1977) have shown that the 
glucuronide of the drug ist the dominating metabolite in dog, monkey, and rabbit, 
comprising 75%-90% of the total radioactivity in urine, whereas about half of 
the urinary radioactivity in rat and man was due to other metabolism products. 
5-Hydroxy-valproic acid was responsible for 27%-34% of urinary radioactivity 
in man; its content in animal urine was 1.4%-8.6%. During long-term treatment 
with valproic acid in man, besides valproic acid glucuronide, 3-keto-valproic acid 
was determined as a major metabolite in urine (KOCHEN et al. 1977; SCHAFER and 
LUHRs 1978; SCHAFER et al. 1980). In addition, 2-n-propylglutaric acid was found 
to be a major metabolite in the urine of rabbit, rat, and man (KUHARA and MAT
SUMOTO 1974; FERRANDES and EYMARD 1977; KOCHEN et al. 1977). 

Despite extensive work on the identification and quantification of valproic 
acid metabolites in urine, quantification of these compounds in plasma has only 
just begun. In the plasma of 26 epileptic patients, mostly adults, undergoing 
chronic therapy with valproic acid, the metabolic products of p-oxidation were 
found to be the major metabolites, averaging 9.5% (2-en-), 2,8% (3-hydroxy-), 
and 8.1 % (3-keto-valproic acid) of the corresponding valproic acid concen
trations (LOSCHER 1981 a). Besides, minor levels of 4-hydroxy- and 5-hydroxy
valproic acid were found. Accordingly, KOCHEN and SCHEFFNER (1980) reported 
the 2-en compound to be the major metabolite in plasma of epileptic children. 
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Fig. I. Proposed metabolic pathways ofvalproic acid (2-n-propyl-pentanoic acid). All me
tabolites shown have been identified in urine and/or plasma following valproic acid admin
istration in different species, including man 

During continued treatment with valproic acid in dogs, plasma concentrations of 
2-en-valproic acid and 3-keto-valproic acid averaged 81 % and 51 % of the corre
sponding plasma concentrations of the parent compound determined prior to the 
morning administration (L6sCHER 1981 e). Interestingly, accumulation of both 
metabolites occurred during the first days of treatment. 

An open question is the contribution of valproic acid metabolites to the 
antiepileptic activity of the parent drug. The anticonvulsant activity of these com
pounds has recently been determined by studying their effects on electro- and 
chemoconvulsive thresholds in mice (L6sCHER 1981 f). All metabolites gave rise 
to significant threshold elevations but were less potent than valproic acid itself. 
The 2-en and 4-en unsaturated metabolites were the most active compounds, 
showing 50%-90% of the potency of valproic acid. However, these calculations 
did not account for possible differences in tissue distribution. Investigations on the 
concentration-time course of metabolites of valproic acid in plasma and brain of 
mice after acute and subacute administration of valproic acid have shown that, 
besides valproic acid itself, only 2-en-valproic acid occurred in the brain in signif
icant concentrations, although other metabolites were present in plasma 
(L6sCHER and NAU 1982; NAU and L6sCHER 1982). After both acute and subacute 
administration, delayed (post-drug) effects on seizure threshold were observed 
which extended to time periods when valproic acid could no longer be detected 
in the brain, but the 2-en metabolite was still present. 

The effects ofvalproic acid metabolites on brain GABA metabolism have re
cently been studied in mice (WEISSMAN et al. 1978; L6SCHER et al. 1981). Admin-
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istered in anticonvulsant doses, the respective compounds caused elevations in 
both whole brain and synaptosomal GABA levels, and a linear relationship was 
found between anticonvulsant potency and the relative increase in GABA con
centrations of synaptosomes (LOSCHER et al. 1981). WEISSMAN et al. (1978) have 
shown that 2-en-valproic acid, 350 mg/kg i.p., causes differential increases in 
GABA levels in discrete areas of mouse brain, varying from 10% in the hippo
campus to 90% in the substantia nigra. 

Neurophysiological studies have shown that inhibitory responses of single 
neurons in rat cortex to iontophoretic application of GABA are strikingly 
intensified by iontophoretically applied 2-en-valproic acid, which in this respect 
is more potent than valproic acid (W. LOSCHER and D. FELIX, personal 
communication). 

F. Drug Interactions 
Clinical drug interactions with valproic acid have been reviewed by LEVY and 
KOCH (1982) and by PERUCCA and RICHENS (Chap. 28, this volume). In the 
following, only experimental data will be reviewed. 

I. Effect of Valproic Acid on Other Drugs 

Several authors have reported that valproic acid may alter the plasma levels of 
other antiepileptic drugs. Thus, valproic acid caused a remarkable elevation of 
phenobarbital concentrations in plasma, brain, and liver of rats (HULSHOF et al. 
1977). MESDJIAN et al. (1980) studied the interaction ofvalproic acid and pheno
barbital in rabbits and found a lower phenobarbital urinary excretion when both 
drugs were administered. Other studies have pointed to inhibition of phenobar
bital metabolism as a mechanism of interaction (e.g., KAPETANOVIC and Kup
FERBERG 1980). 

In rats, valproic acid has been shown to lower plasma levels but raise brain 
levels of phenytoin (PATSALOS and LASCELLES 1977). This effect has been at
tributed at least in part to the finding that valproic acid displaces phenytoin from 
plasma protein binding sites, thus favoring a higher distribution of the drug with 
subsequent lower total plasma levels of phenytoin (PATSALOS and LASCELLES 
1977; LOSCHER 1979c). Besides effects on plasma protein binding, studies in 
rhesus monkeys suggest that valproic acid may inhibit phenytoin metabolism 
(KOCH et al. 1981). In rats, higher plasma concentrations of the principal 
phenytoin metabolite 5-(p-hydroxyphenyl)-5-phenyl-hydantoin (HPPH) were ob
served following administration of valproic acid (O'LEARY and SAMSOM 1981). 
This finding was related to inhibition by valproic acid of the glucuronidation of 
HPPH, whereas the half-life of phenytoin itself remained unchanged. 

Besides interactions with the metabolism or protein binding of other 
antiepileptic drugs, marked competitive inhibition by valproic acid of amino
phenazone N-demethylation and codeine O-demethylation have been determined 
in rat liver homogenates (BORCHERT et al. 1980). 

Contrary to other antiepileptic drugs, especially the barbiturates, valproic 
acid has no enzyme-inducing properties. Administration to rats of daily oral 
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doses of 100 mg/kg for 7 days did not affect the activity of hepatic enzymes, and 
the enzyme-inducing effects of phenobarbital were unaltered by concomitant ad
ministration ofvalproic acid (JORDAN et al. 1976). 

II. Effect of Other Drugs on Valproic Acid 

In dogs phenobarbital has been found to increase the elimination ofvalproic acid 
by a factor of 2.5-3 (VREE et al. 1977), and it was suggested that phenobarbital 
induces metabolism ofvalproic acid via the cytochrome-P 450 system. 3-Methyl 
cholanthrene was also active in this regard. Glucuronidation of valproic acid was 
not altered by phenobarbital. Similar observations were described in rats and rab
bits (HULSHOF et al. 1977; MESDJIAN et al. 1980; HEINEMEYER and GUNDLACH 
1981). On the other hand, phenytoin in rats did not exert a clear effect on valproic 
acid elimination (HULSHOF et al. 1977). 

In therapeutic concentrations, phenytoin, phenobarbital, and carbamazepine 
were shown not to affect the binding of valproic acid to plasma proteins in dog 
and man (LOSCHER 1979c). 

G. Toxicity 

The incidence of toxicity associated with the clinical use of valproic acid is re
markably low compared with other antiepileptic drugs. The most common side 
effects are transient gastrointestinal symptoms, namely anorexia, nausea, and 
vomiting (see SIMON and PENRY 1975; PINDER et al. 1977). Effects on the CNS, 
such as sedation, ataxia, and incoordination, occur very infrequently. There is, 
however, increasing evidence that the drug is associated with serious hepatotoxic
ity. To date, about 60 patients, mostly children on multiple drug therapy, are 
known to have died with hepatic failure in the first 6 months of treatment 
(JEAVONS 1984). Thus it was suggested that in all patients liver function tests 
should be performed before therapy is started and then repeated at frequent 
intervals particularly during the first 6 months of therapy, and always before 
increasing the dose. Raised liver transaminase levels occur in up to 44% of 
patients on valproic acid. They are usually transient and often occur without 
clinical manifestations (PINDER et al. 1977). However, studies by KINGSLEY et al. 
(1980) with rat hepatocyte cultures suggest that valproic acid is a hepatotoxin at 
concentrations ranging from 10 to 320 Ilg/ml. 

More recently, at least seven cases of pancreatitis, including two with fatal 
hemorrhagic pancreatitis, have been attributed to valproic acid (PARKER et al. 
1981). 

Valproic acid can inhibit the secondary phase of platelet aggregation, and this 
may be reflected in increased bleeding times (e.g., SUTOR and JESDINSKy-BuSCHER 
1974). Furthermore, relative lymphocytosis and thrombocytopenia have occa
sionally been reported. 

The acute toxicity ofvalproic acid in animals is low; LD50 values range from 
565 mg/kg (i.p.) in cats to 1 700 mg/kg (p.o.) in mice (see Table 3). Human subjects 
have recovered from doses as high as 36 g (PILLEN 1973). According to studies of 
CONINE et al. (1976), the oral LD50 appears to increase with animal size (surface 
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area), that is toxicity was least in dogs (LDso 28.7 g/m2) and greatest in mice 
(3.54 g/m2) and newborn male rats (0.82 g/m2). Signs of toxicity in rodents in
cluded ataxia, sedation, hypothermia, catalepsy, and ptosis, and in dogs sedation, 
loss of coordination, sleep, tremors, and/or emesis (CONINE et al. 1976; LOSCHER 
1980a). Deaths usually occurred within the first 24 h following administration. 
In long-term studies, mice treated for 160 days with 400 mg/kg valproic acid 
showed a significantly higher incidence of fatalities (30%) than did control ani
mals (PINDER et al. 1977). Studies of DIAZ and SHIELDS (1978) in young rats sug
gested that chronic administration ofvalproic acid early in life may have adverse 
consequences on brain development and behaviour. 

Table 3. Acute toxicity of va1proic acid in different species 

Species TDso (mg/kg)B LDso (mg/kg) Refs. 

i.p. p.o. l.V. i.p. p.o. 

Mice 415 1,165 1,060 1,700 SWINYARD (1964) 
290 580 766 838 1,197 SHUTO and NISIDGAKI (1970) 

290 750 FREY and LOSCHER (1976) 
425 1,264 1,104 KUPFERBERG (1980) 
480 960 LOSCHER (1980a) 

Rats 188 570 790 1,530 SWINYARD (1964) 
946 1,045 1,519 SHUTO and NISIDGAKI (1970) 

365 280 KUPFERBERG (1980) 

Rabbits 216 1,200 SWINYARD (1964) 
1,100 1,750 1,650 SHUTO and NISIDGAKI (1970) 

Cats 105 565 SWINYARD (1964) 

B Dose producing minimal evidence of neurotoxicity (rotorod or chimney test) in 50% of 
animals at time of peak drug effect 

Valproic acid has been shown to produce dose-related dysmorphogenic effects 
in mice, rats, and rabbits, principally kidney defects, cleft palates, encephaloceles, 
ablepharia, and fusion of ribs and vertebrae (WHITTLE 1976). Their incidence at 
intermediate doses (150-200 mg/kg) was about the same as that observed with 
phenytoin at similar dose levels. However, because of the marked differences in 
pharmacokinetics of valproic acid between rodents and humans (see Table 2), 
embryotoxicity testing with conventional procedures, i.e., administration to preg
nant animals once a day throughout organogenesis, may yield erraneous informa
tion on the embryotoxic potential ofthis drug. Actually, when human therapeutic 
levels of valproic acid were maintained in mice throughout the organogenesis pe
riod by means of constant-rate application by implanted osmotic pumps, em
bryotoxicity was drastically reduced from that found after conventional multiple 
administration of comparable drug doses (NAU et al. 1981 c). Nevertheless, evi
dence is now accumulating that valproic acid causes teratogenic effects in humans 
(e.g., HURD et al. 1983). 
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CHAPTER 18 

Oxazolidinediones 
R. KRETZSCHMAR and H. J. TESCHENDORF 

A. Introduction 
Until the introduction of succinimides for therapeutic use in 1960, ox
azolidinediones were the drugs of choice in the treatment of petit mal epilepsy. 
They had been used since 1946. Now the oxazolidinediones are merely of his tor
ical interest since their clinical tolerance is unequivocally inferior to that of the 
succinimides. Nevertheless, their pharmacology deserves detailed consideration 
since they were the first relatively selective petit mal antiepileptics on which inten
sive experimental investigations of the type and mechanisms of action were car
ried out. Several reviews have dealt with oxazolidinediones (WOODBURY et al. 
1972, 1982; WITHROW 1980). For structure-activity relationship see Chap. 9, this 
volume. 

Two oxazolidinediones were used in therapy and are sometimes still used to
day: trimethadione and paramethadione: 
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Trimethadione Paramethadione 

This chapter reports on the pharmacological and toxicological properties of 
the oxazolidinediones mainly in the light of results obtained with trimethadione, 
supplemented by results obtained with paramethadione and dimethadione, the 
metabolite of trimethadione. 

B. Anticonvulsant Effects 
Trimethadione and paramethadione have a distinct anticonvulsant action in the 
majority of the various experimental seizure models mentioned below. The most 
important effect, however, is pentylenetetrazol antagonism, with inhibition of 
clonic-tonic seizures. On the other hand, efficacy in electroshock is less pro
nounced. It has been the aim of numerous experiments to find an experimental 
equivalent of petit mal seizures or a method for predicting anti-petit mal effects 
of new compounds. According to the available literature, this seems to be only 
true oftwo recently described models: the syndrome similar to petit mal epilepsy, 
induced by gamma-hydroxybutyrate or leucine enkephalin (GODSCHALK et al. 
1976; SNEAD and BEARDEN 1980; SNEAD et al. 1980). 
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Since the investigations of BUTLER (1953), only a surprisingly small number 
of studies have become available on the anticonvulsant effect of dimethadione, 
the main metabolite of trimethadione. According to the results available the an
ticonvulsant effect of dimethadione is not in doubt. It is to be assumed that, with 
chronic administration necessary for therapeutic use, a large part ofthe trimetha
dione effect is due to dimethadione. 

The EDso values found in the various test models show that the efficacy of 
dimethadione is lower than that of trimethadione when given orally. In a direct 
comparison of the two substances given i.v. FREY (1969) found trimethadione to 
be more effective by a factor of 1.25. Taking central availability into account, 
however, dimethadione has been shown to be more effective (THUESON et al. 1974; 
WITHROW 1980). 

I. Chemically Induced Convulsions 
1. Pentylenetetrazol 

EVERETT and RICHARDS (EVERETT and RICHARDS 1944; RICHARDS and EVERETT 
1944) were the first to report on the effect of trimethadione on convulsions elicited 
by pentylenetetrazol. The capacity of trimethadione for antagonizing the effects 
of pentylenetetrazol has since been confirmed by numerous authors and described 
in detail for many effects of pentylenetetrazol. Clonic-tonic convulsions produced 
by pentylenetetrazol are inhibited in mice, rats, rabbits, cats, monkeys, and 
chickens by trimethadione, with EDso values of 240-600 mg/kg, depending on 
species, age of the experimental animals, route of administration, and dose of 
pentylenetetrazol needed to elicit convulsions (GOODMAN and MANUEL 1945; 
GOODMAN et al. 1946a, b; RICHARDS 1946; TOMAN and GOODMAN 1948; SWIN
YARD 1949; TOMAN 1949, CHEN and ENSOR 1950; SWINYARD 1952a; GOODMAN et 
al. 1953; SANDERS 1967; FERNGREN 1968; BONNEVAUX et al. 1968; AHMAD and 
DHAWAN 1969; SWINYARD 1969; BAXTER et al. 1973; IORIO et al. 1973; DESMEDT 
et al. 1976; LOSCHER and FREY 1977; Go et al. 1978a; KRALL et al. 1978; LAHAN 
etal.1979;SToNEandJAvID 1979). 

Paramethadione is more potent than trimethadione in clonic-tonic convul
sions induced by pentylenetetrazol. EDso values of 64-150 mg/kg are found, the 
corresponding values for trimethadione being two to five times higher (SWINYARD 
1949; CHEN et al. 1951; SWINYARD et al. 1952a; BROWN et al. 1953; GOODMAN et 
al. 1953; DESMEDT et al. 1976; KRALL et al. 1978). For dimethadione FREY (1969) 
reported EDso values of between 360 and 790 mg/kg in mice with i.v. administra
tion, depending on the latency period between administration of the drug and 
pentylenetetrazol. According to FERNGREN (1968), the EDso values of dimetha
dione in 1- to 2l-day-01d mice vary between 200 and 1,200 mg/kg. 

The interdependence of the anticonvulsant dose of trimethadione and the con
vulsant dose of pentylenetetrazol is very clearly demonstrated by the finding that 
the convulsant threshold dose of pentylenetetrazol can be augmented up to 15-
fold by 100-1,600 mg/kg trimethadione (CHEN and PORTMAN 1952). This depen
dency was also shown by LOEWE et al. (1955) with isobolic graphs of the combina
tion of trimethadione and pentylenetetrazol. As was demonstrated by DESMEDT 
et al. (1976), the various components in the course of convulsions after a fixed 
dose of pentylenetetrazol can be inhibited by different doses of trimethadione. 



Oxazolidinediones 539 

The tonic convulsion of the hindlimbs in rats can be suppressed by lower doses 
of trimethadione or paramethadione, whereas higher doses are required to inhibit 
tonic convulsions of the forelimbs and clonic convulsions; and for the inhibition 
of tremor, doses twice as high are needed. 

By the repeated administration of pentylenetetrazol in a dose eliciting clonic 
seizures when given as a single dose, violent seizures, which can be referred to as 
a kindling phenomenon, can be elicited (ITO et al. 1977 a). For inhibition ofthese 
seizures higher doses of trimethadione are required than with a single administra
tion of pentylenetetrazol. 

Convulsant patterns in the EEG provoked by pentylenetetrazol are abolished 
by trimethadione (BIRCHER et al. 1963; GARDNER and WEBSTER 1973, 1977), and 
the threshold doses of pentylenetetrazol required to produce EEG changes (dys
rhythmias, paroxysms) are increased by trimethadione (GOODMAN et al. 1946a, b; 
FAINGOLD and BERRY 1973b). 

Trimethadione also abolishes biochemical changes associated with penty
lenetetrazol-induced EEG changes or convulsions, such as increased release of 
acetylcholine from the cortical surface in rats (GARDNER and WEBSTER 1973, 
1977), an increase of 5-hydroxytryptamine (5-HT) and a decrease of 5-hydroxyin
doleacetic acid (5-HIAA) in the brain of rats (DIAZ 1974), and an increase of pros
taglandins (PgF 2« and PgE2) and of thromboxan (TBX2) in the brain of mice 
(STEINHAUER et al. 1979). 

2. Other Convulsant Substances 
Tonic-clonic convulsions in mice (RUMKE 1961; Go et al. 1978 a) and seizure pat
terns in the EEG of rabbits (Go et al. 1978b) elicited by bemegride are abolished 
by trimethadione in doses which are effective against pentylenetetrazol. 

Trimethadione increases the convulsant dose of picrotoxin (STONE and JA VID 
1979) and eliminates the convulsive discharges in the EEG of dogs (BIRCHER et 
al. 1963). Convulsions in mice after low doses (LOSCHER and FREY 1977) but not 
after higher doses of picrotoxin (Go et al. 1978 a) are inhibited. Trimethadione 
suppresses strychnine convulsions in mice (EVERETT and RICHARDS 1944; 
LOSCHER and FREY 1977) and in chickens (LAHAN et al. 1979) and delays death 
after the i.v. infusion of strychnine in mice (IORIO et al. 1973). According to Go 
et al. ( 1978 a) trimethadione is ineffective, but compared with other authors 
higher doses of strychnine were given. Convulsions elicited by bicuculline 
(LoSCHER and FREY 1977; STONE and JAVID 1979) or by 3-mercaptopropionic 
acid (LOSCHER 1979 a) are inhibited by trimethadione. The effects of 3-mercapto
propionic acid on the metabolism of GABA are reduced or abolished. The main 
metabolite of trimethadione, dimethadione, surprisingly is ineffective against 3-
mercaptopropionic acid (LOSCHER 1979 a). 

Trimethadione eliminates convulsions and counteracts in part the changes of 
GABA metabolism induced by isoniazid (LoSCHER and FREY 1977). The pattern 
of EEG changes and behavior similar to petit mal provoked in rats by high doses 
of gamma-hydroxybutyrate is inhibited by trimethadione and other drugs clini
cally effective in petit mal epilepsy (GODSCHALK et al. 1976; SNEAD et al. 1980). 
Similarly, the symptoms induced by intracerebroventricular (i.c.v.) administra
tion of leucine enkephalin in rats are inhibited by trimethadione, ethosuximide, 
and valproate sodium (SNEAD and BEARDEN 1980). The authors suggest using 
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these models for testing petit mal drugs, since other anticonvulsants such as phe
nobarbital or diphenylhydantoin are not effective in these models. 

In addition, trimethadione inhibits convulsions produced by thujone in mice 
(EVERETT and RICHARDS 1944), procaine in guinea pigs and mice (EVERETT and 
RICHARDS 1944; SANDERS 1967), folic acid in dogs (BAXTER et al. 1973), des
lanoside in dogs (BIRCHER et al. 1963), 4-aminopyridine in mice (LEMEIGNAN 
1971), 3-tert-butylsydnone in rats (BULGER et al. 1976) N-sulfamoyl-hexahy
droazepine in mice (Go et al. 1978 a), amino-oxacetic acid in chickens (OSUIDE 
1972), kainic acid in mice (STONE and J A VID 1980), high doses of methadone in 
mice (SHANNON and HOLTZMAN 1976), chlorinated hydrocarbon insecticides 
(dieldrin and DDT) in mice (JOY 1973), and diisopropylfluorophosphate (DFP) 
in rabbits (HIMWICH et al. 1950). 

Trimethadione is active in convulsant models, too, in which convulsions are 
produced by topical application of penicillin (GOGERTY and GUNN 1964), conju
gated estrogens (JULIEN et al. 1975; WILKINSON and HALPERN 1974), tungstic acid 
gel (ELAZAR and BLUM 1971; ITO et al. 1979), or metallic cobalt (CRAIG et al. 1976; 
CHIU et al. 1979) to certain regions of the brain. However, besides the suppression 
of convulsions or seizure equivalents by higher doses of trimethadione, augmen
tation of convulsions by lower dose ranges has also been reported (CRAIG et al. 
1976; WILKINSON and HALPERN 1974). 

II. Electrically Induced Convulsions 

Oxazolidinediones show marked effects on electrically elicited convulsions. Gen
erally the doses required for these effects are higher than those counteracting 
chemically induced convulsions. Thus, for trimethadione various authors report 
EDso values of 400-900 mg/kg p.o. for the inhibition of tonic-clonic convul
sions after maximal electroshock in mice and rats (SWINYARD 1949; CHEN and EN
SOR 1950; GoODMAN et al. 1953; FERNGREN and PAALZOW 1969; BAXTER et al. 
1973; IORIO et al. 1973; CONSROE and WOLKIN 1973; Go et al. 1978; KRALL et al. 
1978) and for paramethadione EDso values of 150-250 mg/kg p.o. (SWINYARD 
1949; SWINYARD et al. 1952a; GOODMAN et al. 1953; KRALL et al. 1978). With 
EDso values of 700 (rat) and approximately 2,000 mg/kg (mouse) dimethadione 
is clearly less effective (WITHROW et al. 1968; CAHEN et al. 1971). 

Tonic-clonic convulsions elicited by maximal electroshock lead to a rapid re
duction of ATP, phosphocreatine, and glucose, and to an increase oflactate in 
the cerebral cortex. The changes are eliminated if the convulsion is inhibited by 
trimethadione or phenobarbital, but not by diphenylhydantoin (KING and CARL 
1969). . 

Convulsions produced by minimal electroshock are also inhibited by 
trimethadione, paramethadione, and dimethadione. The duration and severity of 
the convulsions are more easily affected than the convulsant threshold. But the 
convulsant threshold can be increased particularly if the sensitivity of the animals 
to convulsion is raised by appropriate pretreatment (e.g., by hydration) (EVERETT 
and RICHARDS 1944; GOODMAN and MANUEL 1945; GOODMAN and TOMAN 1945; 
GooDMAN et al. 1946a; SWINYARD 1949; CHEN and ENSOR 1950; SWINYARD et 
al. 1952a; BROWN et al. 1953; WITHRowetal.1968). 
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Effects of trimethadione were also found on stimulating defined structures of 
the brain. When stimulating the dorsal hippocampus of conscious rats, trimetha
dione raises the threshold of minimal seizures (YEOH and WOLF 1970). According 
to ASHTON and W AUQUIER (1979), the forelimb clonus of amygdaloid-kindled rats 
is inhibited by moderate doses, but in the same model, ALBERTSON et al. (1980) 
found trimethadione to be effective only in the toxic dose range. Afterdischarge 
experiments are described by Juma (Chap. 23, this volume). 

DI. Convulsions Produced by Other Methods 
Convulsions evoked by positive pressure oxygen respiration are delayed by 
trimethadione (PATON 1967; NOLTE and SCHNAKENBURG 1973). The threshold of 
convulsions elicited in mice by helium pressures 9.6-11.3 x 106 Pa is markedly 
raised by trimethadione (BRAUER et al. 1979). Trimethadione inhibits clonic sei
zures in rats induced by abrupt withdrawal from a high, anesthetic concentration 
of CO2 (WOODBURY et al. 1958). 

Epileptic seizures provoked in rabbits by freezing a small area of the cortex 
are completely suppressed by trimethadione 2 h after 100 mgjkg i. p., following an 
initial stage of primary focus activation and augmentation of spread (MORELL 
1959). Trimethadione (160 mgjkg i.v.) fails to have an effect on the spiking activ
ity induced by cortical freezing in the cat (HORI et al. 1979), but suppresses sec
ondary generalized seizures elicited by pentylenetetrazol or thiosemicarbazide 
(ITO et al. 1977b). 

In experiments performed to measure the acetylcholine release from the cere
bral cortex of guinea pigs with permanently implanted epidural cups, focal sei
zures can be elicited by heating the superfused Ringer solution to 40°C. These 
seizures as well as the simultaneously increased cortical acetylcholine outflow are 
inhibited by trimethadione (BIANCHI et al. 1975). 

Trimethadione is effective in mice (SWINYARD et al. 1963) and rats (CONSROE 
and WOLKIN 1977; CONSROE et al. 1979) susceptible to audiogenic seizures. The 
tonic extensor component of the audiogenic seizure is inhibited by lower doses 
than the initial ocurrence of running. 

Seizures elicited by intermittent light stimulation in baboons (Papio papio) 
with genetically high seizure susceptibility are not completely eliminated even by 
toxic doses of trimethadione (KILLAM 1976), whereas in domestic fowl both con
vulsions and the electro graphic signs of photic stimulation are abolished by non
sedative doses (JOHNSON et al. 1974). 

Trimethadione was also effective in convulsions during withdrawal in barbi
turate-dependent cats. Most of the withdrawal symptoms are suppressed by 
trimethadione. Dimethadione was less effective in reversing withdrawal and 
caused greater acute toxicity (OKAMOTO et al. 1977). 

C. Central Nervous System Effects 
Besides the Anticonvulsant Effect 
Neurophysiological effects of the oxazolidinediones are described by Juma in 
Chap. 23, this volume. 
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I. Influence on the Electroencephalogram 
There have been no systematic investigations either with or without the use of 
computer-aided methods of analysis of the influence of trimethadione on the 
EEG. GooDMAN et al. (1946a) found changes in rabbits, such as bursts of fast 
waves and irregular slow waves, only with high doses (700 mg/kg i.p.). CAHEN et 
al. (1971) reported, however, that dimethadione induces marked EEG changes 
such as increase in amplitude, decrease in frequency, and spindles in rabbits when 
given i.v. in doses of 50-75 mg/kg. Guinea pigs showed no effects after 100 mg/kg 
i.p. trimethadione (BIANCHI et al. 1975), while fast cortical frequencies were in
creased in cats and monkeys (DELGADO and MIHAILOVIC 1956). In the cortex of 
curarized cats, augmented synchronization and raised arousal thresholds were 
observed after 200 or 500mg/kg i.p. (McMILLEN and ISAAC 1978; FAINGOLD and 
BERRY 1973a). 

II. Influence on Behavior 
Doses of trimethadione with an antagonistic effect on pentylenetetrazol seizures 
affect the behavior of experimental animals only slightly. Doses approximately 
1.3-3.1 times higher produce neurotoxic signs (SWINYARD 1949; SWINYARD et al. 
1952 a; SWINY ARD and CASTELLION 1966; KRALL et al. 1978). Disturbed coordina
tion and ataxia have been reported for mice, rats, and rabbits after doses of 445-
900 mg/kg (s.c., i.p., or oral administration) (GOODMAN et al. 1946a; SWINYARD 
1949; BASTIAN 1961; CONSROE and WOLKIN 1977; Go et al. 1978a; KRALL et al. 
1978), whereas in cats as little as 200 mg/kg i.p. produces sedation and ataxia 
(McMILLEN and ISAAC 1978). CHEN and ENSOR (1950) described a hypnotic effect 
in rats after 700 mg/kg and an anesthetic effect after 1,200 mg/kg i. p. 

Anticonvulsant doses have analgesic effects in mice, rats, and rabbits 
(RICHARDS and EVERETT 1944). In the same dose range anesthesia with barbital 
(Go et al. 1978a) or hexobarbital (ROMKE and BOUT 1960) is potentiated, which 
may be considered an expression of a sedative action. After a latency of 24 h the 
hexobarbital sleeping time is slightly shortened (ROMKE 1963), possibly as the 
consequence of an enzyme-inducing effect. 

There are few reports on the influence of trimethadione on operant behavior. 
Rats with electrodes implanted into the medial forebrain bundle showed a ten
dency toward an increased self-stimulation rate after 325 mg/kg i. p. (ST. LAURENT 
1971). Pentylenetetrazol-induced impaired retention in a passive avoidance situ
ation is counteracted by trimethadione (CLINCKE and WAUQUIER 1979). In mice 
bulbectomy does not lead (unlike benzodiazepines) to a changed sensitivity to 
trimethadione in maximal electroshock or in pentylenetetrazol shock (UEKI et 
al.1977). 

Dimethadione, in contrast to trimethadione, displays a conspicuous effect on 
the CNS in doses which have no anticonvulsant effects (CAHEN et al. 1971). Doses 
of 165-200 mg/kg have an antiaggressive effect; 500 mg/kg inhibit motility and 
exploration in mice and prolong hexobarbital-induced sleeping time; and 100 
mg/kg (i.p.) inhibit yohimbine-induced effects such as anxiety. On the basis of 
these findings the authors suggest that dimethadione possesses anxiolytic proper
ties. 
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Trimethadione scarcely affects the concentration or metabolism of gamma
aminobutyric acid (GABA) in the brain. FERRARI and ARNOLD (1961) reported 
that the GABA level in the whole brain of rats is reduced by approximately 20% 
after 1,000 mg/kg i.p.; lower doses are ineffective (LUST et al. 1978; NAHORSKI 
1972). The influence on glutamate decarboxylase has not been investigated. The 
activity of GABA transaminase in brain homogenates is moderately diminished 
by high doses (> 1O-3M) of trimethadione (LoSCHER 1980; NAKAMURA and 
BERNSTEIN 1961). 

Trimethadione, like ethosuximide, changes the concentration of gamma-hy
droxybutyric acid (GHB) in the brain of rats. GHB occurs endogenously as a me
tabolite of GABA. Its function, if any, is unclear. After a single dose of trimetha
dione (300 mg/kg) GHB concentration increases, but is reduced after 7 days of 
treatment (150 mg/kg daily). The authors (SNEAD et al. 1980) postulate a relation
ship between the anti-petit mal effects of trimethadione and ethosuximide and 
their effects on the concentration of GHB. 

Trimethadione and paramethadione (4 x 150 and 4 x 200 mg/kg, respectively) 
increase the 5-HT content in the brain of rats, but not in the periphery (BONNY
CASTLE et al. 1957). According to DIAZ (1974), the content of 5-HT and 5-HIAA 
in the rat brain is not affected by a single dose but the rate of synthesis is altered. 
The level of 5-HIAA in the cerebrospinal fluid of cats is not changed by trimetha
dione, and the content of homovanillic acid (HV A) decreases (McMILLEN and 
ISAAC 1978). 

II. Other Effects 
In high concentration, which can be attained therapeutically in vivo, trimetha
dione inhibits oxygen uptake by brain slices of dogs (motor cortex) (STRUCK et 
al. 1950) and mice (TAYLOR et al. 1950). Increased respiration in brain slices of 
guinea pigs, rats, or rabbits produced by high-frequency electrical stimulation 
was abolished by trimethadione; an increase produced by low-frequency stimula
tion, KC1, or dinitrophenol was not affected (GREENGARD and McILWAIN 1955; 
FORDAandMcILWAIN 1953). 

Cytochromoxidase from brain or liver was not inhibited by concentrations of 
~ 10- 3 Mtrimethadione (TORDA and WOLFF 1950). 

Whereas convulsant drugs raise the concentration of cyclic nucleotides in the 
brain, trimethadione reduces the concentration of 3' ,5' -cyclic G MP in the cerebel
lum of mice (LUST et al. 1978). 

After administering 500 mg/kg trimethadione i.p. to rats, NAHORSKI (1972) 
found no changes in concentrations of glycolytic intermediates, ATP, ADP, 
AMP, and phosphocreatine. Of the intermediates of the tricarboxylate cycle, al
pha-oxoglutarate, malate, fumarate, and glutamate were reduced. The cerebral 
glucose level slightly increased, while the blood glucose content decreased signifi
cantly. This results in an increased brain/blood glucose ratio, which is considered 
by the author as an expression of augmented glucose transportation to the brain. 
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The uptake of xylose by cerebral cortex slices, as a model of glucose transporta
tion, is augmented (GILBERTet al. 1966). 

In synaptic vesicles of rat cortex magnesium-activated ATPase is inhibited by 
trimethadione and dimethadione as well as by other anticonvulsant drugs. The 
relative efficacies of the substances in this test correspond to the order of poten
cies against experimental convulsions in mice, so that the authors postulate that 
the effect on the magnesium-activated ATPase might playa part in the mecha
nism of action of anticonvulsant drugs (GILBERT and WYLLffi 1976). 

The NADPH-linked aldehyde reductase ofthe bovine brain is inhibited by an
ticonvulsant drugs; in this test trimethadione and paramethadione had only weak 
effects, whereas that of dimethadione was markedly stronger (ERWIN and DEIT
RICH 1973). 

After subchronic treatment with trimethadione (125-150 mg/kg for 12-23 
days) the amino acid content (alanine, glutamic acid, glycine, methionine, 
tyrosine, phenylalanine) in pyramidal-cell layers in the hippocampus of rats was 
diminished (ENDROCZI and PEKETE 1967). 

Trimethadione and paramethadione lead to a moderate induction of delta
amino-levulinic acid synthetase in liver cells of the chicken embryo, a model for 
testing a possible porphyria-inducing effect (GRANICK 1966; RIFKIND 1973). 

E. Pharmacodynamic Properties 
Outside the Central Nervous System 
Few investigations have been carried out on the peripheral effects of trimetha
dione, and, in particular, there are no studies in the literature on the influence of 
the oxazolidinediones on cardiovascular functions. 

RICHTER (1964) found that the skin temperature of the forepaws of mice was 
raised after trimethadione, a fact suggesting peripheral vasodilation. A weak local 
anesthetic effect (infiltration or surface anesthesia) corresponding to about one
tenth of the effect of lidocaine has been reported for trimethadione (GANDHI et 
al. 1976). In addition, the authors reported a neuromuscular-blocking effect 
which they partly ascribed to a curare-like effect and partly to the above-men
tioned local anesthetic effect. 

A series of investigations dealt with antiarrhythmic effects, which are to be ex
pected owing to the local anesthetic action. Arrhythmias elicited by aconitine, by 
petroleum ether in combination with epinephrine, or by coronary ligation are not 
affected by trimethadione or paramethadione (SINGH et al. 1971). A weak effect 
against ouabain arrhythmias was found in rabbits (DRESSLER et al. 1972); in cats, 
however, trimethadione was ineffective (ADAMSKA-DYNIEWSKA et al. 1970). Ac
cording to BIRCHER et al. (1963), arrhythmias induced in dogs by the i.v. or i.c.v. 
administration of pentylenetetrazol, picrotoxin, or deslanoside are abolished by 
trimethadione (300-500 mg/kg i.v.). 

F. Pharmacokinetics 
I. Absorption 
Oxazolidinediones are rapidly absorbed. Using a manometric analytical method, 
TAYLOR and BERTCHER (1952) found peak blood levels 15 min after i.p. trimetha-
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dione in mice and rabbits. Similar results were obtained by THUESON et al. (1974) 
in rats injected i.p. with radioactively labeled trimethadione. In dogs, FREY and 
SCHULZ (1970) observed peak serum concentrations 1-3 h after oral administra
tion of trimethadione, with a rapid initial increase. Trimethadione is believed to 
be absorbed in the upper duodenum. RICHARDS and EVERETT (1946) reported that 
the effect of trimethadione, given by the oral route, is markedly delayed by pyloric 
ligation. Dimethadione, a weak acid, is absorbed rapidly from the stomach, but 
slowly from the small intestine (WITHROW 1982). The absorption ofparametha
dione is similar to that of trimethadione (SWINYARD et al. 1952a). 

II. Distribution 

In mice, the volume of distribution of trimethadione is 60% of body weight, a 
value approximately equal to the total body water (FREY and SCHULZ 1970r In 
dogs, the volume of distribution was found to be 60%-90% of body weight (FREY 
and SCHULZ 1970) and in rats 82% (THUESON et al. 1974). The smaller volume 
of distribution of dimethadione [58% of body weight in rats (THUESON et al. 1974) 
and 40% in dogs (WADDELL and BUTLER 1957)] is due to the higher ionization 
of dimethadione at physiological pH (BUTLER 1953). At a pH of 7.4 dimethadione 
is ionized to 94% and trimethadione not at all (BUTLER 1955b). TAYLOR and 
BERTCHER (1952) determined the relative distribution of trimethadione in the or
gans of mice and, 30 min after i.p. injection, found tissue/plasma ratios of 0.61 for 
the brain, 0.94 for muscles, 0.62 for the liver, and 0.75 for the kidneys. The con
centration of trimethadione declines rapidly in blood and brain, but decreases 
more slowly in the kidney, and very slowly in muscle and liver. According to 
THUESON et al. (1974), trimethadione is distributed passively into the cerebrospi
nal fluid and into the tissue water of the cerebral cortex, muscle, and gastrointes
tinal tract within 1 h after i.p. administration to rats. 

Serum protein binding of trimethadione is very low, with values of 8%-11 % 
in humans and 6.5%-9% in dogs (LOSCHER 1979). Dimethadione also shows vir
tually no binding to plasma and tissue proteins (WADDELL and BUTLER 1957). 

Distribution of dimethadione is slow and pH dependent. Because of this prop
erty dimethadione can be used to measure intracellular pH (WADDELL and BUT
LER 1957). Constant plasma/tissue or plasma/cerebrospinal fluid ratios were 
measured 1--4 h after i.v. injection of dimethadione (KIBLER et al. 1964; ROLLINS 
and REED 1970; Roos 1965). The relative concentrations of dimethadione in the 
brain and in other tissues are lower (50%) than those of trimethadione (THUESON 
et al. 1974). After i.p. administration of trimethadione to rats the authors found 
a brain/plasma ratio of 0.8 for trimethadione and about 0.4 for dimethadione. In 
pregnant rats, which were given trimethadione for several days, MIDHA et al. 
(1979) found large accumulations of dimethadione in the organs, placenta, and 
fetuses, but low concentrations of trimethadione. 

The distribution of paramethadione has not yet been investigated. The de
methylation product of paramethadione behaves similarly to dimethadione (e.g., 
volume of distribution 37%; BUTLER and WADDELL 1955). 
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m. Metabolism 
In the mammalian organism, N-alkylated oxazolidinediones are metabolized at 
different rates but in an identical manner to N-dealkylated products (rat: 
THUESON et al. 1974; MIDHA et al. 1979; mouse: FREY and SCHULZ 1970; FREY and 
BUTLER 1955a; BUTLER and WADDELL 1957; human: SCHULZ 1970; BUTLER and 
WADDELL 1958; dog: BUTLER et al. 1952). Evidently, the stereoisomers of the 
racemic substances are metabolized at different rates, D-enantiomers being me
tabolized more rapidly (BUTLER and WADDELL 1955). The N-dealkylated prod
ucts are ionized to a greater extent at physiological pH values, have a lower vol
ume of distribution, penetrate more slowly, and display similar pharmacological 
activity to the parent compounds (BUTLER and WADDELL 1955; WITHROW et al. 
1968; FREY 1969). They are eliminated slowly without further biotransformation, 
so that marked accumulation results with multiple dosing (BUTLER and WADDELL 
1958; BUTLER 1953, BUTLER 1955 a). 

FREY and SCHULZ (1970) examined the time course of the demethylation of 
trimethadione in mice and dogs after high i.v. doses. They determined plasma 
half-lives of 45 min and 8 h, respectively, for trimethadione and of 30 hand 50-
80 h, respectively, for dimethadione. The authors suggested that the longer half
lives for trimethadione in dogs are the results of self-inhibition of metabolism 
following high doses. This effect had already been presumed by CONNEY (1967). 
Paramethadione is also more rapidly metabolized in mice than in dogs (BUTLER 
1955 a; BUTLER and WADDELL 1955). For rats the demethylation half-life of 
trimethadione is reported to be 2.6 h (THUESON et al. 1974) and for rabbits 2-2.5 h 
(TAYLORandBERTCHER 1952). 

The liver plays a major role in the metabolism ofthe oxazolidinediones (BUT
LER and WADDELL 1954). Impaired oxidative metabolism in the liver leads to in
creased potency and duration of the effect of oxazolidinediones (SWINYARD et al. 
1952 b, 1954; BUTLER and WADDELL 1954). Metabolism corresponding to that in 
vivo can be obtained in vitro by enzymes of hepatic microsomes. Trimethadione 
metabolism in hepatic microsomes occurs slowly and is not saturable; it is per
formed exclusively by demethylation (BUTLER et al. 1965). Increasing concen
trations of dimethadione inhibit demethylation of trimethadione. There appears 
to be no induction of microsomal enzymes of the liver by trimethadione, but by 
paramethadione (CONNEY 1967). Possibly, metabolism also occurs in other or
gans. According to TAYLOR and BERTCHER (1952), trimethadione is metabolized 
in vitro by rat tissue slices in the following order of decreasing effectiveness: in
testinal mucosa > kidney> liver = muscle > brain. 

IV. Excretion 
Trimethadione is excreted primarily in the form of its metabolite dimethadione. 
In rats 1.5% of the dose is eliminated in the 24-h urine as trimethadione and 8% 
as dimethadione (THUESON et al. 1974). The plasma half-life of trimethadione cor
responds to the metabolic half-life. The elimination half-lives from less lipophilic 
tissues are markedly longer. Thus, Taylor and Bertcher (1952) measured elimina
tion half-lives in mice; these were 3 h for the kidneys, 5 h for the muscle, and 8 h 
for the liver. The elimination of dimethadione is far slower than that oftrimetha-
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dione. Dimethadione is also excreted primarily by the kidney (BUTLER et al. 1952; 
WADDELL and BUTLER 1957). The elimination of dimethadione in dogs can be 
shortened from 2 weeks to 2 days by alkalinization of the urine (WADDELL and 
BUTLER 1957), since, at a pH value of 7, a large proportion of dimethadione in 
the primary urine is reabsorbed. Bilateral nephrectomy prolongs the pharmaco
dynamics of trimethadione in mice and rats (RICHARDS and EVERETT 1946). 

All these facts point to a marked accumulation of dimethadione in the organ
ism after administration of trimethadione or dimethadione (FREY and KRETZSCH
MER 1971). In mice which were offered trimethadione in the drinking water (0.5% 
-1.0%) for 7 days, the serum level of dimethadione increased from 200 ~g/ml on 
the 1st day to 1,800 ~g/ml, whereas the serum level of trimethadione remained 
constant at 20-30 ~g/ml. According to CHAMBERLIN et al. (1965) dimethadione is 
accumulated in humans until the body contains 14.3 times the daily dose. More 
than 30 days of treatment would be required in order to attain this equilibrium. 

Elimination of the demethylation product of paramethadione is even slower 
than that of dimethadione (BUTLER 1955 a). 

G. Interactions 

The combination of trimethadione and the hydantoin derivative albutoin (allyl
isobutylthiohydantoin) results in synergistic effects in the pentylenetetrazol test 
and additive effects in maximal electroshock (WALLIN et al. 1970). In the penty
lenetetrazol threshold test, the EDso of trimethadione remains unchanged when 
2-30 mg/kg diphenylhydantoin is added (WEAVER et al. 1958). The convulsant 
threshold dose of pentylenetetrazol is increased by administration of trimetha
dione and can be reduced by administration of reserpine, corresponding to the 
known lowering of convulsant thresholds by the depletion of monoamines (DIAZ 
1974). Concurrent administration of trimethadione (or paramethadione) and 
iproniazide, which has a weak anticonvulsant effect, potentiates the anticonvul
sant effect of both oxazolidinediones, an effect considered to be due to increased 
monoamine levels in the brain (YEN et al. 1962). The anticonvulsant EDso values 
of trimethadione are increased by simultaneously administering amphetamine, 
amphetamine alone having no distinct influence on convulsant thresholds (FREY 
1964). Trimethadione antagonizes the anticonvulsant effects of cannabidiol in sei
zures induced by maximal electroshock and in audiogenic seizures (CONSROE and 
WOLKIN 1977). 

H. Toxicity 
The pattern of toxicity of the oxazolidinediones is well known from many years 
of clinical use in epileptic patients (GALLAGHER 1972; BOOKER 1982). The most 
important clinical symptoms such as hemeralopia, dermatological manifesta
tions, decrease in white cell count and platelets, and the nephrotic syndrome have 
not been described for animals. In a chronic (9-month) toxicity study in rats, 
trimethadione was admixed to the feed in concentrations of 0.25%,0.5%, and 
1.0%. The animals tolerated the substance without severe organic damage. Doses 
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of 0.5% and 1.0% only led to weight loss and 1.0% to a slight decrease of red-cell 
count (RICHARDS and EVERETT 1946). With high doses toxic responses of the CNS 
such as sedation, ataxia, and sleep became obvious, as described by RICHARDS and 
EVERETT (1946). Corresponding findings were reported for mice, rabbits, cats, 
and dogs. Respiratory and circulatory depression also occurred in the acute pat
tern of intoxication. Neurotoxic symptoms have been reported to occur with 
trimethadione doses of 250-500 mg/kg. Ataxia is observed after 400-750 mg/kg 
and mortality at 1,500-2,000mg/kg (RICHARDS and EVERETT 1946). The follow
ing LDso values have been given: mice, 2,200--3,200 mg/kg orally (RICHARDS and 
EVERETT 1944; AHMAD and DHAWAN 1969; WALLIN et al. 1970; Go et al. 1978 a); 
rats, 2,000 mg/kg s.c.; and rabbits, 1,500 mg/kg i.v. (RICHARDS and EVERETT 
1944). 

There is some clinical evidence of potential teratogenicity of trimethadione 
and paramethadione (BOOKER 1982). POSWILLO (1972) examined the effect of 
trimethadione and paramethadione on embryonal development of monkeys (Ma
caca irus) by giving 300--900 mg from the 25th to 46th day of gestation. He found 
no malformed fetuses, but spontaneous resorption of the embryos beginning with 
a dose of 600 mg; 900 mg was toxic to the females. The slight effect of ox
azolidinediones on embryonal development of monkeys is in contrast to the ap
parent teratogenic findings in other animal species. RlFKIND (1974) found terato
genic effects in chicken embryos when injecting trimethadione or dimethadione 
into the egg during the early phase of embryonal development. Malformations 
were observed in the heart (globular heart), eyes (micro-oranophthalmia), lower ex
tremities (missing thigh, missing toes) as well as hernias and celosomia. In Wistar 
rats, BUTTAR et al. (1976) found fetotoxic effects and anomalies (additional ribs, 
delayed ossification ofthe skull and sternum, curved radius, ulna, tibia, and fibu
la as well as umbilical hernias and subcutaneous edema) after trimethadione and 
paramethadione doses as high as eight times the therapeutic doses. Dimethadione 
provoked similar effects (BUTTAR et al. 1976, 1978). Trimethadione also has a ter
atogenic effect in mice. In CD-l mice the substance caused numerous malfor
mations of the skeleton, cardiovascular system (atresia of the aortic arch, truncus 
arteriosus), and kidneys (aplasia), as well as hydrocephalus and cleft palate 
(SHULL and FABRO 1978; BROWN et al. 1979). Teratogenic doses are well below 
those causing maternal toxicity. With a daily dose of 1,045 mg/kg in the early 
phase of organogenesis, embryonal mortality is 80% and malformation 100% 
(BROWN et al. 1979). According to GORDON (1981), the relative teratogenicity of 
the oxazolidinediones is markedly higher than that of the hydantoins and suc
cinimides. Thus, the teratogenic effect of trimethadione in mice is more than ten 
times, that of paramethadione more than four times, greater than that of 
ethosuximide. BROWN et al. (1980) found valproic acid to have similar teratogenic 
effects to trimethadione in rabbits, rats, and mice. 
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CHAPTER 19 

Succinimides 
H. J. TESCHENDORF and R. KRETZSCHMAR 

A. Introduction 

Succinimides were introduced for the therapy of petit mal epilepsy in 1951, 
gradually replacing the oxazolidinediones because of their superior clinical toler
ance. The first succinimide employed clinically was phensuximide, followed by 
methsuximide. Ethosuximide, which like trimethadione has a relatively strong ef
ficacy against experimental pentylenetetrazol-induced seizures and is weaker 
against electrically induced seizures, was introduced somewhat later. The ex
perimental pharmacological profile of these compounds as well as their pharma
cokinetics and toxicity will be described in this chapter. The substances have al
ready been reviewed by different authors (WOODBURY et al. 1972, 1982; FER
RENDELLI and KUPFERBERG 1980). 

The structure-response relationships of succinimides have been reported in re
views by HARGREAVES et al. (1970), VIDA and GERRY (1977), FERRENDELLI and 
KUPFERBERG (1980), and SCHAFER (Chap. 9, this volume). 

C2 HS 

J:f &, ;::):H3 

o N 0 o N 0 o N 0 
H I I 

CH3 CH3 

Ethosuximide Phensuximide Methsuximide 

Ethosuximide has a molecular weight of 141.17; its melting point is 64°-65°C. 
The substance is highly soluble in water. The molecular weight ofphensuximide 
is 189.21 and that of methsuximide 203.23. Their melting points are 71 °-73 °C 
and 52°-53°C, respectively. Phensuximide is slightly soluble and methsuximide 
is insoluble in water. 

Various procedures have been developed for the quantitative determination 
of these substances from body fluids or organs. Earlier methods based on col
orimetry, thin-layer or gas-liquid chromatography were often not adequately sen
sitive. For a review of these methods see GLAZKO and DILL (1972a, b). Gas-liquid 
chromatography (GLC) was improved by the use of modern columns, more sen
sitive detectors, and derivatization of succinimides so that adequately sensitive 
methods, enabling other antiepileptics to be determined at the same time, are now 
available (HORNING et al. 1973 b, 1974). High-performance liquid chromatogra
phy techniques were also developed and are equal to GLC procedures (SOLDIN and 
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HILL 1976; KABRA et al. 1977). Ethosuximide can also be determined with an im
munoassay (MALKUS et al. 1978; SCHOTTELIUS 1978). A survey of today's pro
cedures is given by GLAZKO (1982). 

B. Anticonvulsant Effects 
The majority of animal experiments on the anticonvulsant effects of the suc
cinimides have been carried out with ethosuximide, whereas only few experiments 
with methsuximide and phensuximide have been reported. The reason seems to 
be that clinically ethosuximide has proven to be the most specific substance of the 
group of succinimides for the treatment of petit mal epilepsy. According to clini
cal experience methsuximide and phensuximide are effective in psychomotor at
tacks and also in grand mal epilepsy (CHEN et al. 1963). 

I. Chemically Induced Convulsions 

1. Pentylenetetrazol 

The antagonistic effect of succinimides against pentylenetetrazol-induced convul
sions was first described by CHEN et al. (1951,1963). In doses of63 and 250 mg/ 
kg, respectively, methsuximide and phensuximide completely suppressed convul
sions elicited by pentylenetetrazol (95 mg/kg s.c.) in rats. These doses brought 
about slight ataxia, whereas the effective dose of ethosuximide, 125 mg/kg, had 
no neurotoxic effects. As reported by the same authors there is no difference be
tween methsuximide and phensuximide if the increase of the convulsant dose of 
pentylenetetrazol in mice is taken into account (the dose is doubled by approxi
mately 100 mg/kg of either substance), whereas the effect of ethosuximide is 
markedly less pronounced (effective dose ~ 300 mg/kg). This dose relation of 
methsuximide and ethosuximide was also found by DESMEDT et al. (1976) and by 
KRALL et al. (1978), whose experiments make a direct comparison of the two sub
stances in mice and rats possible. 

The EDso values reported in the literature for the antagonistic effect of 
ethosuximide to pentylenetetrazol are between 130 and 180 mg/kg with i.p. ad
ministration and between 190 and 420 mg/kg with oral doses, depending on ani
mal species and the dose of pentylenetetrazol used (FREY 1964; MEYER and FREY 
1973; KRALL et al. 1978; U'>SCHER 1979a; MASUDA et al. 1980). According to 
STONE and JAVID (1979), the mean convulsant dose (CDso) of pentylenetetrazol 
and bemegride is increased threefold by 450 mg/kg ethosuximide. The EDso 
values of i.p. methsuximide are reported to be 60 and 68 mg/kg (DESMEDT et al. 
1976; KRALL et al. 1978). The CDso of pentylenetetrazol is increased by 50-200 
mg/kg methsuximide (BASTIAN 1961; NICHOLLS and SCOULAR 1975; STONE and 
JAVID 1979). EDso values ofphensuximide are between 50 and 150 mg/kg (DES
MEDTet al. 1976; KRALL et al. 1978; RUMP et al. 1979). 

When ethosuximide was admixed to the drinking water of mice, daily intake 
of 400-1 000 mg/kg, not more than a 40% protection against pentylenetetrazol 
could be obtained (FREY and KAMPMANN 1965), which is due to the very rapid 
metabolism of the substance in mice. 
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EEG changes induced by pentylenetetrazol are suppressed by ethosuximide. 
As outlined by WENZEL et al. (1971) 30 mg/kg pentylenetetrazol administered s.c. 
to rats led to spindle activity in the cortical and subcortical EEG, which is com
pletely suppressed by 200 mg/kg ethosuximide (i.p.). Likewise the facilitation of 
photic recruitment and of photic afterdischarges elicited by pentylenetetrazol is 
abolished. 

2. Other Convulsant Substances 
Picrotoxin-induced convulsions in mice are inhibited by ethosuximide, with EDso 
values of 330-350 mg/kg (LOSCHER and FREY 1977; LOSCHER 1979a); the CDso 
of picrotoxin is doubled by administration of 450 mg/kg ethosuximide (STONE 
and JAVID 1979). According to LOSCHER and FREY (1977) and RUMP et al. 
(1979), strychnine-induced convulsions are inhibited by similar doses. MASUDA 
et al. (1980), however, found that mice were not protected against the lethal 
effect of strychnine by 1 000 mg/kg ethosuximide. 

Investigations by LOSCHER and FREY (1977) which showed that isoniazid led 
to a decreased GABA level in the brain and to inhibited glutamate decarboxylase 
(GAD) and gamma-aminobutyrate-alpha-oxoglutarate aminotransferase 
(GABA-T) activity suggest that GABA is involved in the anticonvulsant effect of 
ethosuximide. Ethosuximide counteracts convulsions induced by isoniazid and 
diminishes the fall of GABA levels and the inhibition of GAD. The inhibition of 
GABA-T is not affected. 

The following findings contradict the relation of ethosuximide to the GABA 
system: LOSCHER and FREY (1977) as well as STONE and JAVID (1979) found oral 
doses of 450-1 000 mg/kg to be ineffective against bicuculline. Ethosuximide is al
so ineffective against kainic acid, the convulsant effect of which the authors 
(STONE and JA VID 1980) attribute also to the GABA system. Convulsions induced 
by 3-mercaptopropionic acid are not antagonized either (LOSCHER 1979; STONE 
and JAVID 1979). Neither are changes of GAB A metabolism (inhibition of GAD, 
activation of GABA-T) induced by 3-mercaptopropionic acid influenced by 
ethosuximide. With methsuximide in an oral dose of 135 mg/kg, however, the 
mean convulsant dose of 3-mercaptopropionic acid is almost doubled (STONE and 
JAVID 1979). 

Ethosuximide is effective in some other convulsant models, which the authors 
consider to be specific for substances effective in petit mal epilepsy. A pattern 
similar to petit mal epilepsy is induced in monkeys and rats by high doses (200 
mg/kg i.v.) of gamma-hydroxybutyric acid, an endogenous metabolite ofGABA. 
Bursts of hypersynchronous waves progressing to continuous hypersynchrony 
are found in the EEG. The bursts are accompanied by phases of immobility re
sembling stupor (GODSCHALK et al. 1976; SNEAD 1978; SNEAD et al. 1980). In the 
same manner as trimethadione and valproic acid, ethosuximide eliminates 
these changes. Phensuximide is inefficacious and even aggravates gamma-hy
droxybutyric acid (GHB)-induced symptoms (GODSCHALK et al. 1976). 

In a different model described by SNEAD and BEARDEN (1980) in which a pat
tern similar to petit mal epilepsy is induced by intracerebroventricular injection 
ofleucine enkephalin, ethosuximide, trimethadione, and valproic acid all have an 
effect, whereas phenobarbital, diphenylhydantoin, diazepam, and clonazepam are 
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ineffective. Generalized epileptic activity induced in cats by high parenteral doses 
of penicillin is a syndrome similar to petit mal epilepsy, which is inhibited by 
ethosuximide and not distinctly influenced by diphenylhydantoin (GUBERMAN et 
al. 1975). 

Ethosuximide inhibits seizures induced by procaine (RUMP et al. 1979), by 
chlorinated hydrocarbon insecticides (dieldrin) in mice (JOY 1973), and by A9-tet
rahydrocannabinol in a population of New Zealand White rabbits (CONSROE et 
al. 1977); it raises the convulsive threshold offluorothyl (bis-2,2,2-trifluoro-ethyl 
ether) in rats (ADLER 1972) and of enflurance in dogs (SCHETTINI and WILDER 
1974). The LD50 offluostigmine, increased in mice and rats by atropine and obi
doxime, can be further increased by phensuximide. EEG changes determined in 
rabbits by fluostigmine are transiently suppressed by phensuximide (GRUDzINSKA 
et al. 1978, 1979). 

Further investigations have been made on the effect of ethosuximide in mod
els of acute or chronic epilepsy with convulsions elicited by the topical cortical 
application of drugs. In cats, topical application of conjugated estrogens to the 
sensorimotor cortex leads to epileptiform spike and slow-wave discharges in the 
EEG, which can be inhibited by ethosuximide, benzodiazepines, and trimetha
dione, but not by diphenylhydantoin (WILKINSON and HALPERN 1974; JULmN et 
al. 1975). Convulsant discharges produced in rats by the cortical implantation of 
metallic cobalt are suppressed by 200-400 mg/kg ethosuximide (KASTNER et al. 
1970; Dow et al. 1973; SCUVEE-MoUREAU et al. 1977; CHIU et al. 1979), sec
ondary foci being more easily affected than primary ones (KASTNER et al. 1970). 

Weak anticonvulsant or even proconvulsion effects have been demonstrated 
for ethosuximide in chronic epilepsy induced in rhesus monkey by implants of 
aluminum hydroxide gel (LOCKARD et al. 1977). 

II. Electrically Induced Convulsions 

In the maximal electroshock test, marked differences have been found between 
the effects of methsuximide and phensuximide, on the one hand, and 
ethosuximide on the other. The following ED50 ranges for protection from tonic 
convulsions induced by maximal electroshock have been reported in the litera
ture: methsuximide 70-84 mg/kg (CHEN et al. 1963; KRALL et al. 1978) and phen
suximide 47-313 mg/kg, depending on animal species and route of administration 
(CHEN et al. 1951, 1963; STILLE and SAYERS 1967; KRALL et al. 1978; RuMP 1979). 
The values for the two substances reported by CHEN et al. (1963) and KRALL et 
al. (1978) are somewhat higher than those required for protection against penty
lenetetrazol. With ethosuximide, however, these values are far higher than those 
effective against pentylenetetrazol. The doses suppressing electroshock seizures 
are as high as 1,000-2,000 mg/kg, thus being in the neurotoxic range. With lower 
dosed ethosuximide (260 mg/kg s.c.) FERNGREN and PAALZOW (1969) observed 
effects against electrically induced convulsions in 3- to 15-day-old mice, but these 
were absent in 21-day-old mice. 

STILLE and SAYERS (1967) reported that phensuximide does not alter seizure 
pattern in the cortical EEG after maximal electroshock, although convulsions are 
stopped. As in the controls, there is an afterdischarge after stimulation, followed, 



Succinimides 561 

after an exhaustion phase, by spikes or multiple spikes and sharp waves on the 
EEG. 

In amygdaloid-kindled rats weak effects have been found for ethosuximide, 
but marked effects for methsuximide. ALBERTSON et al. (1980) found that 
ethosuximide did not lower seizure rank scores or afterdischarge duration until 
toxic doses were used. ASHTON and WAUQUIER (1979) showed methsuximide, 
EDso values of 17-21 mg/kg i.p., to be effective against the various components 
of these seizures (foreleg clonus, rearing-up, falling-down). The doses were slight
ly lower than those producing ataxia. 

There have been varying reports on the effect of succinimides on afterdis
charges after local stimulation of individual brain regions. STEINMANN (1964) 
found that ethosuximide raised the convulsant threshold in the hippocampus, but 
not in the cortex, of rabbits. LITTROW et al. (1970) observed that the electrically 
evoked self-sustaining hippocampal afterdischarge in rats is not eliminated by 
ethosuximide. On the contrary, the spike frequency of the initial afterdischarge 
is increased and its duration is prolonged, suggesting seizure facilitation. 

Ethosuximide reduced evoked responses in the sensorimotor cortex after stim
ulation of the ventrolateral thalamus, and diminished (like valproic acid) in par
ticular the responses to stimulation, at a rate of 3/s (ENGLANDER et al. 1975; 
NOWAK et al. 1979). The authors find this of particular interest in view of the good 
therapeutic results obtained with the substances in absence attacks with repetitive 
activity occurring at a rate of 3/s. 

III. Convulsions Induced by Other Methods 

In models based on, often genetically determined, hypersensitivity to visual or 
acoustic stimuli, ethosuximide shows minor effects. DAVIS et al. (1978) have 
shown ethosuximide to have no effect in fowl with high susceptibility to seizures 
after intermittent photic stimulation. In the model of photomyoclonic seizures of 
the baboon (Papio papio) ethosuximide has only weak effects. NAQUET et al. 
(1975) and KILLAM (1979) found the effect to be age dependent; thus, the doses 
required for inhibiting the epileptic response are two to three times higher in adult 
than in young animals. In both cases the animals show marked central side effects 
(RINNE et al. 1978). When susceptibility to seizures is augmented by allylglycine, 
the anticonvulsant effect of ethosuximide on photically induced seizures in ba
boons is also weak (MELDRUM et al. 1975). 

Afterdischarge potentials of the visually evoked response in rats are dimin
ished in number and amplitude by ethosuximide (TURKANIS et al. 1977; KASTNER 
et al. 1968). These afterdischarges, which can only be triggered in the relaxed state 
of arousal by photic stimulation, can also be suppressed by activating the animals. 
Thus, the effect of ethosuximide is possibly mediated by a reticular activation. 
Topical application of ethosuximide to the lateral geniculate body had no effect 
on afterdischarges (KASTNER and ROUGERIE 1978). 

In rats susceptible to audiogenic seizures, 100 mg/kg ethosuximide is ineffec
tive (CONSROE and WOLKIN 1977). Convulsions elicited by acoustic stimuli in bar
biturate-dependent rats during withdrawal are attenuated by ethosuximide 
(NORTON 1970). 
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C. Central Nervous System Effects 
Besides the Anticonvulsant Effect 

Neurophysiological effects of the succinimides are described by Juma in Chap. 
23, this volume. 

I. Influence on the EEG 

KASTNER et al. (1968) found the amplitude in the cortical EEG of rats to be de
creased after 100-500 mg/kg i.p. Sleep spindles were absent and the hippocampus 
showed a theta rhythm of 5-7 s corresponding to the activated state of arousal. 
With higher doses, the animals were relaxed or showed a loss of the righting re
flex. GODSCHALK et al. (1976) also reported desynchronization of the cortical 
EEG of rats after administratiion of ethosuximide or phensuximide. In the ba
boon, RINNE et al. (1978) found a reduction of spectral power in frequencies 
around 15 s, with a simultaneous dose-dependent increase of slow activity (4-8 s). 

II. Influence on Behavior 

In mice, ethosuximide and methsuximide in the anticonvulsant dose range lead 
to increased motor activity (BASTIAN 1961; KEHRHAHN 1973). Higher doses ofthe 
succinimides produce ataxia (CHEN et al. 1951; 1963; KRALL et al. 1978; MASUDA 
et al. 1980). The dose intervals between anticonvulsant effects on pentylenete
trazol convulsions and neurotoxic effects (ataxia or inhibition of performance at 
the rotarod) are 2.8-4.6 (KRALL et al. 1978). As described by MASUDA et al. 
(1980), high doses of ethosuximide lead to a loss of righting reflex and prolonged 
sleeping time after hexobarbital. 

In rats, AsHTON and WAUQUIER (1979) observed ataxia with methsuximide 
doses as low as 28 mg/kg i.p. KAsTNER et al. (1968) reported diminished startle 
response and muscle relaxation with ethosuximide doses of 50 mg/kg i.p. or more 
and a loss of righting reflex with 500 mg/kg. According to GUBERMAN et al. 
(1975), cats show mild muscular rigidity and a paucity of spontaneous movements 
at an ethosuximide plasma level of 140 j.lg/ml, i.e., a level double that required for 
significant anticonvulsant effects. Dystonic posture was observed after 200 mg/ 
kg. Chronic administration of ethosuximide (15-60 mg/kg daily i.p. for 8 weeks) 
to baboons led to a dose-related decrease oflearning performance, which was not 
related to motor difficulties (PAULE and KILLAM 1979). This disruption of leam
ing performance was evident for up to 4 months after cessation of ethosuximide 
administration. LOCKARD et al. (1977) reported a reduced duration of sleep and 
a depression of REM stages in rhesus monkeys with cortical aluminum hydroxide 
implantation during the chronic administration of ethosuximide. According to 
CLINCKE and W AUQUIER (1979), pentylenetetrazol impaired passive avoidance re
tention in rats. This effect of pentylenetetrazol could be suppressed by 
ethosuximide. 
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III. Effects on Neurochemical Processes 
1. Neurotransmitters 
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No changes in the concentration or metabolism of neurotransmitters have be
come known for succinimides which might explain the anticonvulsant effect. The 
following individual findings are described in the literature: 

In the brain of rats (NAHORSKI 1972) or mice (LUST et al. 1978) ethosuximide 
does not change the concentration ofGABA. LOSCHER and FREY (1977) indicate 
that GAD is slightly activated, while LEZNICKI and DYMECKI (1974) observed no 
effect of the substance. Of the enzymes degrading GABA, GABA-T, measured 
in mouse brain homogenates, is inhibited to a small extent by ethosuximide in 
concentrations of 0.1-10 mM (SAWAYA et al. 1975), but is slightly activated by 
phensuximide (10 mM). LOSCHER (1980) has also shown ethosuximide to inhibit 
GABA-T slightly. Succinic semialdehyde dehydrogenase is activated by 
ethosuximide (10 mM), but slightly inhibited by phensuximide (10 mM). The rel
evance of these findings is questionable since in most cases the concentrations 
were higher than the expected therapeutic blood levels. 

The concentration ofGHB in the total brain and, in particular, in the subcor
tex and cerebellum of rats is increased by a single dose of ethosuximide, but de
creased after subchronic administration for 7 days (SNEAD et al. 1980). The phys
iological significance of GHB, an endogenous metabolite of GABA, has not yet 
been determined. But the findings are of interest in view of the epileptiform 
changes which can be produced experimentally by high doses of GHB and which 
can be specifically inhibited by drugs acting on petit mal epilepsy. 

In the study by BONNYCASTLE et al. (1957) phensuximide in three i.p. doses as 
high as 450 mg/kg increased the concentration of 5-hydroxytryptamine (5-HT) in 
the brain of rats, but not in the periphery. No protection against the convulsant 
or lethal effects of pentylenetetrazol is obtained by increasing the 5-HT level in 
the brain by monoamine oxidase (MAO) inhibitors (iproniazid) or 5-hydroxy
tryptophan. As described by MEYER and FREY (1973), any such increase has a syn
ergistic effect when ethosuximide is given simultaneously. 

Ethosuximide increases dopamine metabolism, as measured in the dihydroxy
phenylacetic acid (DOPAC) and homovanillic acid (HV A) concentrations in me
so limbic structures, but not in the striatum. The relevance of these findings for 
anticonvulsant action appears doubtful. In the model of GHB-induced epileptoid 
changes, the anticonvulsant effect of ethosuximide depends on intact dopamin
ergic function. According to KLUNK and FERRENDELLI (1980), dopamine receptor 
blockers or inhibitors of dopamine synthesis abolish the anticonvulsant effect of 
ethosuximide against GHB. No data are available on the influence of suc
cinimides on the norepinephrine level or metabolism. 

2. Effects on Other Nervous Tissue Systems 

Ethosuximide inhibits oxygen uptake by brain slices (LEZNICKI and DYMECKI 
1974). Glucose concentration in the brain is increased by ethosuximide, the blood 
glucose level remaining unchanged (GILBERT et al. 1971; NAHORSKI 1972). This 
is explained, as was shown by GRAY and GILBERT (1970), in the model of the 
xylose uptake by guinea pig brain slices, by increased glucose uptake, not by re-
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duced degradation. By investigating energy metabolism in the rat brain, NAHOR
SKI (1972) found that glucose-6-phosphate and fructose-6-phosphate of the glyco
lytic intermediates were increased and that fructose-l ,6-phosphate was decreased. 
Among the tricarboxylate cycle intermediates, citrate and alpha-oxoglutarate 
were reduced. Other intermediates or high-energy phosphates were not changed. 
The findings signify a reduced metabolic rate, which, however, cannot be consid
ered to be a causative factor in the anticonvulsant action of the succinimides. Like 
most other anticonvulsant drugs, ethosuximide lowers the concentration of cyclic 
3,5-G MP in the cerebellum, but not in the cerebral cortex (LUST et al. 1978). 

Ethosuximide inhibits Na +K + -ATPase (GILBERT et al. 1974a; LEZNICKI and 
DYMECKI 1974) in the microsomal and synaptosomal fractions of the rat brain 
(GILBERT et al. 1974), but not Mg+ + -ATPase. As outlined by GILBERT and WYL
LIE (1974), Mg+ + -ATPase located in synaptosomal vesicles can be inhibited by 
ethosuximide in concentrations of 0.25-25 mM, the higher concentrations being 
higher than those necessary for the anticonvulsant effect. Conversely, LEZNICKA 
and DYMECKI (1974) found Na +K + -ATPase to be activated, on in vivo adminis
tration of ethosuximide. A number of other enzymes (acetylcholine esterase, 
monoamine oxidase, arylsulfatase) are not affected (LEZNICKA and DYMECKI 
1974). 

Two enzymes of the polyol pathway, aldose reductase and hexonate dehydro
genase, isolated from human brain are inhibited by ethosuximide (O'BRIAN and 
SHOFIELD 1980). These enzymes seem to correspond to the aldehyde reductases 
described earlier (ERWIN and DEITRICH 1973; RIS et al. 1975), which, isolated 
from bovine and human brain, can also be inhibited by succinimides. In these 
cases, ionizable ethosuximide has a stronger inhibitory effect than methsuximide 
or phensuximide. 

D. Pharmacodynamic Properties 
Outside the Central Nervous System 
Animal experiments on the peripheral effects of succinimides have not been per
formed. Neither have there been systematic investigations of the cardiac and cir
culatory functions. There is some evidence that ethosuximide in doses of 100-500 
mg/kg lowers heart and respiratory rates in rats (KASTNER et al. 1968). GANDHI 
et al. (1976) reported a weak local anesthetic effect of ethosuximide which was 8% 
of the effect of lidocaine. In addition, they found a dose-related blocking of 
neuromuscular transmission, which is not only due to the local anesthetic effect, 
but also to a curare-like effect. No antiarrhythmic effect was observed in the mod
el of ouabain-induced arrhythmia in rabbits (DRESSLER et al. 1972). 

Several authors investigated the porphyria-inducing activity of succinimides: 
marked activation of porphyrin synthesis in chick embryo livers and in livers of 
chicks aged 5-7 weeks induced by methsuximide and phensuximide was observed 
(RACZ and MARKS 1969; CREIGHTON and MARKS 1972; ORTON and NICHOLLS 
1972 a, b; RIFKIND et al. 1973). Ethosuximide was ineffective. The effects were de
pendent on the animal species used. In livers of mice a porphyria-inducing effect 
was not found (CREIGHTON and MARKS 1972). 
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In rats, ethosuximide, methsuximide, and phensuximide lead to the induction 
of hepatic microsomal enzyme activity (ORTON and NICHOLLS 1972; GILBERT et 
al. 1974 b). The administration of 0.5-2 mmol/kg daily for 3 days significantly re
duced the hexobarbital sleeping time, increased oxidation of hexobarbital, and 
augmented hydroxylation of aniline. Morphologically, the animals showed in
creased weight of the liver and proliferation of the hepatic smooth endoplasmatic 
reticulum. Microsomal cytochrome-P-450 activity was also augmented. In guinea 
pigs, corresponding effects were not observed for ethosuximide (GILBERT et al. 
1974b). 

Ethosuximide did not inhibit the binding of hexobarbital to cytochrome P-450 
(LATHAM and SWEENEY 1976). PATSALOS and LASCELLES (1977, 1980) describe 
ethosuximide as showing a competitive, but weak, inhibition of the hydroxylation 
of diphenylhydantoin by a liver microsomal enzyme preparation. 

E. Pharmacokinetics 
The results of many experiments on animals to investigate the pharmacokinetics 
of ethosuximide are available in the literature. In addition, there have been a few 
investigations performed with methsuximide and phensuximide. 

I. Absorption 

Using a gas-chromatographic technique, DILL et al. (1965) found that 
ethosuximide is rapidly absorbed by rats after oral administration and attains a 
maximum plasma level after 1 h. In dogs approximately 90% is absorbed from 
the gastrointestinal tract. The peak plasma levels were measured after 0.8--4 h (EL 
SAYED et al. 1978). 

In rhesus monkeys, the bioavailability of ethosuximide from a syrup prepara
tion was 96± 12% (PATEL et al. 1975). In the dose range examined bioavailability 
was dose independent. 

Methsuximide is also rapidly absorbed by rats. The absorption half-life from 
the duodenum was 17.4 min (NICHOLLS and ORTON 1972). 

II. Distribution 

In rats ethosuximide is very evenly distributed in all tissues except for adipose tis
sue (DILL et al. 1965; BURKETT et al. 1971). The relative distributions in organs 
related to the plasma (DILL et al. 1965) are 1.04 for the brain, 0.94 for the muscles, 
1.04 for the kidneys, but only 0.11 for the liver. Ethosuximide crosses the placen
tal barrier and penetrates the fetal tissue of rats (CHANG et al. 1972). In dogs and 
monkeys the kinetics can be described by a one-compartment open model (EL 
SAYED et al. 1978; PATEL et al. 1975). The distribution volume was 67% of the 
body weight in dogs (EL SAYED et al. 1978) and 80% in monkeys (PATEL et al. 
1975). In the cerebrospinal fluid of the dog the steady state was reached within 
30 min (EL SAYED et al. 1978). 

Plasma protein binding of ethosuximide is very low; 90%-98% is found un
bound in the dog plasma (EL SAYED et al. 1978). LOSCHER ( 1979 b) determined the 
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protein binding of ethosuximide in dogs by using equilibrium dialysis; he found 
7%-12% at 37°C. This value largely corresponds to that of protein binding in 
humans (LUNDE et al. 1970). 

Anticonvulsant plasma levels of ethosuximide are approximately 50--1 00 ~g/ 
ml (LoCKARD et al. 1977). After chronic oral administration in rhesus monkeys 
(initial dose 40--60 mg/kg and maintenance dose 16-24 mg/kg every 24 h) steady
state plasma levels of 30--50 ~g/ml were measured after 5 days (PATEL and LEVY 
1975). With constant zero-order infusion of ethosuximide in rhesus monkeys, 
PATEL et al. (1975) found variations of the plasma levels which were probably 
caused by circadian metabolic changes. 

Using mass fragmentography, YONEKAWA and KUPFERBERG (1976) deter
mined equal plasma levels and cerebral concentrations of phensuximide and its 
N-demethylated degradation product in mice. With methsuximide and its N-de
methylated metabolite the concentrations are equal only during the 1 st h after ad
ministration. Later on, the concentration of N-demethylmethsuximide declines 
far more slowly than that of the unchanged substance. 

In contrast to ethosuximide, DOBRINSKA and WELLING (1977) described the 
kinetics of methsuximide by a two-compartment open model. Organ distribution 
ofmethsuximide is relatively uniform, brain included, and protein binding is very 
low (GLATzKO et al. 1953). With 14C-labeled substance, NICHOLLS and ORTON 
(1972) found maximum blood and tissue values 1 h after oral administration to 
rats. 

III. Metabolism 

After administration of ethosuximide, DILL et al. (1963) detected more than five 
metabolites in rats. In the urine of rats after administration ofp4C]ethosuximide, 
BURKETT et al. (1971) recovered 78% of the radioactivity administered: 12% as 
unchanged substance, 40% as 2-(I-hydroxyethyl)-2-methylsuccinimide, and a 
further 48% as nonidentified metabolites. HORNING et al. (1973 b) determined 
various glucuronides of hydroxyethosuximides in the urine of rats after adminis
tration of ethosuximide. Similar findings were established in monkeys by CHANG 
and GLAZKO (1982). In addition to 2-(1-hydroxyethyl)-2-methylsuccinimide, the 
analogous 2-hydroxyethyl compound and a 3-hydroxy derivative of 
ethosuximide were identified. 

The demethylation product 2-methyl-2-phenylsuccimide was identified in rats 
and dogs as the main metabolite of methsuximide, which, unlike ethosuximide, 
is N-methylated (NICHOLLS and ORTON 1972; DOBRINSKA and WELLING 1977); 
this compound is pharmacologically active. Unlike the parent compound, dis
tribution of the metabolite complies with a one-compartment model; the elimina
tion half-life from the plasma of dogs is 15 h. Moreover, DUDLEY et al. (1974a) 
found 7%-20% of glucuronides of derivatives p-hydroxylated at the 2-phenylic 
ring (2-(p-hydroxyphenyl)-2-methylsuccinimide and N-methyl-2-(p-hydroxy
phenyl)-2-methylsuccinimide) in the urine of dogs collected for 48 h. According 
to HORNING et al. (1973 a), methsuximide metabolism follows an epoxide-diol 
pathway. Three characteristic metabolites detected by gas chromatography (GC) 
and GC mass spectrometry in rats, guinea pigs, and humans (3,4-dihydroxy-
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cyclohexadiene-l-yl; 3- or 4-hydroxyphenyl derivatives) support this fact. Small 
quantities of nonepoxidic metabolites were also determined (N-methyl-2-hy
droxymethyl-2-phenylsuccinimide, N,2-dimethyl-3-hydroxy-2-phenylsuccinimide, 
and N,2-dimethyl-2( 4-hydroxyphenyl)-3-hydroxy succinimide). 

HORNING et al. (1976) reported that the metabolism of the stereoisomers of 
methsuximide differs quantitatively. After administration of racemic meth
suximide the metabolites N-methyl-2-(p-hydroxyphenyl)-2-methylsuccinimide 
and 2-(p-hydroxyphenyl)-2-methylsuccinimide are found to occur in a ratio of 
1 : 1.2 in the urine of rats, whereas after administration of the corresponding 1- or 
d-compound the ratio of the metabolites is 0.6: 1 and 1: 5.9, respectively. There 
is no evidence that methsuximide or ethosuximide is metabolized to succinamic 
acid by opening of the ring (DUDLEY et al. 197 4 b). In contrast, phensuximide ap
pears to be metabolized to the acid by ring-opening. In the urine of dogs, DUDLEY 
and BUTLER (1971) and DUDLEY et al. (1974 b) detected 14% of 1-2-phenyl-suc
cinamic acid and 5% of p-hydroxyphenyl metabolites (N-methyl-2-(p-hydroxy
phenyl)-succinimide) in the form of glucuronides and trace amounts of un
changed substance. Corresponding stereospecific ring metabolism is also known 
for a hydantoin which has a related structure (DUDLEY et al. 1974b). These me
tabolites were found by DUDLEY etal. (1974b) in rat liver homogenate after incu
bation with phensuximide. The hydrolyzation of the ring of enantiomers is ef
fected by dihydropyrimidinase (MAGUIRE and DUDLEY 1978). 

IV. Elimination 

The elimination of ethosuximide has been investigated repeatedly in various ani
mal species, but only a few investigators have studied the elimination of meth
suximide and phensuximide. The elimination half-lives of ethosuximide were 
found to differ greatly in the examined species. They were 1 h in mice (EL SAYED 
et al. 1978), 16, 12, and 10 h in rats (DILL et al. 1965; CHANG et al. 1972; EL SAYED 
et al. 1978), 18 h in dogs (EL SAYED et al. 1978), and 28, 22, and 22.4-35.6 h in 
monkeys (DILL et al. 1965; CHANG et al. 1972; PATEL et al. 1975). The elimination 
half-life of ethosuximide in humans is 30-60 h (SHERWIN et al. 1971; EL SAYED 
et al. 1978). Elimination occurs monoexponentially by first-order kinetics over 
four to five elimination half-lives (PATEL et al. 1975). Saturable elimination of 
ethosuximide was reported for the dog (EL SAYED et al. 1978). 

Ethosuximide is excreted primarily by the kidneys; in the rat excretion with 
the feces accounts for only 4%. Thus external bile duct fistulae in monkeys 
did not affect the plasma half-life of ethosuximide (CHANG et al. 1972). 

Methsuximide is more rapidly excreted than ethosuximide. The plasma half
life in the dog was reported to be 1-3.5 h (DOBRINSKA and WELLING 1977). In the 
24-h urine of rats, two-thirds of the amount administered was recovered al
most exclusively in the form of metabolites (GLATzKO et al. 1953). After admin
istration of p4C]methsuximide, NICHOLLS and ORTON (1972) found 26% of the 
radioactivity in the urine and 29% in the expired air. 

From the plasma of mice, phensuximide is eliminated twice as quickly as 
methsuximide (YONEKAwA and KUPFERBERG 1976). 
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F. Interactions 

FREY (1964) and FREY and KAMPMANN (1966) investigated the influence of am
phetamine on the anticonvulsant action of ethosuximide in the pentylenetetrazol 
threshold test. Amphetamine doses not affecting the threshold dose of penty
lenetetrazolled to an increase in the EDso values of ethosuximide. Simultaneous
ly, plasma levels were found to be lowered, which was attributable to reduced ab
sorption of ethosuximide, so that central effects could not account for the antag
onism. 

For cannabidiol CONSROE and WOLKIN (1977) reported dose-related protec
tive effects against maximal electroshock-induced and audiogenic seizures. When 
administering ethosuximide simultaneously, graded dose-response effects are no 
longer obtained. 

MEYER and FREY (1973) investigated how changes in the central level and me
tabolism of norepinephrine, dopamine, and 5-HT and how receptor-block
ing drugs interfere with the anticonvulsant effect of ethosuximide against penty
lenetetrazol convulsions. The effect of ethosuximide was potentiated by 5-HT, 
whereas p-chloro-phenylalanine and cyproheptadine attenuated the effect. The 
effect of ethosuximide was also reduced by all substances interfering with norepi
nephrine and dopamine. 

G. Toxicity 
CHEN et al. (1963) examined the acute and chronic toxicity of ethosuximide and 
phensuximide in animal experiments. The acute toxicities of the succinimides in 
mice differ only slightly. The LDso with oral dosing was determined to be between 
1,400 and 1,550 mg/kg. The lethal doses were larger by more than one decimal 
power than the anticonvulsant doses. In pentylenetetrazol-induced convulsions 
and maximal electroshock, CHEN et al. determined anticonvulsant EDso values 
of 40-65 mg/kg and 80-210 mg/kg, respectively. The dose interval between an
ticonvulsant and toxic doses was smaller for phensuximide than for ethosuximide 
and methsuximide. The toxic symptoms observed were disturbed coordination 
and loss of righting and grasping reflexes, indicating neurotoxicity, and dyspnea. 
The chronic toxicity of the succinimides was determined in mice and rats by ad
mixture to the feed, in dogs by oral administration in capsules, and in monkeys 
by gavage. Ethosuximide was administered to mice, rats, dogs, and monkeys for 
5 weeks, 26 weeks, 6 months, and 6 months; methsuxinimide for 4 weeks, 26 
weeks, and 1 year; phensuximide for 8 weeks, 8 weeks, and 6 months (monkeys 
excluded). The hematological or laboratory parameters were not affected in any 
study. Weight loss was the only symptom observed. Daily amounts ofl,206 mg/ 
kg ethosuximide, 806 mg/kg methsuximide, and 770 mg/kg phensuximide were 
well tolerated by mice. Admixture of only 1 % of phensuximide to the feed, cor
responding to 1,328 mg/kg daily, caused reduced food intake; weight loss was 
produced by admixing as little as 0.125 % of succinimides to the feed. 

Rats tolerated doses of about 650-750 mg/kg, corresponding to 1 % admix
ture to the feed, without weight loss. Histologically the organs revealed mild liver 
cell necroses after 567 mg/kg ethosuximide, 600 mg/kg methsuximide, and 284 
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mg/kg phensuximide, which, however, were not accompanied by any functional 
disturbance. Dogs tolerated 12.5-50 mg/kg ethosuximide, 10-40 mg/kg meth
suximide, and 75 mg/kg phensuximide administered twice daily for a period of 45 
days to 1 year. Impaired coordination was observed with doses exceeding 100 
mg/kg. Single daily doses of 50-100 mg ethosuximide and methsuximide had no 
adverse effects in monkeys. Doses of approximately 200 mg/kg led to ataxia. 

Various investigators studied the question of a potential teratogenicity of 
succinimides. McELHATTON and SULLIVAN (1977) and SULLIVAN and 
McELHATTON (1977) administered CD-l mice ethosuximide in doses of up to 
360 mg/kg from the 6th to the 16th day of gravity and detected mal
formations in only 3.2% of the fetuses. There was no significant difference 
versus the controls. By contrast, diphenylhydantoin produced malformations in 
20.9% of fetuses. GORDON (1981) reported that succinimides exert a distinctly 
smaller teratogenic effect in mice than do oxazolidinediones. F ABRO et al. 
(1976) have determined that non-substituted succinimide is not teratogenic in 
CD-l mice, the corresponding anhydride (succinic anhydride), like other anhy
drides (e.g. phthalic anhydride) being teratogenic, however. 
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CHAPTER 20 

Benzodiazepines 
S. CACCIA and S. GARATTINI 

A. Introduction 
Drugs of the benzodiazepine class have been introduced in several areas of clinical 
practice over the past years (ZBINDEN and RANDALL 1967; GREENBLATT and 
SHADER 1974; BELLANTUONO et al. 1980). Among their various valuable proper
ties is their potent effect against experimental convulsions and various forms of 
epilepsy in man (BANZIGER 1965; GASTAUT et al. 1971; BROWNE and PENRY 1973). 
This property was noted during early animal and clinical studies with chlordiaz
epoxide and diazepam (RANDALL et al. 1960, 1968; ZBINDEN and RANDALL 1967), 
the prototype drugs of this class (STERNBACH and REEDER 1961). Subsequent stud
ies with newly developed benzodiazepines revealed similar anticonvulsant ac
tivities, differing mainly in quantitative rather than qualitative aspects (GREEN
BLATT and SHADER 1974;GARATTINIetal.1981). 

A number of reviews have focused entirely or in part on the anticonvulsant 
properties of benzodiazepines (SCHALLEK et al. 1972; RANDALL and KAPPELL 
1973; PINDER et al. 1976; VAN DER KLEIJN et al. 1977; MATTSON 1972; KILLAM 
and SURIA 1980). The general pharmacology and neuropharmacology (HAEFELI 
et al. 1981), biochemical effects (BRAESTRUP 1981), pharmacokinetics and metab
olism (KAPLAN and JACK 1981), and toxicology and side effects (HINES 1981) of 
the benzodiazepines have been reviewed in a recent volume of this handbook. 
Therefore, the present review is confined to the anticonvulsant effects of this class 
of drugs. 

B. Chemical Structure of Benzodiazepines 

On the basis of present knowledge the benzodiazepines appear to fall into three 
main classes: the 1,4 benzodiazepines, 1,5-benzodiazepines, and s-triazolo deriv
atives. Chemically the 1,5-benzodiazepines differ from the well-known 1,4 'deriv
atives only in the carbon and nitrogen in the isomeric position 4 and 5 of the 
diazepine ring. The s-triazolo derivatives were prepared later by fusing a five
membered heterocyclic ring into the diazepine ring of 1,4 or 1,5-benzodiazepines. 

At the other end of the spectrum of anticonvulsant potency is the convulsant 
benzodiazepine RO-3663 (SCHLOSSER and FRANCO 1979) (Fig. 1). This derivative 
elicits convulsions in mice at a dose of 30 mg/kg i.p. and is antagonized by diaze
pam at a dose (ED 50) of 1.5 mg/kg p.o. (SCHLOSSER et al. 1973). Structure-activity 
relationships are reviewed by SCHAFER in Chap. 9, this volume. 
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Fig. I. Chemical structure of RO 5-3663 (l,3-dihydro-5-methyl-2H-l,4-benzodiazepine-2-
one) 

c. Methods of Determination 
The analysis of benzodiazepines in body fluids requires highly sensitive, specific 
techniques since the usual therapeutic doses produce very low levels and there is 
extensive tissue distribution and biotransformation (GREENBLATT and SHADER 
1974; GARATTINI et al. 1977). Spectrophotometry, 14C-labeled compounds, and 
polarography have been mainly used in animal studies but they are still not suf
ficiently sensitive for kinetic studies in humans and often fail to differentiate be
tween drugs and metabolites. Gas-liquid chromatography (GLC) and, more re
cently, high-pressure liquid chromatography (HPLC) are therefore the most suit
able techniques for quantitation ofbenzodiazepines. 

Most of the GLC methods are very simple and rapid and are suitable for 
routine analysis in biological samples containing as little as 10 ng/ml of benzo
diazepines or metabolites (GARATTINI et al. 1969). They involve initial solvent ex
traction (diethylether, n-hexane, benzene, etc.) and the extract is then directly in
jected into the GLC column. The use of a selective electron capture detector 
(ECD) significantly improves the sensitivity for compounds containing electrone
gative groups (halogens, nitro groups). Detection is also possible by nitrogen
phosphorus detection (NPD) (BARAZI and BONINI 1980). The thermally unstable 
benzodiazepines such as 3-hydroxy and N-4-oxide derivatives (SADEE and VAN 
DER KLEUN 1971) must be converted to trimethylsilyl derivatives (BELVEDERE et 
al. 1972) or to their respective aminobenzophenones by acid hydrolysis (DE SILVA 
and KAPLAN 1966) before chromatography. With the latter approach, however, 
hydrolysis products of the parent compounds may coincide with its metabolite(s) 
(VAN DER KLEIJN et al. 1977). 

The direct measurement of other derivatives mainly unsubstituted at the Nl 
position often does not yield optimal sensitivity and reproducibility because they 
are avidly absorbed into the stationary phase of GLC column packings. Again, 
acid hydrolysis of these compounds to form the corresponding benzophenones 
improves the sensitivity (CANO et al. 1975), but specificity may be lost. Another 
approach is methylation of these compounds to N-methyl derivatives. This has 
been successful in the analysis of clonazepam, nitrazepam, flunitrazepam (DE SIL
VA and BEKERSKY 1974), and bromazepam (KLOTZ 1981). 

Some of these problems can be overcome by using HPLC methods, which pro
vide adequate separation ofbenzodiazepines at room temperature with quantita-
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tion of the parent compounds and their metabolites at the nanogram level. These 
methods have been successfully applied to the analysis of the thermally labile 
chlordiazepoxide (SKELLERN et al. 1978), diazepam and its metabolites (VREE et 
al. 1979), and various nitrobenzodiazepines (VREE et al. 1977; CANO et al. 1977). 

D. Kinetics 

I. Absorption and Distribution 

All the benzodiazepines are rapidly and almost completely absorbed from the 
gastrointestinal tract after ingestion of therapeutic doses. Maximum blood con
centrations appear within 3(}-180 min, the duration of absorption varying in dif
ferent studies and with the various benzodiazepines (for a review see GARATTINI 
et al. 1982). Following absorption ofbenzodiazepines there is evidence of consid
erable protein binding (> 90%), with the possible exception of flurazepam, whose 
binding appears to be very low (GREENBLATT et al. 1975). 

At physiological pH, all benzodiazepines are highly lipid soluble and are 
readily distributed in body tissues. Animal and human studies suggest benzo
diazepines reach higher concentrations in liver, lungs, and adipose tissue (for a 
review see MANDELL! et al. 1978). These drugs enter the brain very rapidly from 
the bloodstream, maximum concentrations being reached within minutes of par
enteral injection (GARATTINI et al. 1973). This could explain the rapid anticonvul
sant effects in man (GASTAUT et al. 1965). Distribution in the brain is uneven as 
indicated by observations in various animal species, with maximal concentrations 
found initially in gray matter and later in white matter (MORSELL! et al. 1973; VAN 
DER KLEIJN et al. 1977). 

II. Metabolism and Elimination Half-lives 
Benzodiazepines are lipophilic compounds which are almost entirely eliminated 
from the body after biotransformation (SCHWARTZ 1973). Their main metabolic 
pathways have been discussed in detail in a number of reviews (SCHWARTZ 1973; 
GREENBLATT and SHADER 1974; GARATTINI et al. 1977). Here it is interesting to 
report how changes in the basic structure may result in a different metabolism of 
the benzodiazepine concerned, thus providing a basis for further classification of 
the benzodiazepines as long acting, intermediate, or short acting (see Table 1). 

Long-acting compounds are characterized by the formation of nor-deriva
tives, mostly nordiazepam (see Fig. 2 for the general metabolic pathways of some 
of these compounds), which have a very long half-life in man (MANDELL! et al. 
1978). The rate and extent of hepatic N-dealkylation vary for the different ben
zodiazepines and in relation to states affecting hepatic metabolism (liver disease, 
age, smoking). Chlordiazepoxide is first metabolized to desmethylchlordiaze
poxide and demoxepam, both of which are pharmacologically active. The latter 
is then partly inactivated and partly converted to N-desmethyl-diazepam (GREEN
BLATT et al. 1978). Prazepam can be considered a pro-drug of N-desmethyl diaze
pam as it undergoes almost complete first-pass metabolism in the liver with re
moval of the cyclopropylmethyl side chain (GREENBLATT and SHADER 1978). 
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Table 1. Elimination half-lives of benzodiazepines 

Classification Common characteristic 

Long-acting Pro-nordiazepam compounds 

Elimination half-life longer 
than 48h 

Intermediate Nitro compounds 
Elimination half-life 24-48 h 

Short-acting Elimination half-life shorter 
than 24h 

S. CACCIA and S. GARATTINI 

Bezodiazepines 

Chlordiazepoxide 
Diazepam 
Chlorazepate 
Prazepam 
Pinazepam 
Flurazepam 
O-Chloro-N-desmethyl-diazepam 
Phenazepam 
Medazepam 
Clobazam 

Nitrazepam 
Flunitrazepam 
Nimetazepam 
Clonazepam 

Oxazepam 
Lorazepam 
Camazepam 
Tamazepam 
Estazolam 
Triazolam 
Midazolam 

Chlorazepate, on the other hand, is quickly hydrolyzed to N-desmethyl-diazepam 
in the acid gastric fluid before the absorption. Pinazepam, diazepam, and medaze
pam are metabolized to N-desmethyl-diazepam (GARATTINI et al. 1977). 

Similarly, flurazepam (a 2'-halogenated derivative) is partly converted to N
desalkyl-flurazepam (SCHWARTZ and POSTMA 1970). N-Dealkylation does not dif
fer for the 1,4 and 1,5-benzodiazepines. For clobazam it results in the formation 
of the active metabolite N-desmethyl-clobazam (VOLZ et al. 1979; CACCIA et al. 
1980c). The formation of nor derivatives may have specific clinical relevance, as 
they accumulate during repeated treatment (well documented mainly in studies 
with diazepam, prazepam, flurazepam, and clobazam) and may well account for 
a substantial part of the effects (GREENBLATT et al. 1975; MANDELL! et al. 1978; 
RUFP et al. 1979). The second important common step is hydroxylation in posi
tion-3, as in the case of the conversion of N-desmethyl-diazepam to oxazepam 
(GARATTINI et al. 1973), O-chloro-N-desmethy1-diazepam to lorazepam (LAN
ZONI et al. 1979), phenazepam to 3-hydroxyphenazepam (EKONOMOV et al. 1979), 
and N-desalkyl-flurazepam to its corresponding 3-hydroxy derivative (GARAT
TINI et al. 1977). Unlike the 1,4 derivatives, the 1,5-benzodiazepines are not hy
droxylated at the 3-position (VOLZ et al. 1979; GRIMES et al. 1973). Nitrobenzo
diazepines have a different metabolic pathway with no important known active 
metabolites. The biotransformation pathways of these derivatives are presented 
in Fig. 3. After N-desmethylation flunitrazepam follows the same inactivation 
pathway as nitrazepam and clonazepam via reduction of the nitro group and its 
further acetylation (BARTOSEK et al. 1970). 
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Fig. 3. Metabolic pathways for the 7-nitrobenzodiazepines 

The elimination kinetics of nitrobenzodiazepines can be classified as interme
diate, with T Y2 values between 24 and 48 h, longer than those of the rapidly elim
inated benzodiazepines (T Y2 less than 24 h) but shorter than the pro-nordiaze
pam compounds. 

Within the short-acting group, lorazepam and oxazepam have no active me
tabolites and are directly conjugated with glucuronic acid while camazepam and 
temazepam are partly metabolized respectively to temazepam and/or oxazepam 
and partly directly conjugated and excreted (GARATTINI et al. 1977; CACCIA et al. 
1981). The kinetic profiles of these compounds appear interesting because of the 
absence of active metabolites - no clinically relevant plasma concentrations of te
mazepam and oxazepam are detectable after camazepam (GARATTINI et al. 1977) 
and temazepam (FUCCELLA et al. 1977) - and because of the short elimination 
half-life, suggesting potential advantages for their use in routine practice. 
Triazolobenzodiazepines are relatively new. The best known of this series, 
triazolam (RUDZIK et al. 1973) and estazolam (NAKAJIMA et al. 1971 a, b), report
edly have elimination half-lives of about 4 h (GREENBLATT et al. 1981) and 16 h 
(ALLEN et al. 1979), respectively. The main metabolic pathway of these derivatives 
resembles those of other 1,4-benzodiazepines and leads to the formation of simi-
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lar metabolites arising from oxidation and/or hydroxylation of the parent com
pounds (KITAGAWA et ai. 1979; KANA! 1974). An oxidated metabolite of es
tazolam, l-oxo-estazolam (KITAGAWA et ai. 1979), has been shown to possess 
anti-pentylenetetrazol activity (CACCIA et aI., unpublished results) and 
antimuricidal effects in olfactory-bulbectomized rats as potent as the parent com
pound (NAKAJIMA et ai. 1973), but its contribution to the clinical effects of es
tazolam remains to be established. 

The imidazo derivative midazolam can be considered the shortest-acting ben
zodiazepine available; its elimination half-life has been reported to be about 2 h 
(SMITH et ai. 1981) and no known active metabolites are formed. 

E. Anticonvulsant Properties 

Benzodiazepines are the most potent drugs in preventing or interrupting various 
forms of experimental convulsions. Action against convulsions induced by penty
lenetetrazol is particularly notable and widely used but these drugs antagonize 
most other convulsants too. In this respect they are much more potent than tran
quilizers ofthe meprobamate type and more active than the standard anticonvul
sants such as diphenylhydantoin, trimethadione, or phenobarbital (BANZIGER 
1965; SCHALLEK et ai. 1972; ZBINDEN and RANDALL 1967). Benzodiazepines are 
also effective against electroshock convulsions but only at relatively high doses. 

The mechanism of their anticonvulsant action has so far proved hard to char
acterized because of the different types of convulsions they antagonize. More
over, benzodiazepines produce other pharmacological effects, unrelated to their 
anticonvulsant action (i.e., anxiolytic effect), within the same dose range as the 
anticonvulsant action. Thus it has not been possible to determine which biochem
ical mechanisms are responsible for the anticonvulsant activity and which for the 
other pharmacological effects. Different theories and hypothesis involving sero
tonergic (STEIN et ai. 1973, 1975), cholinergic (for a review see LADINSKY et ai. 
1981), GABAergic (COSTA et ai. 1975a; HAEFELY et ai. 1975), and glycinergic 
(YOUNG et ai. 1974; YOUNG and SNYDER 1973) mechanisms have been proposed 
for the powerful anticonvulsant, antianxiety, and muscle relaxant action of the 
benzodiazepines. The hypothesis of the involvement of GABA receptors in most 
of the central effects of benzodiazepines is widely accepted. Biochemical studies 
provide evidence that benzodiazepines exert their action by indirect potentiation 
of GABA neurons (COSTA et ai. 1975 a, b) and that benzodiazepines and GABA 
receptors can be functionally linked to form a GABA-benzodiazepine receptor 
unit (BRILEY and LANGER 1978; MARTIN and CANDY 1978, 1980). Evidence 
(SPETH et ai. 1978; TALMAN et al. 1981) of abnormal functioning of the GABAer
gic mechanism in the brain in convulsive states has been put forward on the basis 
of the convulsive states induced by drugs that interfere with the GABAergic sys
tem. Blockade of GABA receptors by the selective antagonist bicuculline or of 
GABA-mediated chloride channels by picrotoxin (TICKU et al. 1978; OLSEN and 
LEEB-LUNDBERG 1981) or by penicillin (MACDONALD and BARKER 1978) produce 
convulsions which are prevented by various benzodiazepines at dose levels sub-
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stantially lower than those required to antagonize convulsions by other convul
sants with different modes of action (MAo et al. 1975; DINGLEDINE et al. 1978; 
BUCKETT 1980). Similarly, convulsions elicited by high doses of naloxone, per
haps via GABA-receptor blockade (BILLINGSLEY and KUBENA 1978) or by beme
gride, are antagonized or prevented by diazepam (DINGLEDINE et al. 1978; Sou
BRIE and SIMON 1978) and other less well-known benzodiazepine derivatives (KA
MIOKA et al. 1972). Benzodiazepines were also effective against convulsions in
duced by isoniazid, which depletes GABA by inhibiting glutamic acid decarbox
ylase (GAD) (MAo et al. 1975; LEMBECK and BEUBLER 1977) or by other GAD 
inhibitors such as thiozemicarbazide (RUOZIK et al. 1973; BANZIGER and HANE 
1967; HAEFELY et al. 1981), 3-mercaptopriopionic acid (LoSCHER 1979; HAEFELY 
et al. 1981), and allylglycine (MELDRUM and HORTON 1979; ASHTON and WAU
QUIER 1979). However, benzodiazepines also antagonize convulsions induced by 

Table 2. Anticonvulsant properties of diazepam in mice 

Convulsants (mg/kg) Time" Anticonvulsant Refs. 
EDso of diazepam 
(mg/kg) 

Pentylenetetrazol (125 i.p.) 5 0.28 i.v. GARATTINI et al. (1973) 
(85 s.c.) 30 0.70 p.o. RUOZIK et al. (1973) 
(100 s.c.) 60 1.40 p.o. KAMIOKA et al. (1972) 
(125 s.c.) 60 1.37-2.00 p.o. BANZIGER and HANE (1967); 

RANDALL and KAPELL 
(1973) 

Bicuculline (0.55 i.v.) 2 0.038 i.v. BUCKETT (1980) 

Bemegride (30 s.c.) 60 0.32 p.o. KAMIOKA et al. (1972) 
(40 s.c.) 30 0.56 p.o. RUOZIK et al. (1973) 

Picrotoxin (4 p.o.) 60 1.60 p.o. LOSCHER (1979) 

Nicotine (2 i.p.) 30 0.28 i.p. RunZIK et al. (1973) 
(5 i.v.) 60 4.50 p.o. FIELDING and HOFFMANN 

(1979) 
Isoniazid (0.5 s.c.) 25 0.78 i.p. LEMBECK and BEUBLER (1977) 

Thiosemicarbazide (20 i.p.) S 0.70 i.p. RUOZIK et al. (1973) 

3-Mercapto- (60 s.c.) 60 1.70 p.o. LOSCHER (1979) 
propionic acid 

2,4-Dimethyl-S- (10 i.p.) S 4.00 p.o. BANZIGER and HANE (1967) 
hydroxymethyl-
pyridine 

Strychnine (0.75 s.c.) 60 14.00 p.o. LOSCHER (1979) 
(1.2 p.o.) 60 66.00 p.o. KAMIOKA et al. (1973) 

Maximal 60 6.50--22.00 p.o. BANZIGER and HANE (1967); 
electroshock Randall and KApPELL 

(1973) 

S, diazepam and convulsant administered simultaneously 
" Minutes between diazepam administration and challenge with convulsants 
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mechanisms unrelated to dysfunction of GABA neurons, for example, the epilep
tiform syndrome evoked by strychnine, a glycine antagonist (ZBINDEN and RAN
DALL 1967; LEMBECK and BEUBLER 1977; FIELDING and HOFFMANN 1979). 

The benzodiazepines are by far the most powerful anti-pentylenetetrazol 
drugs known. The mechanism of action of this convulsant is still not clear, al
though it does affect the GABA mechanism to some degree (JOHNSTON and 
MITCHELL 1971; MACDONALD and BARKER 1978). Pentylenetetrazol, however, 
may induce convulsions partly through its action on cholinergic neurons (for a 
review see LADINSKY et al. 1981). Anticonvulsant activities of diazepam in mice 
are summarized in Table 2, which includes anticonvulsant effect against both 
chemically and electrically induced convulsions. The data vary somewhat, de
pending on the experimental conditions used, dose and route of administration, 
and time elapsed between diazepam administration and challenge with convul
sant. 

F. Relationship Between Anti-Pentylenetetrazol Activity 
and Brain Concentrations ofBenzodiazepines 
All the benzodiazepines prevent pentylenetetrazol-induced convulsions in labora
tory animals, but their potency differs considerably depending on the species con
sidered, the route of administration, and the time elapsed between administration 
and the pentylenetetrazol challenge. However, the brain concentrations achieved 
by an effective dose ofbenzodiazepines (EDso) are consistent when the drug does 
not give rise to active metabolites. Table 3 shows for instance that oxazepam pro
tects 50% of rats from pentylenetetrazol convulsions when the brain concen-

Table 3. Brain concentrations of camazepam (CZ), temazepam (TMZ), and oxazepam 
(OX) after administration of the EDsos against pentylenetetrazol-induced convulsions 

Species Drugs Time" Route EDso (95%con- Brain concentrations (nmolfg ± SEM) 
fidence limits) 
(mgjkg) CZ TMZ OX 

Rat CZ 5 i.v. 5.19 (7.03-3.83) 9.92± 1.47 <0.10 <0.10 
30 p.o. 55.08 (73.54-41.30) 0.74±0.17 0.60±0.13 0.38±0.10 

180 p.o. 33.65 (41.69-27.16) 0.68±0.22 0.69±0.23 0.41 ±0.17 

TMZ 5 i.v. 0.18 (0.23-0.14) 0.80±0.13 <0.10 
30 p.o. 4.12 (5.06-3.36) 0.50±0.09 0.38±0.1O 

180 p.o. 10.33 (13.30-8.02) 0.50±0.19 0.30±0.03 
OX 5 I.V. 0.21 (0.27-0.17) 0.80±0.13 

30 p.o. 6.74 (9.46-4.81) 0.91±0.24 
180 p.o. 10.30 (12.84--8.31) 0.94±0.21 

Mouse CZ 30 p.o. 9.84 (12.58-7.69) 0.08±0.02 0.39±0.09 0.14±0.03 
TMZ 30 p.o. 0.50 (0.63-0.40) 0.36±0.09 0.24±0.Q3 
OX 30 p.o. 0.52 (0.66-0.41) 0.59±0.10 

" Minutes between drug pretreatment and pentylenetetrazol (120 mg/kg i.p.). Each EDso 
was calculated on at least five doses with eight animals for each dose (CACCIA et al. 1981). 
Brain concentrations are the mean of five animals 
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trations are around 0.9 nmol/g. This concentration remains constant regardless 
of the dose used to obtain the anticonvulsant effect, the variables being the route 
of administration and the time between oxazepam and pentylenetetrazol admin
istration. 

In mice oxazepam appears to be more active, the anticonvulsant effect being 
achieved at lower concentrations than in rats (GARATTINI et al. 1973). However, 
depending on the animal species and the experimental conditions a benzo
diazepine may be active per se or through the formation of active metabolities. 
Camazepam, for instance, is anticonvulsant per se when injected into rats at 
shorter intervals before the pentylenetetrazol challenge (see Table 3), but at lon
ger intervals temazepam and oxazepam are present in the brain of rats and mice 
at concentrations similar to those observed when temazepam and oxazepam are 
given at their EDso (CACCIA et al. 1981). Temazepam is converted to oxazepam 
(GARATTINI et al. 1973), and therefore its effect in rats and mice is partially related 
to the presence of this metabolite in the brain. In rats the N-desmethylated me
tabolite is present in the brain only in trac amounts whereas in mice and guinea 
pigs itis a major metabolite (MARCUCCI et al. 1970, 1971; CACCIA et al. 1979; BAL
LABIO et al. 1981). 

Table 4 shows the different EDso of c10bazam and its metabolite for the anti
pentylenetetrazol effect in these animal species, lower in mice than in guinea pigs 
or rats. The brain concentrations corresponding to the EDso are also not similar; 
in rats the concentrations of N-desmethyl-c1obazam are negligible, whereas this 
metabolite accumulates in the brain of guinea pigs and mice. The concentrations 
of N-desmethyl-c1obazam attained in the latter two species when the compound 
was given at effective anticonvulsant doses is in the range of the concentrations 

Table 4. Brain concentrations of clobazam (CBZ) and N-desmethyl-clobazam (DCBZ) in 
rats, mice, and guinea pigs after administration of the EDso against pentylenetetrazol 

Species Com- Time a EDso against Route Brain concentrations 
pound pentylenetetrazol (nmol/g±SEM) 

(95% confidence 
limits) mg/kg CBZ DCBZ 

Rat CBZ 30 10.28 (12.30-8.59) i.p. 1.46±0.15 0.14±0.01 
90 32.73 (38.18-28.06) i.p. 1.20±0.15 <0.06 

Mouse CBZ 30 1.37 (1.59-1.19) i.p. 0.36±0.08 1.71±0.17 
90 2.00 (2.32-1.68) i.p. <0.03 2.72±0.25 

DCBZ 30 12.20 (15.40-9.70) i.p. 2.23±0.22 
90 13.00 (17.38-11.37) i.p. 2.44±0.24 

Guinea pig CBZ 30 2.72 (3.36-2.20) i.p. 1.53±0.10 2.20±0.27 
90 5.78 (6.80-4.91) i.p. 1.00±0.04 5.82±0.36 

DCBZ 360 22.60 (29.30-17.42) i.p. 6.73±0.44 
60 6.97 (8.57-5.66) i.v. 5.86±0.48 

a Minutes between drug pretreatment and pentylenetetrazol administration (100-120 mg/ 
kg, i.p.). Each EDso was calculated on at least five doses, with ten animals for each 
dose (CACCIA et al. 1980b; BALLABIO et al. 1981). Brain concentrations are the mean of 
eight animals 
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Table 5. Brain concentrations of various benzodiazepines in rats after oral administration 
of the EDso against pentylenetetrazol 

Drug 

Lorazepam 
Clonazepam 
O-Chloro-N-desmethyl diazepam 
Niflurazepam 
Estazolam 
N-Desalkyl-flurazepam 
Phenazepam 
l-oxo-Estazolam 
Diazepam 
N-Desmethyl-diazepam 

EDso (95% confidence 
limits) (mg/kg p.o.) 

0.43 (0.57--0.32) 
1.12 (1.37--0.92) 
1.48 (1.75-1.26) 
1.30 (1.60-1.05) 
0.63 (0.75--0.54) 
2.31 (3.07-1.73) 
1.38 (1.68-1.14) 
3.71 (4.78-2.88) 
1.89 (2.46-1.45) 
2.46 (3.25-1.86) 

Brain concentrations 
(nmol/g ± SEM) 

<0.01 
0.06±0.01 
0.06±0.01 
0.12±0.03 
0.17±0.03 
0.17±0.02 
0.19±0.05 
0.22±0.04 
0.42±0.07 
0.92±0.06 

Each EDso was calculated on at least five doses with eight to ten rats for each dose. 
Benzodiazepines were administered orally 30 min before pentylenetetrazol (120 mg/kg i.p.). 
Brain concentrations are the mean of four to eight rats 

present at certain times after administration of clobazam. N-Desmethyl-clo
bazam may therefore be responsible for the activity of clobazam in certain ex
perimental conditions (CACCIA et al. 1980 b). It is interesting to note that in guinea 
pigs N-desmethyl-clobazam is probably very poorly absorbed after i.p. injection 
as indicated by the higher anti-pentylenetetrazol activity when it is injected i.v. 
(BALLABIO et al. 1981). The "active" brain concentrations of other benzo
diazepines after administration to rats at the ED 50 against pentylenetetrazol are 
summarized in Table 5. The measurement times and routes of administration 
were selected to minimize the contribution of known active metabolites. There are 
large differences with EDso (almost ten times), but there is an even larger range 
for the active brain concentrations (more than 90 times). In addition, the rank or
der for the EDso is not the same as for brain concentrations. In some cases, for 
example diazepam, the brain concentration is higher than would be expected on 
the basis of the ED 50' while in other cases, e.g., lorazepam, it is lower. These data 
indicate that for various benzodiazepines the in vivo disposition (absorption, me
tabolism, clearance, partition between plasma and brain) show individual charac
teristics which are important in determining the EDso. 

G. Relationship Between Benzodiazepine Concentrations 
in the Brain and High-Affinity Drug-Binding Sites 
There is considerable evidence that benzodiazepines exert their action in the cen
tral nervous system by indirect potentiation of GAB A neurons (COSTA et al. 1975 
b). This specific enhancing effect is initiated by the combination of benzo
diazepines with high-affinity binding sites (receptors) (BRAESTRUP and SQUIRES 

1977, 1978; CHANG and SNYDER 1978; MOHLER and OKADA 1977; MOHLER et al. 
1978). This may be important in view of the possibility that benzodiazepines may 
compete in vivo with endogenous ligands involved in the mechanism of convul-
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Table 6. Distribution of bound [3H]-diazepam in various 
parts of rat brain and displacement by the EDso against 
pentylenetetrazol (1.3 mg/kg i.p. of diazepam given 15 min 
before) 

Brain area 

Forebrain 
Hippocampus 
Brain stem 
Striatum 
Cerebellum 

% [3H]-diazepam Effect of diazepam 
bound (% displacement) 

37.0 
25.0 
25.0 
21.0 
16.0 

46 
32 
32 
40 
40 

[3H]-Diazepam binding in vivo was determined according to 
the method of WILLIAMSON et al. (1978) 

sions. Furthermore the nature of the mechanism involving the coupling of the 
benzodiazepine and GABA receptors may reveal important biochemical 
reactions. Significant correlations have been observed between the pharmacolog
ical potencies of several benzodiazepines and their ability to displace [3H]-benzo
diazepine binding in vitro and in vivo (BRAESTRUP and SQUIRES 1978; CHANG and 
SNYDER 1978; SQUIRES and BRAESTRUP 1977). Correlations have also been found 
between the inhibitory effect of benzodiazepine pretreatment on [3H]diazepam 
binding in vitro and these drugs' anticonvulsant (PAUL et at. 1979, 1980) and an
ticonflict (LIPPA et at. 1978) activity. The authors were interested in investigating 
the relationship between the anti-pentylenetetrazol activity of some benzo
diazepines and their ability to displace [3H]diazepam binding in vivo, considering 
the actual brain concentrations of drugs and of their known active metabolites 
(MENNINI et at. 1982). 

Table 6 shows that the distribution of bound [3H]diazepam is higher in the 
forebrain followed by hippocampus, brain stem, and striatum and finally by cer
ebellum. Irrespective of the degree of bound [3H]diazepam, an effective dose of 
diazepam (EDso against pentylenetetrazol given i.p.) displaces the labeled com
pound from high-affinity binding sites preferentially from the forebrain, and a 
lower percentage in the other brain areas. The cerebellum seems to be the least 
sensitive, although this dosage of diazepam displaces [3H]diazepam binding to 
about the same extent in all the brain areas considered (40%); a larger dose of 
diazepam (EDso effective on rotarod) produces about the same displacement in 
the cerebellum (46%) but about 75% in the other brain regions. 

Other benzodiazepines (see Table 7) cause less displacement of [3H]diazepam 
bound to the cerebellum than to the brain. The effect of oxazepam and CP 1414 S 1 

in displacing [3H]diazepam bound to cerebellum is negligible. It is noteworthy 
that all the benzodiazepines tested displace brain [3H]diazepam in vivo by about 
50% when utilized at the ED50 against pentylenetetrazol regardless of the fact 
that the actual doses have a range of about 40 times. The fact that the ED 50 
against pentylenetetrazol displaces similar amounts of [3H]diazepam from the 
brain but not from the cerebellum suggests that the high-affinity binding sites for 
benzodiazepines located in the cerebellum are not an important factor in explain-

1 7-nitro-2-amino-S-phenyl-3H-l,5-benzodiazepine 
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Table 7. Displacement of [3H]-diazepam bound to rat brain and cerebellum by several 
benzodiazepines given at the EDso against pentylenetetrazol 

Benzodiazepines Injected dose Time of % Displacement of 
(mgjkg) pretreatment [3H]-diazepam in vivo 

(min) 
Brain Cerebellum 

Diazepam 1.31 i.p. 15 44.3 31.0 
Clobazam 8.70 i.p. 30 49.9 17.2 
Camazepam 55.00 p.o. 30 45.5 17.2 
Temazepam 4.10 p.o. 30 59.9 10.3 
Oxazepam 6.70 p.o. 30 50.2 2.0 
CP 1414S 11.40 i.p. 15 39.4 3.4 

CP 1414S, 7-nitro-2-amino-5-phenyl-3H-l,5-benzodiazepine 

Table 8. Correlation between anti-pentylenetetrazol activity and brain high-affinity binding 
for several benzodiazepines in rats 

Benzodiazepine EDso Brain pH]-Diazepam 
(mg/kg) concentrations 

(pmol/g) % Displace- ICso 
ment in vitro in vitro (pmoljml) 

Diazepam 1.31 (i.p.) DZ 596 45.7 6.4 
DDZ 185 5.7 

Camazepam 55.00 (p.o.) CZ 740 950.0 
TMZ 600 46.4 24.0 
OX 385 43.0 

Temazepam 4.10 (p.o.) TMZ 500 59.0 24.0 
OX 385 43.0 

Oxazepam 6.70 (p.o.) OX 910 50.2 43.0 

Clobazam 9.70 (i.p.) CBZ 4,266 50.2 260.0 
DCBZ 210 580.0 

CP 1414S 11.40 (i.p.) CP 7,857 39.4 490.0 

DZ, diazepam; DDZ, N-desmethyl-diazepam; CZ, camazepam; TMZ, temazepam; OX, 
oxazepam; CBZ, c1obazam; DCBZ, N-desmethyl-c1obazam; CP, CP 1414S 

ing the effect of these drugs against pentylenetetrazol-induced convulsions. As 
suggested by other authors (KLEPNER et al. 1979), this may be related to different 
properties of the benzodiazepine receptors in the cerebellum. 

Table 8 is an attempt to correlate pharmacological effects, brain levels, and 
high-affinity binding sites of several benzodiazepines. In the case of clobazam the 
anticonvulsant and anticonflict activities in rats are probably related much more 
to the presence of brain clobazam than N-desmethylclobazam, because the latter 
is less effective than the former in displacing [3H]diazepam in vitro. In the case 
of diazepam it is more difficult to decide whether the parent compound or its me
tabolite is of importance for the anticonvulsant and anticonflict activities. In the 
case of camazepam it can probably be excluded that the parent compound is ef-
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fective, the metabolites temazepam and oxazepam probably being responsible for 
its anticonvulsant effect. 

No conclusions about the mechanism of action of benzodiazepines can be 
drawn at present. Many of the data are difficult to explain only on the basis of 
benzodiazepine receptors. For instance, several compounds including norhar
mane (MORIN et al. 1981), harmane and other beta-carbolines (ROMMELSPACHER 
et al. 1981), and the imidazodiazepine RO 15-1788 [8-fluoro-5,6-dihydro-5-
methyl-6-oxo-4H-imidazo-[1,5.a] [1,4]benzodiazepine-3-carboxylate(flumazepil)] 
(HUNKELER et al. 1981) are able to displace [3H]diazepam from binding sites 
but they do not show anticonvulsant activity. 

In summary, benzodiazepines are among the most powerful anticonvulsant 
agents, showing a broad spectrum of activity against a large variety of convulsant 
agents supposedly acting through different mechanisms. Depending on the ani
mal species, the intensity and duration of action of benzodiazepines may be quite 
different. For instance, benzodiazepines show longer-lasting anticonvulsant ac
tivity in mice than in rats. This is partly related to the formation of active metab
olites which in several cases playa crucial role in sustaining the duration of action 
of the parent compound. 

Because of the formation of such metabolites careful consideration must be 
given to any extrapolation from in vitro (high-affinity benzodiazepine receptor 
binding) to in vivo (anticonvulsant) activities. For several benzodiazepines equal 
anticonvulsant effects correspond in vivo to equal binding to benzodiazepine re
ceptors. However, further studies on the mechanism of action ofbenzodiazepines 
are still required. 
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CHAPTER 21 

Carbonic Anhydrase Inhibitors 
J. E. RIGGS and R. C. GRIGGS 

A. Introduction 
Inhibitors of carbonic anhydrase presently have a limited role in the treatment of 
epilepsy. Inorganic anions, such as r, CN-, SH-, CNO-, SCN-, and Br-, and 
sulfonamides are inhibitors of the enzyme carbonic anhydrase (MAREN 1967). 
Both bromides and sulfonamides have been used in the treatment of epilepsy in 
man. Bromide therapy for epilepsy was introduced in the nineteenth century 
(LOCOCK 1857). Bromides are presently rarely used as an anticonvulsant because 
of their potential toxicity (MOSES and KLAWANS 1979). For example, bromides 
are occasionally used in patients with acute intermittent porphyria and a coexist
ent seizure disorder (MAGNUSSEN et al. 1975). Interestingly, the bromide concen
tration required to inhibit carbonic anhydrase significantly (MAREN 1967) is re
markably similar to the bromide concentration required to produce an anticon
vulsant effect (MOSES and KLAWANS 1979). The mechanism by which bromides 
exert their anticonvulsant effect remains unknown. 

Sulfonamide use in epilepsy was initially reported in the 1930s (YEOMAN 1938). 
Shortly thereafter, azosulfamide was found to have an anticonvulsant effect (Co
HEN and COBB 1941). These investigators speculated on the possibility that azosul
famide's anticonvulsant effect might be related to the recently described carbonic 
anhydrase-inhibiting property of sulfonamides (MANN and KElLIN 1940). The use 
of acetazolamide in the treatment of epilepsy was initially reported in the early 
1950s (BERGSTROM et al. 1952), and subsequently by MERLIS (1954), LOMBROSO et 
al. (1956), ANSELL and CLARKE (1956), and MILLICHAP (1956). This chapter will 
focus on the anticonvulsant properties of carbonic anhydrase inhibitors, and 
acetazolamide in particular, since this agent has been the most extensively studied 
and frequently used carbonic anhydrase inhibitor in epilepsy (WOODBURY 1980). 
The general chemical properties of carbonic anhydrase inhibitors, including their 
pharmacokinetics and pharmacodynamic properties outside the central nervous 
system, have been reviewed in a previous volume of the Handbook of Experimen
tal Pharmacology (MAREN 1969) and will not be reviewed further in this chapter. 

B. Anticonvulsant Effect 
Early investigators attributed the anticonvulsant effect of acetazolamide to its in
duction of a systemic metabolic acidosis, akin to the acidosis and anticonvulsant 
effect of starvation or a ketogenic diet (LOMBROSO et al. 1956). The existence of 
carbonic anhydrase in the brain has been known since the 1940s (ASHBY 1944). 
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Subsequent investigations showed that the anticonvulsant effect of acetazolamide 
in experimental animals correlated directly with the degree of inhibition of brain 
carbonic anhydrase and was independent of the systemic metabolic acidosis pro
duced by inhibition of kidney carbonic anhydrase (MILLICHAP et al. 1955; GRAY 
et al. 1957). The consequence of the inhibition of brain carbonic anhydrase activ
ity is decreased facilitated transport of carbon dioxide away from neurons with 
a resultant accumulation in the brain of carbon dioxide in the form of carbonic 
acid (KOCH and WOODBURY 1960; WOODBURY and KARLER 1960; KJALLQUIST et 
al. 1969; HEUSER 1975). Brain carbonic anhydrase is concentrated in glial cells 
(GIACOBINI 1962), particularly oligodendrocytes (DELAUNOY et al. 1980; LANGLEY 
et at. 1980). A significant proportion of brain carbonic anhydrase is membrane 
bound and associated with myelin (SAPIRSTEIN et at. 1978; LEES et at. 1980). 

Animal studies on the anticonvulsant mechanism of carbonic anhydrase in
hibitors have suggested that their therapeutic effect may involve the monoamin
ergic neurotransmitter system. Much of this work was done in mouse and rat ani
mal models; see Table I for EDso values ofmethazolamide and acetazolamide in 
mice and rats. Pretreatment of mice with reserpine will abolish the anticonvulsant 
effect of methazolamide in a noncompetitive manner (GRAY et at. 1958; TOR
CHIANA et al. 1973). Prior treatment of mice with monoamine oxidase inhibitors 
prevents the reserpine antagonism of the anticonvulsant effect of carbonic anhy
drase inhibitors (GRAY et al. 1963). In related studies, treatment with catechol
amine precursors also restored the anticonvulsant activity of carbonic anhydrase 
inhibitors in mice (GRAY et al. 1963). Similar results were obtained by other in
vestigators using mouse animal models (RUOZIK and MENNEAR 1966). Further 
studies in mice suggested that norepinephrine was the most significant brain 
amine required for the anticonvulsant effect of carbonic anhydrase inhibitors 
(GRAY and RAUH 1967). Subsequent work, however, in the rat animal model has 
shown that antagonism of the anticonvulsant effect by reserpine is surmountable 
by increasing doses of carbonic anhydrase inhibitor (GRAY and RAUH 1968; 
BROWNING and SIMONTON 1978). As in the mouse, investigators concluded that 
reserpine antagonism of the anticonvulsant potency of carbonic anhydrase in
hibitors in the rat is via the monoaminergic system (KOSLOW and ROTH 1971). In 
addition to adrenergic systems, serotonergic systems are also involved in the an
ticonvulsant action of carbonic anhydrase inhibitors in the rat (GRAY and RAUH 
1971, 1974). Finally, a recent study in mice has suggested that the noradrenergic 
mechanism required for the anticonvulsant action of carbonic anhydrase in
hibitors is extracerebral (GRAY and RAUH 1974). 

The role of catecholamines in the anticonvulsant activity of carbonic anhy
drase inhibitors remains undefined. There may be some species variation in the 
mechanism by which carbonic anhydrase inhibition decreases brain excitability 
since reserpine is a competitive antagonist in rats and a noncompetitive antago
nist in mice. Additional evidence for species variation is the observation that 
EDso values for carbonic anhydrase inhibitors against maximal electroshock sei
zures increase with age in mice and decrease in rats (Table 1). 

In conclusion, the precise molecular mechanism by which carbonic anhydrase 
inhibition decreases brain excitability, particularly in man, remains unsolved 
(WOODBURY 1980) .. 
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Table 1. Potencies of methazolamide and acetazolamide against maximal electroshock 
seizures in rats and mice 

EDso (mgjkg) Refs. 

Rats Mice 

Methazolamide 
oral 2.4 (1.7-3.4)8 14 (12-16) GRAY et al. (1958) 
i.v. 19 (15-22) GRAY et al. (1957) 
i.v. 19 (15-22) GRAY et al. (1957) 
I.V. 15 (11-22) GRAY et al. (1963) 
i.v. 4.3 (2.9-6.1) GRAY and RAUH (1971) 
i.v. Young 4.2 (3.5-5.0) 18.3 (14-23) RAUH and GRAY (1968) 

Adult 2.1 (1.4-3.2 60 (44-83) 

Azetazolamide 
oral 6.0 (3.9-9.3) 49 (37-65) GRAY et al. (1958) 
oral 74 (60-91) MILLICHAP et al. (1955) 
l.V. 77 (66-90) GRAY et al. (1957) 
l.V. Young 4.5 (2.5-7.2) 93 (69-127) RAUH and GRAY (1968) 

Adult 2.1 (2.1-3.4) 259 (186-360) 
i.p. Young 10.0 (6.6-15.1) 64 (49-83) PETrY and KARLER (1965) 

Aged 5.2 (4.5-6.0) 690 (345-1,379) 

8 Numbers in parentheses are 95% confidence limits 

C. Clinical Use and Limitations 
Although its use is limited, acetazolamide has been shown to be most effective in 
patients with petit mal epilepsy (LOMBROSO et al. 1956). Long-term use of 
acetazolamide in patients with epilepsy and laboratory animals has shown that 
tolerance to the anticonvulsant effect develops (ANSELL and CLARKE 1956; MIL
LICHAP 1956; LOMBROSO and FORXYTHE 1959; CHAO and PLUMB 1961; KOCH and 
WOODBURY 1958). The tolerance that develops during chronic acetazolamide 
treatment limits its clinical utility. Evidence suggests that tolerance develops con
sequent to an adaptive increase in carbonic anhydrase activity in glial tissue 
(WOODBURY 1980). 

Because of the development of tolerance, intermittent use of acetazolamide is 
theoretically more effective. Catamenial epilepsy is a clinical situation where in
termittent therapy has been considered (NEWMARK and PENRY 1980). Although 
acetazolamide in catamenial epilepsy has been reported to be efficacious in some 
patients (ANSELL and CLARKE 1956; LIVINGSTON 1972; POSER 1974), controlled 
studies have not been done. Interestingly, bromides, which as previously noted 
are also carbonic anhydrase inhibitors, were initially used in the treatment of 
patients with catamenial epilepsy (LOCOCK 1857). The current use of acetazol
amide in epilepsy is limited to an adjuvant role in the treatment of catamenial 
epilepsy and otherwise refractory cases of petit mal epilepsy (FORSTER and 
BOOKER 1975). 

Acetazolamide is dramatically effective in the treatment of certain forms of 
paroxysmal ataxia (GRIGGS et al. 1978); however, an epileptic basis for this dis-
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order is not likely. The mechanism of action of acetazolamide in paroxysmal 
ataxia is not established. 

D. Toxicity 
Clinically, acetazolamide is usually administered in dosages of 3-20 mg/kg per 24 
h in divided doses, but can be tolerated in much larger amounts by both man and 
animals (MAREN 1967). Toxicity resulting from carbonic anhydrase inhibition is 
usually slight, including dysgeusia (MAREN 1967), hypokalemia (RIGGS et al. 
1981), and paresthesias. Carbonic anhydrase inhibitors are hazardous in patients 
with pulmonary disease and carbon dioxide retention, despite the fact that they 
were advocated in the past as "respiratory stimulants" (BLOCK and ROSTAND 
1978). Renal calculi have occurred not infrequently with long-term acetazolamide 
use in patients with periodic paralysis (RIGGS and GRIGGS 1979). Acetazolamide 
may be teratogenic (MAREN 1971), perhaps discouraging its use in catamenial 
epilepsy. Acetazolamide may aggravate osteoporosis occurring during the treat
ment of epilepsy (MALLETTE 1977). Acetazolamide increases urinary calcium and 
phosphate and may also interfere with the synthesis of 1 ,25-dihydroxy vitamin D3 
(MALLETTE 1977). Finally, acetazolamide may interfere with the absorption of 
other anticonvu1sants, complicating the management of epileptic patients (Sy
VERSEN et al. 1977). 
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CHAPTER 22 

Acetylurea Derivatives 
E.A. SWINYARD 

A. Introduction 
Phenacemide (Phenurone, phenylacetylurea) was the prototype of the first group 
of anticonvulsant substances to depart from the traditional barbiturate, hydan
toin, and oxazolidinedione ring structures characteristic of antiepileptic drugs in 
use prior to 1948. These noncyclic ureides may be considered analogues of their 
corresponding ring structures. Thus, phenacemide is a straight-chain analogue of 
5-phenylhydantoin (opened between the number-5 carbon and the adjacent nitro
gen). Other antiepileptic straight-chain analogues of hydantoins, available in 
various countries, include pheneturide (Benuride), chlorphenacemide (Comitia
don), and acetylpheneturide (Crampol). 

The chemistry, experimental pharmacology, and toxicity of phenacemide and 
the other three clinically employed acetylureas will be reviewed briefly in this 
chapter. The data considered are largely based upon animal studies. However, 
clinical results have occasionally been included when considered appropriate to 
a more definitive interpretation of the laboratory results. 

B. Chemistry 

I. Synthesis and Physicochemical Properties 
The acetylureas are usually synthesized by allowing an acid halide (VOLWILER and 
TABERN 1936; STOUGHTON 1938) or anhydride (WERNER 1916) to react with an ex
cess of urea, or by condensing an ester with urea in the presence of a base (SPIEL
MAN et al. 1948). A large number of acetylureas have been synthesized; however, 
only four will be considered in this review: phenacemide, 1-(2-phenylacetyl) urea 
(mol.wt., 178.19; mp, 212°-216°C), pheneturide, (2-phenylbutyryl) urea (mol. 
wt., 206.24; mp, 149°-150°C), acetylpheneturide, l-acetyl-3-(2-phenylbutyryl) 
urea (mol. wt., 248.27, mp, 100°-101°C), and chlorphenacemide, IX-chloro
phenacetyl urea (mol. wt., 248.77; mp, 200°C). Pheneturide possesses an asym
metrical carbon atom, and its optical isomers (mp: d-form, 168°-169°C; I-form, 
162°-163 0c) have been separated (FROMMEL et al. 1959). 

II. Structure-Activity Relations 
The structure-activity relations of the phenylacylureas are summarized in Table 
1. The branched-chain aliphatic acid derivatives of urea are the most active, with 
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Table 1. Structure-activity relationship of the phenylacylureas (MERCIER 1973) 

Rl R2 R3 R4 Results 

Phenyl- H- H- H- Maximum activity for all types of experi-
mental epileptic seizures, MES or Met 

Phenyl- H- CH3- H- Met protection increased 
Phenyl- CH3- H- H- Increased sedation; no change in anticon-

vulsant activity over phenacemide 
Phenyl- H- H- CH3- Reduced anticonvulsant activity 
Phenyl- H- CH3- CH3- Elimination of Met protection 
Phenyl- C2Hs- H- H- Increased MES protection, decreased Met 

protection, and increased sedation 
Phenyl- Phenyl- H- H- No activity 

optimal activity at seven carbon atoms. Further increases in molecular weight de
crease the anticonvulsant potency and induce hypnotic activity (MERCIER 1973). 
The inactivity of dipheny1acetylurea suggests that diphenylhydantoin is not trans
formed metabolically to dipheny1acety1urea (SWINYARD and TOMAN 1950; HA
ZARD et al. 1951). Conversely, single-crystal X-ray diffraction studies show that 
the acetylurea portion of phenacemide and ethylphenacemide folds back upon it
self to form a six-atom ring with the open end closed by an intramolecular hydro
gen bond between a hydrogen atom on the terminal nitrogen and a carbonyl oxy
gen atom (CAMERMAN and CAMERMAN 1977). For a more detailed structure-activ
ity analysis the reader is referred to three excellent reviews (CLOSE and SPIELMAN 
1961; MERCIER 1973; MURRAY and KIER 1977). 

c. Experimental Pharmacology 
I. Anticonvulsant Activity 
Phenacemide was initially considered an "all-purpose" antiepi1eptic drug, par
ticularly effective in psychomotor seizures (GmBs et al. 1949; ZEIFERT 1949; 
DAVIDSON and LENNOX 1950; LIVINGSTON and KAJDI 1950; and others), however, 
a reevaluation of the clinical literature does not support this notion. Indeed, a re
view of 250 clinical studies indicates that phenacemide is toxic and relatively in
effective; it should be a drug oflast resort if used at all (COATSWORTH and PENRY 
1972). Laboratory studies show that, although phenacemide is not especially po
tent, it does possess a broad profile of anticonvulsant activity (SPIELMAN 1948; 
SPIELMAN et al. 1948; EVERETT 1949; SWINYARD 1949; EVERETT and RICHARDS 
1952). The minimal neurotoxic (TD5o) and anticonvulsant doses (ED5o) of 
phenacemide by various laboratory tests in mice and rats are summarized in 
Table 2. Phenacemide also prevents thujone- and d-desoxyephedrine-induced 
convulsions in mice (EVERETT and RICHARDS 1952), abolishes the tonic compo
nent of maximal electroshock seizures in rabbits and cats (EVERETT and RICHARDS 
1952), and inhibits the violent phase of maximal electroshock seizures in salaman
ders (PETERS and VONDERAHE 1953). It also obtunds the seizures induced by the 
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Table 2. Minimal neurotoxic and anticonvulsant doses of phenacemide in mice and rats 

Anticonvulsant Route Mice Rats 
test of 
(classification) admin- TDso Anticon- PI Ref. TDso Anticon- PI Ref. 

istra- (mg/kg) vulsant (mg/kg) vulsant 
tion EDso EDso 

(mg/kg) (mg/kg) 

Seizure spread 
MES i.p. 421 87 4.8 1 

. p.o. 640 109 5.9 3 730 41 17.7 2 
MMS p.o. 640 58 11.0 3 740 212 3.5 4 
Strychnine p.o. 600 <400 > 1.5 4 

Seizure threshold 
60-Hz EST p.o. 640 118 5.5 3 730 39 18.7 2 
60-Hz HET p.o. 640 140 4.6 3 730 225 3.2 2 
6-Hz EST p.o. 640 420 1.5 3 
Metrazol i.p. 421 116 3.6 1 
Metrazol p.o. 640 125 5.1 3 730 200 3.7 2 
Picrotoxin p.o. 600 <400 > 1.5 4 

MMS, maximal Metrazol (pentylenetetrazol); EST, minimal electroshock; HET, hypo-
natremic electroshock; PI, protective index 
Refs.: 1, KRALL et al. (1978); 2, SWINYARD (1949); 3, SWINYARD et al. (1952); 
4, EVEREIT and RICHARDS (1952) 

intracerebellar injection of ouabain (DAVIDSON et al. 1978), prevents aUdiogenic 
seizures in rats (CONSROE et al. 1980), and antagonizes kindled amygdaloid sei
zures in rat (BABBINGTON and WEDEKING 1973; ASHTON and WAUQUIER 1979; 
ALBERTSON et al. 1980).Pheneturide also exhibits a broad profile of anticonvul
sant activity. Its maximal electroshock seizure and subcutaneous pentylenete
trazol EDsos in mice (Lp.) are 77 and 42 mg/kg, respectively (KRALL et al. 1978). 
It also protects mice against seizures induced by the timed intravenous infusion 
of ammonium acetate and strychnine; however, it does not prevent seizures in
duced by the timed intravenous infusion of pentylenetetrazol, although it modi
fies the convulsions and protects the animals from death (ORLOFF et al. 1951). The 
optical isomers ofpheneturide also possess anticonvulsant activity, despite differ
ences in their overt central effects; the d-isomer is a central stimulant, whereas the 
I-isomer is a central depressant. However, there are no appreciable differences in 
the anticonvulsant activity of either of the isomers or of the parent substance 
(FRoMMELetal. 1959). 

Acetylpheneturide is reportedly more potent, has a longer duration of action, 
and has higher protective indices by the MES and scMet tests than phenacemide 
(NAKAMURA et al. 1968). It does not obtund hippocampal after discharges evoked 
in unanesthetized spinal cats (NAKAMURA and KUREBE 1962). 

Chlorphenacemide is also said to be more potent than phenacemide against 
MES and scMet seizures and clinically superior to phenacemide, both in terms 
of lack of toxicity and usefulness in the three major types of epilepsy (JOB et al. 
1954; STROTZKA 1955). 
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D. Other Pharmacodynamic Properties 

A number of acetylureas and their amide derivatives have been shown to possess 
sedative-hypnotic, analgesic, local anesthetic, and, on oral administration, con
vulsant properties (VOLWILER and TABERN 1936). Phenacemide induces mild diur
esis and analgesia in dogs, but does not alter body temperature (normal or ele
vated), heart rate, or blood pressure (either normal or ischemic kidney type hy
pertension) in rats (EVERETT and RICHARDS 1952). 

Pheneturide induces liver enzyme activity in man and is considerably more po
tent in this respect than phenobarbital; chronic studies in rats show it does not 
produce perturbations in vitamin D3 metabolism (RISING 1979). Moreover, its 
concentration-dependent inhibition of hexobarbital binding to cytochrome P-450 
type 1 sites in rats correlates directly with its ability to enhance the excretion of 
glucaric acid (LATHAM and SWEENEY 1967). 

DI. Pharmacokinetics 

Phenacemide, orally administered to mice, is rapidly and completely absorbed 
from the small intestine (EVERETT and RICHARDS 1952). Pheneturide follows first
order kinetics when administered to healthy human volunteers either in single 
doses of750-2,000 mg or 500 mg twice daily for 10.5 days (GALEAZZI et al. 1979). 
The single-dose half-life is 54 h (range, 31-90 h), and total body clearance (100% 
nonrenal) is 2.6litersjh (range, 1.73-3.59 h). After repetitive administration, the 
half-life is 40 h, but clearance remains unchanged because of a lower volume of 
distribution (GALEAZZI et al. 1979). 

The acetylureas are metabolized by the liver and the metabolites excreted by 
the kidneys (ASHER et al. 1953; GLASSON et al. 1960; TATSUMI et al. 1967, 1969). 
Two different pathways are involved in the metabolism ofphenacemide. The first 
involves successive hydroxylation at the 4-position and then at the 3-position of 
the benzene nucleus, followed by methylation of the 3-0H group. The second in
volves hydrolysis of the ureide group and conjugation with glycine. Three metab
olites are common to mice, rats, guinea pigs, and rabbits: 4-hydroxyphenyl
acetylurea, phenaceturic acid, and phenylacetic acid. Rabbits and guinea pigs also 
excrete 3-methoxy-4-hydroxyphenylacetylurea. A small amount of unchanged 
phenylacetylurea is excreted in all four animal species and man (TATSUMI et al. 
1967,1969). 

Pheneturide is also metabolized by the liver (GLASSON et al. 1960). Studies in 
rats given 14C-Iabeled pheneturide indicate that some unchanged drug and two 
metabolites are excreted in the urine, but their chemical structures have not been 
determined (GLASSON et al. 1960). 

From 62% to 68% of a single oral dose (160 mgjkg) of 14C-Iabeled 
phenacemide administered to mice can be recovered from the urine within the first 
24 h after administration (TATSUMI et al. 1969). Assay of mice excreta indicates 
that the major portion ofthe radioactivity (59.2%-62.9%) is present in the urine; 
only 1.4%-4.8% of the administered 14C was found in the feces (TATSUMI et al. 
1969). 
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IV. Drug Interactions 

Relatively few drug interactions involving phenacemide and/or its congeners have 
been described. In mice, SKF No. 525A has no significant effect on anticonvul
sant potency, protective indices, or duration of anticonvulsant action of 
phenacemide; however, it significantly increases (14%) minimal neurotoxicity 
(SWINYARD et al. 1954). A combination ofphenacemide (83.3%) and phenytoin 
(16.7%) has greater anti-pentylenetetrazol potency in mice than phenacemide 
alone (EDso for the combination, 74.1 mg/kg vs EDso for phenacemide alone, 
119.7 mg/kg; WEAVER et al. 1958). In contrast, pheneturide has been shown to in
hibit the anti-pentylenetetrazol activity of donazepam in mice (ROLDAN et al. 
1977). Pheneturide also increases serum phenytoin and phenobarbital concen
trations in man (HUISMAN et al. 1970; HOUGHTON and RICHENS 1974). The long
term administration of pheneturide increases the serum level of phenytoin by an 
average of 25% (LATHAM and RICHENS 1973). Obviously, the sedative-hypnotic 
acylureas (carbromal, bromisovalum, etc.) will increase the depressant effect of 
other sedative-hypnotic agents. 

V. Effects on Clinical Laboratory Tests 
Phenacemide increases the serum values in the alanine aminotransferase, alkaline 
phosphatase, aspartate aminotransferase, bilirubin, BSP (bromosulfophthalein 
sodium) retention, cephalin flocculation, thymol turbidity, and urea nitrogen 
tests (YOUNG et al. 1975). It also increases the levels of bile and protein in urinaly
sis tests. In contrast, it decreases the blood hematocrit, hemoglobin, platelet 
count, red-cell count, and white-cell count. The changes in the serum tests may 
be related to abnormal liver function, those in urine tests to possible nephropathy, 
and those in blood tests to aplastic anemia, agranulocytosis, or leUkopenia 
(YOUNG et al. 1975). 

D. Toxicity 
I. Acute Administration 

The toxicity profiles induced in mice, cats, and dogs by a single oral dose of 
phenacemide are shown in Table 3. The symptoms and lethal doses are essentially 
the same after intraperitoneal administration in mice. A similar toxicity profile 
is also observed in rats (EVERETT and RICHARDS 1952). The toxicity profile in cats 
is remarkably similar to that observed in mice, except for a somewhat expanded 
dose range. Dogs, however, appear to react differently to high doses of 
phenacemide. For example, three dogs given 4.0 g/kg orally ofphenacemide and 
24 h later an additional 2 g/kg became ataxic and one was unable to walk; nev
ertheless, no marked sedative effects were induced. All three dogs were normal 
within 48 h of the second dose of phenacemide (EVERETT and RICHARDS 1952). 
The acute fatal doses ofphenacemide in mice, rats, and cats range from 3-5 g/kg 
(EVERETT and RICHARDS 1952). 

Three patients under treatment with phenacemide for uncontrollable psy
chomotor epilepsy were found to have greatly increased serum creatinine levels 
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Table 3. Phenacemide toxicity and symptoms (EVERETT and RICHARDS 1952) 

Species Number Oral dose Drug effect 
(mg/kg) 

Mouse 10 200 None 
20 400 Slight ataxia 
20 600 Ataxia 
20 800 Light sleep 
10 1,000 Sleep 
10 3,000 Sleep, slow respiration 
10 5,000 Sleep, respiratory depression, fatal in 24-48 h 

Cat 1 100 Slightly depressed 
1 200 Very slight ataxia 
2 500 Slight ataxia 
1 750 Ataxia, impaired placing and righting reflexes 
2 1,000 Marked ataxia, slight placing reflexes, depressed 

righting reflexes 
2,000 Light sleep, withdrawal reflex present, pupillary 

and wink reflex maintained. Heart and respira-
tion slow, but strong recovery in 48 h 

Dog 1 200 None 
1 400 Slight ataxia 
2 600 Ataxia, slight depression 
2 700 Ataxia, slight depression 
2 2,000 One marked ataxia and slight depression, one 

unable to stand up, slight depression 
2 4,000 Dogs vomit part of dose and become very ataxic, 

one unable to stand 

(indication of impaired renal function) with normal blood urea nitrogen (BUN) 
values (RICHARDS et al. 1978). Subsequently, it was shown that phenacemide in
creased the serum creatinine levels in rabbits and to a lesser extent in rats 
(RICHARDS 1979). Further investigation in rabbits revealed that this is a common 
property of acylureas with an aromatic ring substituent; however, phenacemide 
had the greatest effect on the serum level of creatinine (RICHARDS 1980). 

The laboratory toxicity profile of pheneturide is similar to that of 
phenacemide. The acute minimal toxic dose in mice (i.p.) is 355 mg/kg (KRALL 
et al. 1978). Administered orally to dogs, 250 mg/kg is nontoxic; 500 mg/kg pro
duces slight ataxia of30-min duration; and 1.14 g/kg induces vomiting and slight 
ataxia for about 2 h (ORLOFF etal. 1951). 

The acute oral lethal dose of acetylpheneturide is less than that for 
pheneturide but greater than that for phenacemide (NAKAMURA et al. 1968). 

II. Chronic Administration 

Early enthusiasm for the clinical effectiveness ofphenacemide was markedly tem
pered by reports of fatalities in patients on the drugs, hepatic and/or renal disor
der (DAVIDSON and LENNOX 1950; LEVY et al. 1950; LIVERSEDGE et al. 1952; FIELD 
and JUSTI 1954), and aplastic anemia (FORSTER and FRANKEL 1949; SIMPSON et al. 
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Table 4. Frequency of side effects in 1,539 cases (TYLER and 
KING 1951) 

Psychic changes 
Hepatitis 

Deaths 
Gastrointestinal symptoms 

Anorexia 
Nausea and vomiting 
Abdominal distress 
Diarrhea 

Rash 
Exfoliative dermatitis 

Drowsiness 
Blood changes 

Leukopenia 
Leucocytosis 
Low platelet count 
Aplastic anemia with death 
Granulocytopenia 

Headache 
Abnormal urinary findings 

Transient albuminuria 
Acetone 
Sugar 
Nephritis 

Insomnia 
Fatigue 
Fever 
Dizziness 
Paresthesia 
Muscle pain 
Weight loss 
Palpitation 
Pruritus 

4 

78 
36 
15 

1 

22 
6 
4 
2 
2 

8 
10 
2 
1 

No. of % 
cases 

263 17 
31 2 

130 8 

79 5 

58 4 
36 2 

24 2 
21 1 

15 
14 
14 
11 
5 
5 
5 
3 
1 
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1950). Table 4 summarizes the frequency of clinical side effects in 1539 cases re
viewed by TYLER and KING (1951). 

Phenacemide given daily to rats (0.25%, 0.5%, and 1 % in food) for 30 
months, to dogs (100-700 mg/kg) for 18-24 months, and to cats (l00-150 mgjkg) 
for over 1 year induced no significant changes in the various organs beyond those 
in control animals (EVERETT and RICHARDS 1952). 

Pheneturide, given orally to mice (200 mg/kg) for 3 weeks, did not induce any 
signs or symptoms of toxicity (ORWFF et al. 1951). 

Four weeks' chronic feeding of acetylpheneturide, pheneturide, and 
phenacemide (0.2%, 0.5%, and 1.0% in laboratory food) suppressed growth in 
all rats fed 1 % of the drugs and in rats fed 0.5% pheneturide and phenacemide. 
Pheneturide and phenacemide significantly increased plasma glutamate pyruvate 
transaminase and glutamate oxalate transaminase. All three drugs induced hy-
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pocholesterolemia; it was most marked in male rats. Phenacemide-treated female 
rats exhibited signs of interstitial nephrosis (NAKAMURA et al. 1968). 

E. Conclusions 

The antiepileptic acetylureas, although not particularly potent, exhibit a broad 
profile of experimental anticonvulsant activity in laboratory animals. Some 
acetylureas also exhibit hypnotic, analgesic, and anesthetic activity. They are me
tabolized by the liver and excreted by the kidneys. Pheneturide is a potent liver 
enzyme inducer. The original phenacemide chronic toxicity studies in rats and 
dogs failed to reveal the potential toxicity of this drug, largely because of the doses 
selected and the fact that sophisticated tests capable of detecting early signs of 
liver and kidney damage were not available. Moreover, little if any attention has 
been directed to the effect of phenacemide and other acetylureas on laboratory 
animal behavior. More recent chronic toxicity studies in rats show that 
phenacemide and pheneturide induce liver damage and phenacemide some renal 
damage. These observations are in agreement with the adverse effects noted in 
clinical studies 30 years earlier and lend support to the recommendation that 
phenacemide be used only as a drug oflast resort. 
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CHAPTER 23 

Electrophysiological Effects 
of Antiepileptic Drugs 
I.JURNA 

A. Introduction 

This chapter will attempt to correlate the anticonvulsant action of antiepileptic 
agents with the effects of these drugs on electrophysiological parameters. Effects 
of antiepileptic or anticonvulsant drugs have been determined in neurons showing 
both normal behavior and abnormal activity due to direct or trans synaptic acti
vation at high frequencies, treatment with different convulsant agents, or localiz
ation within or in the vicinity of an epileptogenic focus produced by local lesion
ing or application of cobalt or penicillin. 

There are various models of experimental epilepsy which have been exten
sively studied for electrophysiological processes occurring in the neuronal systems 
involved. Unfortunately, however, not all the important anticonvulsants have 
been included in rigorous studies conducted on these models. Therefore, the de
scription of drug effects on neurons and neuron systems in this chapter is not ar
ranged on the basis of the electrophysiological test which may be employed (e.g., 
determination of membrane resting and action potential, membrane conductance 
of neurons outside and inside an epileptogenic focus, reflex activation, evoked po
tentials), but is arranged according to chemical group. 

Changes in electrophysiological parameters can reflect direct action of an an
ticonvulsant on the neuron membrane, but they may also result from interference 
by the drug with ion-exchange mechanisms, cell metabolism, or transmitter func
tion. To avoid redundancy, reference to other chapters in this volume (e.g., Chap. 
10, "Biochemistry", by JONES and WOODBURY) will be made throughout this 
chapter. 

It is well established that convulsions may result from either enhanced excita
tory or reduced inhibitory processes in neuronal circuits. Since convulsant agents 
such as strychnine, picrotoxin, bicuculline, pentylenetetrazol, and bemegride pro
duce seizure activity by reducing inhibitory or/ann facilitating excitatory process
es (for reviews see ESPLIN and ZABLOCKA-EsPLIN 1969; WOODBURY 1980), an
ticonvulsants may produce their effects not only by reducing neuron excitation 
or hyperexcitability, but also by increasing inhibitory influences. It seems, how
ever, that none ofthe anticonvulsant agents depresses seizure activity by only one 
mode of action. 

It should be borne in mind that an anticonvulsant action is not a corollary to 
the general central depression such as that produced by general anesthetics. In 
fact, seizure activity will be suppressed by ether or halothane in concentrations 
that are nearly fatal. Moreover, some depressant barbiturates inhibit seizure ac-
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tivity only in hypnotic doses while other depressant barbiturates will prevent sei
zure generation in doses which may not cause drowsiness. Some benzodiazepines 
may produce a potent anticonvulsant action in a dose range in which they are de
void of any sedative action. And, finally, phenytoin is an anticonvulsant agent 
with no sedative or hypnotic properties. 

B. Phenytoin 
I. Neuronal Membranes 
Phenytoin is often apostrophized as a "stabilizer" of excitable membranes, be
cause it prevents or depresses repetitive electrical activity. However, in about 60% 
of Helix aspersa neurons, phenytoin produced burst-like activity, but in about 
30% neurons of this species it reduced pentylenetetrazol-induced bursts (F AU
GIER-GRIMAUD 1978). 

Phenytoin (4x 1O-4M) reduced the excitability of frog sciatic nerve that re
sponded to supramaximal and frequent electrical stimulation with considerable 
increase in excitability, as signaled by a 50% lowering of the threshold (TOMAN 
1949, 1952). After supramaximal and frequent stimulation, single electrical stim
uli evoked repetitive discharges in the nerve fibers which were depressed by the 
drug. Phenobarbital (10- 3 M) also prevented hyperexcitability from developing, 
while trimethadione (in concentrations of up to 10 - 2 M) was ineffective. Similar
ly, phenytoin (1.8 x 10- 5 to 1.8 x 1O- 4M) and phenobarbital (5 x 10- 4 and 
10- 3 M) were found to suppress spontaneous activity in myelinated nerve fibers 
of the frog in which excitability had been increased by lowering the concentration 
of calcium ions in the suspension medium (NEUMAN and FRANK 1977). 

Adding phenytoin to the perfusion with artificial seawater did not affect the 
electrical activity of isolated giant axons of the squid, but it reduced the spon
taneous impulse discharge that occurred when the concentration of calcium and 
magnesium ions was reduced in the medium (KOREY 1951; ROSENBERG and BAR
TELS 1967). Like calcium ions, phenytoin at 10- 6 to 5 x 1O- 4 M prevented repeti
tive firing at the frog neuromuscular junction kept in media either deficient of cal
cium ions or containing germine monoacetate, an alkaloid which facilitates re
petitive excitation. It also accelerated the post junctional receptor desensitization 
of the end-plate region depolarized by carbamyl choline in a calcium-deficient 
medium (CARNAY and GRUNDFEST 1974). 

Supramaximal tetanic stimulation of the cat vagus nerve produced a post
tetanic enhancement of the compound action potential of the nonmyelinated 
nerve fibers, which was reduced by an i.v. administration of phenytoin, 10-40 mg/ 
kg (FRANZ and ESPLIN 1965). The post-tetanic enhancement of the compound ac
tion potential has been ascribed to a summation of afterpotentials which increases 
with the frequency of stimulation because of an accumulation of potassium ions 
in the extracellular space (RITCHIE and STRAUB 1957). Consequently, this effect 
of phenytoin was explained by a reduction of the extracellular potassium concen
tration (FRANZ and ESPLIN 1965). Indeed, stimulation by phenytoin, 10-4M, of 
potassium influx has been observed in motor axons of the lobster [(FERTZIGER et 
al. 1971); for description of activation of the potassium transport by phenytoin 
see Chap. 10, this volume]. 
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Chronic administration of phenytoin (5-20 mg/kg i.p., three times daily for 
5 days) to rabbits markedly shortened the period of decreased excitability which 
followed repetitive electrical stimulation of nonmyelinated fibers in the isolated 
vagus nerve (JULIEN and HALPERN 1970). This period of decreased excitability 
correlated with the time course of post-tetanic hyperpolarization, which is essen
tial for the post-tetanic potentiation of synaptic transmission. The reduction by 
phenytoin of the recovery period was interpreted in terms of the membrane sta
bilization which is responsible for the suppression of epileptiform activity (JULIEN 
and HALPERN 1970). A decrease in post-tetanic hyperpolarization also occurred 
after administration of phenytoin in the crayfish stretch receptor neuron (AYALA 
et al. 1977b). RAINES and STANDAERT observed that systemic administration of 
phenytoin in doses from 0.5 to 50 mg/kg dose dependently reduced the post
tetanic hyperpolarization established in the central terminals of dorsal root fibers 
of spinal cats (RAINES and STANDAERT 1967). They also reported that phenytoin, 
20 mg/kg i.v., depressed the repetitive activity generated in cat motor nerve end
ings by tetanic stimulation and the post-tetanic potentiation of skeletal muscle 
contraction (RAINES and STANDAERT 1969); they concluded that these depressant 
effects are due to abolition by the drug of post-tetanic hyperpolarization. Repeti
tive activity established by physiological stimulation, e.g., by muscle stretch, may 
equally be influenced by the drug. ANDERSON and RAINES (1974) observed that 
phenytoin (5-40 mg/kg i.v.) depressed the discharge from deefferented muscle 
spindles in the triceps surae muscle of anesthetized cats. 

Numerous findings indicate that the effects of phenytoin on excitable mem
branes might be due to an action on the movement of sodium and calcium ions 
(see also Chap. 10, this volume). Phenytoin (5 x 10- 5 to 1O-4 M) decreased the 
bursting pacemaker activity which appeared spontaneously or after the adminis
tration of pentylenetetrazol in cells of Aplysia, and the sodium-dependent nega
tive resistance characteristic which is essential for this bursting behavior (JOHN
STON and AYALA 1975). 

In voltage-clamp experiments performed on squid axons, phenytoin 
(5 x 10- 6 , 10- 5 , and 5 x 10- 5 M) dose dependently and reversibly decreased the 
early transient sodium current; it was therefore proposed that phenytoin reduced 
the number of open sodium channels (LIPICKY et al. 1972). This is in agreement 
with the observation that, in a concentration of 1O- 4M, the drug reduced the in
flux of sodium ions in stimulated but not in resting walking nerves of the lobster 
(PINCUS 1972). In concentrations between 10-4 and 5 x 1O- 4M, the drug pre
vented the depolarization of neurons and reduced sodium influx in slices of 
guinea pig cerebral cortex stimulated electrically at high frequencies (CRANE and 
SWANSON 1970; SWANSON and CRANE 1970,1972). Phenytoin and desoxycortico
sterone reduced sodium concentration in neurons of the rat cerebral cortex and in 
processes of astrocytes that adjoin synaptic terminals (HARTMANN 1966). On the 
other hand, the sodium transport in frog skin was enhanced by phenytoin (100 
Ilg/ml) and by vasopressin (WATSON and WOODBURY 1972). When phenytoin (33 
Ilg/ml) was added to the medium bathing the external side of the frog skin, it pro
duced a sustained rise in potential difference and short circuit current, which both 
were abolished by amiloride, a drug that decreases sodium transport (DESOUSA 
and GROSSO 1973). 
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In voltage-clamped single nerve fibers of the frog kept in Ringer solution at 
a normal calcium concentration, phenytoin (1.8 x 10- 5 and 1.8 x 1O- 4M) re
duced sodium permeability without affecting potassium conductance, voltage-de
pendent time constants of sodium activation and inactivation, and potassium ac
tivation (NEUMAN and FRANK 1977). When the calcium concentration in the me
dium was lowered, the curves relating the time constants of sodium activation and 
inactivation to the membrane potential were shifted in the direction of hyperpo
larization. Phenytoin (and phenobarbital) prevented this shift. From this it was 
concluded that phenytoin stabilizes the hyperexcitable membrane by influencing 
sodium inactivation (NEUMAN and FRANK 1977). 

In neurons and peripheral nerves, phenytoin hyperpolarized the resting mem
brane potential (SCHWARZ and VOGEL 1977; PERRY et al. 1978), raised the thresh
old (MORRELL et al. 1958; SCHWARZ and VOGEL 1977), reduced the conduction 
velocity (MORRELL et al. 1958; SCHWARZ and VOGEL 1977) and the amplitude of 
the action potential (MORRELL et al. 1958; KRUPP 1969; AYALA and JOHNSTON 
1977; AYALA et al. 1977b; SCHWARZ and VOGEL 1977), and decreased or abol
ished repetitive impulse discharges (TOMAN 1949; KOREY 1951; MORRELL et al. 
1958; RAINES and STANDAERT 1966; ROSENBERG and BARTELS 1967; AYALA et al. 
1977b). SCHWARZ and VOGEL (1977) also found that phenytoin, 8 x 10- 5 M, re
duced the peak of the sodium current in current and voltage-clamp experiments 
performed on myelinated nerve fibers of Xenopus laevis and ascribed the excitabil
ity-reducing effect of the drug to a potential-dependent blockage of the sodium 
channel by the phenytoin molecule. They proposed that phenytoin and procaine 
bind to sites in the sodium channel which are different from those to which tetro
dotoxin or saxitoxin bind. On account of results obtained with isolated giant ax
ons of the squid preloaded with radio labeled sodium, PERRY et al. (1978) arrived 
at the conclusion that phenytoin (7.5 x 10 - 5 to 10 - 5 M) blocks passive resting 
sodium channels in much the same way as tetrodotoxin. According to DE WEER 
(1980), phenytoin interferes with the gating mechanism of the sodium channel. 

There are also indications of an involvement of calcium ions in the effects ex
erted by phenytoin. Both phenytoin (2 x 1O-4M) and procaine hydrochloride 
(2 x 10 - 2 M) reduced the uptake and outflow of radiolabeled calcium in resting 
lobster axons (HASBANI et al. 1974). 

DRETCHEN et al. (1977) observed that phenytoin in doses of 5-20 mgjkg i.v. 
reduced the repetitive afterdischarges evoked in motor nerve endings of the cat 
by tetanic stimulation, administration of dibutyryl cyclic AMP, or adenylate 
cyclase activation with sodium fluoride. The inhibitory effect of phenytoin was 
antagonized by theophylline or the calcium current antagonist verapamil. These 
authors proposed therefore that phenytoin blocks a calcium influx which is me
diated by cyclic nucleotides, controls the slow potassium current responsible for 
post-tetanic hyperpolarization, and is also associated with the release of transmit
ter substances (see also PINCUS et al. 1980). 

PINCUS (1977) noted that phenytoin, although having previously been found 
to decrease synaptic transmission at the neuromuscular junction, augments trans
mitter release when synaptic transmission is depressed by a lowered calcium ion 
concentration on the outside. He proposed that phenytoin antagonizes both the 
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calcium influx into the presynaptic terminals and the intracellular sequestration 
of calcium. 

The reports on the various effects exerted by phenytoin on different excitable 
membranes agree remarkably well. It seems justified to assume that the anticon
vulsant action of the drug is largely due to the abolition of hyperexcitability 
evoked in neurons and nerve fibers. However, it is only fair to state that the bio
chemical mechanisms underlying the drug-induced changes of electrophysiologi
cal parameters are still not fully understood, as is evident from the reviews of 
WOODBURY and KEMP (1970), AYALA and JOHNSTON (1977), LA MANNA et al. 
(1977), DELGADo-EsCUETA and HORAN (1980), and JONES and WOODBURY in 
Chap. 10, this volume. 

II. Synaptic Transmission 
1. Ganglia and Neuromuscular Junctions 

In the abdominal ganglion of Aplysia, phenytoin, 1O- 4 M, decreased the ampli
tude of the excitatory postsynaptic potential; it was ineffective on the "short" 
acetylcholine-mediated chloride-dependent inhibitory postsynaptic potential 
(IPSP) and facilitated the "long" acetylcholine-mediated potassium-dependent 
IPSP (AYALA et al. 1977 a). Moreover, the drug prolonged the time course of the 
gamma-aminobutyric acid (GABA)-mediated, chloride-dependent IPSP in the 
crayfish stretch receptor neuron about ten times (AYALA et al. 1977 a). This latter 
result was also obtained by DEISZ and Lux (1977), who observed that phenytoin, 
10-4 M, prolonged the IPSP evoked in the crayfish stretch receptor neuron as 
well as the conductance and potential changes produced by GABA. Moreover, 
these authors reported that phenytoin prevented the blockade by picrotoxin of 
postsynaptic inhibition and responses to GABA. 

ESPLIN (1957) observed that phenytoin, 30 mg/kg Lv., reduced the post
tetanic potentiation (PTP) of impulse transmission through the stellate ganglion 
of the cat. Similarly, SURIA and COSTA (1973) found that the drug dose dependent
ly (lO - 6 and 10 - 5 M) reduced the PTP ofthe transmission in sympathetic ganglia 
of the bullfrog. 

PINCUS et al. (1980) noted that transmission at the frog neuromuscular junc
tion is depressed by phenytoin (10- 4 and 2 x 1O-4M), and they concluded from 
further findings that the drug exerts its primary action on the calcium mechanism 
at the membrane of the motoneuron terminals; it reduced the quantal content of 
transmitter released and the effect of acetylcholine at the postsynaptic membrane. 

2. Spinal Cord 

a) Depressant Effects 

In spinal cats, phenytoin, 30 mg/kg Lv., reduced the monosynaptic reflex (MSR) 
by about 10% and polysynaptic reflexes (PSR) by about 20% (ESPLIN 1957). The 
most prominent effect of phenytoin on the impulse transmission in spinal reflex 
paths is the depression of PTP of the MSR, which shows dose dependence after 
Lv. administration in doses of 10-40 mg/kg (ESPLIN 1957). Several mechanisms 
are discussed as being responsible for the development ofPTP (for details see Es-
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PLIN and ZABLOCKA 1969), such as (1) post-tetanic hyperpolarization of presyn
aptic terminals (ECCLES and KRNJEVIC 1959); (2) increased transmitter release 
from tetanically stimulated presynaptic terminals (see also WEINREICH 1971); and 
(3) opening-up of new afferent paths which wi111ead to recruitment ofpostsynap
tic neurons and thus to spread of excitation. Indications for an influence of 
phenytoin on factors (1) and (2) have been presented in the preceding sections. 

Synaptic recovery after impulse transmission in spinal reflex pathways of the 
cat is not influenced by phenytoin (ESPLIN 1963). 

Continuous maximal high-frequency stimulation of the cervical spinal cord in 
decapitated animals (cat, rabbit, hamster, and mouse) resulted in a sequence of 
hindlimb movements which are identical to those seen in the maximal elec
troshock seizure in intact animals; this spinal seizure activity was not depressed 
by phenytoin in doses which were effective on maximal electroconvulsions in the 
intact animal (ESPLIN and FRESTON 1960). The same was true for phenobarbital 
and trimethadione with the exception that trimethadione prolonged the spinal 
postictal depression. These results were taken as evidence for a supraspinal site 
of the therapeutic action of the anticonvulsant agents. However, in an attempt 
to demonstrate that phenytoin can depress seizure activity in the absence of the 
cerebellum (see also Sect. B. IlIA), LOTHMAN and SOMJEN (1976) showed that 
spinal seizure activity evoked in functionally decapitated cats by local or systemic 
administration of penicillin (KAO and CRILL 1972 a, b; DAVENPORT et al. 1977) 
was suppressed by an i.v. injection of phenytoin (20-40 mg/kg), phenobarbital 
(15-35 mg/kg), and pentobarbital (20-30 mg/kg), while diazepam was ineffective 
when administered cumulatively in doses up to 7 mg/kg. 

b) Excitatory Effects 

Phenytoin differs markedly from all other anticonvulsants in that it does not pro
duce central depression; it distinguishes itself by signs of central excitation in ani
mals and man. 

During early postnatal development, the drug has been found to exert excita
tory effects by blocking both pre- and postsynaptic inhibition. At later stages of 
development and in adulthood this excitatory effect was counteracted by the ac
tivation by phenytoin of inhibitory systems (VERNADAKIS and WOODBURY 1965). 

The thioderivative of phenytoin diphenylthiohydantoin (DPTH) has a spec
trum of anticonvulsant activity which is similar to that of phenytoin (SOHN et al. 
1970). In cats with the spinal cord left intact or transected at the cervical level, 
DPTH depressed mono- and polysynaptic reflex activity (RAINES et al. 1971; 
GROSSMANN et al. 1974c) like phenytoin (ESPLIN 1957). In cats with spinalization 
performed at the lumbar level, DPTH enhanced mono- and polysynaptic reflex 
activity (GROSSMANN et al. 1974c), amplitUde of the action potential, afterhyper
polarization in motoneurons activated by antidromic stimulation, membrane re
sistance, and excitatory and inhibitory postsynaptic potentials in spinal mo
toneurons (GROSSMANN et al. 1974 b). In decerebrate cats, DPTH enhanced as
cending and descending inhibition of spinal reflex activity (GROSSMANN et al. 
1974a). From these results it was concluded that DPTH, by exerting an excitatory 
effect on neurons, enhances inhibitory processes and that such a mode of action 
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might also explain part of the anticonvulsant action of phenytoin (for phenytoin 
and activation of inhibitory Purkinje cells in the cerebellum see below). 

In experiments performed on isolated spinal cords of the frog, DAVIDOFF 
(1972 a) observed that phenytoin, in concentrations of 10- 6 to 1O- 4 M, depressed 
monosynaptic reflex activity and enhanced PSRs. Presynaptic inhibition ofPSRs 
resulting from primary afferent depolarization by GABA was consistently aug
mented by phenytoin. Perfusion of the cord with phenytoin had no influence on 
the action of glycine, glutamate, or aspartate. 

3. Spinal Trigeminal Nucleus 

In experiments conducted to find an explanation for the therapeutic effect of 
phenytoin in trigeminal neuralgia in terms of neurophysiological data, FROMM 
and co-workers (FROMM and LANDGREN 1963; FROMM and KILLIAN 1967; FROMM 
1969) found that the drug (10--15 mg i.v.) increased the latency of the synaptic re
sponse of single neurons in the cat trigeminal nucleus to stimulation of the maxil
lary nerve with single electrical impulses. Cells responding to single stimuli with 
more than one spike showed a decrease in the number of spike discharges after 
the injection of phenytoin. Since the amplitude of the spike evoked by antidromic 
stimulation and that of the spike in the afferent nerve remained unchanged, it was 
concluded that phenytoin depressed synaptic transmission in a more specific way 
than phenobarbital (0.75 mgjkg), which progressively decreased the amplitude of 
the spike evoked in the trigeminal neuron by both orthodromic and antidromic 
stimulation (for further details see Chap. 13 this volume). 

III. Brain 

1. Synaptic Transmission 

The synaptic activation of pyramidal tract neurons produced by electrical stimu
lation of the motor cortex or ventrolateral nucleus of the thalamus in unanesthe
tized cats was reduced by i. v. injection of phenytoin in doses from 10 to 25 mgjkg, 
while the effect on the response of these neurons was markedly weaker (BLUM 
1964). A similar effect was observed when paired electrical stimuli were delivered 
to the ventrolateral thalamus and the responses evoked by the stimulation were 
recorded from the sensorimotor cortex of the cat; phenytoin, 15 mgjkg i.v., de
pressed the synaptic excitability of the cortical neurons (ENGLANDER et al. 1977). 

2. Afterdischarges 

When a group of neurons in the brain is stimulated electrically, afterdischarges 
following the response to the stimulus may occur in these neurons and in distant 
second groups of neurons to which the first group of neurons projects. These after
discharges are regarded as an indicator of the tendency to develop epileptogenic 
activity. 

SCHALLEK and KUEHN (1963) noted that systemic administration of 
phenytoin, 10 mgjkg, decreased the duration of the afterdischarges evoked in the 
cortex and hippocampus in response to electrical stimulation of the thalamus of 
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the cat, but not in the thalamus. Later, it was found that phenytoin increased the 
threshold of stimulation to evoke afterdischarges in both the cortex and thalamus 
(SCHALLEK et al. 1964). This agrees with the early observation of GANGLOFF and 
MONNIER (1957) that phenytoin exerted an effect only on the afterdischarges 
evoked in the rabbit by stimulation of the thalamus. The drug also raised the 
threshold of the afterdischarges to stimulation of the cat nucleus centralis lateralis 
of the thalamus and the rat nucleus reticularis (I TO et al. 1977). Although eleva
tion by phenytoin of the threshold to stimulation of the cat hippocampus and ec
tosylvian nucleus has been reported (STROBOS and SPUDIS 1960; ALBERTSON et al. 
1977), the main site of action of phenytoin in depressing afterdischarges seems to 
be the diencephalon. 

Recording with potassium-sensitive electrodes from the extracellular space of 
the cat cerebral cortex revealed that during intense electrical stimulation or repeti
tive epileptiform discharges of cortical neurons the extracellular potassium ion 
concentration increased to reach values which could both increase transmitter re
lease from terminals and have a significant depolarizing effect on neurons (PRIN
CE et al. 1973). Phenytoin 15 or 25 mg/kg Lv. reduced this increase in the extracel
lular potassium concentration (HEINEMANN and Lux 1973). 

3. Seizure Activity and Its Spread 

Generally phenytoin does not depress activity in epileptogenic foci but limits 
spread of activity from the foci (MUSGRAVE and PURPURA 1963; LOUIS et al. 1968). 
SHERWIN (1973) also found that phenytoin had little effect on the seizure activity 
in the focus produced by an injection of penicillin into the cerebral cortex of the 
cat, and that the accompanying relayed pyramidal tract response was consistently 
and dose-dependently reduced in amplitude by phenytoin. Moreover, this author 
demonstrated that the activity in the epileptogenic focus could be triggered by 
stimulation in the ventrolateral nucleus of the thalamus and that the triggering ef
fect was suppressed by phenytoin which acted on the cortex, not on the thalamus. 

LoUIS et al. (1971) produced an epileptogenic focus by applying ampicillin to 
the cat cortex. By electrical stimulation in the periphery or applying touch stimuli, 
they could either drive the activity or produce afterdischarges in the focus. 
Phenytoin, 20-25 mg/kg, abolished peripheral manifestations (jerking of limbs), 
cortical afterdischarges, and receptivity of the focus to triggering by sensory stim
uli. 

MORRELL et al. (1959) failed to observe a depressant effect of phenytoin on 
the activity in a cortical focus produced in rabbits by local freezing, nor was the 
spread of this activity to the basal diencephalon limited by the drug. Phenytoin 
did not decrease epileptogenic activity induced by injection of penicillin into the 
rat cortex in situ (EDMONDS et al. 1974), but depressed the seizure afterdischarges 
evoked by electrical stimulation in chronically and neuronally isolated slabs of the 
cat cerebral cortex (KRIP and VAZQUEZ 1971). It may be that phenytoin, by way 
of facilitating inhibitory influences, increases the "surround" inhibition which 
builds up like a protective zone around the epileptogenic focus produced by local 
application of penicillin (PRINCE and WILDER 1967; PRINCE 1968). 

Cortical application of tungstic acid gel to rats produced spikes, spike-and
wave complexes and secondary generalized seizure activity in the brain; 
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phenytoin shortened the duration of the secondary generalization and prolonged 
the interictal period (ITO et al. 1979). 

4. Activation of Cerebellar Inhibition by Excitatory Effects 

It has been mentioned above (Sect. B.Il.2.b) that phenytoin may produce excita
tion of neurons. Electroencephalographic evidence has been obtained that during 
acute or chronic intoxication with phenytoin seizure-like activity may appear in 
various animal species (BAZEMORE and ZUCKERMANN 1974). 

When one of the first descriptions of the clinical effects of phenytoin was given 
by MERRIT and PuTNAM (1939), this included a syndrome of cerebellar dysfunc
tion consisting of ataxia, tremor, diplopia, and nystagmus. Experimental data il
lustrating the role of the cerebellum in seizure activity have been reviewed by 
JULIEN (1974) and LAXER et al. (1980). The incidence of phenytoin-induced cere
bellar degeneration including loss of the Purkinje-celliayer has been critically 
evaluated by VERNADAKIS and PARKER (1980), who also give an account of the 
neurotoxicity of other anticonvulsant agents. 

Cerebellar stimulation, particularly stimulation of the vermis, depresses sei
zure activity in animal models (LAXER et al. 1980). JULIEN and LAXER (1974) ob
served in rats that after local injection of penicillin into the cerebral cortex, high
frequency discharges appeared in cerebellar Purkinje cells which were evoked by 
focal spike activity in the cerebral cortex. The discharges of Purkinje cells could 
outlast epileptiform cortical bursts of short duration. However, when the dis
charge ofPurkinje cells ceased during periods of sustained focal discharge, seizure 
activity appeared in the electroencephalogram of both hemispheres, and convul
sive episodes became manifest. Discharge of Purkinje cells did not appear again 
unless seizure activity had subsided. 

Extracellular microelectrode recordings made from cerebellar Purkinje cells of 
the cat revealed that after an i.v. injection of phenytoin, 10 mg/kg, the random 
activity of the cells was replaced by a sustained high-frequency discharge persist
ing for hours (JULlliN and HALPERN 1971; HALPERN and JULIEN 1972). Simulta
neously, phenytoin reduced the spreading of epileptiform activity from a penicil
lin-induced cortical focus (JULIEN and HALPERN 1971). These results suggest that 
an activation by phenytoin of inhibitory influences from the cerebellum may be 
involved in the anticonvulsant action of the drug (but see PuRo and WOODWARD 
1973). 

IV. Summary 
Suppression of hyperexcitability and limitation of the spread of hyperactivity by 
reducing post-tetanic potentiation and facilitating inhibitory processes seem to be 
the main factors by which phenytoin produces its anticonvulsant effect. However, 
none of the changes in electrophysiological parameters can explain why the drug 
effectively increases the threshold of maximal electroseizure in normal and hy
ponatremic animals (MERRITT and PUTNAM 1938; TOMAN et al. 1946; WOODBURY 
1955), but fails to increase the threshold for pentylenetetrazol-induced seizures, 
to prevent "petit mal"-like EEG dysrhythmias elicited in animals by subconvul
sive pentylenetetrazol doses, and to elevate the electro seizure threshold to low
frequency stimulation (GOODMAN et al. 1946a; WOODBURY and ESPLIN 1959). 
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c. Barbiturates 
I. General Remarks 
Since the beginning of this century, barbiturates have been widely used as se
datives and hypnotics. The anticonvulsant property of phenobarbital was recog
nized very early (HAUPTMANN 1912). It soon became evident that phenobarbital 
could show anticonvulsant properties in a dose range that did not produce sleep, 
while with other barbiturates such as pentobarbital suppression of seizure activity 
was not achieved unless hypnotic doses of the drug were administered. From this 
it may be concluded that the anticonvulsant action of barbiturates is a specific one 
which is not correlated to a general depressant or anesthetic action. 

It seems to be generally recognized that barbiturates act by affecting either 
membrane excitability or synaptic transmission. Most of the data obtained in ex
periments carried out on single neurons or synapses do not enable the distinction 
to be made between barbiturates acting primarily as anticonvulsants and those 
exerting a predominantly hypnotic or general anesthetic effect, nor do they point 
toward a particular effect which might be considered as essential for the anticon
vulsant action. Information relevant to a specific effect associated with the sup
pression of seizure activity may thus be expected from experiments conducted on 
supraspinal neuron populations. 

Mephobarbital is demethylated in the liver into phenobarbital, and a major 
part of the anticonvulsant property of mephobarbital may be ascribed to its me
tabolite phenobarbital, but the unchanged molecule also exerts an anticonvulsant 
effect (CRAIG and SHIDEMAN 1971). Primidone is metabolized in man to pheno
barbital and phenylethylmalonamide (GALLAGHER and BAUMEL 1972). Phenobar
bital, mephophenobarbital, and primidone have widely overlapping spectra of 
anticonvulsant action and will therefore be treated as belonging to the group of 
substances of which the prototype is phenobarbital. 

II. Membrane Excitability 
Barbiturates block action potentials in nerve preparations in concentrations 
which are likely to be above those present in the central nervous system during 
anesthesia, and which are substantially above those which affect synapses (LAR
RABEE and POSTERNAK 1952). HEINBECKER and BARTLEY (1940) noted that pento
barbital and ether blocked the generation of action potentials in nerve fibers. This 
block produced by pentobarbital in single nerve fibers is similar to that resulting 
from procaine (KRUPP et al. 1969) and is, like the procaine-induced block, re
moved by anodal depolarization (SCHOEPFLE 1957). The blocking effect of pen to
barbital on frog nerve action potentials was enhanced by epinephrine, while that 
of phenobarbital and procaine was antagonized by epinephrine (SABELLI et al. 
1977); however, the effect of phenobarbital differed from that of procaine in that 
it was not dependent on calcium ions. On account of these results and additional 
findings obtained with beta-adrenoceptor blockers, SABELLI et al. (1977) conclude 
that pentobarbital and phenobarbital exert specific effects on excitable mem
branes. 

Differential effects of these two barbiturates are also evident from the results 
obtained by VAZQUEZ et al. (1975) in experiments carried out on isolated cat 
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sciatic nerves. In these preparations, both pentobarbital and phenobarbital, in 
concentrations from 1 to 5 x 10 - 3 M, raised the threshold and lowered the spike 
amplitude, and the action of the two barbiturates was increased by reducing the 
sodium concentration or increasing the pH in the suspension medium. Exchange 
of H 20 by D 20 in the medium enhanced the depressant effect of pentobarbital 
like that of ether or halothane, but did not modify the effect of phenobarbital or 
procame. 

In frog nerve fibers which were made hyperexcitable by repetitive electrical 
stimulation, phenobarbital, 10 - 3 M, reduced repetitive spike discharges (TOMAN 
1949, 1952). Similarly, NEUMAN and FRANK (1977) observed that phenobarbital 
(5 x 10-4 and 10- 3 M) diminished the hyperexcitability induced in voltage-clamp 
experiments performed on frog nerve fibers by lowering the extracellular calcium. 
These authors suggest that phenobarbital (and phenytoin) stabilize hyperexci
table membranes by acting on sodium activation. On the other hand, SEEMAN et 
al. (1974) and STAIMAN and SEEMAN (1974) noted that calcium antagonized the 
block of impulse conduction produced by pentobarbital and barbital in the iso
lated rat phrenic nerve. 

In voltage-clamp experiments carried out on lobster axons, the maximum con
ductances for sodium and potassium ions were reduced by pentobarbital, 
6 x 10- 3 M, and thiopental 2 x 10- 3 M (BLAUSTEIN 1968); both barbiturates also 
slowed the rate at which the sodium conductance turns on. When pentobarbital 
(1 and 3 x 10- 3 M) was applied to either side of the giant axon of the squid, it re
duced the sodium and potassium conductances (NARAHASHI et al. 1969), but more 
effectively on the inside (NARAHASHI et al. 1971). 

In neurons of Ap/ysia and Helix, phenobarbital suppressed spontaneous ac
tivity (TAKEUCHI and CHALAZONITIS 1968). In Ap/ysia neurons, phenobarbital hy
perpolarizes the membrane like halothane, diminishes the excitability and resis
tance of the membrane and blocks the generation of an action potential 
(TAKEUCHI 1969). In this type of neuron, pentobarbital increased the resting 
potassium conductance (SATO et al. 1967). WILSON et al. (1980) observed that 
superfusion of Apiysia neurons with pentobarbital and phenobarbital in concen
trations ranging from 5 x 10- 5 to 5 x 10 - 4 M enhanced the adaptation of neurons 
to depolarizing stimuli (before the administration the neurons discharged repeti
tively as long as the depolarizing pulse lasted; during barbiturate administration 
the neuron ceased to fire before the end of the depolarizing pulse). Voltage-clamp 
studies revealed that this enhanced adaptation was due to a barbiturate-induced 
slow, potassium-dependent outward current in response to depolarization. Amo
barbital increased the membrane potential of Helix aspersa neurons; it prevented 
burst-like activity elicited by administration of pentylenetetrazol but not the one 
due to intracellularly applied depolarizing currents (F AUGIER-GRIMAUD 1978). 

llI. Synaptic Transmission 
1. Ganglia and Neuromuscular Junctions 
Pentobarbital has been reported to block the frog neuromuscular junction (THEs
LEFF 1956; BARKER and GA!NER 1973; BARKER 1975a, b,c; SEYAMA and NARA
HASHI 1975). Phenobarbital dose-dependently reduced the amplitude of miniature 
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end-plate potentials at the frog neuromuscular junction but did not affect that of 
the end-plate potential; it increased the quantal content of transmitter released 
(ALDERDICE and TROMMER 1980). Synaptic transmission through the ganglia of 
Limulus polyphemus was inhibited by pentobarbital and ether (HEINBECKER and 
BARTLEY 1940). In the sympathetic ganglion of the bullfrog, pentobarbital re
duced the fast nicotinic excitatory postsynaptic potential of B cells without affect
ing the slow muscarinic excitatory and inhibitory postsynaptic potentials, the pre
synaptic spike, the number of transmitter quanta released, or the membrane 
properties of the postsynaptic ganglion cell (NICOLL 1978; NICOLL and IWAMOTO 
1978). In the perfused stellate ganglion of the cat, pentobarbital depressed synap
tic transmission more readily than impulse conduction along any type of axon 
(LARRABEE and POSTERNAK 1952). Unfortunately, information about the effect 
exerted by an anticonvulsant barbiturate in these preparations is lacking. 

Pentobarbital (4xlO-4 and 7.5xlO- 4M) and thiopental (3xlO-4M) 
blocked the uptake of radiolabeled calcium into stimulated or potassium-depo
larized isolated superior cervical ganglia of the rat (BLAUSTEIN 1976). This is in 
accord with an earlier observation made by BLAUSTEIN and ECTOR (1975), who 
had found that pentobarbital (4-5 x 1O-4M) and thiopental reduced the extra up
take of calcium which was induced by depolarizing agents in synaptosomes iso
lated from the rat brain. These results have been interpreted in terms of an inter
ference of these barbiturates with the release of transmitters (see also GOLDRING 
and BLAUSTEIN 1980). However, it seems unlikely that inhibition of transmitter 
release is an important mode of action of the anticonvulsant barbiturates because 
phenobarbital in concentrations up to 9 x 1O- 4Mhad little effect on the extra up
take of calcium, while the convulsant isomer of 5-(1,3-dimethylbutyl)-5-ethylbar
bituric acid [( + )-DMBB] reduced it (BLAUSTEIN and ECTOR 1975). 

2. The GADA Receptor Complex and Glutamate-Mediated Transmission 

Much evidence has accumulated in support of the view that barbiturates interact 
with the inhibitory transmitter GABA at various synapses. Detailed accounts of 
the interaction between barbiturates, benzodiazepine derivatives, and the convul
sant agents picrotoxin and bicuculline at the GABA receptor complex are given 
in the reports and reviews by OLSEN and co-workers (OLSEN 1981 a, b; OLSEN et 
al. 1978, 1979, 1980; TICKU and OLSEN 1978; LEEB-LUNDBERG et al. 1980; OLSEN 
and LEEB-LUNDBERG 1981; IADAROLA and GALE 1981) and MELDRUM in Chap. 7, 
this volume. 

NICOLL (1975a) observed that frog motoneurons which were hyperpolarized 
by GABA were also hyperpolarized by pentobarbital in a concentration of 
10 - 4 M or more, and that the hyperpolarization produced by either substance was 
antagonized by the GABA antagonists picrotoxin or bicuculline, but not by 
strychnine, the antagonist of the inhibitory transmitter glycine. Moreover, pento
barbital in low concentrations (from 2 x 10- 5 to 10 - 4 M) increased the amplitUde 
and duration of the GABA-induced hyperpolarization. In a later study, NICOLL 
and WOJTOWICZ (1980) confirmed the results obtained with pentobarbital and, 
in addition, found that phenobarbital had the same effects but was only one-fifth 
as potent as pentobarbital. 
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Likewise, RANSOM and BARKER (1975, 1976) found that pentobarbital pro
longed the postsynaptic inhibition and conductance changes induced by GABA 
in the membrane of mouse spinal neurons in tissue cultures. The drug did not af
fect the postsynaptic action of glycine but blocked the postsynaptic excitation 
produced by glutamate. Identical results were obtained somewhat later with phe
nobarbital and mephobarbital by MACDoNALD and BARKER (1979a). 

When comparing the effects of anticonvulsant barbiturates (phenobarbital 
and mephobarbital) and anesthetic barbiturates (pentobarbital, secobarbital) in 
cultured spinal neurons of the mouse, it was found that all barbiturates aug
mented the membrane response to GABA and inhibited that to glutamate; anes
thetic barbiturates differed from anticonvulsant barbiturates in that they were 
more potent (MACDoNALD and BARKER 1979 b). 

BOWERY and DRAY (1976, 1978) noted that, in the isolated cervical ganglion 
of the rat, pentobarbital at concentrations higher than 8 x 10- 5 M produced 
membrane depolarization, as did GABA at concentrations greater than 10- 6 M, 
and that the depolarizations produced by either pentobarbital or GABA were 
abolished by bicuculline. These authors also report that the anticonvulsant bar
biturates phenobarbital and mephobarbital were less effective than pentobarbi
tal. EVANS (1979) observed that pentobarbital potentiated GABA-induced re
sponses in isolated superior cervical ganglia and in dorsal and ventral root fibers 
of immature isolated spinal cords of the rat. Moreover, he found that pentobar
bital did not significantly alter the antagonism between GABA and bicuculline. 

SAAD et al. (1972) reported that phenobarbital and mephobarbital increased 
the GABA content in the cerebral hemisphere of mice. However, TAPPAZ and 
PACHECO (1973) failed to detect an accumulation of radio labeled GABA in rat 
brain slices. Likewise, PECK et al. (1976) could not detect an effect of pentobar
bital in concentrations exceeding 10- 3 M on GABA uptake into synaptosomes of 
the rat cerebral cortex and hippocampus. Thus, it is more likely that the anticon
vulsant effect of barbiturates involves an action of the GABA receptor complex 
than on GABA synthesis, uptake, or metabolism (see also Chaps. 7,10, this vol
ume) 

IV. Spinal Cord 

1. Depression of Excitatory Transmission 
Numerous investigators have reported that phenobarbital, pentobarbital, and 
other barbiturates depress monosynaptic and polysynaptic reflexes in the spinal 
cord of frogs and cats (SOMJEN 1943, 1963; WIKLER 1945; ECCLES 1946; BROOKS 
and ECCLES 1947; DE SALVA and OESTER 1960; SHAPOVALOV 1964). The reflex de
pression has mostly been attributed to a "stabilization" of the motoneuron mem
brane. However, barbiturates producing general anesthesia have been found to 
reduce the excitability of primary afferents and transmitter release and, hence, 
diminish excitatory postsynaptic potentials (SOMJEN and GILL 1963; L0YNING et 
al. 1964; WEAKLY 1969). It has therefore been concluded that these barbiturates 
act mainly on the afferent terminals (but see also Sect. C.III.1). 

Barbiturates probably exert an effect at presynaptic and postsynaptic sites. 
GROSSMANN et al. (1974d) observed that the (+ )-isomer of 1-methyl-5-phenyl-5-
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propyl barbituric acid (MPPB) increased the monosynaptic reflex in spinal rats 
while (- )-MPPB depressed it; (+ )-MPPB lowered the membrane resistance and 
the firing level of cat motoneurons and increased the amplitude of the excitatory 
postsynaptic potential, while (- )-MPPB increased membrane resistance and fir
ing level and reduced the amplitude of the monosynaptic excitatory postsynaptic 
potential. These authors concluded that the excitatory and depressant isomer of 
MPPB acted both pre- and postsynaptically (see also RICHARDS 1974) and that 
the two isomers produced opposite effects at one and the same membrane site. 
This agrees well with the observation made by DOWNES and WILLIAMS (1969) that 
depression of the monosynaptic reflex produced in the spinal cat by i.v. admin
istration of pentobarbital was antagonized by i.v. injection ofthe convulsant bar
biturate 5-(2-cyclohexylideneethyl)-5-ethyl barbituric acid (CHEB). A postsyn
aptic site of action of barbiturates is suggested by the finding that pentobarbital 
progressively reduced the amplitude of the spike evoked in single neurons of the 
cat spinal trigeminal nucleus by orthodromic and antidromic stimulation (FROMM 
and KILLIAN 1967). In a study carried out with the microelectrode technique on 
mouse spinal neurons growing in tissue culture, it was found that the ( + )-isomer 
of pentobarbital predominantly produced excitatory effects, while the (-)
isomer was an inhibitory drug that was more effective in potentiating the effects 
of GAB A than the excitatory isomer (HUANG and BARKER 1980). 

In contrast to phenytoin, pentobarbital has little effect on the post-tetanic po
tentiation of monosynaptic reflex activity (ESPLIN 1963). On the other hand, 
pentobarbital prolonged the synaptic recovery of the reflex like trimethadione 
(ESPLIN 1963). 

2. Facilitation of Presynaptic Inhibition 

Depressant barbiturates including pentobarbital and phenobarbital facilitate pre
synaptic inhibition like GABA, the transmitter mediating this type of inhibition 
in the spinal cord (ECCLES et al. 1963; ECCLES 1965; SCHMIDT 1963, 1964; MIYA
HARA et al. 1966; NICOLL 1975b). NICOLL (1975b) assumes that the primary af
ferent depolarization produced by pentobarbital should reduce the amount of 
(excitatory) transmitter released at the first synapse of the reflex pathway. 

3. Reflex Activity in Long Loops and Influence 
on the Brain Stem Reticular Formation 

Electrical stimulation of peripheral nerves carried out in anesthetized cats with 
an intact neuraxis produce a reflex discharge with a relatively short latency and 
sometimes a second reflex discharge with a remarkably longer latency. The first 
or early reflex is based on events in segmental-spinal paths, while the second or 
late reflex discharge is brought about by activity in so-called long loops, i.e., that 
which ascends to the brain stem and, after having been relayed there, descends 
to spinal neurons. Phenobarbital (10-40 mg/kg i.v.) was equally potent in reduc
ing both spinal and long-loop reflexes (SCHLOSSER et al. 1975 a, b); phenytoin (10-
40 mg/kg i.v.) predominantly depressed the spinal reflex, while diazepam (0.01-
1.4 mg/kg) markedly depressed the long-loop reflex but was considerably less ef
fective on the spinal reflexes. 
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Cutting the brain of cats at the intercollicular level results in rigidity and en
hancement of stretch reflexes due to an increased excitatory impulse flow from 
the brain stem reticular formation causing hyperactivity of the spinal y-mo
toneurons. These changes in spinal motor activity were depressed by pentobarbi
tal (CHIN and SMITH 1962; SCHALLEK et al. 1964). It seems that barbiturates ex
clusively depress excitatory influences on spinal reflexes from the brain stem re
ticular formation, while inhibitory influences remain unaffected by the barbitu
rates (BROOKS et al. 1956; MANDELL and BACH 1957). 

4. Seizure Activity 
In decapitated animals (cat, rabbit, hamster, mouse), electrical stimulation of the 
spinal cord resulted in motor convulsions of the hindlimbs which were similar to 
those seen in electroconvulsions produced in intact animals (ESPLIN and FRESTON 
1960). Phenobarbital had only a weak effect in a dose (8 mg/kg) which suppressed 
convulsions in the intact animal, while pentobarbital (8 mg/kg) markedly de
pressed the spinal seizure activity. 

LOTHMAN and SOMJEN (1976) noted that i.v. injections of phenobarbital (10 
mg/kg), pentobarbital (20-30 mg/kg), and thiamylal (2 mg/kg) suppressed the 
seizure activity which appeared after local or systemic administration of penicillin 
in the recordings from the spinal cord in decapitated cats. 

V. Brain 
1. Neuron Activity and Synaptic Transmission 
Various barbiturates depressed the spontaneous activity of cortical neurons in the 
intact brain (HERZ and FUSTER 1964) and the cerveau isole (CRAWFORD 1970) of 
cats and reduced the activity evoked by microiontophoretic administration ofthe 
excitatory substances acetylcholine and DL-homocysteic acid in the cerveau isoll! 
preparation (CRAWFORD 1970). 

In neurons of the rabbit olfactory bulb, pentobarbital in relatively high doses 
(40-70 mg/kg i.v.) depressed the synaptic excitatory potentials evoked by lateral 
olfactory tract (LOT) stimulation (NICOLL 1972); antidromic activation of these 
neurons was only slightly less sensitive or, in other words, pentobarbital acted 
pre- and postsynaptically. Postsynaptic inhibition was prolonged by pentobarbi
tal and hexobarbital (NICOLL 1972), and this prolongation was not enhanced by 
aminooxyacetic acid, an inhibitor of GABA metabolism. Prolongation of the in
hibitory postsynaptic potential was also observed by NICOLL et al. (1975) in cat 
hippocampal neurons after pentobarbital. In slices prepared from the guinea pig 
olfactory cortex containing the LOT, stimulation of this bundle produced a sum
med action potential in the activated afferent fibers of the LOT as well as a mono
synaptic and a polysynaptic response in the cortex; pentobarbital consistently de
pressed the synaptic transmission while the summed action potential was relative
ly resistant to the action of the drug (RICHARDS 1972; SCHOLFIELD and HARVEY 
1975; SCHOLFIELD 1977), indicating that the barbiturate mainly acted presynapti
cally. 

In agreement with observations made in peripheral nerves (see Sect. C.III.l), 
phenobarbital was found to inhibit the calcium influx into synaptosomes of the 
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rabbit neocortex which was produced by depolarizing potassium concentrations 
in the suspension medium (SOHN and FERRENDELLlI976). 

2. Afterdischarges 

Afterdischarges as a sign set up by neurons to signal imminent seizure activity 
were depressed by phenobarbital when they were evoked from the thalamus and 
rhinencephalon of the rabbit (GANGLOFF and MONNIER 1957). Intraperitoneal in
jections of phenobarbital (7.5, 15, und 30 mg/kg) also depressed the afterdis
charges evoked in the rat cortex by electrical stimulation of the hippocampus (AL
BERTSON et al. 1977); it was more effective than diazepam (1.4--15 mg/kg). The 
threshold for eliciting afterdischarges in the thalamus of cats and rats was raised 
by systemic administration of phenobarbital, 5-40 mg/kg (ITO et al. 1977). It was 
raised in the cat caudate nucleus, septum, amygdala, and septum by phenobarbi
tal, 10 mg/kg i.v. (SCHALLEK and KUEHN 1965; SCHALLEK et al. 1964). 

Epileptiform afterdischarges evoked by repetitive electrical stimulation of 
chronically isolated slabs of the cat cortex were shortened by a low dose of 5 mg/ 
kg phenobarbital i.p.; they were not affected by a hypnotic dose of pentobarbital 
(5 mg/kg i.p.). This model seems to be able to distinguish between the actions of 
anticonvulsant and hypnotic barbiturates. 

3. Focal Seizure Activity 
The results concerning the effect of barbiturates on focal epileptiform activity in 
the cortex are controversial. Phenobarbital (5-15 mg/kg) increased the frequency 
and duration of spike discharges from a cobalt-induced focus in the rat cortex and 
also produced bilateral bursts of discharges in control animals after oral admin
istration (Dow et al. 1973). Likewise, enhancement by phenobarbital (5-40 mg/ 
kg i.v.) of spike discharges was observed in foci produced by freezing of the visual 
cortex (HORI et al. 1979). 

EDMONDS et al. (1974) observed no significant effect of phenobarbital (15 and 
30 mg/kg orally) on the spike discharge from a penicillin-induced focus in the rat 
cortex. MORRELL et at. (1959), on the other hand, noted that phenobarbital, 50 
mg/kg i.p., slightly suppressed the activity in the primary focus produced by freez
ing of the visual cortex of the rabbit, and markedly depressed the spread of seizure 
activity to the basal diencephalon. VASTOLA and ROSEN (1960) observed a clear 
depression by 4 mg/kg i.v. phenobarbital (and phenytoin) on focal activity 
evoked in the visual cortex of the decerebrate cat by electrical stimulation. 

STRASBERG et at. (1967) reported that focal epileptiform activity produced by 
local freezing in the cat developed only in the awake animal, not under pentobar
bital or ether anesthesia. Intravenous injection of GABA depressed the focal 
epileptiform activity; radiolabeled GABA administered by i.v. injection passed 
rapidly from the blood into the brain at the site of the freezing lesion. 

In experiments performed on epileptiform activity produced by local admin
istration of penicillin to the rat cortex, MARES et al. (1977) found that three sub
sequent i.p. injections of pentobarbital (5, 15, and 40 mg/kg) increased the inter
vals between seizure bursts in the primary as well as in the mirror focus. The shape 
of the primary and the projected focal discharges after administration of pento
barbital and local application of GAB A to the mirror focus were similar. 
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ROLDAN et al. (1971) noted that allobarbital or thiopental (10-20 mg/kg) 
markedly reduced the incidence of the motor manifestations induced by chronic 
cobalt implantation into the rat hippocampus and/or thalamic nuclei. 

Kindled seizure activity recorded from the hippocampus or sensory cortex in 
response to repeated stimulation of the rat hippocampus were not suppressed by 
phenobarbital 30 mg/kg; however, when the same dose was given before kindling, 
it prevented the appearance of seizure activity (ALBERTSON et al. 1978). Phenobar
bital (15, 30, and 60 mg/kg i.p.) and, more effectively, pentobarbital (3.75, 7.5, 
and 15 mg/kg i. p.) reduced the duration of the seizure discharges in the cortex and 
amygdala, and attenuated the motor manifestations of kindled amygdaloid sei
zures in rats (ALBERTSON et al. 1980); diazepam and clonazepam were also very 
effective in this model, while phenytoin and other anticonvulsants (oxazolidines, 
ethosuximide, and valproic acid) exerted only very weak effects. Phenobarbital, 
diazepam, and the GABA transaminase inhibitor ethanolamine-o-sulfate pre
vented the motor manifestation of kindling induced by electrical stimulation of 
the frontal cortex in rats without suppressing the clonus evoked by nonkindling 
stimulation (GOFF et al. 1978); folic acid in subconvulsive doses facilitated the 
kindling response. 

VI. Summary 

The anticonvulsant action of phenobarbital may be ascribed primarily to a reduc
tion of membrane excitability. In contrast to phenytoin, it does not selectively af
fect hyperexcitability of neurons but depresses normal excitatory synaptic trans
mission. Facilitation of GABA-mediated transmission will also contribute to the 
depression of the spread of excitation along neuron paths. In general, the anes
thetic pentobarbital is more potent than the anticonvulsant phenobarbital, and 
there are only very few examples where phenobarbital is more effective than 
pentobarbital. Thus, it is not possible to demonstrate the specific action on 
neuronal membranes (or neuron populations) which makes a barbiturate more 
an anticonvulsant than a hypnotic-anesthetic agent. 

D. Carbamazepine 
I. Nerve Fibers 
In voltage-clamp experiments performed on Myxicola giant axons, SCHAUF et al. 
(1974) found that carbamazepine (from 2.5 x 10-4 to 10- 3 M) dose dependently 
and reversibly reduced the sodium and potassium conductances. The reduction 
of the sodium conductance was slightly more marked than that of the potassium 
conductance. The leakage current for hyperpolarizing voltage steps was reduced 
by the drug, and the membrane was reversibly depolarized. It must be noted that 
the concentrations used in this preparation were relatively high compared with 
therapeutic plasma levels (23.6 ~g/ml in contrast to about 1 0 ~g/ml). 

HONDA and ALLEN (1973) noted that carbamazepine increased the threshold 
of the frog sciatic nerve, reduced conduction velocity and amplitude of compound 
action potentials (especially Ab fibers), and prevented hyperexcitability following 
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high-frequency stimulation or reduced calcium concentration. JULIAN and HOL
LISTER (1975), however, did not observe significant changes in excitability and 
conduction velocity of myelinated or nonmyelinated sciatic nerve fibers after ad
ministration of carbamazepine (2.1 x 10 - 5 to 8.5 x 10 - 5 M). In the rabbit sciatic 
nerve, KRUPP (1969) observed a reduction in amplitude and an increase in latency 
and duration of action potentials after i.v. administration of carbamazepine 
20 mg/kg, the same result was obtained with phenytoin. 

Carbamazepine, 300 mg/kg i.p., inhibited repetitive afterdischarges caused by 
high-frequency (tetanic) stimulation of the cat sural nerve in situ without chang
ing conduction velocity or the capacity of the nerve fibers to follow high-frequen
cy stimulation (HERSHKOWITZ et al. 1978). Likewise, carbamazepine (9--45 ~g/ml 
plasma) produced a concentration-dependent depression of repetitive discharge 
(post stretch, tonic stretch, spontaneous) from deefferented muscle spindles of 
spinal and chloralose-anesthetized cats (HERSHKOWITZ and RAINES 1978). 

II. Synaptic Transmission 
1. Neuromuscular Junctions 

At the frog neuromuscular junction, carbamazepine decreased the quantal con
tent of transmitter released and reduced the amplitude of the end-plate potential 
more than the amplitude of the miniature end-plate potential (ALDERDICE and 
TROMMER 1980). The drug depressed the post-tetanic potentiation of muscle con
traction in the in vivo neuromuscular preparation of the cat soleus; the depression 
was proportional to the plasma concentration of carbamazepine (HERSHKOWITZ 
et al. 1978). Contractions elicited by single stimuli were not influenced by the 
drug. 

2. Spinal Cord 

Carbamazepine depressed polysynaptic reflexes in spinal cats in doses (10-30 mg/ 
kg i.v.) which did not reduce the amplitude of monosynaptic reflex responses; 
moreover, carbamazepine reduced the post-tetanic potentiation of the monosyn
aptic reflex as did phenytoin (KRUPP 1969). Similar results were obtained by 
THEOBALD and co-workers (THEOBALD and KUNZ 1963; THEOBALD et al. 1970), 
who noted that carbamazepine (32 mg/kg i.v.) reduced polysynaptic reflexes in 
spinal and anesthetized cats and slightly enhanced monosynaptic reflexes. The 
drug reduced post-tetanic potentiation of monosynaptic reflex activity in a dose 
(10 mg/kg i.v.) which did not change the monosynaptic reflex amplitude. JULIEN 
and HOLLISTER (1975) failed to produce depression of post-tetanic potentiation 
in spinal nonanesthetized cats when administering 10 mg/kg, while doses of 
30--40 mg/kg markedly depressed post-tetanic potentiation. 

3. Spinal Trigeminal Nucleus 

In awake cats with chronic electrodes implanted in the spinal trigeminal nucleus 
and in the center median of the thalamus, HERNANDEZ-PE6N (1965) observed that 
carbamazepine (15 mg/kg) produced a partial but significant depression of the re
sponse evoked in the trigeminal nucleus by stimulation of the infraorbital nerve. 
The evoked potentials recorded from the center median were almost completely 
or totally abolished by the drug. 
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Recordings made from single neurons of the cat spinal trigeminal nucleus re
vealed that carbamazepine in very low doses (4 to 6 mg/kg i.v.) increased the latency 
and reduced the number of impulse discharges in response to electrical stimula
tion of the afferent maxillary nerve, while the response to antidromic stimulation 
remained unchanged (FROMM and KILLIAN 1967; FROMM 1969). Phenytoin (3 mg/ 
kg i.v.) exerted an identical effect. When the response of trigeminal neurons was 
inhibited by conditioning stimulation of the maxillary nerve (to which also the 
test stimulus was applied), carbamazepine (5-20 mg/kg i.v.) and phenytoin (5-20 
mg/kg i.v.) increased the inhibition (FROMM et al. 1981 a). Carbamazepine and 
phenytoin had no effect on the inhibition produced by stimulation in the peri
aqueductal gray matter (FROMM et al. 1981 b). 

The depression of impulse transmission in the trigeminal nucleus is assumed 
to be the cause for the beneficial effect of both carbamazepine and phenytoin in 
the trigeminal neuralgia. 

III. Brain 

1. Evoked Responses and Afterdischarges 

Carbamazepine (10-15 mg/kg i.p.) depressed or abolished the afterdischarges 
evoked by electrical stimulation in the nucleus amygdala and hippocampus of 
cats, and limited the propagation of this hyperactivity to the hypothalamus (HER
NANDEZ-PE6N 1964). The threshold of afterdischarges in parts of the limbic sys
tem of unanesthetized cats was markedly increased by carbamazepine (5-10 mg/ 
kg); the elevation of the threshold by carbamazepine in the corticothalamic sys
tem was less marked and no effect was exerted by the drug on the afterdischarge 
threshold in the lenticular nucleus (KOBAYASHI et al. 1967). 

HOLM et al. (1970) observed in the encephale isole preparation of the cat (i.e., 
in the brain transected at the upper cervical segment) that carbamazepine (20 mg/ 
kg) raised the threshold of evoked responses in reticulothalamic projections, in 
efferent projections from the center median and ventroanterior nucleus of the 
thalamus, and in efferent connections of the hippocampus; carbamazepine, 60 
mg/kg and above, raised the threshold of several responses to stimulation of the 
brain stem reticular formation, and evoked responses in efferent amygdaloid pro
jections were inhibited at a dose of 120 mg/kg. DOLCE (1969) observed that car
bamazepine (5-10 mg/kg i.v.) did not influence the evoked responses in re
ticulocortical and thalamocortical projections (arousal and recruitment); how
ever, the afterdischarges evoked in the hippocampus and neocortex by electrical 
stimulation in the amygdala pars basolateralis was effectively blocked. 

Carbamazepine (10 mg/kg) increased the threshold and reduced the duration 
of afterdischarges evoked by electrical cortical stimulation in the cat (JULIEN and 
HOLLISTER 1975). 

2. Focal Seizure Activity 

DOLCE (1969) noted that chronic administration of carbamazepine (2 x 30 mg/ 
day for 1 week) did not depress focal cortical seizure activity induced by chronic 
epileptogenic lesions with aluminum oxide gel applied to the nucleus amygdala. 
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DAVID and GREWAL (1976) produced focal cortical seizure activity in rhesus 
monkeys by implanting alumina gel in the sensorimotor cortex of hippocampus 
and observed that carbamazepine (10 mg/kg i.m.) reduced intracortical spike 
propagation. The aggressivity and other behavioral manifestations in monkeys 
with hippocampal foci were markedly reduced by carbamazepine. 

JULIEN and HOLLISTER (1975) reported that the drug (5 mg/kg i.p.) reduced or 
abolished focal cortical seizure activity evoked by applying penicillin to the cat 
cortex. 

IV. Summary 

Carbamazepine depresses post-tetanic potentiation as does phenytoin. This effect 
may largely account for the usefulness of the drug in the treatment of grand mal 
epilepsy, and focal and psychomotor seizures. Very likely, the effect of carba
mazepine on the limbic system also contributes to the anticonvulsant action of 
the drug. 

E. Vaiproic Acid 

I. Ganglia and Spinal Cord Neurons 
Valproic acid (5-30 mM) produced a dose-dependent hyperpolarization of 
Ap/ysia neurons which was associated with an increased potassium conductance 
(SLATER and JOHNSTON 1978). MACDONALD and BERGEY (1979) noted that 
microiontophoretic application of valproic acid to neurons of the mouse spinal 
cord grown in cell culture dose-dependently enhanced the membrane responses 
(hyperpolarization, increase in conductance) following microiontophoretically 
applied GABA, whereas the effect of glycine or glutamate was not influenced. 
Valproic acid was ineffective when applied alone and directly to neuron somata. 
These authors conclude that valproic acid (like barbiturates or benzodiazepine 
derivatives) acts on a "modulator site" in the GABA receptor complex and 
thereby increases either the affinity of the receptor for GABA or the unitary 
GABA-coupled chloride conductance. 

GABA-induced depolarization of dorsal root ganglion cells of the cat, which 
are devoid of synapses, was increased by phenobarbital but not by valproic acid 
(GALLAGHER et al. 1981). This finding suggests that valproic acid is effective only 
at the GABA receptor sites in the synaptic region where this inhibitory transmit
ter is released. 

II. Brain 
1. Spontaneous Activity of Single Neurons 

In two reports, microiontophoretically applied valproic acid has been described 
to produce either a slight excitatory effect on neurons in the cerebral cortex 
(SCHMUTZ et al. 1979) or even a marked enhancement of the activity of cortical 
and hippocampal neurons (BLUME et al. 1979) of the rat. In view of the anticon
vulsant property of valproic acid, its interaction with GABA is of particular in
terest. 
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SCHMUTZ et al. (1979) and KERWIN et al. (1980) observed that microionto
phoretical application of valproic acid to neurons in the rat neocortex increased 
and prolonged the inhibitory effect of microiontophoretically applied GABA, 
while the inhibitory effect of glycine was not changed. Intraperitoneal injection 
of valproic acid (1O~00 mg/kg) dose-dependently depressed the spontaneous 
activity of neocortical neurons, the time course of this effect being similar to that 
of the anticonvulsant effect of the drug in electroseizures. However, the synaptic 
(presumably GABA-mediated) inhibition of neurons in the substantia nigra or 
Deiter's nucleus of the rat was generally not affected by systemic or local appli
cation ofvalproic acid. BALDINO and GELLER (1981) also report that valproic acid 
enhanced GABA-induced inhibition of neurons in the rat cerebral cortex without 
influencing glycine-induced inhibition. The effect of combined microionto
phoretic application ofvalproic acid and GABA was abolished by bicuculline. 

In similar experiments using microiontophoretic drug application to neurons 
in the rat brain stem, GENT and PHILLIPS (1980) found that valproic acid enhanced 
the inhibitory effect of GABA and the GABA agonist muscimol but did not affect 
glycine-induced inhibition or glutamate-induced excitation. The effect of 
microiontophoretically applied GABA or muscimol was also enhanced by intra
venous injections ofvalproic acid, 200 and 400 mg/kg. These authors assume that 
valproic acid acts on the GABA receptor complex. 

When the response to maxillary nerve stimulation of single neurons in the 
spinal trigeminal nucleus of the cat was inhibited by conditioning stimulation in 
the periaqueductal gray matter, valproic acid reduced the inhibition as was sig
nalled by a decrease in the latency of the response (FROMM et al. 1981 b). It should 
be borne in mind, however, that stimulation in the periaqueductal gray matter 
produces morphine-like depression of nociceptive activity, and that 5-hydroxy
tryptamine rather than GABA plays an important role in this type of inhibition 
(BESSON et al. 1978). 

2. Evoked Responses and Afterdischarges 

VOSKUYL et al. (1975) recorded field potentials evoked in the piriform cortex by 
electrical stimulation of the lateral olfactory tract in slices prepared from the 
guinea pig brain. Valproic acid (6 x 10- 3 to 1.2 X 10- 2 M) slightly depressed ex
citatory synaptic transmission and prevented the appearance of penicillin-in
duced spikes. 

Valproic acid (200 mg/kg i.p.) suppressed afterdischarges in the hippocampus 
of the cat evoked by electrical stimulation of this brain area (MUTANI et al. 1968). 
The drug (400 and 600 mg/kg orally) significantly decreased the duration of after
discharges in the rat amygdala and elevated the threshold (SALT et al. 1980). Val
proic acid (40-160 mg/kg) also raised the threshold of thalamic afterdischarges 
induced by electrical stimulation of the cat nucleus centralis lateralis and the rat 
nucleus reticularis without changing the duration of the afterdischarges in both 
species (ITO et al. 1977). 
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3. Focal Seizures and Kindling 
Valproic acid (200 mgjkg i.p.) suppressed the epileptogenic activity generated by 
a cobalt focus in the cat hippocampus (MUTANI et al. 1968); it blocked the spread
ing of spontaneous as well as electrically induced seizure discharges from the hip
pocampus to the neocortex. MUTANI and FARIELLO (1969) noted that valproic 
acid (200 mgjkg i.p.) suppressed the ictal and interictal seizure discharges in cats 
with an epileptogenic cobalt focus in the cruciate cortex. After administration of 
the drug, electrical stimulation of the cobalt focus failed to produce seizure activ
ity. The same authors (FARIELLO and MUTANI 1970) observed that subcortical in
jection of aluminum gel into the sensorimotor cortex of cats produced focal cor
tical seizure discharges and myoclonic jerks of the head. This focal seizure activity 
could generalize, and valproic acid prevented this secondary generalization 
without influencing the epileptogenic focus. Also VAN DUJN and BECKMANN 
(1975) noted that valproic acid (200 mgjkg s.c.) did not decrease the focal dis
charge in the sensorimotor cortex of the awake cat produced by topical cobalt ad
ministration, but effectively inhibited the spread of seizure activity from the focus; 
protection against seizure spread was about the same as after administration of 
phenobarbital (30 mgjkg s.c.) and somewhat less than after administration of 
diazepam (2 mgjkg s.c.). 

ELAZAR and GOTTESFELD (1975) found that aminooxyacetic acid (20 and 30 
mgjkg) and valproic acid (200 and 400 mgjkg) produced a significant increase of 
the GABA level in the vicinity of a penicillin-induced cortical focus in rats, but 
did not prevent the fall in GABA concentration in the focus or reduce focal 
epileptogenic activity. Local administration of GABA to the focus, however, pro
duced a short-lasting depression of seizure activity. The authors suppose that the 
increase in the GABA level produced by aminooxyacetic acid (AOAA) or val
proic acid may be insufficient to overcome the effect of penicillin. 

Forelimb clonus and full convulsions kindled by repeated stimulation of the 
rat amygdala were reduced by valproic acid (400 and 600 mgjkg orally) (SALT et 
al. 1980); the drug was found to have a depressant effect on a kindled epilepto
genic focus and a prophylactic effect on the development of kindled seizures. 
However, ALBERTSON et al. (1980) think that valproic acid has only a poor effect 
on kindled amygdaloid seizures in rats. 

III. Summary 
At present, the most plausible explanation for the anticonvulsant action of val
proic acid is a facilitation ofGABA-ergic inhibition in the central nervous system. 
Thus, the drug acts like the benzodiazepines. Its indications in the treatment of 
the epilepsies overlap with those of the benzodiazepine derivatives, but it is well 
known that there are fundamental differences in the actions of both groups of 
substances which need consideration. 

F. Oxazolidinediones 
I. Nerve Fibers and Ganglia 
Trimethadione at concentrations of up to 10- 2 M had no effect on impulse con
duction and hyperexcitability produced in the isolated frog sciatic nerve by supra-



Electrophysiological Effects of Antiepileptic Drugs 633 

maximal and frequent electrical stimulation; nor did it reduce calcium concentra
tion in the suspension medium (TOMAN 1952). In Helix aspersa neurons it in
creased the membrane potential, reduced the rate of pentylenetetrazol-induced 
burst-like discharges, and prevented bursts elicited by depolarizing currents 
(FAUGIER-GRIMAUD 1978). 

II. Spinal Cord 

Trimethadione (400 mg/kg i.v.) did not affect monosynaptic reflex activity and 
its post-tetanic potentiation, but slightly depressed polysynaptic reflexes (GOOD
MAN et al. 1946b; ESPLIN and CURTO 1957; ESPLIN 1963). In anesthetized cats, 
trimethadione (200 mg/kg) reduced the spontaneous activity of spinal inter
neurons as well as the activation of the interneurons by electrical stimulation of 
the dorsal roots, ipsi- and contralateral motor cortex, and various parts of the re
ticular formation (ARUSHANYAN et al. 1967). 

The most conspicuous effect of trimethadione on spinal reflex activity is the 
increase by the drug (400 mg/kg i.v.) of the time of synaptic recovery ofmonosyn
aptic reflexes determined by testing with two supramaximal stimuli delivered at 
varying intervals (ESPLIN and CURTO 1957; ESPLIN 1963; ESPLIN and ZABLOCKA 
1969), and this effect is antagonized by pentylenetetrazol (ESPLIN and CURTO 
1957). It is in agreement with this result that ARUSHANYAN et al. observed 
that trimethadione (200 mg/kg i.v.) markedly reduced the number of mono
synaptic responses of single spinal motoneurons of the cat to high-frequency 
stimulation of primary afferents and, moreover, prolonged the duration 
of afterhyperpolarization. Prolongation of synaptic recovery will also be the 
reason why trimethadione depresses polysynaptic reflex activity, because the 
drug will reduce the frequency of the impulse discharges from the interneurons 
in the polysynaptic reflex path. However, trimethadione at doses of 200--400 mg/ 
kg i.v. has also been found to enhance presynaptic inhibition of a monosynaptic 
reflex in spinalized cats (MIYAHARA et al. 1966). 

ESPLIN and FRESTON (1960) noted that continuous high-frequency stimulation 
of the cervival spinal cord in decapitated animals (cat, rabbit, hamster, mouse) 
produced a sequence of hindlimb movements identical to those seen in the maxi
mal electroshock seizure in intact animals; at low stimulus frequencies either tonic 
flexion or phasic movements occur. Postictal depression, declining exponentially 
with time, was seen following spinal cord stimulation, and trimethadione (400 
mg/kg i. v.) markedly prolonged spinal postictal depression. 

III. Synaptic Transmission in the Spinal Trigeminal Nucleus 

The latency of the response and number of impulses evoked by stimulation of the 
maxillary nerve in single spinal trigeminus nucleus neurons of the cat was re
duced by low doses of trimethadione, whereas doses required to produce an an
ticonvulsant effect facilitated the response (FROMM and KILLIAN 1967). Inhibition 
by conditioning cortical stimulation of the trigeminal neuron response to maxil
lary nerve stimulation was reduced by the drug in doses of 10--40 mg/kg (FROMM 
and KOHLI 1972). 
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IV. Brain 

1. Mterdischarges 

In the unanesthetized rabbit, trimethadione in an exceptionally high dose (1.5-
2.0 g/kg) raised the threshold and prolonged the cortical afterdischarges; it ex
erted a similar but weaker effect on afterdischarges in the rhinencephalon and ele
vated the threshold of thalamic afterdischarges without changing their duration 
(GANGLOFF and MONNIER 1957). 

In acute and chronic experiments carried out on cats, trimethadione (120 mg/ 
kg) lowered the threshold of afterdischarges in the ectosylvian cortex and pro
duced only a weak reduction in the duration and spread of afterdischarges in the 
hippocampus, amygdala, and septum (STROBOS and SPUDIS 1960). SCHALLEK and 
KUEHN (1963) noted that the drug (100 mg/kg i.v.) elevated the threshold of after
discharges evoked from the central lateral nucleus of the cat thalamus, while it 
did not exert an effect on the threshold ofthe dorsomedial thalamic nucleus, cor
tex, or hippocampus. 

2. Focal Seizure Activity 

Trimethadione (100 mg/kg i.p.) suppressed the primary epileptogenic focus pro
duced by local freezing of the rabbit visual cortex and limited the spread of seizure 
activity to the basal diencephalon (MORRELL et al. 1959); transcortical spread was 
not effectively limited by the drug until the primary focus itself was suppressed. 
HORI et al. (1979) found that trimethadione (160 mg/kg i.v.) was ineffective in 
suppressing spike activity in the neighborhood of local freezing of the cat visual 
cortex and in limiting cortical spread. Administered at a lower dose (14 mg/kg 
i.v.), trimethadione failed to influence focal cortical seizure activity evoked in the 
visual cortex of intercollicularly decerebrate cats by electrical stimulation in the 
neighboring cortex (VASTOLA and ROSEN 1960). Trimethadione (400 mg/kg i.p.) 
depressed the cortical epileptogenic activity produced by cobalt implantation into 
the cortex of rats (CHIU et al. 1979). 

Seizure activity elicited by electrical stimulation in isolated cerebral cortex 
slabs of the suprasylvian gyrus was not influenced by trimethadione or 
ethosuximide, while phenytoin reduced the duration of seizure discharges (KRIP 
and VAZQUEZ 1971). 

Trimethadione (from 100 to 800 mg/kg i.p.) and paramethadione (from 50 to 
200 mg/kg i.p.) showed only a weak effect in attenuating kindled amygdaloid sei
zures in rats (ALBERTSON et al. 1980). 

v. Summary 
Nearly all the studies presented here have made use of trimethadione instead of 
5,5-dimethyl-2,4-oxazolidinedione (DMO), which is an active metabolite of the 
drug. One might feel safer in interpreting the results in terms of an anticonvulsant 
action if crucial experiments had also been carried out with DMO, but a compar
ison of the doses of trimethadione and DMO which provide protection against 
electroconvulsion in rats makes it unlikely that trimethadione is a pre-drug; the 
protective dose of trimethadione in rats is 500 mg/kg (GOODMAN et al. 1946c) 
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while that of DMO is 610 mg/kg (WITHROW et al. 1968). WITHROW et al. (1968) 
and FREY (1969) also state that trimethadione is a better antagonist of penty
lenetetrazol than DMO. Thus, trimethadione may be judged as an anticonvulsant 
agent of its own (but see also WITHROW 1980), and most likely its effect derives 
from the slowing of synaptic recovery. However, this particular action does not 
explain per se why oxazolidinediones are specifically effective in petit mal epilep
sy. Predilective sites of action do not become apparent from studies on afterdis
charges evoked in various brain areas or on focal seizure activity. 

G. Succinimides 
Remarkably few electrophysiological studies have been carried out on the suc
cinimides (ethosuximide, methsuximide, phensuximide). 

I. Synaptic Transmission 
1. Neuromuscular Junction 

At the frog neuromuscular junction, ethosuximide decreased the amplitudes of 
miniature end-plate potentials and end-plate potentials in a proportional manner, 
while it had no effect on the quantal content of transmitter released (ALDERDICE 
and TROMMER 1980). PINCUS (1977) noted that ethosuximide (2 x 1O- 4M) mark
edly increased the end-plate potential and quantal content at the partially cura
rized frog neuromuscular junction and in some instances abolished the effect of 
curare. In a medium with a low calcium concentration, the drug was ineffective. 
The author concluded that ethosuximide may augment transmitter release by in
creasing the influx of calcium ions into the presynaptic terminal. 

2. Spinal Cord and Spinal Trigeminal Nucleus 

CAPEK and ESPLIN (1973,1977) observed in experiments performed on monosyn
aptic reflexes in spinal cats that the decline in reflex amplitude occurring during 
repetitive stimulation was enhanced by ethosuximide (200 and 400 mg/kg i.v.). 
They conclude that the decline is due to depletion of the excitatory transmitter 
released at the endings of primary afferent terminals and that ethosuximide en
hances transmitter release, thereby intensifying depletion. But it is not clear why 
the first response evoked by a train of stimuli was not increased by drug-induced 
enhancement of transmitter release but, instead, remained unchanged. 

Ethosuximide (10--25 mg/kg i.v.) reduced both the latency of the response of 
single neurons of the cat spinal trigeminal nucleus to maxillary nerve stimulation 
and inhibition by conditioning cortical stimulation of this response (FROMM and 
KOHLI 1972). 

3. Brain 

In unrestrained rats with chronically implanted recording electrodes in the visual 
and sensorimotor cortex, olfactory bulb, and hippocampus, photic stimulation 
produced afterdischarges which were reduced by i.p. injections of ethosuximide 
(from 50 mg/kg to 500 mg/kg), while the primary components of the evoked 
potentials were enhanced by the drug (KASTNER et al. 1968). 
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When paired electrical stimuli were delivered to the ventrolateral thalamus 
and the evoked responses were recorded from the ipsilateral sensorimotor cortex 
of cats, ethosuximide (40 mg/kg i.v. or more) did not change or increased the ex
citability (i.e., lowered the threshold) of the thalamic neurons at short stimulus 
intervals, while it reduced the excitability and raised the threshold at longer 
stimulus intervals (ENGLANDER et al. 1977). 

II. Brain: Focal Seizure Activity 

KASTNER et al. (1970) observed that epileptiform focal activity produced by cobalt 
implantation into the sensorimotor cortex of the rat is reduced by ethosuximide 
in doses higher than 200 mg/kg. Likewise, Dow et al. (1973) and Cmu et al. 
(1979) noted that ethosuximide (50-200 mg/kg) suppressed spike activity in co
balt-induced epileptogenic foci in the rat cortex. 

Succinimides exerted only a weak depressant effect on kindled amygdaloid 
seizures in rats (ALBERTSON et al. 1980). Ethosuximide reduced burst activity in 
the electroencephalogram of penicillin-induced generalized convulsions in cats 
(GUBERMAN et al. 1975). Seizures evoked in domestic epileptic fowl by photic 
stimulation were not depressed by either acute or chronic administration of 
ethosuximide (DAVIS et al. 1978). 

III. Summary 

In view of the strikingly scarce information on the effects of the succinimides on 
single neurons and neuron populations, it is hard even to speculate on the mech
anisms by which these drugs might produce their anticonvulsant action. Since 
succinimides are more effective against pentylenetetrazol convulsions than 
against maximal electro seizure, it has been proposed that they might act like the 
oxazolidinediones. There are some more resemblances in the effects of the two 
groups of drug on neuron responses (effectiveness on afterdischarges, ineffective
ness on amygdaloid kindling), but it must be admitted that the mode of action 
of the succinimides is less clear than that of the oxazolidinediones. 

H. Benzodiazepines 

I. Facilitation of GABAergic Transmission 
Benzodiazepines bind to specific receptor sites (BRAESTRUP and SQUIRES 1977, 
1978; MOHLER and OKADA 1977, 1978) which are part of the gamma-amino
butyric acid (GABA) receptor-ionophore complex, to which also barbiturates 
and the convulsants picrotoxin and bicuculline bind (OLSEN et al. 1978, 1979; 
TICKU and OLSEN 1978; OLSEN 1981 a, b; IADAROLA and GALE 1981; OLSEN and 
LEEB-LUNDBERG 1981). GABA is the inhibitory transmitter mediating presynap
tic inhibition by depolarization of primary afferents in the spinal cord, while in 
the brain it is one of the transmitters producing postsynaptic inhibition; glycine 
is the transmitter which mediates postsynaptic inhibition by hyperpolarization 
(for a short review on GABA and glycine as inhibitory transmitters see COSTA et 
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al. 1975 b). The GABA receptor is closely associated with the chloride ionophore, 
while the benzodiazepines seem to interact with a modulator protein which 
changes the recognition sites for GABA and thus enhances the effect of the inhibi
tory transmitter (COSTA and GUIDOTTI 1979). Barbiturates enhance the binding 
of diazepam to the benzodiazepine receptor site (LEEB-LuNDBERG et al. 1980). Bi
cuculline inhibits the binding of GABA to the receptor sites (ZUKIN et al. 1974). 
Picrotoxin blocks the chloride ionophore (TICKU and OLSEN 1977; OLSEN et al. 
1979; OLSEN and LEEB-LUNDBERG 1981). Both agents antagonize the inhibitory 
effect of GABA and, by disinhibition, produce convulsions. The role of GABA 
in convulsive disorders is discussed by MELDRUM in Chap. 7, this volume, and in 
the review of STRAUGHAN (1974) and ROBERTS (1980). Although phenobarbital 
acts (like picrotoxin) at the chloride ionophore of the GABA receptor complex 
(TICKU 1980; for further literature see above), diazepam was about nine times 
more effective against picrotoxin convulsions (L6sCHER and FREY 1977). 

Reference to an involvement of the GABA receptor complex in the effect of 
benzodiazepines on neuronal membranes or neuron pools will be made in the fol
lowing sections whenever information is available. Examples of facilitation of 
GABAergic transmission by benzodiazepines, barbiturates, and various other 
drugs are given in the reviews ofHAEFELY et al. (1975,1979). The effect of ben
zodiazepines on GABA uptake, synthesis, and metabolism are dealt with by 
JONES and WOODBURY in Chap. 10, this volume. 

II. Excitable Membranes and Synaptic Transmission in the Periphery 

CHEYMOL et al. (1967) observed that diazepam (3.5-10 mg/kg i.v.) increased the 
amplitude of muscle contraction of the tibialis anterior muscle evoked by electri
cal stimulation of the sciatic nerve in the rabbit; moreover, diazepam (4 mg/kg) 
enhanced the partial block produced by d-tubocurarine or gallamine triethiodide 
at the neuromuscular junction, antagonized a total gallamine-induced block, and 
did not change the effect of succinylcholine. HAMIL TON (1967), on the other hand, 
noted that both diazepam (0.4 and 0.8 mg/kg) and chlordiazepoxide reduced the 
nonreflex contraction of the tibialis anterior muscle of the cat to stimulation of 
the sciatic nerve and, more effectively, the reflex contraction evoked by stimula
tion of the peroneal nerve. This author also carried out experiments on the iso
lated rat phrenic nerve-diaphragm preparation and found that the two com
pounds produced a dose-dependent inhibition of directly and indirectly elicited 
muscle contractions; diazepam was about five times more potent than chlordiaz
epoxide. HUDSON and WOLPERT (1970) did not observe an effect ofi.v. diazepam 
(0.125-8 mg/kg) at the neuromuscular junction of the cat tibialis anterior muscle 
III VIVO. 

SURIA and COSTA (1975 a, b) reported that diazepam (10- 6 M), dibutyryl cyclic 
guanosinetriphosphate (1O- 6M), and GABA (1O- 4M) depolarized the pre
ganglionic nerve terminals in bullfrog sympathetic ganglia without affecting the 
interganglionic nerve trunk membrane potential; the depolarization was blocked 
by picrotoxin. These authors assumed that diazepam might release GABA from 
glia cells. They also found that chlordiazepoxide (10- 8 and 10- 6 M) dose-depen
dently reduced the post-tetanic potentiation of impulse transmission in the 
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ganglion (SURIA and COSTA 1973). Since prostaglandins of the E series also re
duced the post-tetanic potentiation (SURIA and COSTA 1974), it was suggested that 
diazepam might act by increasing the synthesis of the prostaglandins, an assump
tion that would have included an antagonism between benzodiazepines and cor
ticosteroids or nonsteroidal antiinflammatory drugs. BOWERY and DRAY (1978) 
found that GABA and pentobarbital depolarized the superfused isolated superior 
ganglion of the rat; however, they failed to detect a depolarization after the ad
ministration of chlordiazepoxide and other benzodiazepines. 

III. Spinal Cord 

1. Reflex Activity 

In intact chloralose-anesthetized cats, an i.v. injection of diazepam, 0.1 mg/kg, or 
chlordiazepoxide, 10 mg/kg, had no effect on the monosynaptic patellar reflex 
but reduced polysynaptic reflex activity (CRANKSHAW and RAPER 1970). Like
wise, SCHLOSSER (1971) reported that diazepam (0.5-1.5 mg/kg i.v.) did not sig
nificantly affect monosynaptic reflex activity but depressed polysynaptic reflexes 
in the unanesthetized spinal cat. He also noted that diazepam had no effect on 
post-tetanic potentiation of the spinal monosynaptic reflex and recurrent inhibi
tion (which is glycine mediated) but markedly enhanced the dorsal root reflex and 
presynaptic inhibition (see also Sect. H.IV.2); he arrived at the conclusion that en
hancement of presynaptic inhibition may play an important role in the muscle
relaxing action of the drug. 

SCHMIDT et al. (1967) noted that i.v. diazepam (from 0.05 to 1 mg/kg) de
pressed, but never abolished, monosynaptic and polysynaptic reflexes in the 
spinal cat. HUDSON and WOLPERT (1970) obtained a depression of the patellar re
flex and the linguomandibular reflex by injecting diazepam (0.125-16mg/kg) in
to cats. Moreover, these latter authors found that facilitation of the patellar reflex 
produced in the spinal cat by stimulation of the contralateral sciatic nerve was re
duced by diazepam (0.125 mg/kg), while inhibition of the reflex by ipsilateral 
sciatic nerve stimulation (which is predominantly of the glycine-mediated post
synaptic type) was highly resistant to diazepam and yielded only at a very high 
dose (16 mg/kg). The depression by diazepam of the facilitation of the patellar re
flex produced by stimulation of the contralateral sciatic nerve is in agreement with 
the observation that diazepam (0.025--0.2 mg/kg i.v.) in the midcollicular decere
brate cat (TSENG and WANG 1971 a), and diazepam (0.003 mg/kg i.v.), nitrazepam 
(0.00125 mg/kg i.v.), medazepam (0.125 mg/kg i.v.), and chlordiazepoxide (0.25 
mg/kg i.v.) in chloralose-anesthetized rats (KAWASAKI and MATSUSHITA 1981) de
pressed the crossed extensor reflex. KAWASAKI and MATSUSHITA (1981) were able 
to antagonize the depressant effects of the benzodiazepines with bicuculline and 
proposed that the effect ofbenzodiazepines is mediated by GABA. 

2. Presynaptic Inhibition 

In spinal cats, diazepam (0.05-1 mg/kg i.v.) increased and prolonged the presyn
aptic inhibition of a monosynaptic reflex response (SCHMIDT et al. 1967; SCHMIDT 
1971). The changes in presynaptic inhibition were also reflected by an increase 
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and prolongation of the dorsal root potentials (DRPs) (see also CmN et al. 1974); 
diazepam had no effect on the intensity and duration of postsynaptic inhibition 
(SCHMIDT et al. 1967). STRATTEN and BARNES (1971) found that inhibitory in
fluences exerted by diazepam (0.05-2.0 mg/kg) at the spinal level of cats were di
rectly related to primary afferent depolarization (PAD), which is the expression 
of presynaptic inhibition, and that picrotoxin and diazepam seem to act as antag
onists at the same site at which PAD is brought about. They conclude that the 
only effect of diazepam at the spinal level is enhancement of presynaptic inhibi
tion. 

POLC et al. (1974) described that diazepam (1 mg/kg i.v.) markedly depressed 
monosynaptic and polysynaptic reflexes in the spinal cat, increased DRPs in am
plitude and duration, and enhanced presynaptic inhibition of a monosynaptic re
flex. They also found that thiosemicarbazide (which inhibits GABA synthesis) 
and bicuculline reduced presynaptic inhibition, DRPs, and the effect of diazepam 
on both. When diazepam was administered after AOAA, its effect on presynaptic 
inhibition was considerably enhanced. POLC et al. (1974) conclude that normal 
levels of GABA are a prerequisite for the facilitation by benzodiazepines of pre
synaptic inhibition. In a study that was conducted at the same time, BANNA et al. 
(1974) observed that pretreatment of spinal unanesthetized cats with semicar
bazide completely blocked the enhancement by diazepam (1-4 mg/kg) of segmen
tal dorsal root reflexes (which are due to PAD), and that pyridoxine hy
drochloride restored the effect of diazepam; they also proposed that a link exists 
between diazepam and GABA. 

In cats anesthetized with pentobarbital, diazepam in cumulative doses en
hanced DRPs but did not significantly diminish the strychnine-induced reduction 
of glycine-mediated postsynaptic inhibition (CURTIS et al. 1976); this latter result 
indicated that diazepam did not interfere with glycine receptors in the mammalian 
spinal cord. 

In a recent investigation, POLC et al. (1981) observed that the benzodiazepine 
antagonist Ro 15-1788 did not produce any of the effects evoked by benzo
diazepines in the cat spinal cord but antagonized all benzodiazepine effects; how
ever, it failed to reduce the effects of phenobarbital which were similar to those 
produced by benzodiazepines. 

In spinal neurons of the mouse grown in dissociate cell culture, microionto
phoretic administration of diazepam and chlordiazepoxide enhanced GABA-me
diated postsynaptic inhibition like phenobarbital (MACDONALD and BARKER 
1979 a). Unlike phenobarbital, the benzodiazepines did not antagonize gluta
mate-mediated postsynaptic excitation. 

In cells dissociated from embryonic chick spinal cords, pressure microinjec
tion of chlordiazepoxide enhanced the GABA-induced increase in membrane 
conductance and synaptic potentials which were probably mediated by GABA 
(CHOI et al. 1977). These results were interpreted in terms of an association of ben
zodiazepines with GABAergic inhibition. 

3. Supraspinal Influences 
Some authors favor the view that the benzodiazepines exert little or no effect at 
the spinal level, and that reflex depression produced by these drugs is due to a de-
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pressant effect on the facilitatory system of the brain stem reticular formation 
(NGAI et al. 1966; PRZYBYLA and WANG 1968; NAKANISHI and NORRIS 1971; 
TSENG and WANG 1971 b). 

GHELARDUCCI et al. (1966) noted that nitrazepam did not affect monosynaptic 
reflexes in unanesthetized unrestrained cats, or in decerebrate and spinal cats; it 
reduced the rigidity resulting from hyperactivity of the y-motor system while spar
ing the rigidity due to hyperactivity of the IX-motor system. It was therefore con
cluded that nitrazepam acts only on that part of the brain stem reticular forma
tion which facilitates y-motor activity. 

Depression by diazepam (0.125 mg/kg i.v.) of the y-type of rigidity in the in
tercollicular decerebrate cat was also reported by HUDSON and WOLPERT (1970). 
In addition, these authors observed that diazepam reduced the facilitation and, 
somewhat less effectively, inhibition of the patellar reflex and the linguo-mandi
bular reflex produced by stimulation of the brain stem reticular formation. De
pression of decerebrate rigidity in the cat was also produced by various other ben
zodiazepines, including chlordiazepoxide (SCHALLEK et al. 1964). 

In the chloralose-anesthetized rat and cat, electrical stimulation of cutaneous 
afferents evoked an early segmental-spinal reflex, a later spinal reflex which is me
diated by long loops via the brain stem (see Sect. C.IV.3), and in the preganglionic 
splanchnic nerve also a short-latency and long-latency reflex component. Diaze
pam (0.1-1.4 mg/kg i.v.) markedly depressed the late reflex responses while the 
purely spinal reflex activity was much less affected by the drug (SCHLOSSER et al. 
1975a, b). 

MmmTREY et al. (1973) observed that "spontaneous" dorsal root potentials 
(DRPs) evoked by supraspinal activity bursts were reduced by i.v. diazepam (0.5-
1 mg/kg), while segmental-spinal DRPs were enhanced by the drug. The authors 
conclude that diazepam exerts an effect at the spinal level leading to an enhanced 
presynaptic inhibition and an effect at the supraspinal level which reduces presyn
aptic inhibition operated from the brain. 

IV. Brain 

1. Neuron Activity 

When recording with microelectrodes from neurons in the rat brain stem, DRAY 
and STRAUGHAN (1976) observed that chlordiazepoxide and flurazepam applied 
by microiontophoresis reduced spontaneous impulse discharges in a dose-depen
dent manner. Both drugs acted like GABA or glycine but were only half as potent 
as the inhibitory amino acids. They observed no selective interaction between the 
benzodiazepines and the two amino acids. Since, however, the depressant effect 
of flurazepam was never selectively modified by strychnine but consistently re
duced by bicuculline, the authors assume that benzodiazepines interfere with 
GABA rather than glycine-mediated processes. 

In unanesthetized unrestrained rats, chlordiazepoxide (5-40 mg/kg) and 
diazepam (5-20 mg/kg) reduced spontaneous activity in neurons of the hippo
campus, preoptic area, and midbrain tegmentum (OLDS and OLDS 1969). POLC et 
al. (1981) noted that the benzodiazepine antagonist Ro 15-1788 diminished the 
depression produced by benzodiazepines on the spontaneous activity of neurons 
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in the substantia nigra pars compacta, nucleus raphe dorsalis, locus ceruleus, and 
hippocampus without exerting an effect of its own or reducing the depressant ef
fect of pento barbital on these neurons. 

2. Cerebellar Inhibition 

The cerebellum has been ascribed an important role in the control of seizure ac
tivity, and part of the anticonvulsant action of phenytoin may result from an ac
tivation of inhibitory influences from the cerebellum (see Sect. B.lII.3). Since ben
zodiazepines apparently act by facilitating GABAergic inhibition, it was conceiv
able that these compounds might also turn on cerebellar inhibition and thus re
duce convulsive activity. 

JULIEN (1972) observed in awake, immobilized cats that diazepam (1 and 2 
mg/kg i.v.) markedly increased the discharge of cerebellar Purkinje cells. In cats 
with a penicillin-induced epileptogenic focus in the sensorimotor cortex, diaze
pam depressed epileptiform activity with a concomitant increase of Purkinje-cell 
discharge. Thus, diazepam would exert effects similar to those of phenytoin. 
However, JULIEN'S observation has not remained unquestioned, because HAEFELY 
et al. (1975) and PIERI and HAEFELY (1976) found that diazepam and clonazepam 
reduced the impulse discharge of cerebellar Purkinje cells in cats and rats. 
Such an effect had to be expected if benzodiazepines facilitated GABAergic 
inhibition in all parts of the central nervous system, including that me
diating inhibition of the cerebellar Purkinje cells (COSTA et al. 1975a). The re
duced activity of cerebellar Purkinje cells will entail a decreased release of GABA 
from the terminals of their axons (OBATA et al. 1967, 1970; OBATA and TAKEDA 
1969; TEN BRUGGENCATE and ENGBERG 1971), which in all likelihood cannot be 
compensated for by a facilitatory action of benzodiazepines at these inhibitory 
synapses in the brain stem. Thus, the cerebellum does not seem to be important 
for the depression by these drugs of seizure activity. RAINES and ANDERSON (1976) 
noted that pentylenetetrazol produces clonic convulsions after cerebellectomy in 
the rat (see also KOPELOFF and ALEXANDER 1972), and that diazepam suppressed 
the convulsions in the absence of the cerebellum. 

3. Evoked Responses and Afterdischarges 

a) Cortex 

OSTROVSKAYA et al. (1975) observed that diazepam (1 mg/kg) slowed the recovery 
cycle of cortical neurons determined in rats by direct cortical stimulation with the 
double-shock technique. The effect of diazepam was enhanced by pretreatment 
with thiosemicarbazide and antagonized by bicuculline. These results were con
sidered to indicate that diazepam enhanced an inhibitory process mediated by 
GABA. Also in the cat cerebral cortex, diazepam (1 mg/kg) prolonged the recov
ery cycle by increasing postexcitatory inhibition following direct cortical stimula
tion and stimulation of peripheral nerves (ZAKUSOV et al. 1975). Similarly, RAABE 
and GUMNIT (1977) found that diazepam increased the postsynaptic inhibition in 
cat pyramidal tract cells. SCHALLEK et al. (1965) depressed the spontaneous activ
ity of cortical neurons as well as the activity evoked by stimulation of the sciatic 
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nerve when nitrazepam, 10 mg/kg, was injected i.v. in to cats; diazepam (10 mg/ 
kg) reduced the spontaneous but not the evoked activity. Chlordiazepoxide (10 
and 40 mg/kg) was ineffective on the threshold of cortical afterdischarges (SCHAL
LEK et al. 1964), while diazepam (5-10 mg/kg) has been reported to depress or 
abolish afterdischarges from the precruciate motor cortex in cats (HERNANDEZ
PE6N et at. 1964). Responses evoked in the sensorimotor cortex by delivering 
stimuli to the ventrolateral thalamus of the cat showed depression of excitability 
and slight elevation of the threshold after the administration of diazepam (EN
GLANDER et al. 1977). Diazepam (1.4-15 mg/kg i.p.) also depressed the afterdis
charges evoked in the rat hippocampus and recorded from the cortex (ALBERTSON 
et at. 1977). In the cat cerveau isole preparation, diazepam (2 mg/kg) caused a 
strong inhibition of the responses in the hippocampus to single stimuli delivered 
to the ipsilateral amygdala (MORILLO 1962). 

In functionally isolated slabs of the cat cerebral cortex, diazepam reduced the 
excitability of the neurons determined by electrical stimulation of the surface 
(FRANK and JHAMANDAS 1970). 

b) Subcortical Areas 

Chlordiazepoxide (10-40 mg i.v.; SCHALLEK and KUEHN 1963; SCHALLEK et at. 
1964) and diazepam (0.25-2 mg/kg i.v.) raised the threshold for eliciting thalamic 
afterdischarges and decreased the duration and amplitude of the responses. 

HERNANDEZ-PE6N et at. (1964) reported that diazepam (5 and 10 mg/kg) de
pressed or abolished the behavioral and electrical manifestations of the afterdis
charges elicited from the basolateral complex of the amygdala and hippocampus 
in awake unrestrained cats with chronically implanted electrodes. Auditory po
tentials recorded from the midbrain reticular formation were also reduced by the 
drug. 

The threshold of afterdischarges of the cat amygdala was increased by diaze
pam and nitrazepam each in a dose of 10 mg/kg (SCHALLEK et at. 1965). Both 
drugs administered in the same dose had no effect on the afterdischarge threshold 
in the caudate nucleus and the septum (SCHALLEK and KUEHN 1965). 

Visually evoked hippocampal responses were depressed by systemic adminis
tration of nit raze pam (STEINER and HUMMEL 1968). Diazepam (1.4-15 mg/kg i.p.) 
depressed the afterdischarges in the rat hippocampus evoked by electrical stimu
lation (ALBERTSON et at. 1977). MORILLO et at. (1962) stimulated the lateral nu
cleus of the cat amygdala and found that chlordiazepoxide (2.5 and 10 mg/kg i. v.) 
markedly depressed the response recorded from the basal hippocampus, while the 
drug showed no effect on the diffuse thalamocortical system. 

Diazepam enhanced and prolonged the presynaptic inhibition elicited by con
ditioning stimulation of the median nerve and acting on the response evoked in 
the cuneate nucleus of the decerebrate cat by delivering at test stimulus to the ul
nar nerve (HAEFELY et at. 1975). Moreover, it also enhanced GABA-mediated 
postsynaptic inhibition in the cuneate nucleus (POLC and HAEFEL Y 1976). 

4. F~cal Seizure Activity 

Diazepam effectively depressed seizure activity evoked in the cat cortex after in
jection of penicillin into the amygdala, pyriform cortex, and ventral hippocampus 
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(GOOERTY and GUNN 1964). When focal seizure activity was evoked by injections 
of penicillin into the rat cortex, diazepam only transiently suppressed focal ictal 
activity and self-sustained afterdischarges, had a weak effect on interictal spikes, 
and had no effect on the interictal spiking in the mirror focus (CELESIA et al. 1973). 
EDMONDS et al. (1974) failed to observe any changes produced by diazepam (15 
and 30 mg/kg orally) on the focal seizure activity appearing in freely moving rats 
after intracortical injections of penicillin. It is worth noting in this context that 
microiontophoretic administration of GABA to neurons in a penicillin-induced 
spiking focus in the rabbit cortex had no effect on the activity of the neuron when 
the amino acid was applied with currents which normally produced a block of 
neuron activity (CLARKE and HILL 1972). This would agree with the antagonism 
between penicillin and GABA in the mammalian brain (CURTIS et al. 1972) and 
amphibian afferent terminals [(DAVIDOFF 1972b), for interaction between penicil
lin and GABA in seizure disorders see Chap. 7 by MELDRUM)]. SHARER and KUTT 
(1971) noted that an i.v. infusion of diazepam in relatively large amounts to the 
lightly anesthetized cat reduced penicillin-induced cortical spike activity and 
afterdischarges, while small amounts suppressed the jerking of the limbs. 

Focal seizure activity produced by local cortical administration of ouabain 
was reduced by clonazepam (PETSCHE 1972). Diazepam (0.25-0.5 mg/kg i.v.) sup
pressed the spiking activity following local freezing of the cat cortex (HORI et al. 
1979). Focal seizure discharges produced by scarring lesions in the visual or mo
tor cortex of cats could be depressed by diazepam but were slightly more resistant 
to the effect of the drug than the pentylenetetrazol-induced state of recurrent sei
zure activity in the electroencephalogram (SPEHLMANN and COLLEY 1968). 

Chronic administration of diazepam (2 mg/kg i.p. daily for 2-3 months) sup
pressed epileptiform discharges in the mirror foci, but had little or no effect on 
seizure activity in the primary focus produced by implantation of aluminum oxide 
or penicillin into the olfactory bulb or hippocampus (GUERRERO-FIGUEROA et al. 
1968). Diazepam and clonazepam decreased the amplitude of the potentials in the 
secondary cortical foci but had little or no effect on the primary (subcortical) 
epileptogenic foci evoked by irritative lesions and electrical stimulation in the sep
tum, amygdala, and hippocampus (GUERRERO-FIGUEROA et al. 1969); when 
lesions were placed in the reticular formation, hypothalamus, and intralaminar 
nuclei of the thalamus, diazepam (but not clonazepam) also exerted a slight effect 
on the primary focus. Nitrazepam abolished local (hippocampal) and general sei
zure activity evoked by microinjection of acetylcholine into the amygdaloid com
plex (HERNANDEZ-PEON and ROJAS-RAMIREZ 1966). 

GUERRERO-FIGUEROA et al. (1967) noted that diazepam administered chroni
cally at different daily doses to kittens abolished the spike-and-wave discharges 
in the electroencephalogram and the facial tic-like contractions and other signs 
resembling those of clinical petit mal which were induced by implantation of alu
minum oxide or penicillin in the intralaminar thalamic nuclei or reticular forma
tion. 

Intraamygdaloid microinjections of diazepam (2 x 50 Ilg into the pars anteri
or) protected rabbits against convulsions and seizure activity in the electroence
phalogram produced by i.v. infusions of pentylenetetrazol up to 40 mg/kg; sei
zures occurred after administration of pentylenetetrazol, 15 mg/kg, when the ani-
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mals were not pretreated with intraamygdaloid diazepam (NAGY and DECSI 
1979). 

The clonus resulting from kindling in response to repeated stimulation of the 
frontal cortex of the rat was depressed by diazepam and the GABA-transaminase 
(GABA-T) inhibitor ethanolamine-a-sulfate (GOFF et al. 1978). Barbiturates and 
benzodiazepines were found to be the most effective drugs in attenuating kindled 
amygdaloid seizures in rats (ALBERTSON et al. 1980). 

LOTHMAN and SOMJEN (1976) induced convulsions in the spinal cord of the 
functionally decapitate cat by topical or systemic administration of penicillin, re
corded seizure activity from the cord surface as well as from ventral and dorsal 
roots, and observed tonic and clonic movements of the limbs. Since they found 
that diazepam administered by i.v. infusions in doses up to 7 mg/kg was ineffec
tive in suppressing seizures, they concluded that diazepam exerts its anticonvul
sant effect by acting at supraspinal sites. 

v. Summary 

There is strong evidence in favor of the view that benzodiazepines produce their 
various effects exclusively by facilitating GABA-mediated inhibition of neuron 
activity. They are very potent in models of primary generalized epilepsy and 
against most chemical convulsants. It seems likely that they exert not only their 
anxiolytic but also their anticonvulsant effect by acting on the limbic system, par
ticularly at the amygdaloid complex. 

J. Miscellaneous 

I. Carboanhydrase Inhibition: Acetazolamide 

SHANES (1958) found that carbonic anhydrase inhibitors such as acetazolamide 
and various sulfonamides act as "stabilizers" for a variety of depolarizing con
ditions in frog and rabbit nerves, which means that these drugs reduce or prevent 
any change of the membrane potential. He assumes that the "stabilizing" effect 
is independent of the specific effect of these drugs on carbonic anhydrase. 

In the spinal cord of the cat carbon dioxide (5%-40%) and acetazolamide 
(25-200 mg/kg i.v.) depress the monosynaptic reflex to a larger extent than the 
polysynaptic reflex discharges. Despite the pronounced depression of the mono
synaptic reflex, post-tetanic potentiation of the monosynaptic reflex is not af
fected. Neither the time of synaptic recovery nor the response of the spinal mo
toneurons to repetitive stimulation was influenced by carbon dioxide or 
acetazolamide (ESPLIN and ROSENSTEIN 1963). 

Presynaptic inhibition in the spinal cord of unanesthetized cats was reduced 
by carbon dioxide, and the degree of this reduction was directly related to the de
gree of depression by carbon dioxide of the monosynaptic reflex (MIYAHARA et 
al. 1966). 
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II. Local Anesthetics 
Local anesthetics prevent the generation of impulses and block their conduction 
in nerve fibers mainly by reducing the sodium conductance of the neuron mem
brane (STRAUB 1956; STRICHARTZ 1973; RITCHIE 1975, 1979). They are clinically 
used as antiarrhythmic agents, particularly in ventricular arrhythmias. 

BERNHARD et al. (1955) found that lidocaine 0.6-3.0 mg/kg, administered by 
Lv. infusion was effective in controlling status epilepticus. MORRIS (1979) noted 
that bolus injection and infusion of lidocaine rapidly interrupted focal motor 
status epilepticus, when phenytoin, phenobarbital, or diazepam had been em
ployed in vain. The bolus dose of 25 mg was given Lv. as a 2% solution over a 
period of 15 min. Simultaneously, a continuous Lv. infusion ofa 2% lidocaine so
lution was begun at a rate of 27 I!g/kg per minute. Although there was no effect 
on the patienfs interictal electroencephalogram or electrocardiogram, there was 
a marked decrease in duration and frequency of the seizures. 

The duration of afterdischarges following electroshock therapy was signifi
cantly shortened by pretreatment of the patients with Lv. lidocaine (OTTOSON 
1955). 

In electro seizures evoked in mice, local anesthetics such as lidocaine or tetra
caine exerted an anticonvulsive effect of the same order of magnitude as pheno
barbital or phenytoin, but their effect was much shorter in duration (FREY 1962); 
like phenytoin, local anesthetics were ineffective against pentylenetetrazol-in
duced clonic convulsions. The incidence of electrically induced convulsions in 
mice was reduced by lidocaine in a dose range of 12.5-100 mg/kg as a function 
of the dosage (ESSMAN 1965). 

JULIEN (1973) administered lidocaine to cats with penicillin-induced epilepto
genic foci and found that focal seizure activity was reduced at blood levels of 0.5-
4.0 I!g/ml, which were rapidly attained after i.m. or i.v. administration of the 
drug. Blood levels above 5 I!g/ml were accompanied by an increased cortical ex
citability or even by convulsions. These high blood levels, however, were not ob
served after Lm. injection. 
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CHAPTER 24 

Clinical Pharmacokinetics 
of Antiepileptic Drugs 
E. PERUCCA and A. RICHENS 

A. Hydantoin Drugs 

I. Phenytoin 
Among the various hydantoin compounds which have been tested for anticonvul
sant activity in man, phenytoin is by far the most widely prescribed. Phenytoin 
is normally given orally, although parenteral administration may be occasionally 
used. Its pharmacokinetics has been studied extensively. 

1. Pharmacokinetics in Adults 

a) Absorption 

Phenytoin, a weak acid with a pKa of about 9, is poorly soluble in aqueous media. 
This poor solubility limits its rate of absorption from the gastrointestinal tract. 
Microcrystalline preparations, in which the crystal size has been substantially re
duced, present a much greater area for dissolution to take place and therefore are 
better absorbed than phenytoin acid in the amorphous form. Absorption rate can 
also be enhanced by administering the sodium salt, which is more water soluble. 
In the acid medium of the stomach, phenytoin sodium precipitates rapidly as the 
acid, but the precipitate is finely divided and it is absorbed as well as the micro
crystalline preparations. The most important determinant of phenytoin absorp
tion is therefore particle size rather than whether it is given as an acid or as a salt 
(RICHENS 1979). 

Due to the occurrence of saturation kinetics the quantitative determination of 
phenytoin bioavailability may require complex calculations (NEUVONEN 1979). 
Peak serum levels are usually attained between 2 and 12 h after oral dosing and 
the extent of absorption is high (80%-95% of the administered dose) (LUND et 
al. 1974; GUGLER et al. 1976; JUSKO et al. 1976). Some commercially available 
preparations, however, are absorbed to an extent much lower than this. In Scan
dinavia, one preparation containing phenytoin acid in amorphous form has been 
shown to be absorbed poorly as compared with other formulations containing the 
sodium salt (LUND 1974; TAMMISTO et al. 1976). Marked increases in serum 
phenytoin levels, sometimes associated with the development of clinical signs of 
intoxication, have been reported when patients stabilized on the former prepara
tion were changed over to other formulations which were subsequently found to 
have greater bioavailability (LUND 1974). Problems with generic inequivalence 
between different formulations have been described in many other countries (for 
review, see NEUVONEN 1979). In an American study the innovator's preparation 
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(Parke-Davis) of phenytoin was found to have lower bioavailability than other 
preparations (MELIKIAN et al. 1977). In Australia, clinically important changes in 
bioavailability have been reported as a result of a change in the excipient used 
during the manufacturing process (TYRER et al. 1974). 

The bioavailability of preparations containing phenytoin sodium is not neces
sarily greater than that of preparations containing the acid. In a British study a 
change from phenytoin sodium to phenytoin acid was found to cause a mean in
crease of 40% in serum phenytoin concentration (STEWART et al. 1975). The effect 
was most marked in patients with high serum phenytoin levels, as would be ex
pected for a drug which shows saturation kinetics within the therapeutic concen
tration range. A rise in serum phenytoin levels after changing from one prepara
tion containing the sodium salt to three preparations containing the acid has also 
been reported in a Finnish study (TAMMISTO et al. 1976). It should be emphasized, 
however, that in these two studies the molar dosage of phenytoin was approxi
mately 10% higher for the acid than for the sodium salt (100 mg phenytoin 
sodium is equivalent to approximately 92 mg phenytoin acid). Because of the oc
currence of saturation kinetics, this small difference in dose may be sufficient to 
cause appreciable and disproportionate changes in serum concentration. 

There is suggestive evidence that the bioavailability of phenytoin is increased 
by intake of food and reduced in the presence of general malabsorption or con
comitant administration of certain antacids (MELANDER 1978; MELANDER et al. 
1979; NEUVONEN 1979). 

When phenytoin is administered intramuscularly, the drug precipitates within 
the tissues, and the absorption is slow and erratic (WILENSKY and LOWDEN 1973; 
KOSTENBAUER et al. 1975; WILDER and RAMSEY 1976). Changing to this route of 
administration for a few days (e.g. to cover an abdominal operation) may result 
in progressive fall in serum concentration with a swing to toxic levels on resump
tion of oral therapy, while absorption from the intramuscular sites continues. In 
order to maintain a constant serum phenytoin concentration, WILDER et al. (1974) 
recommend giving an intramuscular dose 50% higher than the patient's oral 
maintenance dose for the time necessary to cover the medical or surgical emergen
cy. On resumption of oral therapy, a dose equivalent to halfthe original oral dose 
should then be given for the same period as that during which the intramuscular 
route was needed. Although this approach is pharmacokinetically sound, it does 
not avoid the problem of pain, tissue damage and haemorrhage after intramuscu
lar injection of the drug. In the authors' opinion, intramuscular administration 
of phenytoin should be avoided altogether. If necessary, the drug may be given 
as an intravenous infusion. 

b) Distribution and Plasma Protein Binding 

The apparent volume of distribution of phenytoin is in the range ofO.5-O.81itres/ 
kg (ODAR CEDERLOF and BORGA 1974; GUGLER et al. 1976). When the volume of 
distribution is calculated on the basis of the unbound concentration in serum 
values of 5-8 litres/kg are found: this indicates that phenytoin is highly bound to 
cellular structures, as would be expected from its high lipophilicity. 

Following intravenous administration, phenytoin crosses the blood-brain 
barrier and enters the human brain rapidly (WILDER et al. 1977). In patients re-
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ceiving chronic treatment, total brain concentrations are about 0.6-1.5 times the 
total serum concentration (HOUGHTON et al. 1975 a; GoLDBERG and CRANDALL 
1978; SIRONI et al. 1980). The existence of a positive correlation between the con
centration in brain and in serum provides the rational basis for the usefulness of 
monitoring serum phenytoin levels. 

In serum, phenytoin is reversibly bound (90% on average) to proteins, mainly 
albumin (PERUCCA 1980). The unbound fraction of the drug is virtually constant 
over the therapeutic serum concentration range. Early studies suggesting that the 
intersubject variation in the degree of binding is considerable have been criticized 
on methodological grounds (BARTH et al. 1976) and more recent results indicate 
that in normal subjects and otherwise healthy epileptic patients not receiving dis
placing agents, the interindividual variation in unbound fraction is relatively 
small (no more than twofold) (BARTH et al. 1976; Y ACOBI et al. 1977). 

The factors affecting the binding of phenytoin to serum proteins have been re
viewed by PERUCCA (1980). The unbound fraction of the drug correlates negative
ly with the plasma concentration of albumin (LUNDE et al. 1970; PORTER and 
LAYZER 1975), triglycerides and pre-p-lipoproteins (GUELEN and DEIMANN 1980) 
and positively with plasma bilirubin (HOOPER et al. 1974a) and a-lipoproteins 
(GUELEN and DEIMANN 1980). Binding is also dependent on temperature and plas
ma pH (LUNDE et al. 1970). The existence of a possible relationship between un
bound phenytoin fraction and free fatty acid (FF A) concentration is controver
sial (FREDHOLM et al. 1975; BORGA. et al. 1978; GIACOMINI et al. 1980). Conditions 
associated with reduced phenytoin binding include neonatal age (RANE et al. 
1971; FREDHOLM et al. 1975), old age (HAYES et al. 1975), pregnancy (PERUCCA 
et al. 1981 a), postoperative states (ELFSTROM 1977) and associated treatment with 
displacing agents (see Chap. 28). 

The binding of phenytoin to plasma proteins is often reduced in patients with 
hepatic disease (HOOPER et al. 1974a; OLSEN et al. 1975; BLASHKE et al. 1975). This 
may be related to a combination of factors such as a decrease in plasma albumin 
concentration (BLASHKE et al. 1975), a displacing effect of bilirubin (HOOPER et 
al. 1974 a) and possibly a change in conformational structure ofthe albumin mol
ecule (WALLACE and BRODIE 1976). Because of the greater variability in unbound 
phenytoin fraction in these patients, the total plasma phenytoin levels are poorly 
correlated with either efficacy or toxicity (BLASHKE et al. 1975). 

Reduced phenytoin binding also accompanies renal disease, and the degree of 
impairment of binding correlates inversely with the plasma albumin concentra
tion and directly with the severity of renal failure as reflected by the serum 
creatinine level (REIDENBERG et al. 1971; EHRNEBO and ODAR-CEDERLOF 1975; 
ODAR-CEDERLOF and BORGA. 1976). Plasma-binding capacity returns to near nor
mal values within 10-15 days after renal transplantation (ODAR-CEDERLOF 1977). 
The defect in binding capacity of uraemic plasma is only partially accounted for 
by a reduced albumin concentration, and a marked impairment can be demon
strated even in the presence of a normal albumin concentration (REID ENBERG et 
al. 1971). It is likely that endogenous inhibitors such as peptides which accumu
late in uraemia may compete for binding sites on the albumin molecule (SJOHOLM 
et al. 1976; KINNIBURGH and BoYD 1981). As a result of this displacing effect, 
patients in renal failure have much lower serum phenytoin levels than non-
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uraemic controls (ODAR-CEDARLOF and BORGA 1974). Since a greater proportion 
of the drug is in the free form, uraemic patients may have their seizures controlled 
at lower serum phenytoin levels than normal. REYNOLDS et al. (1976) suggested 
that a realistic optimal range of serum phenytoin levels in uraemia will probably 
be in the order of 5-1 0 J.lg/ml (20--40 J.lffio1/1itre). 

Abnormally low degrees of phenytoin binding to plasma proteins have been 
reported by GUGLER and AZARNOFF (1976) in patients with nephrotic syndrome 
who showed no evidence of renal failure. 

Phenytoin binds reversibly to the red cells (KURATA and WILKINSON 1974; 
EHRNEBO and ODAR-CEDERLOF 1975). The amount of drug which penetrates the 
erythrocyte is proportional to the unbound concentration in plasma. Therefore, 
the blood/plasma concentration ratio (corrected for the haematocrit) can be used 
as an indirect index of the fraction of free drug in plasma (BORONDY et al. 1973; 
KURATAand WILKINSON 1974). 

The unbound concentration of phenytoin has been shown to correlate well 
with the drug concentration in the CSF (TRffiDMAN et al. 1960; LUND et al. 1972; 
TROUPIN and FRffiL 1975). It has been suggested that a practical means of obtain
ing an estimate of the unbound phenytoin concentration is by determining the 
concentration of the drug in saliva, which correlates positively with both the un
bound drug in plasma (BOCHNER et al. 1974; TROUPIN and FRffiDL 1975; REy
NOLDS et al. 1976; McAULIFFE et al. 1977; ANAVEKAR et al. 1979) and the drug 
concentration in the CSF (SCHMIDT and KUPFERBEG 1975; TROUPIN and FRmL 
1975; PAXTON et al. 1977 a). The salivary/plasma ratio has been shown to be in
dependent of changes in salivary flow (PAXTON et al. 1976, 1977 a) and salivary 
pH (MUCKLOW et al. 1978). Although it has been suggested that phenytoin ther
apy can be more appropriately monitored by salivary rather than plasma concen
trations, there are several problems. Salivary phenytoin levels are much lower 
than total plasma levels, and many laboratories cannot perform reliable measure
ments of such low concentrations (GRIFFITHS et al. 1980). Moreover, salivary 
phenytoin levels have generally been found to be more variable and erratic than 
plasma levels (BARTH et al. 1976; PAXTON et al. 1977b, PERUCCA et al. 1980 a). 
Mixed salivary levels have been reported either to overestimate (BOCHNER et al. 
1974; REYNOLDS et al. 1976) or underestimate (PAXTON et al. 1977 a; ANAVEKAR 
et al. 1979) the free plasma concentration. With mixed saliva, differences in con
centration may occur between the sediment and the supernatant, so that different 
results will be obtained depending on whether the homogenate or the clear super
natant is used for the analysis (ANA VEKAR et al. 1979). Other factors that may ad
versely affect the assay include the presence of sputum, food, food contaminants, 
protein-rich exudate (particularly in patients with gingivitis) and drug residues in 
the mouth (particularly with syrups and chewing tablets). The latter may be pres
ent for up to 3 h after dosing (AYERS and BURNETT 1977; PAXTON and FOOTE 
1979). Some of these problems can be circumvented by measuring the concentra
tion of the drug in parotid rather than mixed saliva. Even then, however, incon
sistent results may be found, particularly at toxic concentrations (ANA VEKAR et 
al. 1979). 

Phenytoin is excreted in tears at concentrations proportional to those found 
in plasma and in the CSF (MONACO et al. 1981). 
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Phenytoin is excreted in the breast milk of treated mothers. The milk/plasma 
ratio is in the range of 0.15-0.55 (MIRKIN 1971; RANE et al. 1974; KANEKO et al. 
1979). 

c) Metabolism and Urinary Excretion 

Like other lipophilic drugs, phenytoin readily crosses biological membranes and 
therefore is extensively reabsorbed from the renal tubuli. Less than 5% of an ad
ministered dose of phenytoin is excreted unchanged in urine (GLAZKO et al. 1969; 
KARLEN et al. 1975; PERUCCA et al. 1980a). The proportion of the dose excreted 
unchanged increases with increasing serum concentration (HOUGHTON and 
RICHENS 1974 a). The elimination of phenytoin from the body is dependent on the 
rate of metabolism, which takes place largely in the liver. The major catabolic 
pathway involves the para-hydroxylation of one of the phenol rings, leading to 
the formation of 5-p-hydroxyphenyl, 5-phenylhydantoin (P-HPPH) (BUTLER 
1957). Other minor metabolites identified with variable degree of certainty in man 
include: 5,5-bis-(4-hydroxyphenyl)-hydantoin (THOMPSON et al. 1976), a dihydro
diol (ATKINSON et al. 1970; HORNING et al. 1971; GERBER et al. 1971), possibly 
formed by wave of an epoxide intermediate (GLAzKO 1973), a methylated cat
echol derivative (MIDHA et al. 1977) and an N-glucuronide of phenytoin (SMITH 
et al. 1977). A meta-hydroxylated derivative has also been found in human urine. 
This compound may be formed during the analytical procedure and therefore 
may not represent a true metabolite (ATKINSON et al. 1970; GERBER et al. 1971). 
Most of the hydroxylated metabolites are conjugated with glucuronic acid, ex
creted partly in the bile, and undergo enterohepatic circulation. These metabolites 
have little or no antiepileptic activity. 

In epileptic patients, the serum concentration of conjugated p-HPPH is ap
proximately 1/2_1/20 that of the parent drug, but it may be increased as much as 
tenfold in the presence of impaired renal function. The serum concentration of 
unconjugated p-HPPH, on the other hand, is only 2%-6% ofthe phenytoin con
centration and is increased only twofold in uraemia (HOPPEL et al. 1977; BORGA 
et al. 1979). 

Small amounts of phenytoin and p-HPPH are excreted in the faeces (BOCHNER 
et al. 1972). Most of the administered dose can be recovered in urine as unchanged 
drug ( < 5%) or its biotransformation products. The percentage of the dose ex
creted as conjugated or unconjugated p-HPPH varies from about 20% to 90% 
(GLAZKO et al. 1969; BOROFSKY et al. 1973; KARLEN et al. 1975; PERUCCA et al. 
1980a; SLOAN et al. 1981). The proportion of the drug excreted as the para-hy
droxylated metabolite decreases with increasing dosage (HOUGHTON and RICHENS 
1974; EADIE et al. 1976), in agreement with the evidence that this metabolic path
way is saturable (see below). 

The metabolic oxidation of phenytoin is under genetic control, being probably 
influenced by the same D" and DL alleles that regulate the hydroxylation of de
brisoquine (SLOAN et al. 1981). This suggests that impaired metabolism of 
phenytoin may occur in about 9% of the population, being transmitted as an 
autosomal recessive trait. Interethnic differences in rate of phenytoin metabolism 
occur (ANDOH et al. 1980; KROMANN et al. 1981). 
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The metabolism of phenytoin is dose dependent and hence better described by 
Michaelis-Menten than first-order kinetics (ARNOLD and GERBER 1970; ATKIN
SON and SHAW 1973; MAWER et al. 1974; RICHENS 1975; RICHENS and DUNLOP 
1975; RAMBECK et al. 1979). The reason for this is that the para-hydroxylation 
pathway becomes easily saturated within the therapeutic serum concentration 
range. Individual estimates of Km (the serum concentration at which 50% satura
tion occurs) and Dmax (the maximum dose that can be metabolized) under in vivo 
conditions have been obtained (see below). 

In animal experiments, p-HPPH (and the catechol metabolites) have been 
shown to inhibit phenytoin para-hydroxylation via a feedback mechanism (ASH
LEY and LEVY 1972, 1973; GLAZKO 1973; LEVY 1976). However, no consistent 
changes in the clearance or half-life of phenytoin were found following prolonged 
infusion ofp-HPPH in human volunteers (PERUCCA et al. 1978 a). These results, 
together with other lines of evidence from independent investigators (HOPPEL et 
al. 1977), suggest that the dose dependency of phenytoin metabolism in man is 
due to enzyme saturation rather than to feedback inhibition by metabolite forma
tion. 

d) Half-life and Clearance 

Due to the occurrence of saturation kinetics, the decline in serum phenytoin con
centration may not be log-linear and therefore a true half-life value cannot be cal
culated (RICHENS 1979). There are two ways of circumventing this problem. One 
is to administer a small dose of the drug, so that peak concentration is below the 
point at which saturation is important. Following intravenous administration of 
such doses to adult subjects, the decline in serum phenytoin concentration is 
usually biphasic, with a rapid distribution phase followed by a slower elimination 
phase (GUGLER et al. 1976; PERUCCA et al. 1980a). The half-life of the distribution 
phase has been estimated to be about 0.6±0.3 h (GUGLER et al. 1976). Irregu
larities with secondary peaks often complicate the interpretation of serum con
centration data during the distributive phase (GATTI et al. 1977; PERUCCA et al. 
1980a): it is possible that these are related to an enterohepatic circulation of the 
drug (ALBERT et al. 1974). The elimination half-life of phenytoin after single-dose 
administration to normal volunteers or epileptic patients is usually in the range 
of 8-25 h and the plasma clearance 15-60 ml/h per kilogram (LUND et al. 1974; 
KOSTENBAUER et al. 1975; ROBINSON et al. 1975; GUGLER et al. 1976; GATTI et al. 
1977; FRIGO et al. 1979; MAKKI et al. 1980; PERUCCA et al. 1980a; KROMANN et 
al. 1981). 

The drawback of determining phenytoin clearance and half-life after admin
istration of single small doses is that the values obtained are not relevant to the 
therapeutic situation when, due to the occurrence of enzyme saturation, the elimi
nation is much slower than this. The alternative approach used to circumvent this 
problem consists in administering a labelled tracer dose. The advantage of the lat
ter technique is that the elimination of the tracer can be measured during steady 
state in a patient who is continued on a maintenance dose of the drug (HOUGHTON 
and RICHENS 1974). Provided that the serum phenytoin concentration remains 
constant throughout the sampling time, the disappearance of the tracer will not 
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be accompanied by changes in the state of saturation of the enzyme and therefore 
a true half-life value can be calculated. 

By using this technique, it can be shown that the half-life of phenytoin 
gradually lengthens as the serum concentration of unlabelled drug increases. 
Values of 20-60 h are frequently observed at therapeutic concentrations (Fig. 1), 
and a value of 140 h has been recorded in one intoxicated patient (HOUGHTON and 
RICHENS 1974; RICHENS 1979). The validity of this technique must be based on 
the assumption that the kinetics of the tracer are similar to the kinetics of unla
belled drug (i.e. that no "isotopic effect" is seen); however, BROWNE et al. (1981) 
have recently shown that 2P 3C]phenytoin and 1 ,3P 5N]phenytoin are handled in 
the same way as unlabelled drug. 
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Fig. I. Serum half-life of a tracer dose of phenytoin administered to 66 patients receiving 
maintenance therapy with the drug (top). Half-life values of the tracer in subjects not re
ceiving unlabelled phenytoin are shown for comparison purposes. Five of the latter subjects 
were on phenobarbitone or primidone (hatched) while the remainder were drug-free healthy 
volunteers (RICHENS 1979) 

Several factors are known to affect phenytoin eliInination. Among these, ge
netic factors are particularly important (see above). Half-life values as long as 80 
h have been occasionally described after single-dose administration in individuals 
with a deficient para-hydroxylating capacity (KUTT et al. 1964; PERUCCA et al. 
1978 a, 1980 a; VASKO et al. 1980). Interethnic differences in phenytoin kinetics 
have been reported (ANDOH et al. 1980; KROMANN et al. 1981; LEE and CHAN 
1981). KROMANN et al. (1981), for example, found that Eskimos have much short
er phenytoin half-lives and much higher clearance values than Danes. 

Age is another important factor affecting phenytoin elimination. HOUGHTON 
et al. (1975) provided evidence that, in an adult population, the clearance of the 
drug decreases with increasing age. HAYES et al. (1975), on the other hand, found 
higher clearance values in elderly patients, but this observation must be inter
preted in the light of the evidence that their patients had low albumin levels. Since 
phenytoin is subject to restrictive elimination, an increase in unbound fraction 
would be expected to result also in enhancement of the metabolic clearance. 
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There is some evidence that females show greater clearance values than males, 
but the difference is of little clinical importance (HOUGHTON et al. 1975). Kinetics 
in children are discussed below. 

In pregnancy, serum phenytoin levels tend to fall (DAM et al. 1979), probably 
because of reduced binding to plasma proteins (PERuCCA et al. 1981 a) and in
creased clearance by both maternal and fetal livers. 

In chronic hepatic disease the metabolism of phenytoin may be reduced and 
intoxication can occur (KuTT et al. 1964). Acute viral hepatitis was found not to 
affect phenytoin metabolism (BLASHKE et al. 1975) but infectious mononuclesis 
has been accompanied by an increase in phenytoin clearance (LEPPIK et al. 1979; 
BRAUN and GOLDSTONE 1980). Alcohol can both inhibit and induce phenytoin 
metabolism, the latter effect being unmasked on alcohol withdrawal (SANDOR et 
al. 1981). 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

In patients started on maintenance therapy, steady-state serum phenytoin levels 
are usually attained after 5-20 days. Since the half-life of phenytoin is longer at 
higher serum levels, the time to reach steady-state lengthens with increasing daily 
dose. If an immediate effect is required, a loading dose may be given (WILDER et 
al. 1973). The relatively long half-life of the drug implies that fluctuations in 
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Menten equation. The shaded area corresponds to the therapeutic serum concentration 
range (the upper limit is slightly higher than that usually quoted) (RICHENS and DUNLOP 
1975) 

serum levels during the dose interval are not marked. Due to the dose-dependent 
elimination, the higher the steady-state serum concentration, the smaller (in per
centage terms) is the degree of fluctuation. In most patients, once-daily dosing of 
the drug is adequate for clinical purposes (STRANDJORD and JOHANNESSEN 1974; 
COCKS et al. 1975). 

There is a striking interindividual variability in steady-state serum phenytoin 
concentrations in patients receiving the same dose (Fig. 2). This is determined to 
a large extent by differences in rate of drug metabolism, the effect of which is ex
aggerated by the occurrence of saturation kinetics. 

Within patients, the occurrence of saturation kinetics gives rise to a curvilinear 
relationship between steady-state concentration and dose (Fig. 3). The relation
ship is very steep within the therapeutic range of serum concentrations and even 
relatively minor adjustments in dosage can cause disproportionate changes in 
serum concentration. Due to the influence of genetic and environmental factors, 
the dose at which saturation is approached varies considerably from patient to 
patient. These findings are important in several ways: (1) dosage requirements 
need to be carefully individualized, ideally by monitoring the serum concentra
tion; (2) if phenytoin therapy is regulated by monitoring the serum concentration, 
increments in dose should be no greater 50 mg when the concentration comes 
close to the therapeutic range (for the calculation of the desired dose adjustment 
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see below); (3) serum concentrations within the therapeutic range are likely to be 
unstable because a few forgotten tablets or a small change in bioavailability will 
produce a disproportionate change in serum level; (4) the effects of drug inter
actions will be exaggerated; these interactions are considered in Chap. 28. 

The non-linear relationship between dose and serum concentration makes 
phenytoin a difficult drug to use. Several methods for the calculation of the dos
age increments necessary to produce a desired serum level have been proposed 
and evaluated (MAWER et al. 1974; RrCHENS and DUNLOP 1975; LUDDEN et al. 
1976, 1977; MARTIN et al. 1977; MULLEN 1978; MULLEN and FORSTER 1979; RAM
BECK et al. 1979; DRIESSEN et al. 1980; VAN DER VELDE and DRIESSEN 1981). One 
approach is to calculate the parameters of the Michaelis-Menten equation (Km 
and Dmax) for each individual patient before treatment is started; the dosage 
required to produce a desired serum level can then be easily predicted (MA WER 
et al. 1974). A disadvantage of this method, however, is that several serum con
centration measurements after administration of a single dose are required. Alter
natively, individual Km and Dmax values can be derived from serum phenytoin 
levels at steady state provided that the serum concentration of the drug at at least 
two different daily dosages is known beforehand (LUDDEN et al. 1976, 1977; MUL
LEN 1978). An even more practical approach that requires the knowledge of only 
one serum concentration point is provided by the use of nomograms such as those 
proposed by RrCHENS and DUNLOP (1975), MARTIN et al. (1977) and RAMBECK et 
al. (1979). The nomogram by RAMBECK et al. (1979) makes use of an average Km 
value derived from a large population of patients. Its validity is based on the as
sumption that Km does not vary among individuals and since this is clearly incor
rect dosage predictions based on the nomogram will prove erroneous in some 
patients (VAN DER VELDE and DRIESSEN 1981). When only one serum concentra
tion point is known, the accuracy of Richens and Dunlop's and Martin's nomo
grams is also limited. In a recent study, Richens and Dunlop's nomogram was re
ported to give the best predictions among various methods tested; even then, how
ever, considerable inaccuracies were often found (DRIESSEN et al. 1980; VAN DER 
VELDE and DRIESSEN 1981). 

2. Pharmacokinetics in Neonates, Infants and Children 

Data on the gastrointestinal absorption of phenytoin in neonates and infants are 
controversial. While most authors agree on poor absorption of the drug during 
the 1 st month of life (PAINTER et al. 1978), relatively high serum concentrations 
of phenytoin have been reported by LOUGHNAN et al. (1977) in some neonates of 
1 week of age after oral administration of 8 mg/kg per day in suspension form 
(for a list of references on phenytoin absorption in the newborn see MORSELLI et 
al. 1980). In older infants and in children, phenytoin is well absorbed. 

The serum unbound fraction of phenytoin is 1.5-2 times higher in normo
bilirubinaemic neonates than in adults and as a result serum levels of total drug 
provide a misleading underestimate of the concentration of pharmacologically 
active drug in these infants. The unbound fraction is increased even further in the 
presence of hyperbilirubinaemia (EHRNEBO et al. 1971; FREDHOLM et al. 1975). 
Values of protein binding close to those observed in adults are approached within 
the age of 3 months (LOUGHNAN et al. 1977). Reported values of apparent volume 
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of distribution are in the order ofO.8litres/kg (LOUGHNAN et al. 1977) or 1.2±0.2 
litres/kg (PAINTER et al. 1977) for neonates and 0.8 litres/kg for children (GAR
RETTSON and JUSKO 1975). 

In neonates of epileptic mothers, the serum concentration of phenytoin at 
birth is comparable to that observed in the mother. Due to the occurrence of sat
uration kinetics, the decay of serum concentration is initially slow, but when the 
concentration has fallen to values below those at which saturation occurs, ha1f
life values between 6 and 35 h are seen CRANE et al. 1974). This indicates that these 
neonates have a comparatively well-developed metabolizing capacity, probably 
due to transplacental autoinduction. Neonates not exposed to phenytoin in utero 
metabolize the drug much more slowly. The elimination may be particularly im
paired in prematures. After 2-3 weeks of life, the phenytoin half-life in full-term 
neonates is in the range of 6-15 h, probably reflecting the maturation of the mi
crosomal system. Infants older than 2 months have half-lives as short as 5-6 h 
(LOUGHNAN et al. 1977). 

Throughout childhood, the elimination of phenytoin remains faster than that 
observed in adults. Like adults, however, children exhibit saturation kinetics 
within the clinically occurring serum concentration range (GARRETTSON and KIM 
1970; DODSON 1980). Estimates of the Michaelis-Menten parameters have been 
determined in children by EADIE et al. (1976) and BLAIN et al. (1981). While Km 
values were found to be similar in children and adults, DlIDlX values were found 
to be markedly higher in children. After correction for differences in the ratio of 
liver weight to body weight in children and in adults, however, Dmax values have 
been reported to be similar in the two groups. Important interethnic differences 
in phenytoin elimination in children occur (LEE and CHAN 1981). 

One important implication of the faster elimination of phenytoin in infants 
and children is that paediatric patients require on average higher doses (in mg/kg 
body weight) than adults in order to achieve optimal serum levels (JALLING et al. 
1970; HOOPER et al. 1973; BERMAN 1976). The optimal phenytoin dose (mg/kg 
body weight) increases with decreasing age. Body surface, however, may be a bet
ter guide to dosage than body weight in a paediatric population (RICHENS 1979). 

Serum phenytoin levels usually show greater diurnal fluctuation in paediatric 
patients than in adults. Despite the suggestion that once daily dosing is adequate 
in children (BUCHANAN et al. 1973 b), more frequent administration may be nec
essary in some cases. As in adults, the attainment of steady-state serum levels may 
be accelerated by administering a loading dose at the onset of therapy; large initial 
doses have been associated with a high incidence of a concentration-dependent 
skin-rash (WILSON et al. 1976). 

II. Mephenytoin (Methoin) 

Mephenytoin (3-methyl-5-ethyl 5-phenylhydantoin) is rapidly absorbed from the 
gastrointestinal tract, peak serum levels occurring at 2-4 h after oral intake (PIP
PENGER et al. 1978). In vivo, the drug is demethylated to 5-ethyl-5-phenylhydan
toin (Nirvanol), which is itself an effective anticonvulsant (BUTLER and WADDELL 
1958; KUPFERBERG and YONEKAWA 1975), known for its bone-marrow toxicity 
(JONES and JACOBS 1932). Nirvanol, in turn, is hydroxylated to 5-ethyl-5-(p-hy-
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droxyphenyl)-hydantoin, which is excreted in urine (BUTLER 1956 a). Direct para
hydroxylation of mephenytoin also occurs (KUPFER et al. 1980). Many other me
tabolites of mephenytoin have been described, including a dihydrodiol probably 
formed by way of an epoxide intermediate (GERBER et al. 1979). There is evidence 
that the elimination of Nirvanol is slower than that of mephenytoin. In two 
patients who had received mephenytoin, TROUPIN et al. (1976) reported Nirvanol 
half-lives of74 an 144 h respectively. In one patient, the half-life of me phenytoin 
was 32 h. After starting chronic therapy, serum Nirvanol levels rise gradually 
over a period of a few weeks (BUTLER and WADDELL 1958). TROUPIN et al. (1976) 
found that during prolonged administration serum mephenytoin levels were only 
8% of the combined mephenytoin-Nirvanollevels. Combined mephenytoin-Nir
vanollevels in the saliva and in the cerebrospinal fluid were about 60% of the con
centration in serum, suggesting a moderate degree of serum protein binding. It 
is likely that Nirvanol is responsible for a major part of the therapeutic and toxic 
effects seen in patients treated with mephenytoin. 

III. Ethotoin 

Ethotoin is rapidly absorbed from the gastrointestinal tract, peak serum levels be
ing observed within 2-4 h after a single oral dose (SIO et al. 1975b). In epileptic 
patients the concentration of the drug in the cerebrospinal fluid is approximately 
12% of the plasma concentration, suggesting extensive binding to plasma pro
teins (MIYAMOTO et al. 1975). Only a small amount of ethotoin is excreted un
changed in the urine of man. In dogs the major metabolic pathways involve the 
conversion to 5-phenylhydantoin, 3-ethyl-5-(p-hydroxyphenyl)-hydantoin and its 
glucuronide, and phenylhydantoic acid (DUDLEY et al. 1970). The dealkylated 
and para-hydroxylated metabolites have been identified in the urine of man (SIO 
et al. 1975). 

SIO et al. (1975) provided evidence that ethotoin undergoes saturation kinet
ics. Following a single oral dose of 30 mg/kg the decline in serum concentration 
was not log-linear and showed an upward convexity. The elimination became first 
order at concentrations below 40 Ilmol/litre ( '" 8 Ilg/ml). Half-life values calcu
lated from this apparently terminal phase ranged from 3 to 6 h. SIO et al. (1975 b) 
reported that in patients started on chronic treatment serum ethotoin levels 
tended to decrease in the 1st week in spite of a constant daily dose, possibly due 
to autoinduction. Within patients, the dose-level relationship is similar to that ob
served with phenytoin, increments in dose producing a disproportionately great 
rise in serum concentration (LUND et al. 1973; SIO et al. 1975b). A large interin
dividual variation is observed in the serum levels of patients receiving the same 
dose. Because of the relatively rapid elimination, serum levels fluctuate consider
ably even when the drug is given in three divided daily doses (LUND et al. 1973). 
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B. Barbiturates and Chemically Related Anticonvulsants 

I. Phenobarbital (Phenobarbitone) 

1. Pharmacokinetics in Adults 

a) Absorption 

673 

Phenobarbital is well absorbed from the gastrointestinal tract (ALVIN et al. 1975). 
On the basis of available data, the oral bioavailability of conventional prepara
tions of the drug is assumed to be high (80%-100%) (MORSELLI and FRANco
MORSELLI 1980; POWELL et al. 1981). There are, however, commercially available 
formulations with low bioavailability (ALVARES et al. 1981). With most prepara
tions, peak serum levels are usually attained 1-3 h after the intake of a single oral 
dose (VISWANATHAN et al. 1978; SANNITA et al. 1980), but may occur after as late 
as 12-18 h following ingestion of a large dose (Lous 1954). MOOLENAAR et al. 
(1979) provided evidence that the free acid may be less rapidly and less reliably 
absorbed than the sodium salt. 

Following intramuscular administration, the absorption profile ofphenobar
bital is similar to that observed after oral intake of a similar dose. The intra
muscular bioavailability, however, may be slightly lower than the oral availability 
(VISWANATHANetal. 1979). 

The rectal absorption of phenobarbital in adults has been recently investi
gated (MOOLENAAR et al. 1979). Following rectal administration of the free acid 
or the sodium salt in aqueous dosage forms, peak serum phenobarbital levels were 
comparable with those observed after oral intake of a similar dose. The time 
required to achieve peak levels, however, was longer after rectal (3-4 h) than after 
oral administration (1-2 h). The rectal absorption of phenobarbital sodium from 
fatty suppositories was similar to that observed after rectal administration in 
aqueous form. A much slower absorption rate was observed if the free acid was 
used in the fatty suppository. 

b) Distribution and Plasma Protein Binding 

Phenobarbital has an apparent volume of distribution of about 0.6 litres/kg, 
which indicates a relatively extensive penetration into tissues (POWELL et al. 
1981). The concentration of the drug in human brain is, at steady state, approx
imately 60%-110% of the serum level (SHERWIN et al. 1973; V AIDA et al. 1974; 
HOUGHTON et al. 1975 a; SIRONI et al. 1980). Since phenobarbital is a weak acid 
with a pKa of 7.2, its degree of ionization varies considerably within the physio
logical range of plasma and tissue pH. As un-ionized molecules have much 
greater lipid solubility and membrane permeability, a fall in plasma pH may re
sult in an appreciable transfer of drug out of the circulation into the tissues. A 
transfer in the opposite direction is observed during alkalosis (WADDELL and 
BUTLER 1957 a). 

Phenobarbital is approximately 50% bound to serum proteins (Lous 1954; 
WADDELL and BUTLER 1957; McAULIFFE et al. 1977; CHEN et al. 1982). 
The concentration of the drug in the CSF is similar to the unbound concentration 
in plasma (JOHANNESSEN and STRANDJORD 1975 a). The concentration of pheno
barbital in saliva, on the other hand, is dependent not only on the unbound frac-
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tion in plasma but also on salivary pH. After correction for the difference in pH 
between plasma and saliva, salivary levels of phenobarbital can be used as an es
timate of the free plasma concentration (McAuLIFFE et al. 1977; NISHIHARA et al. 
1979). 

In a mixed population of children and adults, MONACO et al. (1979) found a 
positive correlation between the concentration of phenobarbital in tears and that 
in plasma and CSF. 

Phenobarbital is excreted in appreciable amounts in breast milk. The milk
plasma concentration ratio is in the range of 0.2-0.6 (KANEKO et al. 1979). 

c) Metabolism and Urinary Excretion 

Approximately 45%-65% of the administered dose of phenobarbital is metabo
lized (MORSELLI and FRANCO-MoRSELLI 1980). A major metabolic pathway com
mon to all species including man is the aromatic hydroxylation to para-hydroxy
phenobarbital (BUTLER 1956b; WHYTE and DEKABAN 1977). This metabolite is 
pharmacologically inactive and is excreted in urine, partly in glucuronide form 
(KALLBERG et al. 1975). It has been suggested that another important metabolic 
pathway in man is the conversion to the N-glucoside (TANG et al. 1979). Other 
metabolites identified so far in man or other species include IX-phenyl-y
butyrolactone (ANDRESEN et al. 1976), a catechol derivative (HORNING et al. 
1975), an hydroxyethyl derivative (HARVEY et al. 1972; GLAZKO 1975) and a di
hydrodiol (HARVEY et al. 1972). The latter is probably formed by way of an ep
oxide intermediate. 

The urinary excretion of unchanged phenobarbital is quantitatively impor
tant, since it accounts for about 20%-40% of the administered dose (MORSELLI 
and FRANCO-MoRSELLI 1980). The renal excretion of the drug can be markedly 
increased by alkalinizing the urine or by increasing the rate of urinary flow (W AD
DELL and BUTLER 1957b; POWELL etal. 1981). 

d) Half-life and Clearance 

In adults the elimination half-life of phenobarbital ranges from 50 to 170 hand 
clearance values range from 2 to 13 ml/h per kilogram (Laus 1954; BUTLER et al. 
1954; ALVIN et al. 1975; MORSELLI and FRANCO-MoRSELLI 1980; POWELL et al. 
1981). Under most experimental conditions, the elimination of the drug has been 
found to follow a first-order process but there are a few reports suggestive of 
dose-dependent kinetics. VISWANATHAN et al. (1979) found that the half-life of 
phenobarbital following discontinuation of chronic treatment in three subjects 
was considerably longer than that observed in the same subjects following admin
istration of a single dose. Further evidence that phenobarbital may show satura
tion kinetics has been presented by WILSON and WILKINSON (1973) and by EADIE 
et al. (1977 a). If enzyme saturation occurs, however, its clinical implications are 
likely to be far less important than those seen in the case of phenytoin because 
a substantial amount of the administered dose of phenobarbital is excreted un
changed in urine. In the presence of reduced metabolizing capacity, the propor
tion of drug excreted unchanged in urine will rise and this will limit the extent to 
which accumulation can take place (ALVIN et al. 1975). Nevertheless, patients 
with cirrhosis or acute viral hepatitis have a longer plasma half-life than control 
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subjects (ALVIN et al. 1975). Pregnancy is associated with an increased clearance 
of phenobarbital (MYGIND et al. 1976). 

e) Steady-State Levels and Serum Level/Dose Relationship 

The observation that phenobarbital has a long elimination half-life has two im
portant therapeutic implications. First, serum phenobarbital levels fluctuate little 
during the dosing interval, and once daily administration is acceptable. Second, 
it may take up to 15-30 days for the serum levels to reach steady state following 
an adjustment in dosage. In patients being started on phenobarbital treatment, 
the time required to reach steady state can be reduced to less than 1 week by dou
bling the maintenance dose for the first 4 days (SVENSMARK and BUCHTHAL 1963). 
This practice, however, has the disadvantage of producing excessive sedation dur
ing the initial stages of treatment. When the maintenance dose is given from the 
beginning, the slow and gradual rise in serum levels is accompanied by the de
velopment oftolerance, and therefore central adverse effects are less common. 

A considerable interindividual variation is observed in steady-state serum 
phenobarbital levels of patients receiving the same dose, although the scatter is 
not as great as that observed with phenytoin (EADIE et al. 1977; KAWASHIMA et 
al. 1980). The within-patient relationship between serum phenobarbital concen
tration and dosage has been little investigated. In one study, increments in phe
nobarbital dosage were found to produce, in some epileptic patients, a dispropor
tionately great increase in serum concentration, but interpretation of these data 
was complicated by the observation that serum levels of phenobarbital metaboli
cally derived from methylphenobarbital were linearly related to the dose of the 
latter compound (EADIE et al. 1977 a). In a more recent study, PERUCCA et al. 
(1981 b) found that doubling the phenobarbital dose from 15 to 30 mg/day in four 
subjects caused a consistent doubling of the steady-state serum concentration of 
the drug. These doses, however, are relatively low compared with those normally 
used in the treatment of epilepsy. 

2. Pharmacokinetics in Neonates, Infants and Children 

In the neonate, phenobarbital is absorbed relatively rapidly when given by the in
tramuscular route (WALLIN et al. 1974; BRACHET-LIERMAIN et al. 1975). The drug 
is absorbed from the gastrointestinal tract during the 1st few days of extrauterine 
life (WALLIN et al. 1974); relatively high serum phenobarbital levels were achieved 
giving 3 mg/kg intramuscularly on the day of birth followed by 5 mg/kg per day 
orally for the next 6 days. BOUTROY et al. (1980) found peak serum phenobarbital 
levels of 53 ± 16 Ilmoljlitre (12.4 ± 3.8 Ilg/ml) following administration of a single 
dose of 12 mg/kg by nasogastric tube to premature and full-term neonates in the 
first 3 h of extrauterine life for the prophylaxis of hyperbilirubinaemia. The ab
sorption of phenobarbital following oral administration in neonates is slower and 
less predictable than that following intramuscular administration (MORSELLI 
1977 b), but in older infants and in children, the absorption is more rapid and ef
ficient (JALLING 1974). 

The rectal absorption of pheno barbital in infants and children has been inves
tigated by HEIMANN et al. (1978). The sodium salt was found to be relatively well 
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absorbed from fatty suppositories. Average times required to achieve peak serum 
levels were 2.2, 3.3 and 4.2 h depending on the formulation used. The absorption 
ofthe free acid from the same suppository forms was considerably slower. 

The binding of phenobarbital to plasma protein is reduced in the newborn, 
particularly in the presence of high bilirubin levels (EHRNEBO et al. 1971). This im
plies that, at any given serum level of total drug, the concentration of pharmaco
logically active drug is higher in newborns than in adults. The apparent volume 
of distribution is also increased during the first 2-3 months of life (HEIMANN and 
GLADTKE 1977). 

The elimination half-life of phenobarbital may be prolonged in neonates, par
ticularly those born prematurely. Half-life values of60-200h, with extremes up to 
400 h, have been observed during the first few days of extrauterine life (JALLING 
et al. 1973; WALLIN et al. 1974; HEIMANN and GLADTKE 1977; BOREUS et al. 1978; 
PITLICK et al. 1978; BOUTROY et al. 1980). The slow elimination in these neonates 
is probably due to decreased renal excretion as well as to incomplete maturation 
of the drug-metabolizing enzymes. During the first few weeks of life the half-life 
of phenobarbital shortens progressively; values between 30 and 130 h are report
ed between the ages of 2 months and 5 years (GARRETTSON and DAYTON 1970; 
JALLING 1974; HEIMANN and GLADTKE 1977; PAINTER et al. 1978). In five children 
aged 5-10 years, MORSELLI (l977b) found half-life values ranging from 21 to 78 h. 
These data indicate that infants and children eliminate the drug more rapidly than 
adults and they require a higher dose (on a body weight basis) to produce a given 
serum level (SVENSMARK and BUCHTHAL 1964; ROSSI et al. 1979). Due to the long 
half-life of the drug, once daily dosing is acceptable also in children (W ALSON et 
al. 1980). 

II. Methylphenobarbital (Mephobarbital) 

a) Absorption 

Methylphenobarbital (mephobarbital) is rapidly absorbed from the gastrointesti
nal tract (EADIE et al. 1978; HOOPER et al. 1981). Following the ingestion of a 
single dose, peak serum levels are usually attained within 6-8 h. Although the oral 
availability of the drug has been little investigated, a critical evaluation of avail
able data (BUTLER and WADDELL 1958) suggests that this is incomplete. In a re
cent study in which single doses of methylphenobarbital were given both orally 
and intravenously to two normal subjects, the oral bioavailability was estimated 
to be 70% and 75% respectively (HOOPER et al. 1981). 

b) Distribution 

The apparent volume of distribution of methylphenobarbital is very high (about 
2 litres/kg), which is in accordance with the high lipid solubility of this drug (EA
DIEet al. 1978; HOOPER et al. 1981). 

c) Metabolism and Urinary Excretion 

Methylphenobarbital is extensively metabolized in the body. Only 1 %-2% of the 
administered dose is excreted unchanged in urine (SVENDSEN and BROCHMAN-
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HANSSEN 1962; EADIE et al. 1978). Two major metabolic pathways have been iden
tified: demethylation to phenobarbital and para-hydroxylation to p-hydroxy
methylphenobarbital (P-HMP). 

After administration of a single oral dose of methylphenobarbital, phenobar
bital appears in serum within a few hours and reaches peak levels in 3-8 days, at 
a time when the concentration of the parent drug has already declined to low 
values (EADIE et al. 1978; HOOPER et al. 1981). In patients treated with barbitu
rates or other enzyme-inducing antiepileptic drugs, the demethylation takes place 
at a faster rate so that peak serum phenobarbital levels occur earlier and are con
siderably higher (EADIE et al. 1978). The urinary excretion of the metabolites of 
methylphenobarbital is still incompletely known. In two normal subjects, HOOPER 
et al. (1981) found that about 30% of a single oral dose of methylphenobarbital 
was excreted in urine as p-HMP during the following 10 days; the fraction of the 
dose recovered in urine as phenobarbital and p-hydroxyphenobarbital over the 
same period was below 10%. Other metabolites of phenobarbital were not mea
sured and therefore no reliable quantitation of the demethylation process could 
be obtained. There is evidence, however, that in patients receiving long-term 
treatment with methylphenobarbital or other enzyme-inducing drugs, the rate of 
conversion to phenobarbital is higher than that observed in normal subjects given 
a single dose. In these chronically treated patients, up to 50% of an administered 
dose of methylphenobarbital may in fact be converted to phenobarbital (EADIE 
et al. 1978). 

d) Half-lif' 

The elimination half-life of methylphenobarbital ranges from 30 to 70 h (HORNING 
et al. 1975; EADIE et al. 1978; HOOPER et al. 1981). Considerably shorter values 
(10-30 h), however, have been described in patients receiving concurrent treat
ment with enzyme-inducing drugs (EADIE et al. 1978). In two normal subjects giv
en a single intravenous dose of the drug, clearance values were found to be 0.03 
and O.04litres/kg per hour respectively (HOOPER et al. 1981). Higher values may 
be found in induced patients. 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

Steady-state serum levels of the parent drug are expected to be achieved in 3-15 
days of starting therapy. The times necessary to achieve steady-state serum levels 
of phenobarbital are appreciable longer (up to 4-5 weeks) and give rise to concen
trations that exceed those of methylphenobarbital by a factor of 3-10 (EADIE et 
al. 1978) or more (KUPFERBERG and LONGACRE-SHAW 1979). EADIE et al. (1977 a, 
1978) have shown that steady-state serum levels of both compounds are positively 
correlated with the methylphenobarbital dose, although the interindividual vari
ation in the serum levels observed at any given dose is considerable. Within 
patients, the relationship between the dose of methyl phenobarbital and the serum 
levels of both parent drug and metabolically derived phenobarbital is linear. Al
though methylphenobarbital itself has antiepileptic properties, it is likely that the 
pharmacological effects of the drug are largely mediated by phenobarbital. 
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ill. Eterobarbital 
Eterobarbital (dimethoxymethylphenobarbital) is a barbiturate derivative that 
has been claimed to be as effective as, but less sedating than, phenobarbital. The 
disposition of this compound in man has been investigated by GOLDBERG et al. 
(1979). They found that eterobarbital is entirely degraded in the gastrointestinal 
tract or, more likely, in the portal circulation during its first passage through the 
liver. Degradation occurs in two steps: first the monomethoxymethyl metabolite 
is formed; then this is metabolized to phenobarbital. Monomethoxy-methyl
phenobarbital has a very short half-life and is present in the circulation in very 
low concentrations during chronic therapy. Eterobarbital itself is not detectable 
in serum, whereas phenobarbital accumulates in substantial amounts. It appears 
therefore that the pharmacological effects of eterobarbital are largely, if not en
tirely, mediated by metabolically derived phenobarbital. 

IV. Primidone 
Primidone is a desoxybarbiturate that is partly converted to phenobarbital in vi
vo. The drug is invariably used by the oral route. 

1. Pharmacokinetics in Adults 
a) Absorption 

Primidone is rapidly absorbed from the gastrointestinal tract, peak serum levels 
being attained between 0.5 and 7 h following a single oral dose (BOOKER et al. 
1970; GALLAGHER et al. 1972; CLOYD et al. 1981). Studies based o~he urinary 
recovery of unchanged drug and metabolites in children indicate that at least 90% 
of an orally administered dose is absorbed (KAUFFMAN et al. 1977). In one study, 
no important diftTerences in oral biovailability between various formulations 
were found (BORST and LOOKWOOD 1975). 

b) Distribution and Plasma Protein Binding 

Primidone distributes evenly in all organs and tissues. The apparent volume of 
distribution of the drug is estimated to be approximately 0.61itres/kg (MORSELLI 
and FRANCO-MoRSELLI 1980). Brain concentrations have been found to be 
around 90% of the serum concentrations (HOUGHTON et al. 1975 a). 

Information on the degree of binding ofprimidone to plasma proteins is con
flicting. In an early study, BAUMEL et al. (1972) reported that neither primidone 
nor the metabolite phenylethylmalonamide (PEMA) bind to any significant ex
tent to plasma proteins. McAuLIFFE et al. (1977), however, found that in 
21 patients receiving chronic treatment with primidone the fraction of the drug 
bound to plasma proteins was about 35% (CHEN et al. 1982). The plasma protein 
binding of phenobarbital is about 50% (WADDELL and BUTLER 1957 a). 

The concentration of primidone in saliva and in cerebrospinal fluid has been 
shown to be positively correlated with the concentration in plasma. Salivary and 
cerebrospinal fluid/plasma ratios are in the range of 0.7-1 (HOUGHTON et al. 1975 
a; TROUPIN and FRIEL 1975; SCHOTTELIUS and FINCHAM 1977; McAULIFFE et al. 
1977; MONACO et al. 1981). BARTELS et al. (1979) showed that the salivary/plasma 
ratio ofprimidone is dependent on the salivary flow, at variance with data prev-
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iously reported by SCHMIDT and KUPFERBERG (1975). The discrepancy could be 
attributed to differences in the collection technique. 

MONACO et al. (1981) reported a tears/plasma primidone concentration ratio 
of 0.45 ± 0.3 in 28 patients. 

Primidone has been detected in the breast milk of nursing mothers treated 
with the drug. The milk/serum concentration ratio is in the order of 0.6-1.0 
(KANEKO et al. 1979). 

c) Metabolism and Urinary Excretion 

In man, primidone is partly metabolized to PEMA and phenobarbital and partly 
excreted unchanged in urine. Crystalluria has been observed in cases associated 
with acute primidone intoxication (BAILEY and JATLOW 1972; BRILLMAN et al. 
1974; CATE and TENSER 1975). Little information is available on the fraction of the 
administered dose which is metabolized in adults. Studies based on the urinary 
recovery of primidone and its metabolites in children receiving chronic therapy 
with the drug indicate that 15%-65% of the dose is excreted unchanged in urine, 
16%-65% is converted to PEMA and only 1 %-8% is converted to phenobarbital 
(KAUFFMAN et al. 1977). Induction of primidone metabolism has been demon
strated (see Chap. 28). The metabolism of the drug is faster after multiple doses 
than after a single dose, but this effect seems to be inconsistent (CLOYD et al. 
1981 ). 

After administration of a single oral dose of primidone to patients treated with 
other anti epileptic drugs, PEMA can be detected in the circulation within 24 h 
(CLOYD et al. 1981). Phenobarbital also appears within a few hours (EADIE and 
TYRER 1980). In patients not receiving other antiepileptic drugs, the appearance 
of detectable amounts of PEMA and phenobarbital in the circulation may be de
layed more than 24 and 48 h respectively (CLOYD et al. 1981). 

Both PEMA and phenobarbital have a longer half-life than primidone and 
therefore accumulate in serum during chronic administration. It is likely that a 
large proportion of the pharmacological activity in patients treated with primi
done is due to metabolically derived phenobarbital. In animal studies, PEMA has 
been shown to have anticonvulsant activity of its own, which may be synergic 
with that of phenobarbital (BAUMEL et al. 1972). It is unclear, however, whether 
PEMA contributes significantly to the overall pharmacological activity of primi
done inman. 

d) Half-life and Clearance 
Primidone is eliminated according to a first-order process with a half-life value 
ranging from 4 to 22 h (BOOKER et al. 1970; BAUMEL et al. 1972; BRILLMAN et al. 
1974; SCHOTTELIUS and FINCHAM 1978; CLOYD et al. 1981). CLOYD et al. (1981) 
found that in patients receiving concurrent therapy with other anti epileptic drugs 
primidone half-lives (8 ± 3 h) were considerably shorter than in patients given a 
single primidone dose in the absence of associated therapy (15 ± 5 h). In the same 
study, clearance values determined after a single oral dose were reported to aver
age 35 ml/kg per hour and 52 ml/kg per hour respectively. These values were cal
culated on the assumption that absorption was complete and therefore they may 
be overestimates. In patients started on single-drug therapy, there was a trend for 
clearance values to be higher after multiple- than after single-dose administration. 
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Following administration ofprimidone, the half-life of the metabolite PEMA 
ranges from 17 to 36 h (BAUMEL et al. 1972; GALLAGHER et al. 1972). These values 
are overestimates because PEMA was still being formed during the period of sam
pling. After administration of PEMA itself, half-life values are shorter and vary 
from 10 to 25 h (COTTRELL et al. 1982). 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

Steady-state serum primidone levels are usually attained within 2 days following 
initiation of treatment. Steady-state levels of PEMA are reached within about 1 
week. In the case of metabolically derived phenobarbital, it may take 15-25 days 
before a stable concentration is obtained. This time factor needs to be taken into 
account in view of the evidence that the pharmacological action of primidone is 
largely, ifnot entirely, mediated by its conversion to phenobarbital. 

Patients receiving the same primidone dose show large differences in the 
serum primidone levels achieved at steady state. These differences are related 
partly to the difficulty in standardizing precisely the sampling time in respect to 
the marked fluctuations during the dosing interval and partly to interpatient vari
ability in the absorption and disposition of the drug (SCHOTTELIUS and FINCHAM 
1978). GALLAGHER and BAUMEL (1972) suggested that increments in primidone 
dose can result in disproportionate changes in the serum concentration, possibly 
due to saturation of the enzyme system responsible for the conversion to pheno
barbital. This suggestion, which was based on the comparison between different 
groups of patients, remains to be confirmed in a within-subject study. 

There is statistically significant positive correlation between the administered 
dose of primidone and the serum concentration of metabolically derived pheno
barbital, although the degree of interindividual variation is considerable (EADm 
et al. 1977 a). At steady state the serum concentration of phenobarbital is always 
greater than that of primidone, but the precise ratio between the two varies great
ly from one patient to another and also within the same patient, depending on 
the time of sampling and the influence of associated anticonvulsant therapy. REy
NOLDS et al (1975) and SCHOTTELIUS and FINCHAM (1978) found that in patients 
receiving maintenance therapy with primidone alone serum phenobarbital levels 
were on average 35%-60% higher than those of the parent drug. In patients re
ceiving phenytoin in combination, serum primidone levels were reduced and 
serum phenobarbital levels were increased. Serum phenobarbital levels in these 
patients were two to four times higher than those of the parent drug, suggesting 
an increased metabolic conversion of primidone into phenobarbitone. These re
sults have recently been confirmed by HEIPERTZ et al. (1979). These authors, how
ever, reported serum phenobarbital: primidone ratios considerably greater than 
those observed by the other groups. In addition to phenytoin, carbamazepine also 
appears to stimulate the conversion of primidone to phenobarbital. In most 
patients, a primidone dose ranging from 5 to 15 mg/kg per day appears to be 
required in order to produce a concentration of phenobarbital around 85 Ilmol/ 
litre (",20 Ilg/ml) (EADm et al. 1977; SCHOTTELIUS and FINCHAM 1978). The same 
level can also be achieved with a phenobarbital dose of 1-2 mg/kg. 

Information on the steady-state serum concentration of PEMA in patients 
treated with primidone is relatively scarce. BAUMEL et al. (1972) and HAIDUKE-
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WYCH and RODIN (1980) found that in large populations of patients PEMA levels 
were on average similar to primidone levels. Similar observations were made by 
HEIPERTZ et al. (1979) in patients receiving primidone in combination with 
phenytoin; in patients treated with primidone alone, PEMA levels were on aver
age approximately one-half the primidone levels. 

2. Pharmacokinetics in Neonates, Infants and Children 

Neonates of mothers taking primidone have at birth serum levels of primidone, 
PEMA and phenobarbital comparable with those observed in the mother. The 
disposition of transplacentally acquired primidone and its metabolites has been 
investigated by NAU et al. (1980). In six neonates, primidone was excreted with 
a half-life of 23 ± 10 h, which is longer than that found in adults. The half-life of 
PEMA was 35 ± 6 h. Phenobarbital half-lives ranged from 70 to 160 h. 

KAUFFMAN et al. (1977) studied the disposition of primidone in 12 children 
aged 7-14 years. Half-life values in these children were comparable with those de
scribed in adults. The urinary recovery of primidone and its metabolites in urine 
(see p. 679) suggested that the oral absorption of the drug was virtually complete. 
BATTINO et al. (1980) found that at steady state children had a lower primidone 
serum level/dose ratio than adults. 

COTTRELL et al. (1982) reported a PEMA half-life value of 16 h in a 10-year-old 
child given a single oral dose of PEMA. 

The kinetics of pheno barbital in neonates, infants and children is discussed in 
Sect. B.L2. 

C. Carbamazepine 
Carbamazepine is a dibenzazepine derivative structurally related to the tricyclic 
antidepressants. The drug is always given by the oral route. Its pharmacokinetics 
have been extensively investigated. 

1. Pharmacokinetics in Adults 

a) Absorption 

Due to lack of a preparation suitable for intravenous use, no information is avail
able on the absolute bioavailability of carbamazepine in man. There is evidence, 
however, that the gastrointestinal absorption of the drug is slow, irregular and 
possibly incomplete (PALMER et al. 1973; LEVY et al. 1975; STRANDJORD and Jo
HANNESSEN 1975; BERTILSSON 1978). Following administration of a single oral 
dose in tablet form, peak serum levels are usually obtained after 4-18 h (KAUKO 
and TAMMISTO 1974; MORSELLI et al. 1975), sometimes after as late as 24-35 h 
(F AIGLE and FELDMAN; GERARDIN and HIRZ 1976; COTTER et al. 1977). Since car
bamazepine is poorly soluble in aqueous media, it is likely that the delayed ab
sorption is due to a slow dissolution rate which, in turn, is dependent on the par
ticle size of the drug (RICHTER and TERHAAG 1978). Based on the recovery of 
radio-labelled drug in urine and faeces, FAIGLE and FELDMANN (1975) calculated 
that the fraction absorbed from gelatine capsules is at least 70%. However, con-
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siderable differences in rate and/or extent of absorption between different formu
lations have been described (LEVYet al. 1975; RICHTER and TERHAAG 1978; ANT
TILA et al. 1979; DAN et al. 1981). LEVY et al. (1975) reported that the bioavailabil
ity of single doses of carbamazepine is enhanced by food but these findings could 
not be confirmed after repeated administration (TEDESCHI et al. 1981). 

The possibility that carbamazepine shows dose-dependent absorption has 
been commented upon by several investigators. It is known that the time required 
to reach maximal concentrations increases considerably with increasing doses 
(GERARDIN et al. 1976; COTTER et al. 1977). In a patient who ingested an overdose 
of 20 g, peak serum carbamazepine levels were attained after as late as 3 days 
(GRUSKA et al. 1971). Although the fraction absorbed is likely to remain constant 
with single doses ranging from 50 to 400-600 mg (RAWLINS et al. 1975; LEVyet 
al. 1975; GERARDIN and HIRZ 1976), at higher doses bioavailability may be re
duced (LEVYet al. 1975). Dose-dependent absorption during chronic administra
tion would be consistent with the suggestion that the bioavailability of carba
mazepine might be increased by increasing the frequency of administration whilst 
maintaining the total daily dose constant, but evidence in support of the latter hy
pothesis is conflicting. Perhaps the most convincing evidence of dose-dependent 
absorption during chronic therapy comes from the observation that the increase 
in serum carbamazepine levels is often lower than expected from the increment 
in dose (PERUCCA et al. 1980 b). 

b) Distribution and Plasma Protein Binding 

Carbamazepine is a neutral and fairly lipophilic compound that diffuses easily 
across biological membranes. The volume of distribution of the drug determined 
after oral administration ranges from 0.8 to 4litres/kg (PALMER et al. 1973; 
EICHELBAUM et al. 1975; MORSELLI et al. 1975; RAWLINS et al. 1975; COTTER et al. 
1977; WESTENBERG et al. 1978). These figures have been calculated on the assump
tion that absorption is complete and therefore may represent slight overestimates. 

In rats, carbamazepine distributes uniformly in various organs, the highest 
concentration being found in the liver and the kidney (MORSELLI and FRIGERIO 
1975). In brain tissue of epileptic patients the drug is found at concentrations 
which are approximately 50% higher than in plasma (FRIIS et al. 1978). In non
epileptic patients undergoing brain surgery for removal of cerebral tumour, 
MORSELLI et al. (1977) found higher carbamazepine brain: plasma ratios in the 
parieto-occipital area than in the temporal area. Brain: plasma concentration 
ratios of approximately 1-2 have been reported for the active metabolite carba
mazepine-l0,II-epoxide (MORSELLI et al. 1977; FRIIS et al. 1978). 

Carbamazepine is about 65%-80% bound to plasma proteins (DI SALLE et al. 
1974; HOOPER et al. 1975; RAWLINS et al. 1975; JOHANNESSEN et al. 1976; 
McAULIFFE et al. 1977; MACKICHAN et al. 1981). Over the therapeutic plasma 
concentration range, the degree of binding is virtually constant (HOOPER et al. 
1975; RAWLINS et al. 1975; JOHANNESSEN et al. 1976; MACKICHAN et al. 1981). The 
plasma protein binding of the epoxide metabolite is generally lower (30%-80%) 
(MORSELLI et al. 1975; JOHANNESSEN et al. 1976; MACKICHAN et al. 1981); in one 
study, the free fraction of the epoxide was shown to correlate positively with the 
free fraction ofthe parent compound (MACKICHAN et al. 1981). None of the cur-
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rently used antiepileptic drugs appear to influence carbamazepine binding to a 
clinically significant extent (MORSELLI et al. 1975; HooPER et al. 1975). The free 
fraction of the drug is normal in patients with renal disease and only marginally 
increased in patients with hepatic disease (HooPER et al. 1975). 

HooPER et al. (1975) found that the concentration of carbamazepine in red 
cells was only 38 % ± 18 % of the plasma concentration. The 10, ll-epoxide metab
olite has been reported not to enter the red cell to any important extent (pYN
NONEN and YRJANA 1977). 

The relationship between the concentrations of carbamazepine in plasma and 
in saliva has been examined by several investigators. In general, salivary levels of 
both carbamazepine and carbamazepine-lO,ll-epoxide have been shown to cor
relate positively with the respective total and free concentrations in plasma (PYN
NONEN 1977; McAULIFFE et al. 1977; RYLANCE et al. 1977; WESTENBERG et al. 
1978; MACKICHAN et al. 1981). On average, the concentration of carbamazepine 
in saliva is about 26%-27% of the total plasma concentration. For the epoxide, 
the average salivary: plasma ratio is about 0.40 (MACKICHAN et al. 1981). Since 
saliva can be considered as a natural ultrafiltrate of plasma, the suggestion has 
been made that salivary levels could provide a reliable indicator of the free con
centration in plasma. Support for this hypothesis is provided by the observation 
that salivary levels of both carbamazepine and its 10, ll-epoxide correlate better 
with the free than with the total plasma levels of these compounds (MACKICHAN 
et al. 1981). The concentrations of carbamazepine and the 10, ll-epoxide metabo
lite in saliva, however, have often been found to be higher than their respective 
free plasma concentrations, possibly due to evaporation of saliva in the mouth 
during the collection procedure (TROUPIN and FRIEL 1975; MACKICHAN et al. 
1981). 

The concentration of carbamazepine and its 10, l1-epoxide in CSF also 
provides an indication of their free concentration in plasma (TRoUPIN and FRmL 
1975). Published figures for CSF: plasma concentration ratios are in the order of 
0.2--0.3 for carbamazepine and 0.3-0.7 for the metabolite (JOHANNESSEN and 
STRANDJORD 1972; EICHELBAUM et al. 1976; JOHANNESSEN et al. 1976). 

MONACO et al. (1979) found a positive correlation between the concentration 
of carbamazepine in tears and those in plasma and in the CSF. 

The concentration of carbamazepine in breast milk is approximately 20%-
60% of the total plasma concentration (PYNNONEN and SYLLANPAA 1975; PYN
NONENetal.1977b; KANEKoetal.1979; NmBYLetal. 1979). 

c) Metabolism and Urinary Excretion 

Only 1 %-2% of an orally administered dose of carbamazepine is excreted un
changed in urine (F AIGLE and FELDMAN 1975; MORSELLI et al. 1975). Most of the 
drug is converted to oxidized metabolites which are excreted in the urine and in 
the bile in glucuronide form. At least 12 different such metabolites have been 
identified in man (Fig. 4) (for details see BERTILSSON 1978 and LYNN et al. 1978). 
Direct N-glucuronidation without prior oxidation also occurs. It has been specu
lated that the carbamazepine N-glucuronide is excreted in the bile, hydrolysed in 
the gastrointestinal tract to the a glycone and reabsorbed. TERHAAG et al. (1978), 
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Fig. 4. Proposed pathways of carbamazepine metabolism (LYNN et al. 1978) 

however, provided evidence that the extent to which carbamazepine undergoes 
enterohepatic circulation is probably negligible. 

Considerable attention has been focused on carbamazepine-lO,ll-epoxide 
which, unlike other epoxides, is chemically stable. Although this metabolite ac
counts for only a small fraction of the urinary excretion (BERTILSSON 1978), it is 
found in patients' serum at concentrations which are between 15% and 55% (5% 
-81 % in children) those of the parent drug. Since the plasma protein binding of 
the epoxide is lower than that of carbamazepine, the free concentrations of both 
compounds at steady state are sometimes found to be similar (BERTILSSON 1978). 
The main interest of these observations stems from the fact that in animals car
bamazepine-epoxide has appreciable anticonvulsant activity (FRIGERIO and 
MORSELLI 1975). Whether the epoxide plays a significant role in the therapeutic 
action of carbamazepine in epileptic patients is unknown. 
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d) Half-life and Clearance 

Following single-dose administration to normal volunteers the half-life of carba
mazepine ranges from 20 to 65h (PALMER et al. 1973; EICHELBAUM et al. 1975; 
LEVY et al. 1975; MORSELLI et al. 1975; RAWLINS et al. 1975; STRANDJORD and Jo
HANNESSEN 1975). After repeated administration, however, autoinduction occurs 
and the half-life is shortened. EICHELBAUM et al. (1975) administered 200 mg car
bamazepine three times a day for 15-21 days and when treatment was discon
tinued, the half-lifes (20.9 ± 5.0 h) were considerably shorter than those previously 
observed in the same patients after a single dose (35.6 ± 15.3 h). Since carba
mazepine has not been given intravenously to man, clearance data have been cal
culated after oral administration on the assumption that bioavailability is com
plete. Average values quoted in the literature are in the order of 10-20 ml/kg per 
hour after a single dose and 80-130 ml/kg per hour after multiple doses (for re
view, see EADIE and TYRER 1980). 

The possibility that carbamazepine undergoes dose-dependent kinetics has 
been raised by COTTER et al. (1975) and GERARDIN et al. (1976), who found that 
the elimination half-life of the drug shortened with increasing drug dose. No ev
idence of this effect, however, was found by LEVY et al. (1975). 

Apart from autoinduction and, possibly, dose-dependent kinetics, other 
factors affect carbamazepine elimination (for review, see PYNNONEN 1979). The 
effect of associated anticonvulsant therapy is probably the most important; treat
ment with phenytoin, phenobarbital or primidone leads to induction of carba
mazepine metabolism, as indicated by a shortened half-life and a reduced carba
mazepine to carbamazepine-l 0, ll-epoxide ratio in the serum. WESTENBERG et al. 
(1978) found carbamazepine half-lives of 1O.6±0.7 h in patients on combined an
ticonvulsant therapy as compared with half-lives of 18.3 ± 5 h in patients taking 
carbamazepine alone. EICHELBAUM et al. (1979) demonstrated that in some 
patients on combined antiepileptic drug therapy carbamazepine half-lives can be 
as short as 5-6 h. 

The kinetics of the 10,1l-epoxide metabolite have normally been studied 
under post-steady-state conditions in patients given carbamazepine (EICHELBAUM 
et al. 1975; MORSELLI et al. 1975). The reported half-life values of the epoxide in 
these patients (6-23 h) may be overestimates since the metabolite was still being 
formed during the time of sampling. 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

In patients started on chronic medication, maximal serum carbamazepine levels 
are usually observed after 3-4 days and thereafter decline gradually over a period 
of weeks due to the autoinduction effect (EICHELBAUM et al. 1975; PYNNONEN et 
al. 1980), eventually reaching serum levels much lower than those predicted from 
single-dose kinetics (RAWLINS et al. 1975; GERARDIN et al. 1976). 

Steady-state serum carbamazepine levels are much lower in patients taking 
phenytoin, phenobarbital and primidone in addition as a result of enzyme induc
tion by these drugs (CHRISTIANSEN and DAM 1973; CEREGHINO et al. 1975; JOHAN
NESSEN and STRANDJORD 1975 b; PERUCCA and RICHENS 1980). 

At steady state, the serum concentration of carbamazepine is positively corre
lated with that of the epoxide, ~ut the relationship is not sufficiently strong to en-



686 E. PERUCCA and A. RICHENS 

able a meaningful prediction to be made of the concentration of the epoxide from 
the level of parent drug (STRANDJORD and JOHANNESSEN 1980; TOMSON et al. 
1980). In adults, the carbamazepine-l0,II-epoxide: carbamazepine ratio in plas
ma ranges from 0.10 to 0.55 (BERTILSSON 1978; STRANDJORD and JOHANNESSEN 
1980; TOMSON et al. 1980); the ratio is higher in patients treated with other en
zyme-inducing antiepileptic drugs simultaneously (CHRISTIANSEN and DAM 1973; 
PYNNONEN et al. 1978; WESTENBERG et al. 1978; MACKICHAN et al. 1981). 

Because of their relatively short half-lives, serum carbamazepine and carba
mazepine epoxide levels fluctuate considerably during the dosing interval, par
ticularly in patients receiving associated drug therapy. JOHANNESSEN et al. (1976) 
found that in patients receiving carbamazepine in two or three divided daily doses 
mean fluctuations in serum carbamazepine levels were similar (approximately 
55%), whereas smaller fluctuations (36% on average) were seen with four daily 
doses. As expected, fluctuations are considerably less in patients receiving carba
mazepine alone (HOPPENER et al. 1980). These data suggest that once daily dosing 
of carbamazepine is inadequate. Two or, preferably, three divided doses are prob
ably suitable for most patients, even though in some cases more frequent dosing 
may be required to prevent the occurrence of transient side effects associated with 
high serum levels (HOPPENER et al. 1980). 

Even if the time of sampling is carefully standardized, marked interindividual 
differences are observed in the serum concentration of carbamazepine and carba
mazepine-l 0, ll-epoxide in patients receiving the same maintenance dose 
(EICHELBAUM et al. 1976; JOHANNESSEN et al. 1976; LANDER et al. 1977; PYNNONEN 
et al. 1978; PERUCCA et al. 1978 b) (Fig. 5). The poor correlation between serum 
level and dose in different patients underlines the usefulness of measuring the 
serum carbamazepine level as a means of optimizing therapy. The clinical useful
ness of measuring the serum levels of the epoxide, on the other hand, has not been 
established, since it is still unclear whether this metabolite contributes to the over
all pharmacological effect. 

A rational approach to adjustments in dosage based on serum carbamazepine 
levels estimations is possible only if the within-patient relationship between serum 
level and dose is known. This relationship, however, is still unclear. HOOPER et 
al. (1974 b) found that in ten patients receiving concurrent therapy with other 
antiepileptic drugs, increments in carbamazepine dose resulted in disproportion
ately large increases in the serum concentration at steady state. Although these 
results were interpreted as evidence of saturation of carbamazepine metabolism 
within the therapeutic dose range, the same authors were subsequently unable to 
reproduce a similar concentration-dose relationship in patients treated with car
bamazepine alone. In the latter patients, the rate of rise in plasma drug level (rel
ative to dose) was found to decrease as dosage was increased in the given individ
ual (LANDER et al. 1977). Unfortunately, the interpretation of these results was 
limited by the fact that most of the patients could be studied at only two dose
serum concentration points. 

No evidence of saturation kinetics of carbamazepine was found by TOMSON 
et al. (1980); the relationship between serum carbamazepine concentration and 
dose was linear, but in at least two of their patients the increase in serum concen
tration was much less than would have been expected from the increment in dose. 
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Fig. 5. Distribution of serum carbamazepine concentrations in 80 institutionalized epileptic 
patients. Most patients were receiving other antiepileptic drugs in combination (PERUCCA 
etal.1978c) 

PERUCCA et al. (1980b) have re-examined this question in patients receiving long
term therapy; information on the serum carbamazepine concentration at at least 
three separate dose levels was obtained. In all but one patient, a strong positive 
correlation between serum carbamazepine level and dose was found. In many 
patients, however, the increases in serum concentration produced by stepwise in
creases in dose were considerably smaller than expected from the magnitude of 
the dose increment (Fig. 6). These and the other findings discussed above suggest 
that at least in some patients there is a tendency for serum levels to plateau after 
an initial steep rise. These data are also consistent with the observation that in 
a treated population of patients carbamazepine level/dose ratios tend to decrease 
with increasing drug dosage (KUMPS 1981). Such a dose/level relationship could 
be explained by the occurrence of dose-dependent elimination (autoinduction) or, 
alternatively, dose-dependent absorption or plasma protein binding. It is not pos
sible to decide which is responsible on current evidence. 

2. Pharmacokinetics in Neonates, Infants and Children 
REy et al. (1979) administered a single dose of carbamazepine (12-22 mg/kg) to 
seven neonates and five children. The drug was given as tablets, crushed and 
mixed with water or milk in eight cases. Peak serum carbamazepine levels (13-
42 Ilmol/litre, i.e. 3-10 Ilg/ml) were achieved after between 2 and 7 h in the new
born and after 2 and 9 h in the children. 

PYNNONEN and SILLANPAA (1975) studied a neonate breast fed by a mother 
taking carbamazepine. After 30 days of breast-feeding the serum carbamazepine 
concentration in the infant was more than one-half the serum concentration in 
the mother. 
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Fig. 6. Relationship between steady-state serum carbamazepine concentrations and dose in 
12 institutionalized epileptic patients. Open symbols represent individual values and closed 
symbols the mean of two or more values. Most patients were receiving concurrent therapy 
with other antiepileptic drugs (PERUCCA et al. 1980 b) 

Carbamazepine readily crosses the placenta. The concentration of the drug in 
the tissues of the human fetus and newborn has been studied by PYNNONEN et al. 
(1977 b). In fetuses carbamazepine is localized mainly in the liver and the kidney, 
whereas in neonates studied at autopsy the drug was localized mostly in the heart, 
liver and kidney and cerebral cortex. 

PYNNONEN et al. (1977a) found in children a CSF: plasma ratio ofO.33±0.16 
for carbamazepine. 

The rate of disappearance of transplacentally transferred carbamazepine was 
studied by RANE et al. (1975). Half-life values (8.2, 10.5, 10.8, 27.7, and 28.1 h) 
were similar to those observed in adults after multiple doses but shorter than 
those observed after single doses. This indicates that these newborns have a well
developed metabolizing capacity, probably due to transplacental induction. In 
the patients studied by REy et al. (1979), the half-life of carbamazepine ranged 
from 4.7 to 12.6 h in the newborns and from 2.4 to 15.1 h in the children. These 
low values may partly reflect induction of carbamazepine metabolism by concur
rently administered antiepileptic drugs. 
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The occurrence of autoinduction of carbamazepine metabolism in children 
has been demonstrated (BERTILSSON et al. 1980). Steady-state serum levels of car
bamazepine in children tend to be lower than those observed in adults receiving 
equivalent doses (per unit of body weight). Children, however, have greater car
bamazepine-l0,1l-epoxide ratios than adults (PYNNONEN et al. 1977a). Children 
on combined antiepileptic drug therapy have lower serum carbamazepine levels 
and higher carbamazepine-l 0, ll-epoxide : carbamazepine ratios than children 
treated with carbamazepine alone, as in adults (RANE et al. 1976). Fluctuations 
in serum carbamazepine levels in children are comparable with those observed in 
adults. In many patients, three divided daily doses are required to minimize ex
cessive fluctuations during the dosing intervals (R YLANCE et al. 1979). 

D. Valproic Acid 

Valproic acid is normally given orally but other routes of administration have 
been occasionally employed. 

1. Pharmacokinetics in Adults 

a) Absorption 

Both valproic acid and its sodium salt are readily absorbed from the gastrointes
tinal tract. Following administration of conventional formulations or syrups, 
peak serum levels are usually attained within 1-3 h when the drug is taken on an 
empty stomach and within 3-8 h when it is taken after a meal (KLOTZ and AN
TONIN 1977; PERUCCA et al. 1978c,d; CHUN et al. 1980). Since valproic acid may 
cause local gastric irritation, enteric-coated preparations have been developed 
which result in rapid liberation of the drug in the small intestine. Intake of an en
teric-coated preparation under fasting conditions has been shown to result in a 
lag time of approximately 1-2 h, after which absorption occurs uninhibited 
(GUGLER et al. 1977). The lag time increases to 3-12 h when enteric-coated 
sodium valproate is taken together with a meal (LEVY et al. 1980). Slow-release 
formulations of valproic acid have been developed with the purpose of minimiz
ing fluctuations in serum levels during the dosing interval (MEIJER and MEINARD 
1976; OLDIGS et al. 1979). The amide derivative (depamide), which is marketed 
in some countries, can also be considered a delayed-release preparation of val
proic acid (PINDER et al. 1977; PISANI et al. 1981). 

A number of studies in which oral and intravenous preparations were used 
have demonstrated that the oral availability of conventional preparations of val
proic acid (or its sodium salt) is complete (KLOTZ and ANTONIN 1977; PERUCCA 
et al. 1978 c, d). The bioavailability of an enteric-coated formulation has also been 
shown to be complete irrespective of whether it was given on an empty stomach 
or together with a meal (LEVYet al. 1980). OLDIGS et al. (1979) found that a retard 
preparation was equivalent in its extent of absorption to an enteric-coated formu
lation. 

The absorption profile ofvalproic acid after rectal administration has been in
vestigated by MOOLENAAR et al. (1980). The absorption from an aqueous 
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microenema of the sodium salt was found to be fast, the bioavailability being 
equivalent to that of a conventional oral preparation. When the drug was given 
in suppository form, the free acid was absorbed more rapidly than the sodium 
salt. 

b) Distribution and Plasma Protein Binding 

In man, valproic acid has a small apparent volume of distribution (0.14-0.20 li
tres/kg), suggesting that the penetration of the drug is mainly restricted to the cir
culation and rapidly exchangeable body water (KLOTZ and ANTONIN 1977; 
PERUCCA et al. 1978 c, d). When the apparent volume of distribution is calculated 
on the basis of the unbound plasma concentration, however, values of about 1-
2 litres/kg are found, which are comparable with those obtained in the case of 
other more lipophilic drugs (GUGLER et al. 1977). Patients receiving combination 
therapy with other antiepileptic drugs have larger volumes of distribution than 
drug-free normal volunteers (PERUCCA et al. 1978 d). 

Valproic acid is extensively (average 90%) bound to plasma proteins (JORDAN 
et al. 1976; KLOTZ and ANTONIN 1977; GUGLER and MULLER 1978; LOSCHER 1978; 
PATEL and LEVY 1979; BREWSTER and MUIR 1980). The degree of binding is re
duced in the presence of elevated levels of free fatty acids (FF A) (MONKS and 
RICHENS 1979; PATEL and LEVY 1979); diurnal variations in FFA concentration 
may therefore result in corresponding variations in free valproic acid fraction 
(PATEL et al. 1980). Free fatty acids released in plasma during equilibrium dialysis 
can lead to erroneously high values of estimated free drug fraction (ZIMMERMAN 
et al. 1981; RIvA et al. 1982), an observation that casts doubts on the 
interpretation of results obtained in some of the early studies on valproic 
acid binding. RIVA et al. (1982) have shown that the storage of samples for 
8-24 h without freezing can also result in release of FF A with a corresponding 
elevation of the free fraction of the drug. Therapeutic concentrations of other 
antiepileptic drugs do not appear to alter valproic acid binding to a clinically im
portant extent (PATEL and LEVY 1979). 

The unbound fraction of valproic acid in plasma increases with increasing 
concentrations as a result of saturation of binding sites. In an in vivo study, CRA
MER and MATTSON (1979) found that the percentage unbound of the drug is 5% 
at serum concentrations between 140 and 420 Ilmol/litre (20-60Ilg/ml), 8% at 
560 Ilmol/litre (80 Ilg/ml) and over 20% at 1,015 Ilmol/litre (145 Ilg/ml). Similar 
concentration-dependent changes in unbound fraction have been described 
in vivo (BOWDLE et al. 1980; RIVA et al. 1982). These findings have several 
implications. Due to the marked fluctuations in serum valproic acid levels, the 
fraction unbound changes during a dosage interval (LEVY et al. 1981). Also the 
dose-concentration relationship of the drug may be non-linear at higher concen
trations, total serum levels increasing comparatively less than might be expected 
from the increment in dose (GRAM et al. 1979). Since only the unbound fraction 
is available to produce biological effects at the receptor sites, serum levels of total 
(free and bound) valproic acid would not be expected to reflect accurately the 
concentration of pharmacologically active drug, suggesting that optimal thera
peutic monitoring should be based upon the measurement of free drug (LEVY 
1980). 



Clinical Pharmacokinetics of Antiepileptic Drugs 691 

The plasma protein binding of valproic acid is reduced in conditions associ
ated with hypoalbuminaemia, e.g. pregnancy (DAM et al. 1979), renal disease 
(GUGLER and MULLER 1978; BRUNI et al. 1979; BREWSTER and MUIR 1980) and 
hepatic disease (KLOTZ et al. 1978). The binding defect observed in many ofthese 
conditions, however, cannot be entirely explained by a reduction in concentration 
of the binding protein. The concentration of valproic acid in the CSF is similar 
to the unbound concentration of the drug in plasma (MEIJER and HESSING
BRANDT 1973; WULFF et al. 1977; GUGLER and VON UNRUH 1980). On the other 
hand, the concentration in saliva is strongly influenced by changes in salivary pH 
and does not show a consistent relationship with either free or total concentration 
in plasma (GUGLER et al. 1977; GUGLER and VON UNRUH 1980). 

The concentration of valproic acid in breast milk of mothers treated with the 
drug is in the order of 1 %-16% of the plasma concentration (ESPIR et al. 1976; 
ALEXANDER 1979; DICKINSON et al. 1979; PLASSE et al. 1979). 

c) Metabolism and Urinary Excretion 

Less than 5% of the administered dose of valproic acid is excreted unchanged in 
the urine of man (GUGLER and VON UNRUH 1980). Most of the drug is either di
rectly conjugated with glucuronic acid (about 20% of the dose) or converted to 
oxidized metabolites. GUGLER and VON UNRUH (1980) listed more than 20 poten
tial valproic acid metabolites. The main metabolic pathways involve glucuronida
tion (or other conjugation reactions) and /3-, w1- and w2-oxidation. In addition 
to the list of putative metabolites GUGLER and VON UNRUH (1980) reported a 
number of compounds which have been detected in the body fluids of valproic 
acid-treated patients or experimental animals; some ofthese possible metabolites 
(e.g. methylmalonic acid) are excreted in relatively large amounts in the urine of 
some patients. Since valproic acid is a FF A of simple structure, it is possible that 
some of its metabolites are also normally occurring body constituents, perhaps 
accumulating in larger amounts as a result of the pharmacological action of the 
drug. This possibility causes major identification problems. 

The hypothesis that metabolites may be wholly or partly responsible for the 
effects of valproic acid has been raised. L6sCHER (1981) has demonstrated that 
the main plasma metabolites are three products of /3-oxidation: 2-en-valproic 
acid, 3-hydroxy-valproic acid and 3-keto-valproic acid. The products of w-oxida
tion, 4-hydroxy-valproic acid and 5-hydroxy-valproic acid, were quantitatively 
less important. When evidence on the anticonvulsant activity of these metabolites 
in experimental models was taken into account, it was considered unlikely that 
they make an important contribution to the pharmacological effect. 

d) Half-life and Clearance 

After intravenous administration of a single dose of valproic acid, the decline in 
the serum concentration of the drug is biphasic, with a rapid distributive phase 
followed after 4-6 h by a slower elimination phase (KLOTZ and ANTONIN 1977; 
PERUCCA et al. 1978c,d). After oral administration of a conventional prepara
tion, the biphasic pattern may not be so evident and the log-linear part of the 
serum level curve (f3-phase) may commence within 3-4 h after the attainment of 
the peak concentration (PERUCCA et al. 1978 c, d). In some patients, however, the 
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onset of the j3-phase may be delayed for up to 12 h after oral dosing, so that a 
correct calculation of the elimination half-life can only be made by using serum 
concentration data obtained after that time (GUGLER et al. 1977). In subjects not 
taking other drugs, e.g. normal volunteers, the elimination half-life of valproic 
acid has been estimated at 8-10 h (LOISEAU et al. 1976), 9± 1 h (RICHENS et al. 
1976), 13±2 h (PERUCCA et al. 1978c), 14±4 h (KLOTZ and ANTONIN 1977) and 
16±4 h (GUGLER et al. 1977). Half-life values determined after a single dose were 
found to be virtually identical to those determined in the same subject after mul
tiple dosing (GUGLER et al. 1977). 

In patients treated with other antiepileptic drugs such as phenytoin, pheno
barbital and carbamazepine, the half-life of valproic acid is considerably shorter 
than that observed in normal volunteers. Values reported in these patients include 
6±0.6 h (RlcHENset al. 1976),6-10 h (MATTsoNet al. 1978) and 10± 1 h (PERUC
CA et al. 1978 d). 

Since the apparent volume of distribution ofvalproic acid is larger in patients 
treated with other antiepileptic drugs (PERUCCA et al. 1978 d; BOWDLE et al. 1979), 
the total body clearance of the drug in the presence of associated anticonvulsant 
therapy is much higher than that observed in normal volunteers. This suggests 
that valproic acid metabolism is induced by other anti epileptic drugs. 

KLOTZ and ANTONIN (1977) drew attention to the fact that valproic acid is 
subject to restrictive, flow-independent elimination. This implies that its plasma 
clearance should be directly proportional to the free (unbound) fraction. Since the 
unbound fraction increases with increasing concentration, one would also expect 
the clearance to be concentration dependent (see also next section). BOWDLE et 
al. (1980) were unable to demonstrate this, however, and they concluded that the 
dose-dependent kinetics of valproic acid are more complex than predicted, being 
influenced by changes in free fraction as well as by autoinhibition or saturation 
of metabolism. 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

In most patients, steady-state serum valproic acid levels are reached within 2-3 
days of starting maintenance therapy. A large variability is observed in steady
state serum valproic levels of patients receiving the same dose (GUGLER and VON 
UNRUH 1980). This is due partly to interindividual differences in clearance rate 
and partly to the difficulty in standardizing precisely the time of sampling in re
spect to the fluctuations in serum levels during the dosing interval. Due to the en
hancement ofvalproic acid clearance by other antiepileptic drugs, patients receiv
ing combination therapy have much lower steady-state va1proic acid levels than 
patients receiving equivalent doses of val pro ate alone (MIHALYet al. 1979). 

Information on the serum level/dose relationship within patients is inconclu
sive, especially in the light of the evidence that valproic acid may show complex 
dose-dependent kinetics. GUGLER et al. (1977) found that the steady-state concen
tration of valproic acid was lower than predicted from single-dose kinetics and 
suggested that the discrepancy was due to a reduction in the degree of plasma pro
tein binding at higher concentrations. NUTT and KUPFERBERG (1979) reported 
that the relationship between serum valproic acid concentration and dose was lin
ear but the Y-axis intercept of the regression line was positive in all patients, sug-
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gesting that the relationship might have been curvilinear over a lower dosage 
range. A definitely curvilinear relationship was observed by GRAM et al. (1979) 
in 11 patients who were studied at three separate dose levels. The rise in valproic 
acid serum levels was smaller than the increment in dose, probably due to decreased 
plasma protein binding at higher concentrations. A similar type of curvilinear re
lationship was observed by BOWDLE et al. (1980). In this study, evidence was pre
sented that the disposition of the drug may be further complicated by the occur
rence of inhibition of metabolism. 

Because of the decrease in protein binding at higher concentrations the curvi
linear relationship probably does not apply to the levels offree drug. Indeed avail
able information suggests that increments in free drug levels may be even greater 
than the increment in dose. Under these circumstances total serum levels may 
underestimate the amount of pharmacologically active drug and lead to incorrect 
dose adjustments (LEVY 1979). 

2. Pharmacokinetics in Neonates, Infants and Children 

Valproic acid readily crosses the placental barrier and is found in the neonate's 
plasma at concentrations comparable with those observed in maternal plasma 
(BRACHET-LIERMAIN and DEMARQUEZ 1977). 

The gastrointestinal absorption of the drug in the premature and full-term ne
onate has been reported to be relatively slow, peak serum levels being attained 
between 3 and 8 h. In infants, the absorption rate is faster and comparable with 
that observed in adults (BRACHET-LIERMAIN and DEMARQUEZ 1977). 

The plasma protein binding of valproic acid is lower in the newborn than in 
adults. Elimination half-lives of 10-67 h have been reported during the first 10 
days oflife (BRACHET-LIERMAIN and DEMARQUEZ 1977; DICKINSON et al. 1979; IR
VINE-MEEK et al. 1981). Half-life values range from 9 to 22 h in infants aged 0.5-2 
months and from 7 to 13 h in older infants and children (SCHOBBEN et al. 1975; 
BRACHET-LIERMAIN and DEMARQUEZ 1977; IRVINE-MEEK et al. 1981). These find
ings suggest that the valproic acid metabolizing capacity is low during the first 
2 months of extrauterine life but reaches normal values after this period. JOHAN
NESSEN and HENDRIKSEN (1977) found that in children under 12 years of age serum 
valproic acid levels were not significantly different from those observed in adults 
given equivalent doses per kilogram body weight. 

E. Succinimides 

I. Ethosuximide 
Ethosuximide is the most widely prescribed of the succinimide drugs. The drug 
is always administered orally. 

1. Pharmacokinetics in Adults 

a) Absorption 

Ethosuximide is well absorbed from the gastrointestinal tract. Peak serum levels 
normally occur within 4 h after a single oral dose but may be delayed for up to 
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7 h during chronic administration (HANSEN and FELDBERG 1964; CHANG et al. 
1972; BUCHANAN et al. 1973; GOULET et al. 1976). No information is available on 
the absolute bioavailability of the drug in man. 

b) Distribution and Plasma Protein Binding 

The apparent volume of distribution of ethosuximide, calculated on the assump
tion that absorption is complete, is about 0.7litres/kg (BUCHANAN et al. 1973; 
WARREN et al. 1980). Animal studies indicate that the drug is present in brain at 
concentrations similar to those found in plasma (PATEL et al. 1977). The plasma 
protein binding of the drug is negligible (CHANG et al. 1972; McAuLIFFE et al. 
1977). The concentration of the drug in CSF and in saliva is similar to that in plas
ma (SHERWIN and ROBB 1972; BUCHANAN et al. 1973 a; McAuLIFFE et al. 1977). 

Ethosuximide is excreted into breast milk. Average reported values of milk/ 
plasma ratio are 0.94 (Koup et al. 1978), 0.79 (KANEKO et al. 1979) and 0.80 (RANE 
and TUNELL 1981). A ratio of 1.03 has been reported for colostrum (RANE and 
TUNELL 1981). 

c) Metabolism and Urinary Excretion 

During chronic therapy, approximately 20% of the administered dose of 
ethosuximide is excreted unchanged in urine. Another 60% is excreted as the 
isomers of 2-(1-hydroxyethyl)-2-methylsuccinimide (GOULET et al. 1976). Other 
known metabolites of ethosuximide in man include: 2-ethyl-2-methyl-3-hy
droxysuccinimide, 2-acetyl-2-methylsuccinimide, 2-(2-hydroxyethyl)-2-methyl
succinimide and 2-ethyl-2(hydroxymethyl)succinimide (for details see SHERWIN 
1978 and EADIE and TYRER 1980). Some of these metabolites are excreted in urine 
in conjugated form. 

d) Half-life and Clearance 

In adults, the half-life of ethosuximide is approximately 55 h (GOULET et al. 1976; 
WARREN et al. 1980) or 52 ± 24 h (EADIE et al. 1977). Clearance values, calculated 
on the assumption that absorption is complete, are in the order of 10 ml/kg per 
hour. Higher clearance values and moderately shorter half-lives have been report
ed in subjects receiving concurrent treatment with enzyme-inducing drugs (W AR

REN et al. 1980). 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

Steady-state serum ethosuximide values are usually reached within 7-12 days af
ter initiation oftreatment. Because of the long half-life, once daily administration 
is probably satisfactory for clinical purposes, at least in adults (GOULET et al. 
1976). 

SMITH et al. (1979) found that, in patients mostly treated with other antiepilep
tic drugs, average daily doses around 30 mg/kg were required to achieve steady
state serum ethosuximide levels between 280 and 700 Ilmol/litre (",40-100 Ilg/ 
ml). There is, however, a large interindividual variation in the serum levels of 
patients receiving the same dose (BROWNE et al. 1975). GOULET et al. (1976) found 
that steady-state serum ethosuximide levels were directly proportional to dosage; 
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the pattern of metabolite excretion did not suggest dose-dependent kinetics. 
SMITH et al. (1979), however, reported that in some patients increments in 
ethosuximide dose resulted in a disproportionate increase in serum concentration. 
This seems to be the only report in which evidence of dose-dependent kinetics has 
been given. 

2. Pharmacokinetics in Neonates, Infants and Children 
Koup et al. (1979) found that in one full-term neonate the serum concentration 
of transplacentally transferred ethosuximide was similar to that observed in the 
mother and declined with a half-life of 41 h. 

Ethosuximide may also be transferred from the mother to the baby through 
breast milk. RANE and TUNELL (1981) found that the plasma concentration of the 
drug during the first 5 months of age in a suckling infant was about 30% of the 
maternal plasma concentration. There was a tendency for the infant's plasmal 
milk concentration to decrease over the 1st month, possibly due to an increase in 
drug clearance. 

In children, ethosuximide is readily absorbed from the gastrointestinal tract. 
BUCHANAN et al. (1969) found that the absorption profile when the drug is given 
as a syrup is similar to when it is given as capsules. 

The apparent volume of distribution (calculated on the assumption that bio
availability is complete) in children is about 0.7litres/kg, which is similar to that 
found in adults (BUCHANAN et al. 1969). The half-life of ethosuximide in children 
is about 30 h on average and once daily dosing is probably acceptable in a paedia
tric population (BUCHANAN et al. 1969, 1976). Children require relatively larger 
doses than adults in order to achieve comparable serum levels (for review, see 
MORSELLI 1977band SHERWIN 1978). 

II. Methsuximide 
Methsuximide is rapidly absorbed from the gastrointestinal tract, peak serum 
levels being usually attained within 2 h after a single oral dose (GLAZKO and DILL 
1972). The elimination half-life of methsuximide is about 1-5 h (GLAZKO and 
DILL 1972; PORTER et al. 1979) but is shorter after repeated administration than 
after a single dose, suggesting the occurrence of autoinduction (GLAZKO and DILL 
1972). 

Only negligible amounts of unchanged drug are excreted unchanged in urine. 
Methsuximide is extensively metabolized; the most important biotransformation 
product is N-desmethylmethsuximide, which is pharmacologically active and has 
a half-life of 23-57 h (PORTER et al. 1979). Several other metabolites have been 
described, some of which are probably formed by way of an epoxide intermediate 
(HORNING et al. 1973). N-Desmethylmethsuximide accumulates in serum at con
centrations which are on average about 700 times higher than those of the parent 
drug (STRONG et al. 1974; PORTER et al. 1979). It is likely that during chronic treat
ment the metabolite is largely responsible for the pharmacological effect (BARRON 
et al. 1974; STRONG et al. 1974; PORTER et al. 1979). In patients receiving long-term 
therapy, serum levels of the desmethylated derivative are positively correlated 
with the dose of the parent drug. RAMBECK (1979) has clearly shown that within 
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patients the serum N-desmethylmethsuximide concentration is linearly related to 
the methsuximide dose. 

III. Phensuximide 
Phensuximide is rapidly absorbed from the gastrointestinal tract (GLAZKO et al. 
1954). Animal studies indicate that the drug has a relatively uniform distribution 
in most tissues. In man, the half-life of phensuximide ranges from 4 to l2h 
(GLAZKO and DILL 1972; PORTER et al. 1979). The drug is partly converted to N
desmethylphensuximide. This metabolite (unlike N-desmethylmethsuximide) is 
rapidly eliminated (probably by further biodegradation) and therefore its concen
tration in serum at steady state is much lower than that of the parent drug (PORTER 
et al. 1979). The failure of phensuximide and its desmethyl metabolite to ac
cumulate during prolonged treatment could provide an explanation for the rela
tively weak antiepileptic effect of phensuximide compared with methsuximide. 

F. Benzodiazepines 
Benzodiazepine drugs are frequently used intravenously for status epilepticus and 
orally in certain types of epilepsy, particularly myoclonic epilepsy. Discussion 
here will be confined to diazepam and clonazepam. 

I. Diazepam 
Most of the available information on the pharmacokinetics of the drug has been 
obtained in non-epileptic patients. 

1. Pharmacokinetics in Adults 

a) Absorption 

Diazepam is rapidly absorbed from the gastrointestinal tract, peak serum levels 
being usually attained within 30-90 min after an oral dose (MANDELL! et al. 1978). 
The rate of absorption of the drug is age dependent, being particularly faster in 
children and delayed in the elderly. The bioavailability of many of the commer
cially available pharmaceutical preparations is considered to be high, probably 
around 75%-90% or even greater (KLOTZ et al. 1975; MANDELLI et al. 1978; DI
VOLL-ALLEN and GREENBLATT 1981). There may be, however, considerable 
differences in bioavailability between separate formulations (BERLIN et al. 1975). 
Concomitant intake of food has been reported to delay the absorption ofthe drug, 
but to enhance its bioavailability (GREENBLATT et al. 1978a). Compared with the 
findings obtained after oral intake, intramuscular administration of diazepam has 
been reported to result in lower peak serum levels and in slower and less 
predictable absorption (HILLESTAD et al. 1974 b; KANTO 1975). Other authors, 
however, have described a relatively rapid intramuscular absorption (DIVOLL
ALLEN and GREENBLATT 1981). The site and the technique of injection may be 
important in this respect. GAMBLE et al. (1975) found that serum diazepam levels 
after injection into the thigh were higher than those observed after injection into 
the buttock. When the injection was given by doctors, serum diazepam levels were 
twice as high as those observed when the injection was given by nurses. 
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Considerable interest has focused on the absorption of diazepam following 
rectal administration, particularly in children. When diazepam is given as a rectal 
solution, the absorption is rapid and efficient (AGURELL et al. 1975; MEBERG et 
al. 1978; DmLLON and RICHENS 1981 a). The absorption of the drug from supposi
tory forms is dependent on the pharmaceutical preparation used. With certain 
suppositories peak serum levels can be achieved as rapidly as after oral adminis
tration, whereas with other formulations the absorption may be incomplete, er
ratic and delayed (KANTO 1975; DmLLON and RICHENS 1981 a). 

Diazepam is frequently used intravenously. Since the drug is poorly soluble 
in water, precipitation may occur when it is added to normal saline or dextrose 
solutions (MORRIS 1978). It has been suggested that for prolonged infusions a di
lution factor of at least 1 : 20 should be adhered to. An additional problem is that 
diazepam adsorbs to plastic. When stored in plastic intravenous fluid bags, about 
95% of the drug may be lost in 24 h. With slow intravenous infusion in diluted 
form, more than 50% of the dose may become adsorbed to the infusing set 
(MACKICHAN et al. 1979). The problem can be avoided by using for infusion a 
glass syringe connected to high-density polyethylene tubing (COSSUM and 
ROBERTS 1981). In most clinical situations, however, the desired therapeutic effect 
can be achieved by direct slow injection of the commercially available preparation 
and no dilution is required. 

b) Distribution and Plasma Protein Binding 

Diazepam is a highly lipophilic substance which distributes rapidly to all body tis
sues. In animal studies, brain concentrations higher than the plasma concen
trations have been found within a few minutes after intravenous injection 
(MORSELLI et al. 1973 a). 

The apparent volume of distribution of the drug in adults has been reported 
to range from 0.6 to 2litres/kg (KLOTZ et al. 1975; MANDELLI et al. 1978; GREEN
BLATT et al. 1980; DHILLON and RICHENS 1981 b; OCHS et al. 1981). The volume 
of distribution increases with increasing age (KLOTZ et al. 1975; OCHS et al. 1981). 
Females have greater volumes of distribution than age-matched male controls 
(OcHsetal.1981). 

In serum, diazepam is extensively (98%-99%) bound to proteins; the degree 
of binding is virtually constant over the therapeutic concentration range. In nor
mal subjects, the interindividual variation in unbound fraction is about twofold 
(ABEL et al. 1979). ROUTLEDGE et al. (1980 b) have demonstrated that there is a 
positive relationship between the extent of binding and the serum concentration 
of both albumin and ocl-acid glycoprotein. The unbound fraction of diazepam is 
greater in women on oral contraceptives than in women not taking these drugs. 
The latter, in tum, have higher free fraction values than males (ROUTLEDGE et al. 
1981). Other studies, however, have failed to provide evidence for these sex-re
lated differences (DIVOLL-ALLEN and GREENBLATT 1981). Conditions associated 
with decreased protein binding of diazepam include pregnancy (PERUCCA et al. 
1981 c), old age (GREENBLATT et al. 1980), hypoalbuminaemic states in general 
(TmEssEN et al. 1976), renal failure (KANGAS et al. 1976), elevated levels of free 
fatty acids (GUGLER et al. 1974; ROUTLEDGE et al. 1980) and concurrent treatment 
with displacing agents such as valproic acid. Binding can also change depending 
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on whether the sample is drawn in the fasting or postprandial state (ABEL et al. 
1979). 

The salivary concentration of diazepam has been shown to correlate positively 
with the unbound concentration in serum (GILES et al. 1977; DI GREGORIO et al. 
1978; DIXON and CREWS 1978). The levels of diazepam in the CSF have been 
shown to be of the same order of magnitude as the free concentration in plasma 
(KANTO et al. 1975). 

The major plasma metabolite, N-desmethyldiazepam, is also extensively 
bound to serum proteins (MANDELLI et al. 1978). The unbound fraction of this 
metabolite, however, is about twice as high as that of the parent drug (ABEL et 
al. 1979; GREENBLATT et al. 1980; HALLSTROM et al. 1980; DIVOLL-ALLEN and 
GREENBLATT 1981). The concentration ofthe N-desmethyldiazepam in saliva and 
CSF is comparable with the unbound concentration in serum (KANTO et al. 1975; 
HALLSTROM et al. 1980). HENDEL (1975), however, reported that long-term treat
ment with diazepam can lead to a substantial increase in the CSF /plasma ratio 
of the N-desmethylated metabolite. 

Both diazepam and N-desmethyldiazepam are excreted in appreciable 
amounts in breast milk (BRANDT 1976; WILSON et al. 1980). For diazepam, the 
milk/plasma ratio is about 0.1 (ERKKOLA and KANTO 1972). 

c) Metabolism and Urinary Excretion 

Only negligible amounts of diazepam are excreted unchanged in urine (KAPLAN 
et al. 1973). The main route of elimination of the drug involves biotransformation 
to a number of metabolites. Among these metabolites, N-desmethyldiazepam 
(nordiazepam) is probably the most important from the clinical point of view. N
Desmethyldiazepam, which is pharmacologically active, appears in serum within 
1 h of diazepam administration and due to its half-life being longer than that of 
the parent drug accumulates in considerable amounts during chronic medication 
(MANDELLI et al. 1978; GREENBLATT et al. 1981). Other metabolites include 3-hy
droxy-diazepam (temazepam), oxazepam, p-hydroxy-phenyl-oxazepam and p
hydroxy-phenyl-N-desmethyldiazepam (MANDELLI et al. 1978; EADIE and TYRER 
1980). Some of these compounds are pharmacologically active but they are rap
idly eliminated or found in insufficient amounts to be of marked clinical rel
evance. Conjugated metabolites recovered in urine account for at least 60%-80% 
of the administered dose of diazepam (MORSELLI and FRANCO-MoRSELLI 1980). 

d) Half-life and Clearance 

Following administration of a single intravenous dose, the decline in serum diaze
pam concentration is biphasic, with a short distributive phase followed by a 
slower elimination phase. In young normal subjects the elimination half-life 
ranges from 20 to 65 h (GREENBLATT et al. 1980), with average values around 30 
h. Clearance values in adults are in the order of 15-30 ml/h per kilogram (KLOTZ 
et al. 1976a, b, 1977; DHILLON and RICHENS 1981 b). KLOTZ et al. (1975) found 
that in adults the half-life of diazepam increases linearly with age, from average 
values of 20 h at 20 years to 90 h at 80 years. Since the plasma clearance showed 
no significant age dependence, the prolongation of the half-life in the elderly must 
be related to an increase in the volume of distribution. A moderate decrease in 
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diazepam clearance has been reported in elderly male patients (GREENBLATT et al. 
1980). 

There is suggestive evidence that after multiple dosing the half-life of diaze
pam may be longer and its clearance values lower than those determined after ad
ministration ofa single dose (KLOTZ et al. 1976b). This may be due to accumu
lation of N-desmethyldiazepam having an inhibitory effect on diazepam metab
olism. Two recent studies aimed at investigating this possibility, however, have 
yielded conflicting results (ABERNETHY and GREENBLATT 1981; KLOTZ and REI
MANN 1981). 

The metabolism of diazepam is induced in patients taking other antiepileptic 
drugs such as carbamazepine and primidone. DHILLON and RICHENS (1981 b) re
ported half-life values of 13 ± 4 h in these patients compared with 34 ± 12 h in age
matched controls. Serum N-desmethyldiazepam levels were higher and their peak 
serum concentration occurred earlier in the patients than in the controls. In con
trast, diazepam elimination is reduced in patients with liver disease (KLOTZ et al. 
1975, 1977; BRANCH et al. 1976; ANDREASEN et al. 1976). 

The elimination half-life of the main active metabolite, N-desmethyldiaze
pam, is longer than that of the parent drug. In patients dosed with desmethyl
diazepam or its pro-drug clorazepate, the half-life of N-desmethyldiazepam 
ranges from 50 to 120 h (MANDELL! et al. 1978), with slightly shorter values in 
patients taking concurrent therapy with other antiepileptic drugs (WILENSKY et 
al. 1978). The possibility that the metabolite follows dose-dependent kinetics has 
been raised. In three out of six patients treated with N-desmethyldiazepam and 
nortriptyline in combination, TOGNONI et al. (1975) found that the elimination of 
the former compound from the circulation was biphasic. A slow initial compo
nent corresponding to half-lives of 96-349 h was followed, at plasma levels below 
2,000 nmol/litre ( '" 550 ng/ml), by a faster elimination, with half-life values rang
ing from 26 to 33 h. 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

With multiple dosing, steady-state serum diazepam levels are usually reached af
ter approximately 7-8 days. This period may be shortened in patients receiving 
enzyme-inducing drugs in combination, but may be prolonged to 12-15 days in 
the elderly. In one study, serum diazepam levels after 2-5 years of treatment were 
found to be much lower than those observed after 15 days (KANTO et al. 1974). 
Reduced patients' compliance during long-term therapy may be an explanation 
for these findings, which are in contrast with the observation that diazepam clear
ance may be reduced after multiple- compared with single-dose administration 
(KLOTZ et al. 1976b). GREENBLATT et al. (1981) found that the steady-state levels 
of the drug were not influenced by the duration of therapy. 

When trying to relate serum levels to clinical effect, it is necessary to take into 
account the presence of the active metabolite N-desmethyldiazepam. Since this 
metabolite has a relatively long half-life, it accumulates progressively during 
chronic treatment and its steady-state concentrations may not be reached until at 
least 10-25 days have elapsed following initiation of treatment. 

A large variation is observed in serum diazepam levels of patients receiving 
the same dose. In patients receiving single-drug therapy, doses of 15-20 mg/day 
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are generally associated with serum levels between 350-2,100 nmol/litre (100-
600 ng/ml) (BERLIN et al. 1975; DASBERG et al. 1974; HILLESTAD et al. 1974a; 
GREENBLATT et al. 1981). 

GREENBLATT et al. (1981) found that the plasma levels of the parent drug in 
patients on chronic therapy were significantly correlated with those of the N-des
methyl metabolite. The mean desmethyldiazepam/diazepam plasma ratio was 
1.26. Other authors reported ratios between 0.6 and 5 (MANDELLI et al. 1978); if 
the lower degree of plasma protein binding of N-desmethyldiazepam is taken into 
account (DIVOLL-ALLEN and GREENBLATT 1981) it is evident that in patients re
ceiving chronic therapy the unbound concentration of the metabolite usually ex
ceeds that of the parent drug. Particularly high metabolite/parent drug ratios are 
likely to be found in patients receiving other enzyme-inducing antiepileptic drugs. 

During chronic treatment, oxazepam and 3-hydroxy-diazepam (temazepam) 
levels are about 5%-10% of the diazepam level. 

2. Pharmacokinetics in Neonates, Infants and Children 
Diazepam and N-desmethyldiazepam readily cross the placental barrier, reach to 
fetus (ERKKOLA et al. 1974) and are found at birth in neonatal plasma at concen
trations comparable with those present in maternal plasma (MANDELLI et al. 
1975). 

Relatively large doses of diazepam given to the nursing mother can result in 
appreciable transfer of the drug and its active metabolites to the baby through 
the milk (WILSON et al. 1980). This can result in sedation, weight loss and EEG 
changes in the newborn (PATRICK et al. 1972). A daily dose of 10 mg given to the 
mother, however, is probably insufficient to produce adverse effects in the suck
ling newborn (MANDELLI et al. 1978). 

Following oral administration to premature and full-term neonates, diazepam 
is rapidly absorbed. In infants and children peak serum levels are usually attained 
within 30-60 min, suggesting that the rate of absorption is faster than that ob
served in adults (MANDELLI et al. 1978). Rectal absorption is also rapid when the 
drug is given as a suspension or a solution (AGURELL et al. 1975; KNUDSEN 1977). 
With suppositories, both the rate and extent of absorption are largely influenced 
by the pharmaceutical preparation used. Intramuscular diazepam results in some
what delayed peak serum levels and is not recommended when a rapid effect is 
required, e.g. in a convulsing child. 

The apparent volume of distribution of diazepam in infants and children has 
been reported to be about 1.1 and 2.0 litres/kg respectively (MORSELLI et al. 1973 
b), which is within the range observed in adults. Higher values of volume of dis
tribution have been reported in another study (MORSELLI et al. 1974). The plasma 
protein binding of diazepam is lower in neonates than in adults. Due to the mark
edly reduced diazepam binding in late pregnancy, however, the free fraction of 
the drug is lower in the neonate than in the mother. 

Human fetal liver micro somes can metabolize diazepam as early as the 13th 
week of gestation (ACKERMANN and RICHTER 1977). The elimination half-life in 
the newborn is dependent on the gestation age. Apparent serum half-lives of 40-
100 h (with clearance values of about 27 ml/kg per hour) have been observed in 
premature neonates, whereas in full-term neonates half-lives vary from 20 to 50 h 
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(MORSELLI et al. 1974; MORSELLI 1977 a). The slow elimination in the premature 
neonate is probably due to incomplete maturation of the enzyme system respon
sible for the hydroxylation of both diazepam and its N-desmethyl derivative 
(MANDELLI et al. 1978). A much faster elimination rate, associated with an in
creased formation of hydroxylated and conjugated metabolites, has been ob
served in premature and full-term newborns exposed to enzyme-inducing agents 
in utero or during the first days of extrauterine life. 

MORSELLI (1977 a) reported in infants half-life values ranging from 8 to 14 h, 
which are considerably shorter than those observed in adults. Half-lives of 15-
21 h (with clearance values of about 107 ml/kg per hour) have been described in 
children (MORSELLI et al. 1974; MORSELLI 1974a). 

II. Clonazepam 
a) Absorption 

Clonazepam is rapidly and completely absorbed from the gastrointestinal tract. 
Peak serum levels are usually achieved within 1-4 h after an oral dose both in 
adults and in children (KAPLAN et al. 1974; BERLIN and DAHLSTROM 1975; DREI
FUSS et al. 1975; SJO et al. 1975 a; PINDER et al. 1976; EADm et al. 1977b). 

b) Distribution and Plasma Protein Binding 

Clonazepam distributes rapidly to the various organs, with a preferential uptake 
by the brain structures (KNOP et al. 1975). Reported values of apparent volumes 
of distribution are usually in the range of 1.5-4.4 litres/kg (BERLIN and DAHL
STROM 1975; EADm et al. 1977). The degree of binding to plasma proteins is about 
85%-90% (KHoo et al. 1980). 

c) Metabolism and Urinary Excretion 

Less than 5% of an administered dose of clonazepam is excreted unchanged in 
urine (KAPLAN et al. 1974; SJO et al. 1975 a). 

Clonazepam is extensively metabolized in the body. A major metabolic path
way involves the reduction of the nitro group to generate an amino derivative 
which is subsequently acetylated (KNOP et al. 1974; SJO et al. 1975). The rate of 
acetylation is determined by the acetylator phenotype (MILLER et al. 1981). Hy
droxylation in position-3 of clonazepam and of its 7-amino and 7-acetamido de
rivatives is also possible (ESCHENOF 1973). Apparently all the metabolites are bio
logically inactive (MORSELLI and FRANCO-MORSELLI 1978). 

Both 7-amino- and 7-acetamido-clonazepam have been detected in human 
plasma. The concentration of the former of these metabolites has been found to 
range between 30% and 300% of those of the parent drug (SJO et al. 197 5 a), but 
further studies are required to confirm this. 

The metabolites of clonazepam are excreted in urine partly in conjugated 
(glucuronide and sulphate) form (PINDER et al. 1976). SJO et al. (1975) found that, 
at steady state, 5%-20% of a clonazepam dose appears in urine as the 7-amino 
and 7-acetamido metabolites. 

d) Half-life and Clearance 

Following intravenous administration, serum clonazepam levels decline bi-expo
nentially, with a short distributive phase followed by a slower elimination phase. 
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In most studies, elimination half-lives have been found to be in the range of 20-
60 h (NAESTOFT et al. 1973; KAPLAN et al. 1974; BERLIN and DAHLSTROM 1975; 
KNOP et al. 1975; PINDER et al. 1976). Somewhat shorter half-lives are observed 
in patients receiving combined treatment with barbiturates, phenytoin or carba
mazepine (LAI et al. 1978; KHOO et al. 1980). Clonazepam clearance values of 
92 ± 51 ml/kg per hour have been reported (EADIE et al. 1977). DREIFUSS et al. 
(1975) found that in ten epileptic children the half-life of clonazepam ranged from 
22 to 33 h. These values are comparable with those observed in adults. 

The rate of elimination of the drug following discontinuation of subchronic 
treatment has been found to be similar to that observed after a single dose (BERLIN 
and DAHLSTROM 1975). Despite the relatively long half-life, divided daily dosing 
may be preferred in order to avoid adverse effects associated with high peak 
serum levels. 

e) Steady-State Serum Levels and Serum Level/Dose Relationship 

Steady-state serum clonazepam levels are usually achieved 4-10 days after the ini
tiation of treatment. There are wide interindividual variations in the levels 
achieved at the same dose. In patients receiving daily doses of 6 mg for up to 12 
months SJO et al. (1975) found plasma clonazepam levels ranging from 100 to 250 
nmol/litre (30-80 ng/ml). Lower levels are observed in patients treated with bar
biturates, phenytoin and carbamazepine in combination (HUANG et al. 1974; SJO 
et al. 1975). Within patients, the relationship between serum clonazepam concen
tration and dosage appears to be linear (SJO et al. 1975; EADIE 1976). At steady 
state, the ratio between the plasma concentration of clonazepam and that of the 
7-amino metabolite ranges from 1 : 3 to 3 : 1 (SJO et al. 1975). 

G. Oxazolidinediones 
I. Trimethadione (Troxidone) 
Trimethadione is rapidly absorbed from the gastrointestinal tract, peak serum 
levels occurring within 30 min after a single oral dose (BOOKER 1972). 

Assuming complete absorption, BOOKER (1972) calculated that the apparent 
volume of distribution of unchanged drug is about 0.6 litres/kg. The volume of 
distribution of the metabolite dimethadione is probably somewhat smaller (WI
THROW and WOODBURY 1972). Dimethadione is a weak acid (pKa=6.1) and 
changes in tissue pH, by altering its degree of ionization, could have an important 
influence on the distribution of this compound. 

Only a small fraction of the administered dose of trimethadione is excreted un
changed in urine. The drug is converted almost entirely to dimethadione, which 
is pharmacologically active (CHAMBERLIN et al. 1965; FREY 1969). The metabolite 
does not appear to undergo further degradation and is excreted in urine (W AD
DELL and BUTLER 1957b). 

The half-life of unchanged trimethadione is about 16 h (BOOKER 1972). The 
active metabolite dimethadione is very extensively reabsorbed from the renal tu
buli and has a very slow rate of elimination; JENSEN (1962) and CHAMBERLIN et 
al. (1965) reported dimethadione half-life values of approximately 10 days. 
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Alkalinization of urine reduces the amount of dimethadione reabsorbed from the 
renal tubuli and hastens its elimination (WADDELL and BUTLER 1957b; JENSEN 
1962). 

In patients started on trimethadione treatment, serum levels of unchanged 
drug reach a plateau after about 4-5 days. It may take a much longer period (30 
days or more) before a steady-state concentration of dimethadione is achieved 
(JENSEN 1962). At steady state, serum dimethadione levels are approximately 20 
times higher than the trimethadione levels. Serum levels of both parent drug and 
metabolite are positively correlated with the administered dose (BOOKER 1972). 
Since the concentration of dimethadione is so greatly in excess of that of the par
ent compound, it is likely that the metabolite plays a major part in the pharma
cological effect seen in patients stabilized on trimethadione therapy. CHAMBERLIN 
et al. (1965) found that dimethadione alone controls petit mal when given in doses 
sufficient to produce serum levels equivalent to those observed during trimetha
dione treatment. The long period required to reach steady-state dimethadione 
levels may explain why in some patients there is a delay between the onset of 
trimethadione therapy and the attainment of a full therapeutic response (CHAM
BERLIN et al. 1965). 

TI. Paramethadione 
Paramethadione is rapidly absorbed from the gastrointestinal tract (HOFFMAN 
and CHUN 1975). In man, the drug is rapidly converted into the N-demethylated 
metabolite, 5-ethyl-5-methyl-2,4-oxazolidinedione. The half-life of the parent 
drug is about 16 h (HOFFMAN and CHUN 1975), whereas that of the metabolite is 
extremely long. In two subjects started on treatment with paramethadione (900 
mg daily) serum levels of the metabolite were found to be steadily rising after 2 
weeks (BUTLER 1955). Following discontinuation of treatment, serum metabolite 
levels declined very slowly with half-life values of 11 and 19 days respectively. 
These data suggest that it may take more than 2 months for the serum level of 
the metabolite to reach steady state after an adjustment in paramethadione dose. 
At steady state, serum levels of the demethylated derivative are expected to exceed 
greatly those of the parent drug. The possible contribution of the metabolite to 
the pharmacological effect is unclear. This should be kept in mind, especially in 
view of the analogy with the situation described above in respect to trimethadione 
and dimethadione (BUTLER and WADDELL 1958). 

H. Acetazolamide 
Acetazolamide, in doses up to 5-10 mg/kg, is rapidly and completely absorbed 
from the gastrointestinal tract. Larger doses may be erratically absorbed. In man, 
the apparent volume of distribution is said to be about O.2litres/kg (WOODBURY 
1972). Acetazolamide is a weak acid with a pKa of 7.4, and therefore its degree 
of tissue penetration is markedly influenced by pH changes within the physiolog
ical range. In rodents, the drug accumulates in tissues with high carbonic anhy
drase content, e.g. the erythrocytes, salivary glands, liver and thyroid. The brain 
concentration is lower than the serum concentration. Acetazolamide is 90%-95% 
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bound t6 plasma proteins. The degree of binding is inversely related to the plasma 
concentration (WOODBURY 1972). 

In patients receiving effective antiepileptic doses (about 10 mg/kg per day) 
serum acetazolamide levels are 10-14 Ilg/ml. In man, acetazolamide is excreted 
entirely unchanged in urine, partly through an active secretory process. After ad
ministration of a single dose the decline of the serum levels is characterized by fast 
and slow components (WOODBURY 1972). The initial (rapid) phase reflects largely 
a redistribution process and is characterized by a half-life of about 1.5 h. The 
elimination half-life should also be relatively short if virtually 100% of a single 
oral dose is excreted in urine within 24 h. WOODBURY (1972) discussed the evi
dence for a tissue compartment represented by the drug-carbonic anhydrase com
plex. Elimination of the drug from this complex is a slow process with a half-life of 
several days. 

J. Sulthiame 
Sulthiame is a sulphonamide drug with weak carbonic anhydrase-inhibiting prop
erties, mainly known for its ability to elevate serum phenytoin levels in epileptic 
patients (HOUGHTON and RICHENS 1976b). When given orally, the drug is ab
sorbed fairly rapidly with peak serum levels occurring after 1-5 h (OLESEN 1968). 
From a study in which radio-labelled sulthiame was given to six subjects, DIA
MOND and LEVY (1963) concluded that the absorption is almost complete. The 
recovery of radioactivity in urine and faeces, however, was grossly incomplete 
and therefore definitive proof of a high oral availability is lacking. 

In animals, sulthiame penetrates readily into tissues and is found in the brain 
at concentrations similar to those observed in serum (GREEN and KUPFERBERG 
1972). OLESEN (1968) found that in epileptic patients 17%-69% of the admin
istered dose is excreted unchanged in urine. An additional fraction of the urinary 
excretion is in the form of a metabolite, probably a hydroxylated derivative (DIA
MOND and LEVY 1963; GREEN and KUPFERBERG 1972). 

The elimination half-life of sulthiame is short, as indicated by considerable 
fluctuations in the serum levels at steady state (GREEN et al. 1974). OLESEN (1968) 
found sulthiame levels of 0.5-12 Ilg/ml in fasting samples collected from patients 
receiving daily doses between 3 and 14.5 mg/kg. In patients receiving doses be
tween 400 and 3,600 mg (mean 1,993 mg) daily, TROUPIN et al. (1974) reported 
sulthiame levels of 29 Ilg/ml on average, with most patients in the 10-50 Ilg/ml 
range. In the latter study, serum sulthiame levels were found to be linearly related 
to dose. 

K. Pheneturide 
No information is available on the absolute bioavailability of pheneturide. Ap
parent volumes of distribution calculated after a single oral dose on the assump
tion that absorption is complete are about 3.3 litres/kg on average (GALEAZZI et 
al. 1979). It is likely that the drug is partly bound to plasma proteins, since the 
cerebrospinal fluid/serum concentration ratio is about 40% (MIYAMOTO et al. 
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1975). Half-lives calculated following a single oral dose in normal volunteers 
range from 32 to 90 h. GALEAZZI et al. (1979) found that following discontinu
ation of subchronic treatment with pheneturide (1 g daily for 10 days) in four sub
jects, half-life values were shorter and apparent volumes of distribution were 
smaller than those determined in a separate group of subjects after a single dose. 
Pheneturide is probably extensively metabolized. Only a small fraction of the 
orally administered dose is excreted unchanged in urine. 
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CHAPTER 25 

Monitoring Antiepileptic Drug Levels 
E. F. HVIDBERG 

A. Introduction 

Numerous studies and years of clinical experience support the assumption that 
the care of epileptic patients can often be improved by monitoring the plasma 
(serum) levels of the antiepileptic drug(s) used. The purpose of this chapter is to 
describe and analyze the background for the use of antiepileptic drug level moni
toring and to evaluate the documentation for the possible benefit of this activity. 

Epilepsy was, in fact, the first disease in which a rational approach to ther
apeutic drug monitoring was applied. The pioneering work was predominantly 
carried out by a Danish research team with phenytoin and phenobarbital in the 
late 1950s and through the 1960s (e.g., BUCHTHAL and SVENSMARK 1960; BUCH
THAL et al. 1960; SVENSMARK et al. 1960; SVENSMARK and BUCHTHAL 1963). These 
studies are now considered "classical" not only for antiepileptic drugs, but also for 
the concept of therapeutic drug monitoring in general. The subsequent 
decades of progress created and modeled this important tool for the epilepto
logist, and numerous experimental and review articles, as well as clinical com
munications, have dealt with this area of clinical neuropharmacology. 

Two factors in particular have been responsible for this development: first, the 
pharmacology, escpecially the pharmacokinetics, of several antiepileptic drugs, 
has been investigated intensively during the past years, revealing that knowledge 
of the interindividual differences in kinetic parameters, particularly in the dose/ 
plasma concentration ratio, is of great significance for rational drug therapy, not 
least for antiepileptic drugs. Second, chemical and biochemical technology has 
provided the medical community with a wide range of analytical procedures ca
pable of determining drug plasma levels for routine purposes with great specific
ity and accuracy. Indeed, the development of analytical techniques, being the pre
requisite for both advances in pharmacokinetics and routine drug determi
nations, long ago outpaced developments in therapeutics. Consequently, whole 
new sets of problems are emerging, because "plasma-level services" are becoming 
available in such an abundance that only financial cost wi11limit their use. To this 
concern may be added another one, discussed in particular by LATINI et al. (1980). 
They emphasized the existing gap between (experimental) clinical pharma
cokinetics and routine therapy, partly resulting in very little attention being paid 
to the problem of evaluating the clinical relevance of drug monitoring programs 
through, e.g., controlled studies. Although these authors did not exemplify their 
considerations with antiepileptics, their point of view is extremely relevant also 
for these drugs. It may, therefore, be fair to state that, even if monitoring (at our 
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present stage of knowledge) is considered advantageous, both its wise use and 
correct utilization may be harmed or impeded by uncontrolled development. 

The theoretical background for therapeutic drug monitoring is based on the 
concept that the concentration of a given drug measured in the plasma is rever
sibly correlated to the concentration of the drug at the receptor site, and thus cor
related to the clinical effect. Expressed in more practical pharmacological terms: 
the primary prerequisite for plasma drug monitoring is that a plasma concentra
tion/response relationship is established in a dose/response-like fashion, based on 
controlled trials and other prospective studies. 

The clinical background for therapeutic monitoring of anticonvulsant drugs is 
based on numerous studies demonstrating that seizure control improves as the 
plasma level of antiepileptic drugs increases, both in groups of patients (for review 
see KUTT and PENRY 1974) and in individual patients (ROWAN et al. 1975). Fur
thermore, high concentrations are often associated with increasing toxicity. This 
is, however, not the same as a prooffor the value of drug level monitoring. 

B. Justification for Monitoring Plasma Concentration Levels 
of Antiepileptic Drugs 
Although conclusive documentation for improved quality in patient care due to 
therapeutic drug monnitoring is still lacking, it is extremely important that the ar
guments put forward for its justification are fully understood and accepted. Thus 
therapeutic drug monitoring in general should be considered (cf. EADIE 1976) 
1. If great interindividual variations in the kinetics - and therefore large differ

ences in the concentration/dose ratio - call for an individual tailoring of the 
drug dosage 

2. If the drug exhibits a narrow therapeutic margin 
3. If the drug has a "difficult" kinetic profile, e.g., gives rise to relatively large 

fluctuations in plasma concentrations, evinces saturation kinetics at therapeu
tic levels, shows a tendency to (auto)-induction, fills up deep compartments 
very slowly, etc. 

4. In special risk groups, e.g., neonates, elderly patients, pregnant women, 
patients with impaired capacity of the elimination organs (liver, kidneys), etc. 

5. If other drugs are added to a therapeutic regime and kinetic drug interactions 
are a possibility 

6. To ensure adherence to the treatment schedule, i.e., control of compliance 
As an elaboration of, and in addition to, these more general principles many 

epileptologists would ascribe to the following points (JOHANNESSEN 1981), sug
gesting that antiepileptic drug level monitoring - apart from routine monitoring 
to ensure drug compliance - should be used: 
1. When antiepileptic drugs therapy is initiated and after dosage adjustments 
2. In the case of therapeutic failure or when clinical signs of side effects or intoxi

cation occur 
3. After the addition of a drug which may interact with the first, or if any change 

occurs in a patient's normal physiological state, e.g., pregnancy or intercurrent 
illness 
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Based on these principles, monitoring of antiepileptic drugs has been regarded 
by some authors as being the most important advance in the treatment of epilepsy 
during the past decades (BARTELS 1980). However, a more critical attitude may 
also be adopted, e.g., that the only clear indication for measuring antiepileptic 
drug levels is to affirm suspected toxic signs in patients whose clinical picture is 
difficult to interpret. Also, much more solid evidence may be demanded for the 
correlation between effect and plasma concentrations before embarking on a 
large monitoring program. In this context it should be emphasized that great dif
ferences do exist in the justification for monitoring plasma levels of the various 
antiepileptic drugs (RICHENS 1981), e.g., between phenytoin and valproate. 

As a consequence of these and other uncertainties interest in drug-level moni
toring is not equally enthusiastic at all centers. Nevertheless, it cannot be disre
garded that the general experience over the past decade has supported the idea 
that therapeutic drug monitoring in epileptic patients does improve the therapy, 
although certain provisions must be taken. 

Whatever attitude is taken, the definition of an optimal ( or therapeutic) plas
ma concentration range is essential for the use of drug-level monitoring. 

C. The Concept of the Therapeutic Level 
Many factors will influence the patients' ability to keep the plasma concentration 
of an antiepileptic drug within the so-called therapeutic level. Most of these 
factors will be discussed in detail in other chapters of this volume, including, e.g., 
the kinetics of the drugs, interindividual variability in kinetic parameters, diseases 
in the elimination organs, age, pregnancy, drug interactions, and patient com
pliance. 

Just as important for the concept of the therapeutic level, as are the kinetic 
aspects, are, however, the individual pharmacodynamic factors, which may deter
mine the optimal therapeutic concentration in the single patient, e.g., severity of 
disease, physiological conditions, and comedication. Likewise toxicity will appear 
at quite different levels in different patients. Details will be discussed in Sect. I. 
Consequently, the individual level at which seizure control is effected (sometimes 
at the expense of acceptable side effects) will vary from patient to patient. Group 
studies will only result in a useful initial goal. It is therefore clinically important 
to emphasize this distinction between the concepts of the "individual" level and 
the "average" (or "statistical") range. This problem has repeatedly been discussed 
over the years (e.g., EADIE 1976), but may have been put most clearly by KUTT 

(1972) who, writing about phenytoin, stated that: " .... the therapeutic level range 
of 10-20 mg/l is an empirical compromise and was arrived at by observations of 
frequent intoxication with levels over 20 mg/l, and generally poor seizure control 
with levels below 10 mg/l .... Yet, the range is a useful initial goal, later to be ad
justed to the individual patient's need." This concept is undoubtedly still valid, 
and its principles can be used for most antiepileptic drugs with respect to drug
level monitoring. 

However, it cannot be concealed that quite negative views are sometimes also 
expressed about the clinical value of therapeutic ranges (cf. discussion after 
CHADWICK et al. 1977). Such pessimism may originate from the fact that too 
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much emphasis on a therapeutic level increases the chances of misinformation, 
which could lead to erroneous antiepileptic therapy. Furthermore, it could also 
be argued that as long as the monitoring system is based on total plasma concen
trations and not on the free fraction, which is supposed to be in equilibrium with 
the tissue concentration (see later), the basis of the whole system may be 
unreliable. 

D. Clinical Evaluation of Therapeutic Levels 
In order to provide reasonable evidence for the existence of a therapeutic plasma 
level it is not sufficient to perform retrospective studies, e.g., merely recording the 
effect and plasma levels in a group of already treated patients. This may be a good 
starting point for further investigations, but not adequate as to the final design. 
Furthermore, research in this area must go hand in hand with both good human 
kinetic studies and solid clinical competence. 

Determination of a therapeutic plasma range is no different from any other 
clinical evaluation process: after some preliminary investigations it is necessary 
to prove or disprove a given hypothesis by means of prospective clinical trials. 
However, to perform theoretically correct investigations is a difficult and espe
cially very elaborate task, as it demands several controlled trials to prove or dis
prove both an upper and a lower limit. In principle, the trial must be designed 
in such a way that the null hypothesis (Le., no difference in the outcome between 
two groups presenting levels over and under the tested limit) can be rejected or 
verified. Double-blind techniques (possibly with open therapeutic steering) may 
be required, and it is essential to have a sufficient number of patients in each trial 
to avoid type II errors. As such investigations may also involve considerable ethi
cal problems, it is no wonder that only few studies of this kind have been pub
lished. This state of affairs leaves the justification for therapeutic drug monitoring 
in a difficult situation. On the other hand, even controlled studies will only define 
a more "general" therapeutic range, i.e., in groups of patients, not fully taking 
into account the possibility of individual aberrations. Prospective studies which 
attempt to substantiate individual tailoring in anti epileptic drug therapy within 
- or beyond - the accepted ranges in a few patients are therefore also of great 
value. 

Although not only applicable to trials concerned with the evaluation of ther
apeutic levels, the following questions should also be considered in connection 
with such trials (cf. BERTILSSON 1978): 
1. Were the included patients resistant to other entiepileptics? Were they current

lyon other drugs? Did they have adequate plasma levels of these? Were they 
diagnosed, observed, and explained adequately? 

2. Was the actual treatment monitored with plasma levels frequently enough to 
establish that the patients were in steady state? Was good compliance ensured? 

3. Were active metabolites measured? 
4. Was the analytical method adequately specific and sensitive? 
5. When were the blood samples taken and was the timing consistent? 
6. Was the therapeutic effect investigated at more than one plasma level in the 

individual patients? 
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7. What were the control measures, and did they include bias-reducing tech
niques such as blinding and proper effect measuring? 
Against this background it would be reasonable to ask what has been done 

in general to establish sufficient evidence for the so-called therapeutic levels of 
antiepileptic drugs. Seen from a critical point of view, the answer is not encour
aging. Prospective studies are few and the number of patients included are often 
limited. Even uncontrolled or retrospective studies are infrequent. Clinical ex
periences and single-case studies seem to fill the gap to some extent, and good and 
quite convincing examples have also been published recently (e.g., BooKER 1980, 
RICHENS 1981). However, this may be acceptable for antiepileptic drugs that have 
been in use for several years, but in order to establish a basis for rational therapy 
with newer or future drugs it is necessary to develop a procedure for the evalua
tion of therapeutic drug monitoring with a much firmer structure. This could be 
done along with the normal drug evaluation scheme ("the phase system"), as pro
posed by HVIDBERG (1980). General principles for the use of plasma-level moni
toring in clinical trials of new antiepileptic drugs have been given by MILLIGAN 
and RICHENS (1981). 

E. Therapeutic Plasma Concentration Ranges 
for the Individual Antiepileptic Drugs 
The following section will primarily be concerned with the evidence (or lack of) 
for the correlation between plasma levels and effects, and not with the general 
pharmacokinetic problems or other factors influencing the plasma level. 

I. Phenytoin 
Generally recommended therapeutic range: 10-20 mg/liter (40-80 ~mol/liter). 
Generally accepted toxic limit: 25 mg/liter (100 ~mol/liter). 

It is noteworthy that the plasma concentration range originally suggested as 
being "therapeutic" in the earliest papers (BUCHTHAL and SVENSMARK 1960, 
BUCHTHAL et al. 1960, SVENSMARK et al. 1960) is the same as that used today, 
although this range is based on data from very few patients. A limited number of 
patients were arbitrarily divided into two small groups, one with above and one 
with below 10mg/liter, and compared with respect to seizure frequency. The toxic 
level was determined in a similar way. Nevertheless, almost all later investigations, 
supplied by the many years of clinical experience, have pointed to the very same 
figures. This seems to be valid for all age groups, e.g., also neonates (PAINTER et al. 
1978). 

It serves no purpose to analyze all these studies, and only a few will be dis
cussed. One of the more significant prospective studies was carried out by LUND 
(1974), who related seizure frequency to average plasma level over a 3-year span 
of treatment in 34 patients with grand mal epilepsy. The strength of this investi
gation is the dose/response-like fashion in which the results have been calculated. 
The inherited and unavoidable problems are the lack of contemporary controls 
and the possible influence of the time factor. Similar results have been reported 
by others, e.g., LOISEAU et al. (1977), although these results are less distinct be
cause of comedication with phenobarbital. Their optimal phenytoin plasma level 
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was 7-15 mg/liter. In a prospective study of 117 Latin American adults of whom 
110 were on phenytoin monotherapy, GALDAMES et al. (1980) found satisfactory 
seizure control in a range of 10.2-25.8 mg/liter. 

KUTT et al. (1964) specifically looked at the toxic level. From this and other 
studies (see KUTT 1972) several of the dose-related eNS signs of intoxication 
(nystagmus, ataxia, mental side effects) can be correlated to increasing plasma 
concentrations, and the diagram in Kutt's article is now a classical one. It refers, 
however, to a general pattern for a number of patients, and for the individual 
patient the toxic signs may start at quite different levels, although very rarely be
low 15 mg/liter. GANNAWAY and MAWER (1981) found that in a group of patients 
in whom the phenytoin dose was slowly increased, tolerance varied quite consid
erably, the threshold for symptomatic intoxication (ataxia) ranging form 35 to 60 
mgfliter. The intraindividual toxic limit, on the other hand, does not show major 
variations, as the clinical symptoms can be correlated quite well to phenytoin 
levels in the single patient (BEIER et al. 1978). 

Some prospective studies suggest that the concept of a therapeutic range for 
phenytoin is of no use (e.g., FEELEY et al. 1979), as excellent control is obtained 
in too many patients at concentrations outside (particularly below) the stated 
limits. Out of 20 patients taking phenytoin and phenobarbital, 19 were seizure 
free with phenytoin levels below 10 mg/1iter (FELDMAN and PIPPENGER 1976), but 
many such patients, who suffer seizures again upon stopping the therapy, are on 
multiple-drug treatment. It is therefore not easy to evaluate the situation for 
phenytoin alone, and a substantial number of studies (most of them retrospective) 
have confirmed that the best therapeutic results are obtained in the originally sug
gested plasma concentration range (cf. SCHMIDT 1977 a; RICHENS 1979). 

However, the previously mentioned dependency on seizure type is important 
and among others an interesting study of GANNAWAY and MAWER (1981) is rel
evant to these problems. They transferred 18 poorly seizure controlled patients 
from multiple-drug therapy to monotherapy with phenytoin and 17 of these 
showed no deterioration. Eleven of these patients suffering from partial seizures 
did not improve during a (slow) increase in dose and plasma level (from 15 mg/ 
liter to individual threshold for intoxication). However, four patients with gener
alized seizures did improve at higher concentrations. 

At present the main problem about monitoring phenytoin plasma levels seems 
to be how to keep the patients's plasma concentration within the accepted range. 
Several studies indicate that up to half of outpatients have a phenytoin concen
tration below the accepted lower limit, and in many of these patients seizures are 
poorly controlled (cf. GUELEN and VAN DER KLEIJN 1978; KOCH-WESER 1981). It 
is evident, therefore, that the concentration range usually administered for 
phenytoin is a useful factor in the clinical control of epilepsy, and will continue 
to be so. 

II. Carbamazepine 
Generally recommended therapeutic range: 5-10 mg/liter (21-42 J.1mo1/liter). 
Generally accepted toxic limit: 11 mg/liter (45 J.1mol/liter). 

Only few controlled clinical trials have been performed with the specific aim of 
relating plasma levels to the therapeutic or toxic activity of carbamazepine. 
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However, studies including clinical observation, retrospective analysis, and 
prospective comparisons with other antiepileptic drugs have correlated the levels 
obtained with the clinical outcome. Such studies have suggested ranges anywhere 
between < 4 and 16 mg/liter in adults, although the majority of studies 
recommend 5-10 mg/liter. 

Early studies (FREY and YRJANA 1970; M0LLER 1971; PARSONAGE 1972; 
MEINARDI 1972; CEREGHINO et al. 1973, 1974, 1975), of which some are prospec
tive, do not explicitly titrate a lower and an upper limit. However, it can be de
duced from the results that levels below 1.5 mg/liter are definitely ineffective, 
while the first trace of toxic effects might be seen at the same level in some patients 
(MEINARDI 1972). On the other hand, some patients seem to tolerate concen
trations above 11 mg/liter. Several of the early studies may not be comparable 
with recent ones as, e.g., the time at which the blood samples are taken by be dif
ferent and the analytical methods not sufficiently specific. 

SCHNEIDER (1975 a) demonstrated a positive correlation of plasma con
centration to clinical effect, with complete control of psychomotor seizures at 
an average level of 5.9 (±2.7) mg/liter. The patient material covered both insti
tutionalized patients and patients in whom therapy was recently initiated. Side ef
fects were observed from a level of about 8 mg/liter, and for both therapeutic ef
fect and toxicity considerable variations were noted. The significance for drug
level monitoring of the suggested therapeutic range (5-11 mg/liter) in this study 
is clouded by the fact that the "therapeutic concentrations" are based on fasting 
morning samples, while the "side effect concentrations" are based on samples 
taken 3 h after the morning dose. 

In a study by STRANDJORD and JOHANNESSEN (1975), it was reported that 21 of 
28 patients on a constant carbamazepine dose had serum levels between 5.5 and 
13.3 mg/liter without side effects. MONACO et al. (1976) likewise found a decrease 
in seizure frequency, when plasma levels of carbamazepine were kept between 4 
and 10 mg/liter. Carbamazepine was compared with phenytoin in a controlled 
study using patients with psychomotor seizures (SIMONSEN et al. 1976). The two 
drugs were found equally effective when carbamazepine plasma concentrations 
ranged from 6 to 10 mg/liter. It is noteworthy that it was not necessarily the same 
patients who responded to the two drugs in this crossover trial. In a long-term 
follow-up study by STRANDJORD and JOHANNESSEN (1980) in patients with simple 
and complex partial seizures, the mean plasma level for patients was about 5.5 
mg/liter (epoxide 0.6 mg/liter) and for patients previously treated with other 
antiepileptic drugs about 6.8 mg/liter (epoxide 0.7 mg/liter). Seizure control was 
good in both groups. However, in a group of poorly controlled patients the plas
ma carbamazepine (as well as the epoxide) was within the range giving seizure 
control in the rest of the patients. The authors emphasize the considerable interin
dividual differences in optimal carbamazepine levels. 

By adding carbamazepine to patients suffering from partial seizures with 
complex symptomatology, but adequately controlled on phenytoin, 14-20 mg/li
ter, EICHELBAUM et al. (1976) were not able to demonstrate any further reduction 
in seizure frequency at an average carbamazepine level of 5 mg/liter. Increased 
levels in some of the patients to about 8 mg/liter resulted in side effects, but no 
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improvements in seizure control. Similar results are reported by KUTT et al. 
(1975). The seizure type as well as the active carbamazepine metabolite (see later) 
may account for these negative results, whose general value could be questioned. 
However, it does not seem convincing that phenytoin was tried at sufficiently high 
levels. 

TRoUPIN et al. (1977) demonstrated in a comparative trial with phenytoin in 
patients with focal and major generalized seizures that for carbamazepine the 
"clinical range" of the plasma concentration was 8-12 mg/liter, with a total range 
of 2-18 mg/liter. However, an appreciable difference in plasma level in terms of 
effectiveness could not be revealed and this was also the case for toxicity. Studies 
of this kind therefore seem to describe the individual variations in plasma levels 
rather than presenting evidence for an optimal concentration range. However, 
such information is also of value and sometimes lost in later investigations. In 
similar patients, DAM et al. (1975) found that a level above 4 mg/liter was neces
sary to obtain seizure control. Rearranged, these results demonstrate an excellent 
dose/response relationship. In contrast to some other studies psychomotor sei
zures could not be controlled with carbamazepine alone. 

TESTA et al. (1980) found in a heterogenic group of epileptic patients, who also 
took other drugs, that carbamazepine concentrations averaged 4.2 (± 1.4) mg/li
ter in those patients who showed a substantial decrease in seizure frequency after 
carbamazepine had been administered. FORSYTHE et al. (1979) demonstrated that 
6 mg/liter was the lowest carbamazepine level associated with complete control 
of seizures in a study on epileptic children. The observations of the last-mentioned 
studies contribute to a definition of the lower limit of the therapeutic concentra
tion range, but they do not explain the relation between effect and plasma levels. 
In a study in patients with intermittent side effects from carbamazepine, 
HOPPENER et al. (1980) found these side effects correlated to fluctuations in plas
ma concentrations over the day, particularly when they exceeded 8 mg/liter. After 
changing the scheme of intake in such a way that the plasma levels did not exceed 
this concentration, the side effects disappeared, but not at the expense of adequate 
seizure control. Such types of study design contribute greatly to the definition of 
an upper limit ofthe therapeutic range. 

In spite of shortcomings in methods and design, the studies cited seem to in
dicate a lower limit for effectiveness of about 4-5 mg/liter for grand mal, but 
higher and more doubtful levels for psychomotor seizures. Several review articles 
also agree with this (e.g., HVIDBERG and DAM 1976; SCHMIDT 1977a; BERTILSSON 
1978). Somewhat more problematical is the upper limit, as the intensity of side 
effects does not always seem to follow the plasma level (LEVY et al. 1975). As pre
viously mentioned, discrete side effects (nystagmus) were observed by MEINARDI 
(1972) at very low levels, but analytical problems may have influenced these early re
sults. The majority of patients in other studies did not experience side effects until 
they were above 8-11 mg/liter(cf. KUTT 1978a). 

Although a therapeutic plasma range is not based on solid scientific grounds, 
monitoring carbamazepine can be considered useful based on the information ob
tained so far. Monitoring carbamazepine levels is consequently often recom
mended as a routine in epileptic patients (BATTINO et al. 1980). 
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Some of the difficulties in defining a therapeutic plasma range for carba
mazepine might be caused by the active metabolite, CBZ-I0,1l-epoxide (see p. 
748). 

llI. Phenobarbital 
Generally recommended therapeutic range 10-30 (40) mg/liter [45-
140(180)~mol/liter]. 

Generally accepted toxic limit: 40mg/liter (180 ~mol/liter). 
It is puzzling that phenobarbital, in spite of being the oldest antiepileptic drug 

still in clinical use, has been investigated so sparsely with respect to both human 
pharmacokinetics and plasma level/effect relationship. Although a therapeutic level 
of 10-25 mg/liter was suggested by SVENSMARK and BUCHTHAL (1963), the first pro
spective studies were only published several years later (BUCHTHAL et al. 1968; 
BUCHTHAL and SVENSMARK 1971; BUCHTHAL and LENNox-BuCHTHAL 1972). The 
original evidence rests on close observation of both EEG and clinical manifesta
tions in 11 adults with grand mal seizures and in 60 children with febrile convul
sions. An effect of phenobarbital was not seen unless the concentration was above 
10-15 mg/liter. The same authors found the toxic limit to be about 30 mg/liter, 
but with large individual variations as also observed earlier (PLAA and HINE 
1960). In another prospective investigation in 15 patients (SCHMIDT and JANZ 
1977) the therapeutic level ranged from 14 to 76 mg/liter, with an average of 39.5 
mg/liter, while the subtherapeutic concentration of phenobarbital had a mean of 
25.6 mg/liter in the same patients. All but one of these were, however, treated with 
primidone, a precursor of phenobarbital (see below). Another group of 17 
patients, who had been free of seizures for years, showed an average phenobar
bital concentration of 25.2 mg/liter. These findings - although from a small num
ber of patients - point to the already proposed therapeutic range, but they also 
emphasize the considerable interindividual variation. SCHMIDT and JANZ (1977) 
ascribe these variations mostly to the difference in severity of disease, but other 
explanations such as different degree of tolerance development may also be likely 
(BOOKER 1972 a). 

Few pharmacokinetic studies with phenobarbital have been carried out dur
ing the past years, and certainly only very few relating effect to plasma levels. 
KUPFERBERG and LONGACRE-SHAW (1979) found phenobarbital concentrations 
of 4-32 mg/liter in 11 patients adequately treated with mephobarbital, which is 
metabolized to phenobarbital. Only minute concentrations of mephobarbital 
were detected. In a complicated study by LOISEAU et al. (1977), the therapeutic lev
el for phenobarbital was found to be 15-25 mg/liter, but also in this study the de
sign was not aimed at a real evaluation of the level/effect relationship. Other stud
ies with phenobarbital determination have been carried out with primidone (see 
below). In neonates a level of 12-30mg/liter (JALLING 1975) or about 20mg/liter 
(PAINTER et al. 1978) was found to be effective. It should be mentioned that effects 
on the EEG in normal volunteers correlated very well with the plasma levels of 
phenobarbital injected i.v., although these (2-8 mg/liter) were below the usually 
accepted lower limit for anticonvulsant activity (SANNITA et al. 1980). 

The plasma levels originally suggested as the therapeutic range for phenobar
bital now seem to be accepted to such a degree that new investigations about their 
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validity hardly appear, although the original studies are about 15 years old and 
based on only a few patients. Particularly the upper limit is not very well defined, 
and individual differences here seem more pronounced for phenobarbital than for 
other antiepileptic drugs, although this has not been evaluated. 

IV. Primidone 

Generally accepted therapeutic range: 
Parent compound 
Pheno barbital 
Phenylethylmalonamide 

Suggested toxic limit: 
Parent compound 
Phenobarbital 
Phenylethylmalonamide 

3-12 mg/liter (13-55Ilmol/liter) 
10-30mg/liter (45-140 Ilmol/liter) 
? 

15 mg/liter (75Ilmol/liter) 
40 mg/liter (180 Ilmol/liter) 
? 

The major problem for primidone with respect to therapeutic plasma ranges lies 
in the fact that we are dealing with a complex system of active compounds. 

BUTLER and WADDELL (1956) and later OLESEN and DAM (1967) demonstrated 
that therapeutic doses of primidone resulted in plasma levels of phenobarbital 
with a definite anticonvulsant effect. The other metabolite phenylethylmalon
amide (PEMA), as well as primidone itself, also exerts antiepileptic activity, and 
it is this triangle of substances which is probably responsible for the effect of 
primidone (SCHOTTELIUS and FINCHAM 1978). The problem is, however, their mu
tual strength of anticonvulsant activity. This has not been evaluated in man, and 
may be impossible to do. However, about 85% of the effect in the steady state 
must be ascribed to phenobarbital, and it has still to be shown whether or not the 
two other components really contribute clinically to the antiepileptic activity dur
ing primidone treatments (FREY and LOSCHER 1980). 

No controlled or other prospective studies have been published relating levels 
of primidone itself to effect. The lower limit for primidone was suggested by KUTT 
and PENRY (1974) to about 5 mg/liter and the upper limit to 10 mg/liter (KUTT 
1974), while others (BOOKER 1972 b; SCHMIDT 1977 b) refer to a toxic level of 20 
mg/liter. Retrospectively, SCHOTTELIUS and FINCHAM (1978) considered a thera
peutic range of 3-12 mg/liter to be correct, and found that toxicity is not seen be
low 15 mg/liter. These authors used plasma samples obtained 2-4 h after the drug 
was ingested. The cited values may, however, be considered as more or less specu
lative, because the simultaneously generated concentration of phenobarbital 
can be crucial. Interestingly, BOOKER (1972 b) reported that substitution of 
primidone with phenobarbital in some patients resulted in the same therapeutic 
effect, but they recovered from certain side effects, suggesting a different profile 
of adverse reactions in the two therapeutic situations, of which both include phe
nobarbital. In a recent review (JOHANNESSEN 1981), no final solution for the moni
toring problem in primidone-treated patients could be offered, except that moni
toring of phenobarbital was considered essential, while additional monitoring of 
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primidone may be beneficial. Determination of PEMA was not considered justi
fied. 

The individual variation in the metabolism of primidone, whether genetic in 
origin or influenced by xenobiotics (e.g., other drugs), magnifies the problems, 
but serves also - in theory - as reasonable justification for monitoring of primi
done and phenobarbital during primidone treatment. The prerequisite for doing 
so, well-founded documentation for the therapeutic levels, has not, however, been 
established. Phenobarbital monitoring can help to avoid phenobarbital intoxica
tion during primidone therapy, but on logical grounds it is all that can be advo
cated until more studies have been performed. 

V. Ethosuximide 
Generally accepted therapeutic range: 40-100mg/liter (285-710 Ilmol/liter). 

Assumed toxic limit: 130 mg/liter (1,000 Ilmol/liter). 
The control of petit mal seizures with ethosuximide seems to be fairly well 

correlated to plasma concentration (SHERWIN and ROBB 1972; SHERWIN 1978), but 
only few prospective investigations have been performed to define a therapeutic 
plasma range. HAERER et al. (1970) reported a range of 11-55 mg/liter in a group of 
patients with absence seizures (with or without other kinds of seizures) and for the 
majority showing improvements during the treatment. However, this finding can 
hardly be taken as a documentation for a therapeutic range. PENRY et al. (1972) 
found maximum clinical control with plasma ethosuximide between 40 and 
80 mg/liter in patients who responded to the treatment. Similar results, although 
with greater variation, were reported by SHERWIN and ROBB (1972). PENRY (1975) 
and BROWNE et al. (1975) reported essentially the same outcome, i.e., excellent 
seizure control in responsive patients at plasma levels of about 60 mg/liter. 
In a prospective study, SHERWIN (1978) pointed to some important features: 
Significant reduction in seizure frequency was seen in a number of patients 
with frequent attacks of absence seizures after 2 Y2 years of treatment with 
ethosuximide, and during this period the mean plasma levels increased from 57 to 
76 mg/liter (due to dose increments). Such an increase was not 0 bserved in patients 
who continued to have frequent attacks. Although an age-related improvement is 
known in this disease, the author finds the reported improvement as a result of the 
dose adjustments made on the basis of the plasma level determinations. Another 
finding by SHERWIN (1978) is that individual treatment schedules with plasma 
concentrations as high as 150mg/liter may sometimes prove useful, although he 
recommends an average therapeutic range of 40-100mg/liter. 

The toxic limit has been very poorly investigated, probably because side ef
fects of ethosuximide are quite rare. Some very high concentrations, e.g., 135 and 
168 mg/liter (SOLOW and GREEN 1971) and up to 153 mg/liter were reported not 
to be associated with side effects. Similarly, in a pharmacokinetic study covering 
up to 3 years' observation at different steady-state levels, several of 46 patients 
had plasma levels above 120 mg/liter, some even 180 mg/liter, but with no reports 
of toxicity (SMITII et al. 1979). 

The correlation between plasma concentration of ethosuximide and the con
trol of absence seizures is well established in patients in which the drug shows an 



736 E. F. HVIDBERG 

effect at all, but documentation for a therapeutic plasma range is very scanty. The 
average level to be aimed at may be 60-70 mg/liter, although some patients may 
show a benefit up to 150 mg/liter without toxicity. A toxic limit has not really 
been defined. The basis for monitoring ethosuximide levels may consequently be 
considered quite weak. 

VI. Benzodiazepines 

1. Diazepam 
Therapeutic plasma range: not known 
Toxic level: not known 
The relation between diazepam plasma concentration and the various clinical ef
fects in man has been investigated very little. In nonepileptic patients correlations 
have been looked for between various effects of diazepam and diazepam plasma 
levels. The antianxiety activity showed no correlation (MANDELLI et al. 1978), 
while the effective plasma levels after i.v. injection seemed to be 400--500 Ilg/liter 
for changes in, e.g., reaction times (HILLESTAD et al. 1974; HARDER et al. 1976). 
Effects on spasticity in normal volunteers were seen at concentrations of between 
300 and 2,200 Ilg/1iter (LOSSIUS et al. 1980). For anticonvulsant activity only few 
results are available which relate effect to plasma levels. MORSELLI and FRANCO
MORSELLI (1980) refer to statements that plasma concentrations of at least 1,000-
1,200 Ilg/liter are necessary to suppress ictal discharges, and BOOKER and CELESIA 
(1973) found that a peak level of 500--600 Ilg/liter could suppress interictal dis
charges in photosensitive subjects. After rectal administration of diazepam, 
FERNGREN (1974) noted convulsions in one child at a concentration of 130 Ilg/li
ter, while AGURELL et al. (1975) found the anticonvulsant level in two children to 
be 150 and 200 Ilg/liter, respectively. However, KNUDSEN (1977) observed febrile 
convulsions in a child with a concentration of about 1,200 Ilg/1iter. After i.v. in
jections or rectal application, with the doses usually applied in status epilepticus, 
it seems reasonable to believe that the lower anticonvulsant concentration of 
diazepam may be 300--500 Ilg/1iter. The lack of documentation may, however, be 
of little direct clinical significance, as plasma concentration monitoring in status 
epilepticus is not feasible. 

Anticonvulsant treatment with orally given diazepam is only rarely effective, 
except in minor motor seizures. Plasma concentrations of 100--300 Ilg/1iter have 
been suggested as effective (KuTT 1978b), but no investigation seems to 
have been performed to substantiate this claim. Acute side effects have been 
noted at concentrations above 400llg/liter (MORSELLI and FRANco-MoRsELLI 
1980), but for chronic treatment there is no reliable information. Furthermore, 
it does not seem to have been investigated whether the rare respiratory depression 
seen after i.v. injection of diazepam coincides with extraordinarily high plasma 
levels, although levels exceeding 2,500 Ilg/liter have been suggested (MORSELLI 
and FRANCO-MoRSELLI 1980). 

In chronic diazepam treatment two conditions must be remembered. First, 
that the active metabolite N-desmethyl-diazepam is present in plasma concen
trations higher than the parent compound (see later), and secondly that tolerance 
may develop. To which degree these conditions are of significance is apparently 
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not known in the rarely applied chronic antiepileptic treatment with diazepam. 
Monitoring of plasma diazepam is therefore not to be advocated except, perhaps, 
for the control of patient compliance. 

2. Clonazepam 
Suggested therapeutic plasma range: 20-70 Ilg/liter (65-225 nmol/liter) 
Assumed toxiclevels: 100 Ilg/liter (320 nmol/liter) 
For clonazepam very sparse documentation is available concerning the relation 
between plasma levels and antiepileptic effect (PINDER et al. 1976). DREIFUSS et al. 
(1975) and MORSELLI (1978) found levels between 20 and 70 Ilg/liter effective in 
absence seizures. Other retrospective studies (SJD et al. 1975, VAN DER KLEIJN 
1975) suggest the therapeutic range to be 30-60 Ilg/liter. No firm correlation be
tween plasma clonazepam and toxic effects have been reported, but MORSELLI 
(1978) found an increasing number of patients with severe toxicity above 100 Ilg/ 
liter, and even an increased frequency of seizures at levels exceeding 180 Ilg/liter. 

The indications for the use of clonazepam in epilepsy is more restricted than 
originally thought, as infantile spasms and absences seem to be the main indi
cations (BROWNE 1978) Clonazepam is a difficult drug to handle in clinical prac
tice. If, for example, dosage is increased too fast at the beginning of the treatment, 
severe side effects may occur (PINDER et al. 1976), but monitoring plasma levels 
is not useful in this situation. Furthermore, a diminished effect is often seen after 
2-3 months of treatment, probably mostly at higher dosages (MORSELLI and 
FRANCO-MoRSELLI 1980), but plasma-level monitoring has not given the explana
tion. Clonazepam seems to gain a place in the treatment of status epilepticus, but 
so far no investigation has been published concerning the effective plasma level 
in this situation. 

Based on the above considerations routine monitoring of plasma levels can 
hardly be recommended. 

VII. Valproic Acid 

Suggested therapeutic plasma concentration range: 50-100 mg/liter (350-700 
Ilmol/liter) 
Suspected toxic level: 100 mg/liter (700 Jlffiol/liter) 
Considerable confusion seems to exist about therapeutic monitoring and optimal 
plasma levels of valproic acid. Some authors find no correlation between plasma 
levels and antiepileptic effect, while others seem to agree on an optimal plasma
concentration range of somewhere between 34 and 105 mg/liter (MEIJER and 
HESSING-BRAND 1973; MEINARDI et al. 1974; BARNES and BOWER 1975; SCHOBBEN 
et al. 1975; LOISEAU et al. 1975; CHARD 1976; RICHENS et al. 1976; VAJDA et al. 
1976; BRUNI et al. 1978; GRAM et al. 1979; SCHULZ et al. 1979; HENRIKSEN and 
JOHANNESSEN 1980; KLOTZ and SCHNEIDER 1980). Furthermore, ROWAN et al. 
(1979) found a correlation between changes in plasma levels and changes in the 
EEG (serial monitoring). The majority of these investigations find a level above 
50 (60) mg/liter necessary to obtain seizure control (cf. FRDSCHER et al. 1978), but 
the impression prevails that considerable individual differences exist in the plas-
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ma level/effect ratio. There are some indications that plasma levels exceeding 100 
mg/liter are associated with increasing frequency of side effects (drowsiness, seda
tion, and perhaps also weight gain and hair loss), but observations are often made 
in patients undergoing poly therapy (HASSAN et al. 1976; GRAM et al. 1979; HEN
RIKSEN and JOHANNESSEN 1980; MORSELLI and FRANCO-MoRSELLI 1980). 

However, acute valproic acid toxicity is not a major therapeutic problem, and 
it is therefore difficult to determine an upper therapeutic level. 

In spite of the many studies, the documentation supporting a therapeutic level 
for valproic acid is not very strong. A major reason for the difficulties in corre
lating the total plasma concentration levels of valproic acid to the clinical effects 
may be found in the variation in the plasma protein binding of valproic acid. In 
addition, the protein binding is dependent on total concentration. At lower con
centrations the free fraction is average 10% (review: GUGLER and VON UNRUH 
1980), while it increases more than 50% at concentrations of around 100 mg/liter 
(GRAM et al. 1979). Furthermore, considerable fluctuations of the plasma level are 
seen during the day because of rapid absorption and a relatively fast elimination 
rate. The small volume of distribution (cf. GUGLER and VON UNRUH 1980) makes 
these fluctuations more significant for the variations in the tissue concentrations. 
The use of the primary amide of dipropylacetic acid, dipropylacetamide, as a pro
drug, greatly reduces the diurnal fluctuations ofvalproic acid (PISANI et al. 1981), 
but this is probably not sufficient to eliminate the problems. Thus it has also been 
shown that the free fraction of valproic acid may increase under influence of con
comitant therapy and other factors (HAIDUKEWYCH and RODIN 1981). As a result 
of these problems the timing of blood sampling becomes critical, and consequent
ly measuring the total plasma level of valproic acid does not result in a reliable 
parameter to be compared with clinical benefit or toxicity. Other kinetic factors 
may add to this problem, as valproic acid is metabolized and at least some of the 
metabolites are biologically active (LOSCHER 1981) (see later). 

The kinetic variability may explain the poor plasma level/effect correlation, 
but it may not be the whole explanation. An indication of the influence of phar
macodynamic factors is that the considerable daily fluctuation in plasma levels 
(and even greater in the levels of the unbound fraction) seen with a once-a-day 
dosage schedule do not make the clinical outcome inferior to the normal ti.d. 
schedule with much less fluctuation (CENRAUD et al. 1981); rather the opposite 
(COVANIS et al. 1981; ROWAN et al. 1981). In this connection it is of note that clini
cal recovery from intoxication (peak plasma level 2,120 mg/liter) was not corre
lated to the eventual occurrence of "normal" plasma levels (i.e., < 150 mg/liter). 
The slow recovery from coma was delayed for several days (PEDERSEN 1982). 

At the present time there is no indication that monitoring total plasma con
centration of valproic acid may be of benefit for the therapy (SCHOBBEN et al. 
1980). One exception however, may be the control of patient compliance, and as 
most studies find a concentration of 50 mg/liter necessary for effective treatment, 
control may be justified if nonresponders are above this limit. Monitoring in 
the sense of, e.g., that given to phenytoin treatment would hardly be defensible 
until many more studies have been carried out and level/effect correlations have 
been verified. However, as suggested by LEVY (1980), monitoring the unbound 
plasma levels may seem benificial (cf. Sect. F). 
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VIII. Other Antiepileptic Drugs 

Very little information is available on optimal plasma concentration ranges or 
therapeutic monitoring concerning antiepileptic drugs other than the ones dealt 
with in the previous sections. 

Human kinetics have been studied to some extent for other hydantoin deriv
atives, but therapeutic ranges have not been substantiated (TROUPIN et al. 1979). 
Plasma levels usually obtained for mephenytoin are 5-16 mg/liter, and 25-40 mg/ 
liter for its active metabolite 5-ethyl-5-phenyl-hydantoin (Nirvanol) (MILLICHAP 
1972; SCHMIDT 1981). For ethotoin, concentrations of about 4-15 mg/liter have 
been observed (LUND et al. 1975). No information is available for phenytoin-3-
norvalin (Neo-Citrullamon). Methylphenobarbital is metabolized quickly to phe
nobarbital, and plasma levels of the latter will determine the antiepileptic effect 
(cf. KUPFERBERG and LONGACRE-SHAW 1979). Trimethadione is metabolized to 
dimethadione and "therapeutic levels" of 20 mg/liter and 700 mg/liter, respec
tively, are suggested (EADIE 1976; SCHMIDT 1981). With an average dose of 5 mg/ 
day nitrazepam plasma levels of 30-150 ~g/liter were seen (BOSSI and MORSELLI 
1977). Information on therapeutic plasma levels for carboanhydrase inhibitors is 
also scanty. For sulthiame a range of 6-10 mg/liter has been suggested (EGLI 
1977). Levels of about 10-14 mg/liter are obtained for acetazolamide after doses 
of 10 mg/kg (SCHMIDT 1981). 

No studies have been carried out in order to correlate plasma levels with ef
fects for the above-mentioned drugs. The information on plasma levels cannot 
therefore be used as a basis for therapeutic drug monitoring, possibly not even 
as initial guidance. However, the use of these drugs is quite rare and the problems 
therefore very limited. 

F. Protein Binding and Monitoring Antiepileptic Drug Levels 
The kinetic details of the plasma protein binding of antiepileptic drugs are given 
elsewhere in this volume (Chap. 24), and only the implications for therapeutic 
drug monitoring will be discussed here. An excellent general review of this topic 
has recently been presented by ROWLAND (1980). 

Measurement of the free fraction seems important, as this can diffuse across 
membranes into the biophase. The free fraction is therefore thought to interact 
with the receptors. Direct measurements of the free fraction in plasma require of
ten much more sensitive analytical assays because of the lower concentration to 
be measured. For this reason and because of the more elaborate procedure to be 
applied (dialysis, ultracentrifugation, or the like), routine monitoring is at present 
almost exclusively based on the determination of the total concentration of the 
antiepileptic drug in plasma. Free fraction measurements are still predominantly 
considered experimental, devoted to clinical pharmacological investigations, and 
used as a routine in only few laboratories. 

Other methods are available for the determination of the free fraction, such 
as measurements of CSF concentrations (not relevant for monitoring purposes), 
salivary concentration, and concentration in tears (see later). Finally, the determi
nation of erythrocyte-binding can be used; thus binding to red blood cells of 
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phenytoin and phenobarbital has been found to be fairly constant, e.g., unaf
fected by uremia. It has therefore been suggested that the erythrocyte/plasma 
ratio may serve as a screening method for abnormal plasma binding in the indi
vidual patient (GLAzKO 1973; BORONDY et al. 1973; KURATA and WILKINSON 
1974; SHERWIN et al. 1976; EHRNEBO and ODAR-CEDERLOF 1975, 1977). This ap
proach does not seem to have gained much clinical interest and it has not been 
evaluated for its significance in larger patient materials. One important reason 
could be pitfalls in the interpretation of concentration data because of method
ological problems. Thus, washed erythrocytes have a greater binding than whole 
blood erythrocytes (EHRNEBO and ODAR-CEDERLOF 1977). 

It should be noted that although the free fraction (as a percentage of the total 
concentration) is increased, e.g., during renal insufficiency, this parameter does 
not serve as a useful guideline for adjustments of the plasma level. The absolute 
concentration of unbound drug may be unchanged due to a compensatory in
crease in the apparent volume of distribution and plasma clearance (ODAR
CEDERLOF and BORGA 1974; GUGLER et al. 1975). A decrease in plasma protein 
binding thus leads to a lower total plasma level, but should not trigger off an in
creased dose (REIDENBERG 1977). 

Data on protein binding of antiepileptic drugs of special interest for drug level 
monitoring are: 
1. The magnitude of the interindividual variation in protein binding 
2. The degree of change (if any) in the binding imposed by, e.g., renal disease and 

drug interactions 
3. The occurrence of concentration-dependent binding within the therapeutic 

range 
If these problems are applied to the individual antiepileptic drugs, only few 

answers can be extracted. For phenytoin the interindividual variation in protein 
binding is somewhat controversial. BOOKER and DARCEY (1973) observed large 
variations, which might have been due to technical problems, while BARTH et al. 
(1 976),YACOBI et al. (1977), and MONKS (1978) all found a mere twofold variation 
in the free fraction in adults with normal liver and kidney function. The protein 
binding of phenytoin is, however, influenced by several factors (for review see 
PERUCCA 1980), as renal and liver disease have a great impact on the binding. 
Likewise, the extremes of age (newborns, old age), pregnancy, burns, surgery, and 
a number of drugs have a considerable influence on the protein binding of 
phenytoin. On the whole, therefore, measuring the free fraction of phenytoin 
would seem advantageous in clinical practice, because a false impression of the 
active part may be obtained in certain situations (such as in renal disease), leading 
to wrong clinical decisions. However, as stated above the methodology is not yet 
geared to direct routine determinations, and salivary concentrations may also be 
problematical (see later). Protein binding of phenytoin does not seem to be con
centration dependent. 

Half of the amount of phenobarbital in plasma is bound to proteins 
(BUCHANAN and VAN DER WALT 1977), which is reflected in the CSF concentra
tion. Interindividual differences do not seem to be of greater importance. Renal 
and hepatic disease have not been reported to influence the protein binding of 
phenobarbital, and concentration-dependent binding is not likely. 
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The free fraction of carbamazepine has been reported in different studies to 
be 20%-44% (mean values) (for reviews see BERTILSSON 1978; PYNNONEN 1979; 
SILLANPAA 1981). Methodological differences may account for at least part of this 
variability, but the twofold difference covers an even greater intersubject variabil
ity in the individual studies (RAWLINS et al. 1975). There is no hint of a dose-de
pendent protein binding. Comedication with phenobarbital or phenytoin does 
not result in displacement of carbamazepine from its binding sites (RAWLINS et 
al. 1975), and hepatic disorders seem to have no clinically relevant influence, al
though a minor reduction in protein binding was observed (HOOPER et al. 1975). 
The main impression is that monitoring the free drug level of carbamazepine in 
theory would be advantageous, e.g., by salivary concentration measurements, 
but that a lot of practical problems prevail. 

Primidone and ethosuximide are both bound to plasma proteins to a very low 
degree. The benzodiazepines are highly bound, 82%-90% (HVIDBERG and DAM 
1976) but as plasma-level monitoring of these drugs in epileptic patients plays no 
role, the problems concerned with variability in protein binding are of no clinical 
relevance in this connection. 

For valproic acid it is quite different. Considerable variations in protein bind
ing have been demonstrated, and the binding seems sensitive to a number of in
fluences (KLOTZ et al. 1978; BREWSTER and MUIR 1980; BRUNI et al. 1980; HAI
DUKEWYCH and RODIN 1981; RODIN and HAIDUKEWYCH 1981). Relating the free 
fraction to antiepileptic effect of valproic acid may reveal a much better correla
tion than total valproic acid concentration and it may be possible to explain some 
cases of nonresponders and other irregularities. At the present time monitoring 
free fraction levels ofvalproic acid, however, may be regarded as a tool ofinves
tigation rather than as a routine, although LEVY (1980) suggested that monitoring 
the free fraction would be an advantage. 

G. Monitoring Antiepileptic Drug Therapy by Measurements 
in Biological Fluids Other than Plasma 
I. General Considerations 
For several reasons it would seem logical to use body fluids other than blood for 
monitoring antiepileptic drug levels. The noninvasive way of obtaining saliva, 
tears, and urine is an advantage to the patient, particularly children. The possi
bility of direct determination of the free fraction in low-protein fluids such as sa
liva, tears, and cerebrospinal fluid (CSF) may further appear to be a more correct 
approach (see above). Although such considerations are based on sound theories, 
practical application does not always seem very attractive. Measurements of uri
nary concentrations may only serve as a semiquantitative control of compliance 
and are of no use in monitoring drug levels in the body. CSF levels cannot, of 
course, be measured as a routine procedure, but they are of great value for the 
investigation of the passage of a drug into the central nervous system. This leaves 
two possibilities in clinical practice: saliva and tears. The former has attracted 
considerable interest and a great number of investigations have therefore ap
peared during recent years. 
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II. Monitoring Salivary Levels of Antiepileptic Drugs 

The kinetics of antiepileptic drugs in saliva will be treated thoroughly elsewhere. 
It suffices here to state that the following factors will determine the concentration 
in saliva (cf. MUCKLOW et al. 1978; STEPHEN et al. 1980). 
1. The protein binding of the drug in plasma 
2. The protein binding of the drug in saliva, often considered nil (protein in saliva 

is about 3 g/liter) 
3. The pH of plasma (approximately 7.4) 
4. The pH of saliva (varying) 
5. The physicochemical properties of the drug, including the pKa value and par

tition coefficient 
6. Transport mechanisms: active secretion or passive diffusion into saliva 

Using the Henderson-Hasselbalch equation, the concentration of the drug in 
saliva can be estimated as follows, providing only passive diffusion is the driving 
force: 

Cs and Cp are the drug concentrations in saliva and plasma, respectively. pHs and 
pHp are the pH values in saliva and plasma. The fractions of unbound drug in 
saliva and plasma are designated!. and/p , respectively. 

A prerequisite for the utilization of salivary concentrations in therapeutic 
drug monitoring is that a direct correlation exists between the levels of drug in 
saliva and plasma over a wide range of concentrations. Acceptable correlations 
have been reported particularly for drugs, which are largely un-ionized at normal 
plasma pH (HORNING et al. 1977; MUCKLOW et al. 1978). For substances with a 
high degree of ionization the salivary concentration is highly dependent on the 
actual pH in saliva and fluctuations can be considerable due to pH changes in sa
liva. Monitoring salivary concentrations in such cases may, therefore, be proble
matical or even meaningless. 

By applying the above-mentioned principles it can be predicted for a number 
of antiepileptic drugs that salivary concentrations would be a reliable reflection 
of the free fraction of the drug in plasma. In fact, it has been shown that for 
phenytoin, carbamazepine, primidone, ethosuximide, and diazepam a good cor
relation does exist between salivary drug levels and levels of the free fraction of 
the drug in plasma. For phenobarbital, which has a more critical pKa value, the 
reports have not been consistent, and for valproic acid no correlation has been 
found. 

Although in theory it seems better to monitor salivary drug levels instead of 
plasma levels, and also in practice it has been shown to be so (cf., e.g., KRISTENSEN 
and LARSEN 1980), many authors have pointed out the problems and limitations 
involved (RICHENS 1979; MORSELLI and FRANCO-MoRSELLI 1980; STEPHEN et al. 
1980; JOHANNESSEN 1981). The problems can be summarized as follows: 
1. The practical problems of obtaining saliva (preferably serous saliva from the 
parotid gland) in sufficient amounts and uncontaminated by food, etc. should not 
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be disregarded. The measured drug concentration may have been influenced by 
the sampling conditions. 
2. By examining the original data from many studies an appreciable variation in 
the saliva/plasma ratio can be noted between the patients included, although the 
correlations are acceptable on average. 
3. The lower drug concentrations in saliva require analytical methods of much 
higher sensitivity than needed for measuring total drug concentrations in plasma. 
The likelihood of increased analytical variability is consequently great. 
4. The saliva/plasma relationship for drug concentrations may only be valid for 
steady-state conditions. 
5. Salivary drug concentrations can only be used for monitoring certain drugs 
(see above), and, although some studies find that comedication with, e.g., other 
antiepileptic drugs has no influence on the saliva/plasma ratio, the possibility of 
drug interaction does not seem to have been investigated in depth. 
6. At the present state of knowledge it seems reasonable to believe that the un
bound fraction of a drug is a better and more pharmacologically correct deter
minant for the observed action of the drug than the total concentration. However, 
it still has to be proven that it is clinically advantageous to measure the free frac
tion. 

In practice measuring salivary drug concentrations does not seem to play the 
role that could be expected from the theoretical considerations. A critical attitude 
has been expressed by several authors (MORSELLI and FRANCO-MoRSELLI 1980; 
PERUCCA 1980; JOHANNESSEN 1981), and the above-stated difficulties and hesi
tations are the main reasons. However, being aware of these problems, determi
nations of salivary concentrations will be - under well-standardized conditions of 
saliva collection and by the use of sensitive analytical procedures - a convenient 
way of determining the free concentration of some drugs, e.g., in situations where 
alterations in protein binding may be suspected. Furthermore, the non-invasive 
sampling technique is especially suitable for monitoring antiepileptic drugs in 
children. Finally, it may be a convenient way of controlling patients compliance. 

It is, however, fair to state that at the present time much more research, as well 
as cost-benefit calculations, is needed before measuring salivary drug concen
trations finds its place in the clinical control of epileptic patients. Just as for moni
toring plasma levels it is a prerequisite to establish a relationship between salivary 
drug levels and antiepileptic effect in order to create a firm basis for its clinical 
use. Such investigations are rather few, as almost all studies have focused on the 
correlation between salivary and plasma levels. 

1. Phenytoin 
Several studies indicate a good to excellent correlation between salivary and plas
ma leves for phenytoin over a wide range, in both children and adults and inde
pendent of comedication (BOCHNER et al. 1974; TROUPIN and FRmL 1975; 
SCHMIDT and KupFERBERG 1975; COOK ET AL. 1975; REYNOLDS ET AL 1976; HOR
NING et al. 1977; BLOM and GUELEN 1977; PAXTON et al. 1977; ANAVEKAR et al. 
1978; MUCKLOW et al. 1978; ZYSSET et al. 1981; KNOTT et al. 1982). The majority 
of investigators find a salivary/plasma ratio of about 0.1 corresponding to the 
commonly observed free fraction in plasma of about 10%. These results indicate 
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that phenytoin is dialyzed into saliva «RICHENS 1979), i.e., transported by simple 
diffusion to an equilibrium with the nonprotein bound fraction in plasma. How
ever, it has been suggested that other, more complex mechanisms are involved, 
e.g., ultrafiltration or active transport (STEPHEN et al. 1980). Thus, some data 
(ANAVEKAR et al. 1978) may be consistent with a saturated active transport, but 
there has been no confirmation of this probability. The problem of which kind 
of saliva (parotid, submaxillar, mixed) should be preferred has been investigated 
in some studies. The general conclusion seems to be that parotid saliva is prefer
able (ANAVEKAR et al. 1978; STEPHEN et aI1980), although the differences are not 
great. 

Based on the studies cited above (including several review articles), a thera
peutic salivary concentration range of 1.0-2.0 mg/liter can be suggested. Insofar 
as this range is a reliable expression of the free fraction of phenytoin, salivary con
centration monitoring would be justified (i.e., preferred to plasma-level monitor
ing) in several diseased states in which the protein binding of phenytoin is known 
to be altered (for review see PERUCCA 1980) or in the case of comedication with 
displacing agents as valproic acid (KNOTT et al. 1982). 

Together with carbamazepine, phenytoin is the most extensively investigated 
antiepileptic drug with respect to salivary concentrations, but several of the pre
viously stated difficulties in the use of plasma concentration ranges certainly also 
apply to saliva. The enthusiasm may also be lowered by the finding ofBRUGMANN 
et al. (1979) that, although a very good correlation was demonstrated between the 
free fraction in plasma and salivary concentrations, the latter were (apparently for 
unknown reasons) in some cases extremely high in comparison with plasma. The 
authors state that precautions are advisable before therapeutic decisions are 
taken on the basis of saliva determinations. 

2. Carbamazepine 
Carbamazepine fulfils the criteria for a drug whose concentration in saliva should 
correlate over a wide concentration range with the unbound fraction of the drug 
in plasma, and several studies have confirmed this experimentally (CHAMBERS et 
al. 1977; McAuLIFFE et al. 1977; TROUPIN et al. 1977; GUELEN and VAN DER 
KLEIJN 1978; WESTENBERG et al. 1978; PAXTON and DONALD 1980; KRISTENSEN 
and LARSEN 1980; MACKICHAN et al. 1981). In fact, the free fraction shows a 
much better correlation with the salivary concentration than the total plasma 
concentration, which seems to indicate that the protein binding of carbamazepine 
can be predicted by determination of salivary concentrations in the individual 
patient. The (probably) active metabolite CBZ-lO-ll-epoxide could not be de
tected in saliva by WESTENBERG et al. (1978), but this was possible for MAC
KICRAN et al. (1981), although the sensitivity ofthe methods (both of them liquid 
chromatography) were apparently similar. MACKICHAN et al. (1981) were also 
able to demonstrate a very high degree of correlation between the free fraction 
of this metabolite and its salivary concentration. For both carbamazepine and its 
epoxide metabolite the average concentrations in saliva were found to be higher 
than the free fraction in plasma. For carbamazepine this was not significant, but 
for the metabolite it amounted to a difference of almost one-third. Similar find
ings have been reported by TROUPIN and FRmL (1975) and CHRISTIANSEN and 
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DAM (1977). For carbamazepine, technical explanations (e.g., evaporation of sa
liva during sampling) could be possible, but if these findings are confirmed for 
the epoxide, other reasons should be examined, e.g., active transport mechanisms. 

The therapeutic salivary concentration level for carbamazepine has definitely 
not been demonstrated, but based on the published studies (see above) it might 
be suggested to range from 1.5 to 2.5 mg/liter. Because ofthe lack of evidence for 
any therapeutic or toxic effect of the epoxide metabolite, it serves no purpose to 
suggest a "therapeutic" level for this substance in saliva. 

3. Phenobarbital 

The physicochemical conditions for phenobarbital are not favorable for monitor
ing drug levels by measuring salivary concentrations. Its pKa value of 7.3 is close 
to the physiological pH, and its concentration in saliva is therefore very sensitive 
to variations in pH (see above). 

In a study by SCHMIDT and KUPFERBERG (1975) the pH of the saliva samples 
was not stated, the average saliva/plasma ratio was lower than would be expected 
from its degree of plasma protein binding, and the variation was considerable 
(mean 0.33, range 0.2-0.6). HORNING et al. (1977) obtained similar results (0.31-
0.37). These results are possibly a reflection of the pH variations in saliva and/or 
variations in protein binding. McAULIFFE et al. (1977) found that phenobarbital 
was clearly influenced by the pH of the salvia, and several authors have recom
mended that phenobarbital levels in saliva should be corrected for pH (GUELEN 
and VAN DER KLEIJN 1978; NISHIHARA et al. 1979; MORSELLI and FRANCO
MORSELLI 1980; JOHANNESSEN 1981). Monitoring phenobarbital by salivary con
centrations is therefore more problematical than for, e.g., phenytoin and carba
mazepine and should only be recommended for general use if the results are cor
rected for salivary pH. 

4. Primidone 

On the basis of the low protein binding in plasma ( < 10%) the concentration of 
primidone should be almost equal in saliva and plasma, which in fact has also 
been found experimentally (SCHMIDT and KUPFERBERG 1975; BLOM and Guelen 
1977; HORNING et al. 1977). Its metabolite phenobarbital behaves as described 
above, which means that the salivary concentrations of phenobarbital have to be 
corrected for salivary pH. There are no reports of the other metabolite, PEMA, 
in saliva. 

If primidone levels are to be monitored in saliva the therapeutic range for plas
ma can be applied for the parent compound. For phenobarbital the same re
servations as stated above must be taken. 

5. Ethosuximide 

Ethosuximide is virtually unbound to plasma proteins and is undissociated at 
physiological pH. Salivary concentrations should therefore equal plasma concen
trations. Experimentally the saliva/plasma ratio has been found to be from 0.9 
to 1.0 (SCHMIDT 1976; BLOM and GUELEN 1977; McAULIFFE et al. 1977; HORNING 
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et al. 1977; GUELEN and VAN DER KLEIJN 1978; PIREDDA and MONACO 1981). Of
ten used in children, monitoring salivary concentrations of ethosuximide should 
be of special advantage, but no investigations seem to have been published as to 
the therapeutic benefit of salivary level monitoring in this situation. 

6. Benzodiazepines 

Concentrations of diazepam in saliva show excellent correlation with the plasma 
concentration of the non-protein bound fraction (DIGREGORIO et al. 1978). SiIni
lar results have been demonstrated for nitrazepam (KANGAS et al. 1979). No in
formation is apparently available about clonazepam. For diazepam the salivary 
concentration is about 3 % of the total plasma concentration. It remains to be 
shown that monitoring diazepam levels in saliva would be of any benefit for the 
acute use of diazepam in status epilepticus, but it seems quite doubtful. 

7. ValproicAcid 

Investigations of valproic acid in saliva have almost unanimously demonstrated 
a very low degree of correlation between plasma and salivary concentrations 
(GUGLER et al. 1977; PINDER et al. 1977; BLOM and GUELEN 1977; GUELEN and 
VAN DER KLEIJN 1978). This is predictable as the pKa is about 5, which means a 
high degree of ionization. The plasma protein binding ofvalproic acid is variable 
and saturable (see previously, and for this reason is would be desirable to have ac
cess to a clinical estimate of the free fraction (cf. e.g., HAIDUKEWYCH and RODIN 
1981). However, no clinical experimental study has tried to correlate salivary con
centrations (corrected for salivary pH) to the clinical effect ofvalproic acid, with 
the specific aim of monitoring valproic acid levels in patients. This possibility has 
- possibly for good reasons - been rejected due to the lack of correlation between 
saliva and plasma concentrations, but it should be borne in mind that total val
proic acid levels in plasma are not well correlated to the antiepileptic effect. 

III. Monitoring Antiepileptic Drugs in Tears 

Only few investigations have been carried out with the purpose of monitoring 
drug levels in tears, and such studies have mainly focused on pharmacokinetic 
conditions, e.g. the correlation between the free fraction in plasma and levels of 
CSF, saliva, and tears. However, for a number of antiepileptic drugs a good cor
relation could be demonstrated between drug concentration in saliva, tears and 
other biological fluids (MONACO et al. 1979, 1981; PIREDDA and MONACO 1981). 

Phenytoin is distributed rapidly to all extracellular fluids and found in tears 
in a concentration similar to the non-protein fraction of plasma (MORSELLI and 
FRANCO-MoRSELLI 1980; MONACO et al. 1979, 1981). For carbamazepine, with a 
protein binding of between 60% and 73%, the tear/plasma ratio was found to be 
44% (MONACO et al. 1979), which is rather high compared with saliva or CSF in 
other studies (SILLANPAA 1981). This may partly be due to a cross-reaction be
tween carbamazepine and its epoxide metabolite in the enzyme multiplied im
munoassay technique (EMIT) assay. A closer connection was observed between 
tear/plasma and tear/CSF ratios for carbamazepine. For phenobarbital, tears al-
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so seem to be a good indicator of the unbound fraction, but not necessarily for 
primidone (MONACO et al. 1979, 1981). For ethosuximide the concentration in 
tears seems to correlate well with those in CSF plasma, and saliva (PIREDDA and 
MONACO 1981), but the number of observations are still few. Valproic acid has 
apparently been measured in tears, but results have not yet been published (cf. 
PIREDDA and MONACO 1981).Until now mainly a single research team (MONACO 
et al.) has been engaged in studying antiepileptic drugs in tears. The number of 
patients investigated are relatively few and the methodology not fully tested. It 
is therefore too early to judge this approach, which could be particularly accept
able in the treatment of epileptic children. 

H. Active Metabolites 
and Monitoring Antiepileptic Drug Levels 
Several antiepileptic drugs form biologically active substances in the body. Such 
metabolites may have a considerable influence on the use and interpretation of 
results obtained for therapeutic drug monitoring (EADIE 1976). The problem has 
been reviewed for drugs in general by ATKINSON and STRONG (1977) and ATKIN
SON et al. (1980), but the examples given by these authors do not include 
antiepileptics. Such examples have, however, been given by DRAYER (1976) and 
LANE and LEVY (1980). 

In general the problems imposed by active metabolites can be summarized as 
follows: 
1. The effects of a drug may, partly or totally, rely on active metabolites. Con
ventional dose/response curves may not disclose this, but by substituting dose 
with plasma concentration it is essential to correlate the active principles to the 
effect, if such concentrations are to be used for monitoring purposes. Recent in
vestigations using modern analytical technology have revealed that active metab
olites contribute to the antiepileptic effect for several drugs, and that these metab
olites may behave differently than the parent compound, both concerning phar
macokinetics and pharmacodynamics. The therapeutic situation is no different in 
principle from that encountered in combination therapy. 
2. Because of interindividual differences in drug metabolism, the amount of ac
tive metabolites produced may vary between patients. The quantitative and qual
itative impact of active metabolites may consequently be of an individually differ
ent nature, and this will only be realized if the metabolites are measured separate
ly and both their effect profile and concentration/response curves are determined 
independently. 
3. Active metabolites may be accumulated in the body during renal failure, 
changing the normal ratio between metabolite(s) and parent compound. 
4. Hepatic insufficiency may also alter the ratio between metabolite(s) and parent 
compound. 
5. Interactions between an active metabolite and its parent compound have been 
described (ELSASS et al. 1980; KLOTZ and REIMANN 1981). Just as for other drug 
interactions, precise kinetic mapping is essential for the subsequent understand
ing of the clinical relevance. 
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In principle, therefore, therapeutic drug monitoring of antiepileptic drugs 
should be based on measurements of all active substances as well as on knowledge 
of the pharmacology of these, including concentration/effect curves. 

I. Phenytoin 

All phenytoin metabolites are biologically inactive or their activity is of no clinical 
relevance (GLAZKO and CHANG (1972). The main metabolite 5-(p-hydroxy
phenyl)-5-phenylhydantoin (HPPH) is largely conjugated before excretion. Small 
amounts of other metabolites have also been identified (HORNING et al. 1971; 
BORGA. et al. 1972; GLAZKO 1973, 1975; MIDHA et al. 1977; MAGUIRE et al. 1979), 
HPPH may accumulate in patients with renal insufficiency (BOCHNER et al. 1973), 
but the clinical significance thereof has not been verified, and a feedback inhibi
tion of HPPH on the metabolism of phenytoin has been excluded (PERuCCA et 
al. 1978). An intermediate epoxide metabolite has been supposed to be formed, 
but the evidence is not convincing (MORSELLI and FRANCO-MoRSELLI 1980). 
HPPH is 60%-65% bound to plasma albumin, and there is no indication of an 
interaction between phenytoin and HPPH at the level of protein binding. 

At the present time there is no reason to believe that any of the phenytoin me
tabolites interferes kinetically or dynamically with the treatment of phenytoin, for 
which reason they will have no influence on monitoring plasma levels if they do 
not interfere with the analysis of phenytoin. 

II. Carbamazepine 
The main pathway for carbamazepine metabolism in man is through a stable ep
oxide, CBZ-I0,1l-epoxide, to a diol, trans-IO,1l-dihydro-l0,1l-hydroxy-CBZ 
(for reviews see PYNNONEN 1979; SILLANPAA 1981). The epoxide has anticonvul
sant properties in experimental animals (FAIGLE et al. 1977) probably equal to 
those of carbamazepine (FRIGERIO and MORSELLI 1975). The epoxide metabolite 
has, however, not yet been subjected separately to clinical testing and there is at 
present no real knowledge about its possible contribution of the antiepi1eptic ef
fect during carbamazepine treatment. It has been suggested that the epoxide is re
ponsible for certain side effects, but no substantial evidence is available (FRIGERIO 
etal.1976). 

Carbamazepineepoxide levels in plasma are about 10%-20% of that of carba
mazepine (STRANDJORD and JOHANNESSEN 1980), but the protein binding is lower, 
about 50% (SILLANPAA 1981). This means that the ratio between the free (and ac
tive) fraction of the two substances is higher (closer to 1) than the total levels in
dicate. Several of the previously mentioned investigations of carbamazepine ef
fects have included separate determinations of the metabolite in plasma, but so 
far no investigators have been able to titrate its pharmacodynamic contribution. 
The plasma level of the metabolite tends to increase relatively if phenytoin, phe
nobarbital, or primidone is added to the treatment (DAM et al. 1975; SCHNEIDER 
1975b: MORSELLI et al. 1976). The fluctuations in plasma levels seem con
siderable. Comedication with other antiepileptic drugs seems to change the 
brain/plasma ratio for carbamazepine epoxide but not for carbamazepine itself 
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(FRIIS et al. 1978; FRIIS and CHRISTIANSEN 1978). If this is true the plasma level 
of carbamazepine at which a therapeutic effect is obtained may be different in 
patients treated with other drugs compared with patients in carbamazepine 
mono therapy, provided the carbamazepine epoxide is active. This has not been 
investigated. 

As it can be understood from the above-cited studies and reviews, a relation
ship between the carbamazepine epoxide metabolite and an antiepileptic or toxic 
effects has not been established. Therapeutic monitoring of the metabolite is 
therefore problematical. Further evidence is needed if routine monitoring of the 
epoxide metabolite is to be advocated, but for kinetic investigations measuring 
this metabolite is important. 

III. Phenobarbital 

Parahydroxylation of phenobarbital, the main metabolic pathway, results in an 
inactive metabolite of which about half is excreted unconjugated (KALLBERG et 
al. 1975; BOREUS et al. 1978). A dihydrodiol metabolite is formed through an ep
oxide intermediate (HILL et al. 1977), but no indication of biological action seems 
to have been observed. Thus, the problems of active metabolites are not relevant 
for the treatment with phenobarbital. 

IV. Primidone 

The monitoring problems with primidone treatment are partly due to its two me
tabolites PEMA and phenobarbital. Of the metabolites only phenobarbital has 
been reasonably well investigated, although its therapeutic level in the presence 
of the two other active substances may be different from phenobarbital levels ob
tained by phenobarbital treatment alone. This question has not yet been settled. 
The problems have been discussed on p. 734. 

V. Ethosuximide 

At least 80% of ethosuximide is metabolized in man (CHANG et al. 1972b; 
SHERWIN 1978), but none of the metabolites have been shown to exert an
ticonvulsant properties (CHANG et al. 1972a). So far no studies have 
been published about the plasma levels of these metabolites, and it is therefore 
not known whether they may influence the concentration/response curve of the 
parent drug. The likelihood of this is, however, minimal. 

VI. Benzodiazepines 
Diazepam has been the subject of several studies concerning the influence of its 
active metabolites. These are N-desmethyl diazepam (NDDZ) and methyloxaze
pam, which may both be transformed into oxazepam or directly conjugated with 
glucuronic acid (GARATTINI et al. 1973; MORSELLI and FRANCO-MoRSELLI 1980). 
Interest tends to concentrate on NDDZ, because both the dynamics and kinetics 
of this metabolite are similar to those of diazepam. It appears in plasma only 
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about 15 min after diazepam administration, and after repeated doses it accumu
lates to a higher plasma level than the parent compound because of its longer half
life (DASBERG et aL 1974). As diazepam is almost only used in epileptics for acute 
intravenous or rectal treatment of status epilepticus, the metabolite problem does 
not seem relevant in this respect. However, it has been shown that the presence 
ofNDDZ (from a previous treatment) may affect the cerebral effects of an acutely 
given dose of diazepam (ELSASS et aL 1980), but whether this also holds true for 
the anticonvulsant effect is not known. Monitoring NDDZ cannot be recom
mended on these grounds. 

For clonazepam very few studies have been carried out, but its metabolites are 
all claimed to be inactive (MORSELLI and FRANCO-MoRSELLI 1980). 

VII. Valproic Acid 
Several different metabolites are known in man, but their quantification and 
kinetic and dynamic profiles have not been evaluated to a degree that can be uti
lized in clinical situations. LOSCHER (1981) studied five metabolites in plasma 
from a number of patients treated with valproic acid. From this study it appears 
that on average 90% of the antiepileptic effect ofvalproic acid in man can be ac
counted for by the parent compound itself, if the anticonvulsant activity of the 
metabolites in animals is taken into consideration. In Loscher's (1981) work, 
however, there is a considerable individual variation in the ratios between val
proic acid and its metabolites. It cannot, therefore, be excluded that this could 
cause a different concentration/effect relationship in some patients. However, 
bearing in mind the monitoring problems already stated (see p. 738), it is 
premature to have any idea of the influence of active metabolites on plasma level 
monitoring of valproic acid. 

J. Pharmacodynamic Aspects 
of Monitoring Antiepileptic Drug Levels 
Much discussion on therapeutic ranges is concerned with the many factors which 
may influence the concentrations as such, e.g., differences in bioavailability and 
metabolic rates, drug interactions, age, pregnancy, compliance, etc., in fact, all 
the factors and situations which constitute justifications for drug-level monitor
ing (EADIE 1976; JOHANNESSEN 1981). However, not only the plasma levels can 
vary, but also the pharmacodynamics of the treatment may change or be different 
between patients (EADIE 1976); however, very little is known about this important 
problem from experimental investigations. The amount of an antiepileptic drug 
at the (theoretical) receptor site needed to control seizure activity may be in
fluenced by many factors, such as the severity and type of disease, and comedi
cation. 

The strength of an epileptic focus seems to be an important determinant of 
the actual plasma level at which seizure control is exerted in the individual patient. 
Thus, it is a common observation that the severity of the epileptic disorder to a 
certain degree governs the level at which the antiepileptic drugs exert seizure con
troL The strength of the seizure focus is therefore of importance when the ther-
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apeutic level is investigated, as pointed out by many authors (e.g., KUTT 1972; 
EADIE 1976; SCHMIDT 1977 a; SCHMIDT and MACHUS 1980). Thus, patients treated 
with phenytoin alone require higher therapeutic plasma levels for complex partial 
seizures than for grand mal (SCHMIDT 1977 a). In patients where computed 
tomography scanning revealed organic lesions of the brain (CAZZULLO et al. 
1981), significantly higher drug levels were required to achieve clinical effective
ness than in patients without detectable structural lesions. GANNAWAY and 
MAWER (1981) found that patients with poorly controlled epilepsy responded to 
levels of phenytoin well above the usual therapeutic range after they had been 
transferred from multiple-drug therapy. 

The problem of how comedication influences the seizure control level is a dif
ferent question. It has not been fully elucidated whether the therapeutic range for 
a given drug is the same with or without the presence of one or more other 
antiepileptic drugs in plasma. In other words, can the level of one drug be reduced 
in the presence of another drug, and if so, are we dealing with a synergistic effect. 
In a symposium discussion, MORSELLI (1977) stated "that the therapeutic range 
for multiple therapy is perhaps a little lower than for each drug alone. Potenti
ation does not seem to occur therefore." SCHMIDT (1977 a) cites unpublished re
sults showing that with treatment of phenytoin alone a higher phenytoin level is 
necessary to control grand mal seizures than with comedication of primidone. 
Others may have different experiences, but the question does not seem to have 
been subjected to experimental evaluation. Often kinetic interactions between 
two antiepileptic drugs will result in a change in plasma level of one or both of 
the involved drugs (for details see Chap. 28). However, if such changes in levels 
are not extreme, little is known about the significance of such shifts in levels in 
relation to the individual therapeutic concentration for the single drug. The study 
of this problem is very difficult, but the answer is of clinical importance, because 
multiple-drug treatment is still predominant in antiepileptic therapy (REYNOLDS 
and SHORVON 1981). 

K. Practical Problems 
of Monitoring Antiepileptic Drug Levels 
I. Timing of Sampling 
A major prerequisite for obtaining plasma concentration results that are 
meaningful for drug-level monitoring is that the blood sample is taken at a time 
when reproducible results can be anticipated (EADIE 1976). The more fluctuation 
in plasma levels during a dose interval, the more problems can be expected. The 
pre-dose level, particularly the absolute trough level (before the morning dose), 
has often been suggested as superior from a kinetic point of view. This level can 
be reproduced with the greatest certainty (JOHANNESSEN 1981), but for practical 
reasons it may not always be possible to postpone the morning dose too long, 
especially in outpatients. The long half-life and often extended absorption time 
for phenytoin, phenobarbital, and ethosuximide tend to reduce fluctuation, ren
dering the sampling time less critical for these drugs, but for the majority of other 
antiepileptic drugs the pre-dose level should be preferred. Few investigations 



752 E. F. HVIDBERG 

have, however, been published with the specific aim of evaluating the timing 
problems. 

Whatever practical arrangement is preferred for blood sampling, it is neces
sary to standardize the procedure for the individual patient in terms of sampling 
time so that evaluations are performed under comparable conditions in each 
patient. Sampling for drug monitoring should therefore be a well-structured part 
of the therapeutic strategy for the individual patient. 

Another timing problem relates to the steady-state conditions. It is essential 
to make sure when such conditions in fact have been reached, but for long-term 
treatment this is of course not a real problem. In theory about 90% of the steady
state level is reached after four to five half-lives, and the average half-life of the 
drugs in question should, therefore, be known. However, this kinetic parameter 
is subject to considerable individual variation and furthermore (auto)-induction 
may occur during the first weeks of treatment, particularly for carbamazepine 
(SILLANPAA 1981). The time at which a true steady state will be reached (if no 
loading dose is given) can vary considerably and is sometimes very long. Control 
of the plasma level is therefore necessary at least two to three times after an ap
propriate length of time after initiation of the treatment. 

II. Handling of Blood Samples and Results 

The analytical methods used for the determination of antiepileptic drugs are dis
cussed in the respective drug chapters. However, a few practical items will be 
emphasized here. For all practical purposes and for the majority of analytical 
procedures there is no reason to make a distinction between serum and plasma 
samples. Nevertheless, it is advisable in each case to make sure which kind of 
sample the laboratory prefers for the individual analytical assay. 

It is important to separate serum/plasma from the blood cells as fast as pos
sible, but thereafter the sample can be stored at 4 QC for several days, except for 
clonazepam, which will be destructed fairly rapidly (KNOP et al. 1975). If a sample 
must be kept for a longer period (e.g., >2 weeks), it should be stored frozen 
(-20 QC). For routine monitoring it is, however, of great importance to obtain 
the result as quickly as possible, and the long-term storing problems have there
fore more relevance for research purposes. It does not seem to have been evalu
ated to what degree freezing and thawing may influence the protein binding of 
antiepileptics. Analytical assays of antiepileptic drugs must be carried out in skil
led laboratories, whether these are labeled clinical chemistry, clinical pharmacol
ogy, or what else. Trained chemists and inter- and intralaboratory quality con
trol of drug assays (GERSON 1980; AYERS et al. 1981) are essential. With respect 
to interpretation of the plasma concentration results, no universal and standard
ized solution can be given. However, it has been repeatedly emphasized (e.g., 
MILANO COLLABORATIVE GROUP FOR STUDIES ON EPILEPSY 1977) that a dialogue 
must be established between the treating epileptologist and the clinical pharma
cologist. Plasma-level monitoring cannot be used out of context with clinical 
pharmacokinetics, and only a combination can improve the results of any moni
toring system. It is therefore of great importance that each blood sample is ac
companied by a series of items of relevant information (name, age, sex, weight, 
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diagnosis, all drugs and doses, time of sampling, time for last dose, length of treat
ment, etc.). 

L. Utilization of the Monitoring of Antiepileptic Drug Levels 
Criticism has been voiced, not only against the use of "therapeutic ranges" (see 
previously), but in general also against the use of monitoring plasma levels at all. 
These critics find that a well-executed antiepileptic therapy should rest solely on 
sound clinical judgments, although such viewpoints are rarely documented and 
published. In practical clinical circumstances, it has, however, repeatedly been 
shown that seizures are poorly controlled in a substantial number of outpatients 
and that a large number of these show low ("subtherapeutic") concentrations 
(GUELEN and VAN DER KLEIJN 1978). Likewise, clinical experience finds that toxic 
symptoms are better interpreted if it is revealed that the plasma level is above the 
usually accepted therapeutic range. Nevertheless, it is a fact that the documenta
tion presented in support of the benefit obtained by monitoring antiepileptic drug 
levels is almost entirely anecdotal and retrospective. Only few attempts have been 
made to examine in depth the cost/benefit problem in a controlled way, i.e., by 
prospective randomized, blind studies on patients in monotherapy. It has vir
tually not been evaluated whether routine drug concentrations are worthwhile de
termining, and whether this time and money-consuming activity augments the 
quality of life for the epileptic patients in the long run, considering all aspects. 
However, in addition to the many individual reports and personal statements in 
favor of monitoring, there is also a logical reasoning based on pharmacological 
and clinical grounds which cannot be neglected. Essentially this reasoning is ex
pressed in the reasons for monitoring given in Sect. B. 

Much emphasis has been put on kinetic investigations and very little on pro
spective evaluations of the clinical significance ofthe practical use of plasma-level 
monitoring (cf. LATINI et al. 1980), but a few studies have been undertaken to de
termine whether plasma concentration monitoring has had a beneficial effect on 
the therapeutic outcome. THE MILANO COLLABORATIVE GROUP FOR STUDIES ON 
EPILEPSY (1977) made an integrated monitored approach in so-called difficult 
patients for 16 months and concluded that " ... the knowledge of antiepileptic 
drug plasma levels does seem to have a noticeable impact on both therapeutic de
cision and the therapeutic efficacy ... provided that an adequate dialogue is estab
lished between the attending neurologist and the clinical pharmacologist." Al
though this statement is encouraging, only scanty clinical data on the seizure pat
tern were given. CHADWICK et al. (1977) found that serum-level monitoring was 
of particular value in 31 newly diagnosed, prospectively followed patients, of 
which only 3 needed addition of a second drug in the course of approximately 15 
months of treatment. Such studies, although interesting, suffer from lack of con
trols and appropriate design, and cannot, therefore, substitute for real documen
tation in this respect. 

A similar aspect of the drug-level monitoring question was studied by SHOR
VON et al. (1978) and further commented upon by REYNOLDS (1980). In a long
term prospective study of phenytoin and carbamazepine in previously untreated 
new referrals with grand mal and/or partial epilepsy, it became clear that seizures 
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were well controlled in about one-third of the patients at a plasma drug level be
low the usually accepted therapeutic range. However, the clinical value of the 
therapeutic plasma concentration range was illustrated by the fact that continu
ing seizures at low levels in up to one-fourth of the patients could subsequently 
be controlled, if their plasma levels were adjusted to the therapeutic range. Similar 
observations have been made by many others (cf. GUELEN and VAN DER KLEIJN 
1978; KOCH-WESER 1981) and also in prospective trials other than those discussed 
above (BROEKER et al. 1981). The advantage of prospective studies of this kind 
is that they substantiate the value of an "optimal" plasma range for the treatment 
schedules. It appears that the same clinical benefit may not have been obtained 
without the use of plasma-level monitoring, although the scientific proof is weak 
as such. However, particularly in the light of the possibility of avoiding a sub
sequent multiple-drug therapy that otherwise most probably would have been the 
result, the outcome of these studies is of great interest, but the application of care
fully practiced clinical skill might have resulted in the same benefit. 

A more controlled way of clarifying the problems about the possible advan
tage of drug-level monitoring is to follow two groups, which only differ with re
spect to the use of plasma concentrations in monitoring the patients. Using this 
approach TATZER and GROH (1980) compared 41 pediatric patients undergoing 
carbamazepine treatment whose blood levels were regularly measured with 77 
patients who were not monitored in this way. In 71 % of the first group good sei
zure control was obtained, in contrast to 61 % in the second group, and other ad
vantages were also noted. The differences are not striking, although significant, 
and the design not satisfactory (no random allocation), but the data support the 
benefit of drug-level monitoring. However, FROSCHER et al. (1981) designed their 
study as a randomized trial, lasting for 1 year. In total, data from 105 epileptic 
patients were available for assessment (out of 127 at the start of the trial). The 
patients were randomly allocated into two groups, one in which an attempt was 
made to keep plasma levels within the therapeutic range of the actual drug, and 
the other in which the physician giving the treatment was not informed of the re
sults of the plasma level, so that he was unable to adjust the therapy on this basis. 
The therapeutic results were not statistically different in the two groups, but the 
results revealed that a reduction in seizure frequency was associated with an in
crease in the plasma level for both groups. The authors conclude that under the 
conditions of the study, information on plasma levels did not further improve the 
antiepileptic therapy. This study is open to criticism, as, e.g., the quality of the 
treatment may have been increased in both groups because of the trial conditions. 
However, it does dispute the general benefit of drug-level monitoring, not neces
sarily in the single cases, but in groups comparisons. The cited studies reveal the 
fact that correlation between concentration and effect/side effects does not neces
sarily or automatically mean benefit from drug-level monitoring. 

Another approach was made by BERGMANN et al. (1981), in a prospective uti
lization study. It was observed that 63 % of the first-time analyses of phenytoin 
were below the usual therapeutic range on a prescribed mean daily dose of 300 
mg. High plasma concentrations of phenytoin were seen more frequently in older 
patients. For the patients in whom consecutive analyses were made, the sub
sequent concentrations showed a tendency toward the therapeutic range. The 
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authors themselves point to the shortcomings of this study, these being the lack 
of attempts to relate the phenytoin concentrations to effect, the lack of control 
material, and the lack of compliance control. Nevertheless, this type of study can 
(besides describing the actual clinical situation) serve as an indication in favor of 
utilizing the analytical drug service and of cooperating with the clinical pharma
cologists. 

No study yet seems to have included an evaluation of the financial costs spent 
in connection with a drug-level monitoring system. Both cost/benefit analyses 
and "production control" investigations should have a high priority, also in the 
light of the growing interest for evaluating medical technology. Investigations of 
this kind within the area of antiepileptic drug treatment are highly desirable, as 
technological developments are moving fast. Abuse of drug-level monitoring with 
replacement of clinical judgment by laboratory data (instead of supporting the 
former) is a real risk, which can only be combated by scientific investigations of 
the utilization of drug-level monitoring. 
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CHAPTER 26 

Clinical Use of Antiepileptic Drugs 
M.J.EADIE 

A. Introduction 
Although the main use of antiepileptic drugs in contemporary clinical practice is 
in the treatment of epilepsy, these drugs are occasionally employed for other pur
poses. The present chapter will deal mainly with the use of antiepileptic drugs for 
epilepsy, but their other uses will be considered briefly towards the end of the 
chapter. 

B. Use of Antiepileptic Drugs in Epilepsy 

I. Indications for the Use of Antiepileptic Drugs 

The decision to prescribe an antiepileptic drug for epilepsy in an individual 
patient depends on four main considerations. 
1. The risk of the patient having further epileptic seizures 
2. The disadvantages that further attacks would constitute for the patient 
3. The risks that the treatment may hold for the patient 
4. The likely effectiveness of the therapy that can be offered 

Often the natural history of a patient's seizure disorder will not be known at 
the time when a decision must be taken about the need for treatment with 
antiepileptic drugs. If there have already been recurrent seizures, even very minor 
ones, it is likely that further attacks will occur unless treatment is given. However, 
if the patient is seen after a solitary epileptic episode, the prognosis is less clear. 
Often such patients will prove to have subsequent seizures, but sometimes a sol
itary seizure can be due to a set of circumstances which is unlikely to recur, e.g. an 
attack of meningitis. Therefore, the patient may never experience another epilep
tic event. Further, if benign febrile convulsions of infancy are considered a form 
of epilepsy (and there is good reason why they should be) the risk of a solitary 
febrile convulsion going on to subsequent recurrent seizures is so low that many 
would feel antiepileptic drug therapy is not indicated. In the past it was often felt 
that it was usually unnecessary to prescribe antiepileptic drugs until at least two 
epileptic episodes had occurred in a given patient. Present-day thinking often 
tends to favour earlier therapy, but the need to treat the patient after a solitary 
seizure is still rather controversial. 

The second consideration concerning the need for treatment is the disadvan
tage that a further attack would hold for the patient. This disadvantage is deter
mined by individual circumstances. Thus for an ophthalmic surgeon or a televi-
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sion announcer, any further epileptic attack would have serious implications for 
the subject's subsequent career; a single attack at a critical moment could be pro
fessionally disastrous. Yet for a severely mentally retarded, institutionalized 
child, or for a middle-aged housewife living alone with her husband, with conve
nient access to shopping, an occasional epileptic attack may have little conse
quence. 

If the risk of subsequent epilepsy, and its disadvantages for the patient, appear 
sufficient to justify treatment, there remain to be considered the questions of the 
effectiveness of the treatment that can be offered and the disadvantages that treat
ment may have for the patient. There is an increasing realization that skilful, 
vigorously pursued antiepileptic drug therapy, making use of the best contempo
rary knowledge and technology, can control a substantial percentage of cases of 
recent onset epilepsy not due to active brain disease. If full control can be main
tained for long enough there is often permanent cure. Further, modem knowl
edge permits adverse effects of treatment to be kept to an acceptably low level in 
most instances. 

Over recent years, the indications for using antiepileptic drugs in epilepsy have 
gradually changed. Treatment with these drugs has become more effective and 
safer at the same time as it has been increasingly realized that the longer epilepsy 
is left inadequately treated, or untreated, the less is the chance that the epilepsy 
can ever be cured. All these factors have combined to produce an increasingly vig
orous contemporary attitude to the drug therapy of epilepsy. Nevertheless, the de
cision to treat should always be taken after considering the individual patient's 
circumstances carefully. 

II. Aim of Antiepileptic Drug Therapy 

In the past there seems to have been a general, though largely implicit, expectation 
that the most that antiepileptic therapy could achieve was the suppression of the 
clinical manifestations of epilepsy. If seizures failed to recur after therapy was 
ceased, that was an added benefit but not one that could reasonably be antici
pated in most cases. The reason for any apparent cure of epilepsy that happened 
to occur was often not formally defined. Gradually a number of items of evidence 
have accumulated which make it probable that prolonged total suppression of 
epilepsy can, in a significant proportion of instances, lead to disappearance of the 
epileptic process. The aim of treating epilepsy has become increasingly seen as 
achieving a cure of epilepsy, rather than simply suppressing a symptom. 

In general the longer epilepsy has been present before it is brought under com
plete control the less the chances that therapy can ever be withdrawn without 
relapse of seizures. Complete control of epilepsy means more than the prevention 
of all major overt expressions of epilepsy - it means the total suppression of all 
clinical manifestations of epilepsy, however minor these manifestations may be. 
Further, one is moving towards the view that such complete control should also 
lead to the disappearance of all paroxysmal activity from the EEG. Such parox
ysmal activity, if originally present, often will not disappear as soon as clinical 
epileptic seizures cease. However, if paroxysmal activity does not ultimately dis
appear from the EEG the writer's experience has been that the epilepsy will 
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usually recur after antiepileptic drug therapy is ceased. Further, if epilepsy is due 
to a progressive disease, e.g. a tumour, even if clinical seizures can be prevented 
by anticonvulsant treatment, it is very likely that they will recur after treatment 
is withdrawn. The cause of a patient's epilepsy is thus a significant factor in de
termining any realistic aim of the treatment of the epilepsy. The possibility of cur
ing epilepsy is also related to the duration of complete suppression of epilepsy that 
is achieved. The available figures suggest that cure rate increases with length of 
total control of epilepsy. Thus JUUL-JENSEN (1964) found two chances in three of 
cure after 2 years of control, HOLOWACH et al. (1972) three chances in four after 
4 years of control, and OLLER-DAURELA et al. (1976) four chances in five after 5 
years of control. 

With the increasing realization that careful, prolonged antiepileptic drug ther
apy offers a reasonable prospect of achieving the lasting cure of epilepsy in many 
patients, it becomes important for the clinician to define his aim in treating epilep
sy in each individual patient. In most circumstances, the initial aim should be the 
enduring cure of epilepsy. Sometimes, even from the outset, this aim may be un
realistic, or its attainment not worthwhile, as when epilepsy is only a minor com
ponent ofthe patient's overall disability, e.g. in a person who is mentally retarded 
enough to be quite unable to lead an independent existence. Sometimes, during 
the course of antiepileptic drug therapy, it may become apparent that complete 
suppression of a patient's seizures cannot be obtained without an unacceptable 
degree of adverse effects of treatment, or without undue disruption of the individ
ual's or the individual's family's social or emotional life. In such circumstances 
the clinician must settle for the best degree of control of epilepsy compatible with 
the patient's and the patient's family's wellbeing. Thus the clinician may need to 
redefine the goal of the therapy he has prescribed. Not to define a reasonable aim 
of therapy is likely to lead to less than optimum treatment. 

III. Selection of an Antiepileptic Drug 

The choice of an antiepileptic drug to treat a patient's epilepsy depends on the 
interplay offour considerations: 
1. The specificity of the drug for the patient's type(s) of seizures 
2. The effectiveness ofthe drug for the patient's type(s) of seizures 
3. The safety of the drug relative to the alternative drugs 
4. The ease of use of the drug 

1. Specificity of Antiepileptic Drugs for Particular Types of Seizure 

Experience in humans has shown that certain forms of epilepsy respond best to 
particular antiepileptic drugs, while other antiepileptic drugs are comparatively 
ineffective for the same forms of epilepsy. It is not so much a case of absolute as 
of relative specificity of antiepileptic drugs for each type of epileptic seizure. A 
correlation between the major varieties of seizures, classified on the basis pro
posed by the International League Against Epilepsy (GASTAUT 1969) and the 
types of antiepileptic drugs effective for these forms of epilepsy is shown in Fig. 1. 

Most of the antiepileptic drugs have overlapping specificities for different 
types of seizure and there are drugs available which may be effective to a useful 
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Fig.t. Correlation between type of seizure and potentially effective antiepileptic drugs 
(EADIE 1981). Broken lines indicate that the response of the type of epilepsy to the drug is 
inconsistent 

extent for practically all types of epileptic seizure. The simple correlation shown 
in Fig. 1 does not bring out several points of practical importance. Within the 
group of myoclonic seizures there are certain age-related subgroups of epilepsies 
which have relatively specific therapeutic requirements. Infantile spasms with 
hypsarrhythmia (the West syndrome), if they respond to any agent, respond best 
to adrenal corticosteroids, which may be provided directly, or indirectly, via cor
ticotrophin or cosyntropin (tetracosactrin). Childhood myoclonic-astatic seizures 
(the Lennox-Gastaut syndrome) do not respond to steroids, but may respond to 
valproate or certain benzodiazepines (clonazepam, nitrazepam). Adolescence or 
adult life onset myoclonic seizures respond to the latter drugs, but also to pheno
barbital or its congeners (methylphenobarbital and primidone). The conventional 
view is that phenytoin and methoin (another hydantoin), carbamazepine, and 
phenobarbital and its congeners, are each effective therapies for both partial (fo
cal) seizures, in all their variety of clinical expressions and whether or not they 
become secondarily generalized, and also for generalized epilepsy causing convul
sive seizures. The correlations shown in Fig. 1 also do not bring out the quanti
tative aspect of antiepileptic drug use. Some two-thirds of patients with epilepsy 
have partial (focal) seizures, while simple absences and myoclonic seizures to
gether probably take in only about 10% of all cases of epilepsy. Consequently 
drugs used for partial epilepsy are the most frequently prescribed antiepileptic 
drugs in the community despite the relatively small space partial epilepsy occupies 
in Fig. I. 



Clinical Use of Antiepileptic Drugs 769 

A patient may have more than one type of seizure. Persons with absences, or 
myoclonic jerks, may at other times have tonic-clonic seizures of generalized 
epilepsy. Agents such as the oxazolidinediones and succinimides are often reason
ably effective for absences, but not for convulsive seizures. Hence a second 
antiepileptic drug may be needed if these drugs are used for absence seizures. 
However, valproate or clonazepam will usually cover adequately against both 
types of seizure in the one patient. 

2. Comparative Efficacy of Antiepileptic Drugs Specific 
for Particular Types of Seizure 

Antiepileptic efficacy and antiepileptic specificity are closely related and in the 
foregoing discussion of specificity questions of relative efficacy have sometimes 
arisen. 

a) Absences 

Among the succinimides - phensuximide, methsuximide and ethosuximide - the 
latter appears the most effective agent for absences. Ethosuximide, the benzo
diazepine clonazepam and valproate are all very effective drugs for this type of 
epilepsy. The choice between these drugs would need to be made on grounds other 
than comparative efficacy. The oxazolidinediones (mainly trimethadione and 
paramethadione) are not little used. One's impression is that they were not as ef
fective as ethosuximide, but this impression may not be valid because the ox
azolidinediones were never the subject of any large-scale use guided by pharma
cokinetic principles, as the other three more recently introduced drugs have been. 
However, when there are a number of effective alternatives available for a rela
tively uncommon form of epilepsy, it seems unlikely that there would be much 
purpose in re-evaluating the efficacy of trimethadione. 

b) Myoclonic Seizures 

As indicated above, in infantile spasms adrenal corticosteroids are the only agents 
capable of stopping the attacks and also of reversing the associated mental retar
dation. However, they are effective in only about 50% of cases. The benzo
diazepines clonazepam and nitrazepam have some effect in stopping the myo
clonic jerks, but do not halt the mental deterioration. In the Lennox-Gastaut type 
of myoclonic epilepsy of childhood valproate appears the most effective drug, 
though it is far from efficacious. Clonazepam or nitrazepam is sometimes of ben
efit, and rarely ethosuximide, carbamazepine, phenobarbital (or its congeners) or 
sulthiame may be of use. For adolescent or adult life onset myoclonic epilepsy, 
valproate, clonazepam and phenobarbital, methylphenobarbital or primidone 
are all effective. There is probably not a great deal to choose between these drugs 
purely on grounds of efficacy. 

c) Convulsive Generalized Epilepsy 

For convulsive generalized epilepsy, valproate, phenobarbital or the latter's con
geners appear effective drugs, while carbamazepine and phenytoin will suppress 
clinical seizures though apparently not the fundamental epileptic process. 
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d) Partial (Focal) Seizures (With or Without Secondary Generalization 
and Convulsions) 

For partial (focal) seizures, experience suggests that the hydantoins, phenytoin, 
and methoin, carbamazepine, and phenobarbital, methylphenobarbital and 
primidone are probably virtually equipotent. Clonazepam is sometimes of benefit 
in cases that have not been fully controlled by the drugs mentioned immediately 
above. However, seizure control may not develop until some weeks after clonaze
pam has been introduced. Clonazepam mono therapy has not been extensively 
studied in this type of epilepsy. Valproate has not proved as effective in partial 
seizures as in generalized seizures. In partial seizures it has nearly always been 
used combined with other antiepileptic drugs. Valproate interacts pharma
co kinetically with phenobarbital (or drugs biotransformed to phenobarbital, viz. 
methylphenobarbital or primidone) to produce raised plasma phenobarbital 
levels (SCHOBBEN et al. 1975). Therefore at least some of the apparent benefit from 
valproate in partial seizures may not have been due to the anticonvulsant actions 
of the drug itself but to the interaction increasing the effects of phenobarbital si
multaneously present. Similarly, the effectiveness of sulthiame as an independent 
antiepileptic drug in partial seizures is uncertain. The drug has often been studied 
in combination with other agents, and in some patients sulthiame causes 
phenytoin accumulation (RICHENS and HOUGHTON 1973). In one well-designed 
study sulthiame monotherapy was clearly shown to be inferior to phenytoin 
monotherapy in the same population with partial seizures (GREEN et al. 1974). 
The succinimide methsuximide is reputedly useful in partial seizures, but the writ
er has found it oflittle value for this indication. 

3. Comparative Safety of Antiepileptic Drugs 
The question of comparative safety may be considered in relation to two view
points. Firstly, there is safety relative to the safety of the alternative effective 
drugs. Secondly, safety may be assessed relative to the disadvantages of the types 
of seizure for which the drug is used. To some extent the latter is an individual 
matter, depending on each patient's life circumstances, but there are also general 
hazards that apply for each major seizure type. 

a) Absences 

Of the effective drugs for this form of epilepsy, ethosuximide appears to be com
paratively safe, causing very occasional idiosyncratic reactions (skin rashes, bone 
marrow function alterations) and mild alimentary tract dysfunction, and in over
dosage produces drowsiness and ataxia. 

Valproate has the advantage that it produces less drowsiness than any other 
antiepileptic drug. It can cause mild alimentary tract disturbance and occasional 
behaviour disorder. There are reports of its causing thrombocytopenia (WINFIELD 
et al. 1976), a bleeding tendency (SUTOR and JESDINSKy-BuSCHER 1976) and pan
creatitis (BATALDEN et al. 1979). Recently there have been reports of a series of 
cases of relatively sudden onset hepatotoxicity associated with the use of the drug, 
often with clinical and biochemical features resembling the Reye syndrome 
(GERBER et al. 1979). The mortality has been substantial in these cases. Evidence 
is beginning to appear that use of the drug in pregnancy may be associated with 
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an increased risk oflumbosacral neural tube defects in the offspring (ROBERT and 
GUIBARD 1982). 

Clonazepam has the typical overall safety of a benzodiazepine, with very few 
idiosyncratic reactions. Not infrequently it produces some drowsiness, irritability 
and aggression, particularly if too high a dose is used too early in the course of 
treatment. Tolerance to the drug varies rather considerably from patient to 
patient, and adverse effects do not appear to correlate closely with plasma 
clonazepam concentrations. Very gradual introduction of the drug does reduce 
the adverse effects of therapy and increases patient acceptance of the drug. 

Trimethadione is a relatively toxic drug which can cause agranulocytosis 
(WELLS 1957) and nephrotic syndromes (BARNETT et al. 1948). Occasionally it has 
produced a myasthenia-like condition (BOOKER et al. 1970). It commonly causes 
troublesome glare phenomena (SLOAN and GILGER 1947) and carries a substantial 
risk of dysmorphogenesis in man if taken in pregnancy (GERMAN et al. 1970). 

With its lesser efficacy and greater level of toxicity, trimethadione would 
rarely be acceptable as therapy for absence epilepsy. Of the more effective drugs, 
ethosuximide and clonazepam are safe from the point of view of the patient's life, 
though clonazepam causes more minor but annoying problems unless its dose is 
handled carefully. It does, however, protect against any type of associated convul
sive seizure, while ethosuximide probably does not. The rare but dangerous he
patotoxicity that is now being reported with the use of val pro ate is a relative con
traindication to the use of this drug for a form of epilepsy which is comparatively 
benign, and for which there are two effective, safer alternatives. 

b) Myoclonic Seizures 

For infantile spasms there is no adequate alternative to adrenal glucocorticoids. 
The use of cosyntropin or corticotrophin may reduce the risks adrenal sup
pression from glucocorticoid therapy at the price of causing more mineralocor
ticoid-type unwanted effects. In relation to childhood Lennox-Gastaut myoclonic 
epilepsy, valproate is so much more effective than any alternative therapy in a dis
order which is nearly always severely disruptive for the patient's quality of life 
that the drug's benefits outweigh its apparently rare but grave hazards. However, 
some might argue that the safer, but less effective, clonazepam should be tried 
first. In adolescent and adult onset myoclonic epilepsy there are several effective 
alternatives to valproate, and the epilepsy in its own right is usually much less dis
ruptive to the patient's way of life than earlier onset myoclonic seizures. These 
alternative drugs (clonazepam, nitrazepam, and phenobarbital and its con
geners) all produce sedative-type unwanted effects, but life-threatening adverse 
effects must be exceedingly rare. Clonazepam has one disadvantage over the bar
biturates. If clonazepam therapy is ceased abruptly, there is a greater danger of 
withdrawal fits. 

c) Generalized Tonic-Clonic Seizures 

Here the argument about anticonvulsant safety is similar to that for later onset 
myoclonic epilepsy. The risk of serious valproate hepatotoxicity, small though it 
may be, tends to rank this drug behind the barbiturates, carbamazepine and 
phenytoin as the preferred drugs for this type of epilepsy. 
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d) Partial (Focal) Seizures 

Of the hydantoins, phenytoin and methoin are effective drugs, but the use of 
methoin carries a significant risk of aplastic anaemia (TROUPIN et al. 1976). This 
grave hazard makes the drug virtually unacceptable in contemporary therapy. Of 
the three barbiturates, primidone has one particular disadvantage over phenobar
bital and methylphenobarbital. In a few patients the first primidone dose can pro
duce such extreme drowsiness for 24 h (or longer) that the patient will be reluctant 
to take the drug again. On the whole, the barbiturates produce more sedation 
than carbamazepine, and that drug causes more sedation than phenytoin for a 
similar anticonvulsant effect. Conversely, in overdosage, all these drugs cause cer
ebellar ataxia, but the risks appear greatest for phenytoin. The barbiturates pro
duce fewer idiosyncratic adverse effects than phenytoin or carbamazepine. Skin 
rashes are not infrequent in the first weeks of therapy with phenytoin and carba
mazepine, and can contraindicate the further use of these drugs. There were early 
reports of significant haematological toxicity from carbamazepine, but these ef
fects no longer appear to occur with any significant frequency (LIVINGSTONE et 
al. 1978). Carbamazepine has a dose-related antidiuretic effect (WALES 1975), 
though this rarely causes clinical problems. Phenytoin has two further character
istic, frequent and troublesome adverse effects which are disadvantages in long
term therapy, viz. hirsuties and gum hypertrophy. All the drugs being considered 
in this section can cause folate deficiency and osteomalacia, all are probably oc
casional dysmorphogens and phenytoin is a rare cause of hepatitis and of a 
strange pseudo lymphoma syndrome (EADIE and TYRER 1980 a). 

From the point of view of relative freedom from serious adverse effects, car
bamazepine on the whole would seem preferable to its alternatives. Most 
clinicians would probably prefer phenytoin to the barbiturates, considering that 
the advantage it offered of less sedation outweighed its increased incidence of 
idiosyncratic unwanted effects. One wonders whether this attitude is necessarily 
valid if the use of the barbiturates is based on a careful application of pharmaco
kinetic principles. Among the barbiturates there may be grounds for preferring 
phenobarbital or methylphenobarbital to primidone. 

4. Relative Ease of Use of the Various Antiepileptic Dmgs 

The last factor helping determine the choice of an antiepileptic drug for a partic
ular patient's epilepsy is the relative ease of use of the available drugs suitable for 
the type of seizure which the patient has. Ease of use of a drug depends on its 
pharmacokinetic parameters and on the available dosage forms, and needs to be 
considered in relation to both long-term oral and short-term parenteral use. At 
first sight, ease and convenience of use might seem a rather trivial factor in deter
mining choice of a drug, compared with considerations such as specificity of ac
tion, efficacy and safety. However, in practice convenience of use is of major im
portance in relation to long-term administration. Probably the main cause of 
therapeutic failure in contemporary long-term antiepileptic drug treatment is im
perfect patient compliance. Ease and convenience of drug administration is a ma
jor factor in promoting compliance. In general, if a drug can be taken orally in 
one or two dosage units once or twice daily, the prospect of full compliance over 
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long periods of time is enhanced. However, ease of use involves considerations 
other than achieving full compliance. These other issues include ease of making 
dosage adjustments and delay in achieving maximum effect after dosage changes. 

The antiepileptic drugs are considered from the viewpoint of ease of use, in 
the order in which they have been discussed throughout this section: 

a) Ethosuximide 
Ethosuximide has a half-life of the order of 2-2 Y2 days in adults and 1 Yz days 
in children. This comparatively slow elimination rate means that the drug is suit
able for once daily administration, since its steady state plasma levels are not 
likely to fluctuate excessively over a 24-h dosage interval. However, the same slow 
elimination rate means that it will take up to 2 weeks for a steady state to apply 
after a dosage change. Therefore dosage alterations at shorter intervals than this 
run the risk of not allowing time for a maximum pharmacological effect from one 
dosage to appear before a new dosage is perscribed. Despite the drug's suitability 
for once daily administration because of its pharmacokinetic properties, the size 
of the usual ethosuximide dosage (often some 20--30 mg/kg per day), relative to 
the size of the usual individual dosage unit (250 mg), poses a problem. For older 
children and adolescents, the single daily dose may involve swallowing four to six 
or more individual dosage units, a situation which does not promote compliance. 

b) Clonazepam and Nitrazepam 
Both drugs have half-lives of the order of 24-36 hours. They are therefore suitable 
for once or twice daily administration, and achieve steady-state conditions about 
1 week after a dosage change. The oral dosage units (0.5 and 2 mg in the case of 
clonazepam; 5 mg for nitrazepam) are reasonably sized for the average patient 
given the drug once or twice daily, though relatively high doses are sometimes 
required. Clonazepam is available for parenteral use, which offers the conve
nience of being able to use the same drug parenterally, or orally, as necessary. 

c) Valproate 
Valproate is marketed as the free acid, or as the sodium salt, in tablet or capsule 
form. The drug is hygroscopic so that in humid climates the tablets need to be 
kept foil wrapped until shortly before use. The short half-life of valproate, of the 
order of 8 h, means that steady state conditions are achieved quickly, within 2 
days of a dosage change. Conversely, the short half-life and the drug's rapid ab
sorption mean that interdosage plasma-level fluctuation is likely to be substantial 
and may allow the plasma level to fall to subtherapeutic values at stages over the 
dosage interval if the drug is taken less often than three times a day. The range 
of size of dosage units (200, 300, 500, and 600 mg) is reasonably suitable for such 
frequency of administration in most patients. 

d) Phenobarbital 

With its long half-life (3-4 days), phenobarbital is well suited to once daily admin
istration from the point of view of small interdosage plasma-level fluctuations. 
However, the time to achieve a steady state after a dosage change (2-3 weeks) is 
annoyingly long. One wonders if some of phenobarbital's reputation for produc
ing mental dulling may not be related to an excessive dosage being used because 
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offailure to wait for steady state conditions to apply before the dosage is adjusted 
upwards. Phenobarbital also has the relative disadvantage that its steady state 
plasma levels in the individual tend to rise disproportionately relative to sequen
tial dosage increments of equal size (EADIE et al. 1977). This is a further factor 
which may lead the unwary into prescribing excessive dosage of the drug. The 
drug is marketed as the acid, or the sodium salt, in a reasonable variety of dosage 
units (15,30,60, 100 mg) in tablet form, and as a 20% solution in a dosage unit 
of 1 ml for parenteral use. 

e) Methylphenobarbital 

Though almost certainly an anticonvulsant in its own right, in man methylpheno
barbital is biotransformed to phenobarbital. This metabolite has a lower clear
ance and smaller apparent volume of distribution than the parent substance 
(EADIE et al. 1978). Phenobarbital therefore comes to exert the major antiepileptic 
effect when methylphenobarbital is used and is the determinant of the optimal 
dosage interval and time to achieve a maximum overall antiepileptic effect. The 
elimination half-life of methyl phenobarbital (18-36 h) is reasonably long. Its own 
plasma levels are unlikely to fluctuate excessively if the drug is given once daily. 
A reasonable range of dosage unit sizes (30-, 60- and 200-mg tablets) is available 
but there is no commercially marketed parenteral form. The ease of use of oral 
methylphenobarbital is reasonably similar to that of phenobarbital, with two 
qualifications, one disadvantageous, one beneficial. The disadvantage arises from 
there being a second antiepileptic drug in the system to be accounted for when 
methylphenobarbital is used. The advantage is that, when methylphenobarbital 
is used, steady state plasma phenobarbital levels in the individual rise in direct 
proportion to drug dose, at least until levels reach the upper part of the therapeu
tic range (EADIE et al. 1977). The latter fact confers on methylphenobarbital a dis
tinct advantage over phenobarbital. 

f) Primidone 

Because of its biotransformation, when primidone is used three different 
antiepileptic drugs are simultaneously present in the body (primidone itself, phe
nobarbital and phenylethylmalonamide). Primidone (half-life 6-10 h) and 
phenylethylmalonamide are fairly rapidly eliminated. Therefore the derived phe
nobarbital becomes the chief determinant of optimal dosage interval and of time 
to achieve maximum antiepileptic effects. The situation is like that which applies 
for methylphenobarbital except that (a) there is a third variable (a second metab
olite) to be accounted for, (b) the rapid absorption and short half-life of primi
done may allow unacceptably high peak levels of the drug to occur (with drow
siness) ifprimidone is given in full dosage once daily at any time other than bed
time, and (c) the quantitative effect ofprimidone dosage increase on steady-state 
plasma phenobarbital level in the individual does not appear to be adequately 
documented. The dosage unit (250 mg, divisible) is a reasonably convenient one, 
but no parenteral preparation is available 

g) Carbamazepine 

The 20- to 40-h half-life of the drug, with a possible anticonvulsant metabolite 
(carbamazepine-l 0, ll-epoxide) that is more rapidly eliminated than the parent 
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substance, make once daily administration of carbamazepine a practicable prop
osition, particularly since the drug's absorption after oral administration is slow. 
The delay in achieving steady state conditions after a dosage change (some 5-7 
days) is not onerous is most circumstances. Steady state plasma levels of the drug 
in the individual tend to increase less than would be expected in response to a 
series of dose increments of equal size (COTTER et al. 1977), though the situation 
is different if phenytoin is used concurrently (HOOPER et al. 1974). Phenytoin 
undergoes a very consistent pharmacokinetic interaction with carbamazepine, re
sulting in lowered plasma carbamazepine concentrations (CHRISTIANSEN and DAM 
1973). This interaction makes the phenytoin-carbamazepine combination diffi
cult to handle. Carbamazepine, probably because of its poor aqueous solubility, 
is not available for parenteral use. The oral tablets, 100 mg and 200 mg, are rea
sonably sized for convenient use. 

h) Phenytoin 

The dominant elimination pathway for phenytoin is one which is better described 
by Michaelis-Menten than by exponential elimination kinetics. Therefore in a 
strict sense one should not speak of the elimination half-life of phenytoin. How
ever, when first-order kinetics have been applied to phenytoin plasma-level data, 
half-lives of the order of 22 ± 9 h (ARNOLD and GERBER 1970) have been calcu
lated. These values would suggest that the drug is suitable for twice daily, and per
haps for once daily, administration. For practical purposes steady state con
ditions should apply 4-6 days after a dosage change. Actually, phenytoin is slowly 
absorbed from the alimentary tract and proves quite suitable for once daily oral 
use. The main inconvenience in using phenytoin results from its Michaelis
Menten elimination kinetics. These are reflected in disproportionate rises in 
steady state plasma phenytoin levels relative to dosage increments in individual 
patients. This phenomenon was documented in man nearly a decade ago (BOCH
NER et al. 1972) and has been amply confirmed since (RICHENS and DUNLOP 1975; 
LUDDEN et al. 1976; MULLEN 1978). Despite this, and the publication ofnomo
grams (RICHENS and DUNLOP 1975) and other mathematical aids to phenytoin 
dosage adjustment, phenytoin overdosage still occurs with considerable frequen
cy because of clinicians' lack of awareness of the non-linear relation between plas
ma level and dose in the individual. 

Phenytoin (as the free acid or the sodium salt) is available in 30-, 50- and 100-
mg strengths for oral use in tablets, capsules or suspension. A parenteral prepa
ration is marketed. This solution is inconvenient to use intravenously because the 
low aqueous solubility of the drug at physiological pH leads to precipitation 
problems and because the solvent, if the solution is administered rapidly, may 
cause hypotension. For intramuscular administration, the preparation is so inef
ficient (WILDER and RAMSAY 1976) that its use can scarcely be justified. 

5. The Actual Choice of an Antiepileptic Drug 

The foregoing discussion should have set the background for the logical choice, 
or hierarchal ranking of choices, of an antiepileptic drug for all the more impor
tant types of epilepsy. Clearly some will place greater weights of preference on one 
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factor rather than another. The writer's own ranking of choices of antiepileptic 
drugs is set out in Table 1. There is, in reality, a further factor which may deter
mine each clinician's choice of an antiepileptic drug when he deals with his 
patient. Despite any amount of compelling logic favouring one drug, if a clinician 
knows another drug well, and is satisfied with it, he may rightly prefer it to the 
drug which has the theoretically stronger case. 

Table 1. Choice of antiepileptic drug, ranked in order of preference for different seizure type 

I 
Absences 

I 
I. Clonazepam 
2. Ethosuximide 
3. Valproate 

I 
Generalized 

I 
Myoclonic seizures 

I 
(a) Infantile spasms 

I. Corticosteroids 
2. Clonazepam 
3. Valproate 

(b) Childhood 
I. Valproate 
2. Clonazepam 
3. Nitrazepam 
4. Ethosuximide 
5. Phenobarbital or 

congener 
6. Carbamazepine 

(c) Adolescence and later 

Seizures 

I 

I 
Convulsive 

I 
I. Phenobarbital 

or congener 
2. Carbamazepine 
3. Phenytoin 
4. Valproate 
5. Clonazepam 

I. Phenobarbital or congener 
2. Valproate 
3. Clonazepam 

I 
Partial (focal) 

I 
I. Carbamazepine 
2. Phenytoin 
3. Phenobarbital or 

congener 
4. Clonazepam 
5. Sulthiame 

Despite the ranking of drugs shown in Table I, the writer must confess that 
in practice he does not follow his own logic in all instances. Thus, even though 
a major antiepileptic drug (e.g. carbamazepine, phenytoin) must usually be taken 
in addition, he prefers ethosuximide to clonazepam in absence epilepsy; whenever 
possible he tends to use other agents in preference to valproate, because he is con
cerned about the occasional, unpredictable and often life-threatening he
patotoxicity of this drug; he has no strong preference between carbamazepine and 
phenytoin in partial (focal) seizures, except for favouring phenytoin with its lesser 
degree of sedation when a rapid anticonvulsant effect is needed; and among the 
barbiturates he prefers methylphenobarbital, because of its greater ease of dose 
adjustments. 

IV. Use of Antiepileptic Drugs in Practice 
1. Principles 
The following principles apply in antiepileptic drug therapy: 

1. The most appropriate single drug for the patient's seizure type should be 
used from the outset. 
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2. Unless the patient's seizures occur so frequently that clinical response 
provides a convenient guide to therapy, the initial dose of the antiepileptic drug 
should be calculated to provide a plasma drug level within the therapeutic range 
for that drug (Table 2). The attaining of such a plasma level should be confirmed 
by plasma drug measurement once time has elapsed for a steady state to apply. 
To allow the patient to develop tolerance to sedative adverse effects of an 
antiepileptic drug it may be better to increase the dose of the drug over several 
weeks, rather than to provide the full expected therapeutic dose from the outset. 

Table 2. Therapeutic ranges of plasma level for the antiepileptic drugs in 
common use, together with typical daily drug doses likely to be required to 
produce plasma drug levels in the therapeutic ranges 

Drug 

Ethosuximide 
Clonazepam 
Valproate (sodium) 
Phenobarbital 
Methylphenobarbital 
Primidone 
Carbamazepine 

Phenytoin 

Therapeutic range 

(mg/litre) (Ilmol/litre) 

40-100 300-700 
0.025--0.075 0.08--0.24 

50-100 300-600 
10-30 45-130 
As for phenobarbital 
As for phenobarbital 
6-12 25-50 

10-20 40-80 

Typical dose 
(mg/kg/day) 

30 
0.15 

15-30 
2-3 
4-5 

10 
10-20 

{ 6 (adults) 
11 (children) 

3. If unacceptable adverse effects occur, or if the plasma drug level is unsat
isfactory, or if the patient's epilepsy is not controlled, the dose should be adjusted. 
As far as possible, doses should be changed only after the steady state clinical ef
fects of the dose are known. Dosage adjustments should be made in knowledge 
of the non-linearities that may occur in the individual patient between steady state 
plasma drug level and drug dose for several ofthe anticonvulsants. 

4. The aim of treatment should be seen as the total suppression of all mani
festations of epilepsy without the production of an unacceptable level of adverse 
effects. The primary aim is not the production of a plasma drug level within a par
ticular "therapeutic" concentration range. So long as the aim of treatment is 
achieved the plasma drug level (whatever it may be) is appropriate for the patient 
and serves as a guide for his or her future management. 

5. If the aim of therapy is met, drug treatment in full dosage is continued for 
so long a time (3-5 years) that the epileptic process has a good chance of dying 
out. The decision to withdraw therapy is then taken in the light of all the patient's 
circumstances. During this prolonged course of therapy, plasma levels should be 
monitored at intervals to help ensure compliance. Levels should also be measured 
after any change in any concurrent therapy and if altered physiological circum
stances develop, e.g. pregnancy. In such circumstances dose alteration may be 
required to maintain satisfactory plasma concentrations. 

6. If the aim of therapy cannot be met by any non-toxic dose of a single 
antiepileptic drug, the dose of that drug should be reduced slightly to a non-toxic 
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one. A second appropriate antiepileptic drug should then be added and its dose 
adjusted as was the dose of the first drug. The situation is now made more com
plex by the possibility of pharmacokinetic interactions between the two drugs. 
This complexity would be obviated if the first drug were withdrawn. However, 
to do this would run the risk of making the patient's epilepsy worse if the second 
drug happened to be less effective than the first. Therefore it usually proves better 
to monitor the plasma levels of both drugs and to be prepared to adjust the dose 
of the first drug, if necessary, while trying to find the optimal dose of the second 
drug. As far as possible, the dose of only one drug should be changed at one time. 
This simplifies interpretation of the consequences of any dosage change. Dosage 
alterations are better not made until steady state plasma levels of the drugs have 
had time to apply. 

7. If the aim of therapy cannot be met by maximum tolerated doses of two 
drugs in combination, a third appropriate drug may be added following the 
guidelines set down above (6). 

8. If the aim of therapy cannot be met by maximum tolerated doses of all 
available appropriate antiepileptic drugs, the best accommodation between con
trol of epilepsy and toxicity that can be obtained for the individual must be 
sought. In these circumstances it may be anticipated that antiepileptic therapy 
will have to be continued indefinitely, with little prospect of ultimate cure of the 
epilepsy. 

The above principles are based largely on common sense and simple pharma
cokinetic considerations. However, the argument for using a single drug from the 
outset may be worth examination. Certainly such a therapeutic policy produces 
a pharmacokinetically "cleaner" situation, and empirically a single appropriate 
drug has been shown to produce a very good chance of full sustained control of 
recent onset epilepsy (SHORVON et al. 1978). Nevertheless, if it could be shown that 
different antiepileptic drugs interrupted the epileptic process at different bio
chemical stages there would be an argument for the use of drug combinations 
from the outset, to suppress epilepsy as well as possible. The available antiepilep
tic drugs do have multiple known biochemical effects and do not share all these 
effects in common. Unfortunately though, the biochemical actions which pro
duce the antiepileptic effects of the drugs are not known. Therefore the essential 
background knowledge is not available to enable a valid case to be made for the 
use of multiple drugs at the outset of therapy. 

2~ Use ofIndividual Antiepileptic Drugs 

a) Ethosuximide 

Ethosuximide provides efficient therapy for only one type of seizure - absences. 
Here there is rarely need for haste in obtaining full control of attacks. It is there
fore possible to introduce ethosuximide gradually. Since absences nearly always 
occur frequently, it is usually possible to use the clinical response to find the mini
mum effective dose of the drug. If ethosuximide is used as sole antiepileptic agent 
for absence attacks, convulsive seizures may develop soon after (SCHMIDT and 
WILDER 1968). To avoid this contingency, phenytoin, carbamazepine or pheno
barbital (or one of its congeners) is commonly prescribed with ethosuximide. In 
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this case it is sensible to prescribe the major antiepileptic drug (e.g. carba
mazepine) first, to establish the patient on a satisfactory dose and to see that there 
is no early toxicity which might preclude further use of the drug. Ethosuximide 
may then be commenced in a dose of 10--15 mg/kg per day, which for the age 
group in which absences occur often proves to be 250 mg twice or three times dai
ly. Although once daily ethosuximide dosage is practicable, most patients find 
twice daily therapy completely acceptable. Dosage of this frequency does not ap
pear to produce compliance problems. Every 2 weeks (to allow time for a steady 
state to develop after the previous dosage change) the daily dose of ethosuximide 
may be increased by 250 mg, until all absences cease, or unacceptable adverse ef
fects develop. Plasma ethosuximide levels are used largely as reference values 
against which to check subsequent patient compliance. The plasma level of the 
major antiepileptic drug being taken concurrently with ethosuximide should be 
measured in the steady state after each ethosuximide dosage change, to ensure 
that pharmacokinetic interactions have not occurred. Such interactions could de
crease protection against convulsive generalized seizures or else cause the major 
drug to accumulate and produce toxic effects which might be incorrectly at
tributed to ethosuximide. The upper limit of ethosuximide dose is determined 
by the occurrence of unacceptable adverse effects. Such effects often comprise 
mental dullness, drowsiness and ataxia and may not occur until plasma 
ethosuximide levels exceed 150 mg/litre. 

Once a satisfactory dose of ethosuximide is found, full dosage is continued for 
several years. If the patient remains free of all absences for this time, and parox
ysmal activity disappears from the EEG, there is a good chance that the absence 
epilepsy is cured. The ethosuximide may then be gradually withdrawn over sev
eral months. The author's practice is to have the patient continue taking the ma
jor antiepileptic drug for another year or two, until late adolescence, though there 
is no hard evidence that such a cautious attitude is necessary. 

b) Benzodiazepines (Clonazepam and Nitrazepam) 

Although the benzodiazepines, and in particular clonazepam, have a wide spec
trum of action against different types of seizures there does not seem to be an ex
tensive body of experience with these drugs except in myoclonic seizures. To some 
extent this may reflect the availability of older, well-established and reasonably 
satisfactory alternative drugs for many of the forms of epilepsy for which clonaze
pam may also be effective. Clonazepam in fact is probably often used only after 
alternative therapy has failed. Therefore its true effectiveness as a primary drug 
in previously untreated epilepsy is probably not yet known. 

When clonazepam or nitrazepam is used, it seems best to introduce the drug 
in low dosage, administering it orally once or twice daily. Dosage is increased not 
more often than every 5-7 days to allow time for the full clinical effect of one 
steady state plasma level of the drug to appear before another drug level is pro
duced. The benzodiazepines may cause drowsiness, irritability and, in the case of 
clonazepam, aggression. The incidence and severity of these problems can be re
duced if low doses of the drugs are used initially, and increased gradually. Thus 
while the effective daily clonazepam dose for an older child, or adult, will often 
be in the range 4-10 mg, and the nitrazepam dose in the range 5-20 mg, it may 
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be best to commence clonazepam with 0.5 mg twice daily and nitrazepam with 
2.5 mg at night and to increase the dose no more than once a week, depending 
on the clinical response. Plasma benzodiazepine concentrations seem to prove a 
poor guide to the prospective therapeutic efficacy of benzodiazepines. However, 
the levels serve as a useful point of reference for assessing subsequent correctness 
of compliance with the therapeutic regimen. If benzodiazepine doses are in
creased gradually, some patients tolerate surprisingly large doses of the drugs and 
obtain benefit from these. 

Some authors have stated that, with time, the initial benefits of clonazepam 
therapy may be lost. The explanation of this phenomenon is uncertain. Perhaps 
at times it is simply a consequence of compliance failure for a drug which, if 
ceased abruptly, tends to produce withdrawal fits (EDWARDS 1974). 

Assuming a satisfactory clonazepam (or nitrazepam) dose is found (and the 
upper limit of dosage is set by the patient's ability to tolerate sedation from the 
drug), that dosage should be continued until the patient has been totally free from 
seizures for 3-5 years, and until all paroxysmal activity has disappeared from the 
EEG. Then withdrawal of therapy may be considered, with drug doses being re
duced gradually, over several months. 

Clonazepam, or diazepam, may be used parenterally to treat all varieties of 
status epilepticus. Nitrazepam is not widely available in a form suitable for injec
tion. Diazepam, at least, is not efficiently absorbed after intramuscular injection 
(HILLESTAD et al. 1974) and both benzodiazepines are better given intravenously, 
either directly into a vein or into the tubing of a running infusion. If benzo
diazepines are injected into reservoirs of solutions for parenteral infusion there 
is substantial risk of the drugs precipitating out, leading to the risk of incorrect 
dosage. Intravenously, diazepam is given at a rate of 2 mg/min and clonazepam 
at a rate of 0.5 mg/min, with frequent monitoring of heart rate, blood pressure 
and respiration. Administration continues until seizures cease or vegetative func
tion begins to become imperiled. If clonazepam is given too rapidly, there is a dan
ger of respiratory arrest. 

c) Valproate 

Oral sodium valproate, or valproic acid, therapy may commence with a dose of 
200 mg t.d. three times daily in the older child or adult, and perhaps half that 
amount (or 200 mg twice daily if the available dosage forms are indivisible) in the 
younger child. If the patient's type of epilepsy is one in which seizures occur fre
quently (e.g. childhood myoclonic seizures), dosage increments may be made as 
often as every second day to obtain seizure control. If it is decided to use valproate 
in types of epilepsy where seizures are infrequent, it may be reasonable to build 
up the dose to obtain minimum (i.e. trough or immediately predose) plasma val
proate levels of 50--100 mg/litre and to then make further dose increments only 
as indicated by clinical considerations. Apart from some upper alimentary tract 
irritation, which can be reduced by giving the drug with meals or with antacids, 
valproate causes little immediate toxicity. In particular, when given as the sole 
antiepileptic drug, it usually causes little drowsiness. There are recommendations 
that liver function should be monitored every 1-2 months for the first 6-12 
months of valproate therapy to detect incipient hepatotoxicity from the drug. One 
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doubts whether this policy will prove reliable. The literature suggests that liver 
function tests may not become seriously abnormal in valproate hepatotoxicity 
until the Reye type of syndrome produced by the drug has already appeared (JA
COBI et al. 1980). In view of recent suggestions that there may be an increased risk 
of teratogenesis if the drug is taken during pregnancy (ROBERT and GUIBARD 
1982), the decision to use the drug in women of child-bearing age should be taken 
very carefully. 

When a satisfactory valproate dose is found, this dose should be continued for 
3-5 years, with monitoring of predose plasma valproate levels often enough to 
help ensure compliance with the dosage regime. It may be possible to simplify the 
therapeutic regime by using 500 or 600 mg dosage units instead of 200 or 300 mg 
units. Bleeding and coagulation profiles and platelet counts should be checked at 
intervals since the drug can effect these. If the appropriate symptoms arise, it 
should be remembered that valproate may cause pancreatitis (COULTER and AL
LEN 1980) and may also cause sudden clouding of consciousness in the presence 
of conventionally non-toxic plasma drug levels (SACKELLARES et al. 1979). If the 
epilepsy for which valproate has been given is considered cured on clinical and 
EEG grounds, the drug may be withdrawn in stages, over several weeks or longer. 

Valproate may be used rectally for status epilepticus (VAJDA et al. 1978), and 
there seems no reason a priori why it could not be given intravenously for this 
purpose. However, no adequate information regarding its use by the latter route 
is available. 

d) Adrenal Corticosteroids, Cosyntropin or Corticotrophin 

Adrenal corticosteroids, provided directly or indirectly via the relevant trophic 
hormone, are useful for only one type of epilepsy, infantile spasms (hypsarrhyth
mia, West's syndrome). At an earlier time there was a belief that the trophic hor
mones were more effective than the steroids themselves (FINNE 1963 cited by 
JEAVONS and BOWER 1964),but this view no longer seems to be held. Hypsarrhyth
mia may be treated with intramuscular corticotrophin gel 20 IU daily or cosyn
tropin 0.5 mg daily. If, after 10 days, the attacks continue, the dose should be 
doubled. If that dose fails, a trial of a directly acting corticosteroid may be carried 
out. However, in that circumstance one should not be sanguine about the out
come. The initial glucocorticoid dose might be 5 mg four times a day for pred
nisone or prednisolone, or 0.5 mg four times a day for dexamethasone. The dose 
should be doubled if attacks persist after 10 days. Once steroids have fully con
trolled infantile spasms for about 2 weeks and the hypsarrhythmic appearance is 
no longer seen in the EEG, treatment can usually be ceased with little risk of 
relapse. If the initial and the doubled dose of steroids fail, the use of steroids may 
be abandoned. The infantile spasms in that patient are refactory to steroid ther
apy and only symptomatic treatment with valproate or benzodiazepines is then 
likely to be of any use. 

e) Phenobarbital 

In most circumstances where phenobarbital is used, the patient's seizures are un
likely to occur frequently enough for the clinical response to provide a convenient 
guide to the likely effectiveness of the therapy. The initial phenobarbital dose 
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should therefore be set to achieve a steady state plasma phenobarbital level a little 
above the lower therapeutic limit (15 mg/litre). For adolescent or adult myoclonic 
seizures the lower therapeutic limit is probably around 7 mg/litre, so that here an 
initial plasma phenobarbital level of 10 mg/litre will often prove satisfactory. 
Some patients will experience unacceptable drowsiness if the initial phenobarbital 
dose is sufficient to yield a plasma level as high as 15 mg/litre (the required dose 
usually being in the range 1-2 mg/kg per day, the higher figure applying for chil
dren, the lower for the aged). It may be better to use about half the calculated 
effective daily phenobarbital dose initially, giving the drug once or twice daily, 
and after 3 weeks to measure the plasma phenobarbital level. Unless the plasma 
level is already satisfactory, the phenobarbital dose may then be increased to 
bring the plasma drug level to around 15 mg/litre. It should be remembered that 
each phenobarbital dose increment will tend to produce a disproportionately 
large increase in plasma level compared with the increase produced by the previ
ous dose increment of the same size. Unless unacceptable adverse effects have oc
curred, in which case the phenobarbital dose must be reduced, the drug dose suf
ficient to keep the plasma level around 15 mg/litre is continued until the clinical 
response establishes whether this dose is sufficient. Ifnot, and further seizures oc
cur, the plasma phenobarbital level should be measured immediately in case the 
reason for the therapeutic failure is imperfect compliance (or, rarely, increased 
clearance of the drug with time). If the plasma level has not fallen, an increased 
dose is required. The increase in dose should be made bearing in mind the non
linearity between plasma phenobarbital level and dose in the individual. The 
steady state plasma level may be remeasured 3 weeks (or longer) after the dose 
increase to provide a reference value for later therapeutic decisions. The clinical 
response is used to determine the need for subsequent dosage changes. Whenever 
possible, decisions about dosage should be taken only when steady state con
ditions apply (in general, at least 3 weeks after the most recent phenobarbital dos
age change). If necessary, phenobarbital dose may be increased to the patient's 
limit of tolerance. It should be remembered that the drug may cause insidious 
mental dulling, particularly in children, whose school performance should there
fore be kept under review. Deteriorating school performance in the presence of 
full seizure control and absence of paroxysmal activity in the EEG suggests a need 
for a reduced phenobarbital dose and possibly for the introduction of a second 
appropriate antiepileptic drug. During long-term phenobarbital therapy it may 
be wise to check at intervals for evidence of clinically significant folate deficiency 
or osteomalacia. 

If phenobarbital therapy produces full clinical and EEG control of seizures 
without unacceptable adverse effects, full dosage of the drug may be continued 
for 3-5 years, with periodic monitoring of plasma levels to help ensure com
pliance. At the end of that period, a decision about whether to withdraw therapy 
may be taken. If the drug is to be ceased its dosage is usually reduced in stages 
over 2 or 3 months. 

Phenobarbital may be given by intravenous or intramuscular injection. For 
an adult, the dose to achieve a plasma level of 10 mg/litre in a previously un
treated patient is usually about 400 mg, which can be given in an acceptably small 
volume by intramuscular injection. Intravenously, half such a dose should be giv-
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en over 5-10 min, with the remainder of the dose perhaps being given more 
gradually afterwards. 

f) Methylphenobarbital 

Methylphenobarbital is used similarly to phenobarbital. However, the dosages 
required tend to be about 75% greater than phenobarbital doses. Plasma pheno
barbital levels provide an adequate guide to therapy except in very occasional 
patients who seem to have disproportionately high plasma levels of methylpheno
barbital relative to phenobarbital (normally the two are in a 1: 7 to 1: 10 ratio 
(EADIE et al. 1978). Plasma methylphenobarbitallevels above 3 mg/litre seem to 
be associated with drowsiness in patients, even if simultaneous plasma phenobar
bitallevels are not particularly high. It is necessary to use assay methods which 
distinguish between methylphenobarbital and its congener to be in a position to 
detect this phenomenon. Some commonly used assays, e.g. enzyme multiplied im
mune test (EMIT) assays, may not differentiate between drug and metabolite in 
plasma. It should be mentioned that methylphenobarbital doses are easier to ad
just than phenobarbital doses, when using plasma phenobarbital levels for guid
ance, because of the wider range of linearity between plasma phenobarbital level 
and methylphenobarbital dose. 

g) Primidone 

The method of use of primidone, and its indications, are reasonably similar to 
those which apply for phenobarbital. It is wise to give an initial single low oral 
test dose ofprimidone (e.g. 62.5 mg) to detect the occasional patient who cannot 
tolerate the drug because of extreme drowsiness. The average primidone dose to 
produce a steady state plasma phenobarbital level of 15 mg/litre is around 10 mg/ 
kg per day. To allow time for a degree of tolerance to the sedative effects of the 
drug to develop, about half this dose might be prescribed initially and the dose 
increased after 3 or 4 weeks. 

Although therapeutic ranges of plasma primidone levels are quoted, one won
ders how useful these often are in their own right when a second anticonvulsant 
(phenobarbital) is present simultaneously. Further, to obtain reproducible values, 
minimum primidone levels need to be measured (i.e. predose or trough levels). In 
practice, plasma phenobarbital levels provide a satisfactory and convenient guide 
to primidone therapy. These levels vary so little in the steady state that they can 
be measured at any stage over a 12- or even a 24-h dosage interval. 

h) Carbamazepine 

A carbamazepine dose of 8-10 mg/kg per day is likely to yield a plasma carba
mazepine level of 6-12 mg/litre, which is often satisfactory for therapeutic pur
poses. The drug induces its own metabolism over a period of about 3 weeks after 
therapy is begun. To allow time for this effect, it may be reasonable to use about 
half the expected daily carbamazepine dose for the 1st week or two, and then the 
full dose. The drug may be given twice daily. This staged introduction of the full 
dose of carbamazepine seems to avoid the early drowsiness which may otherwise 
occur. Some 3 weeks after carbamazepine therapy is begun the plasma carba-
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mazepine level may be measured. If the level is below 6 mg/litre the dose should 
be increased unless the clinical response indicates that the dose is already appro
priate, or unless adverse effects have developed which make a dose reduction or 
change of drug imperative. Plasma carbamazepine levels in the individual tend to 
increase less than would be expected with serial dose increments of equal size, so 
long as phenytoin is not taken concurrently. Once plasma carbamazepine levels 
are in the therapeutic range, further dosage adjustments are made on clinical 
grounds. Doses should be increased no more often than at weekly intervals (to 
allow steady state conditions to develop after each change) until adverse effects 
(mainly drowsiness or its consequences, or ataxia) preclude further dosage in
crease. This may not occur until plasma carbamazepine levels are well above 12 
mg/litre, a figure often quoted as the upper limit of the therapeutic range. 

If carbamazepine alone in maximum tolerated dosage will not control a 
patient's epilepsy, a second appropriate antiepileptic drug may be added to the 
therapy. If carbamazepine therapy is successful it is continued in full dosage, with 
periodic monitoring of plasma carbamazepine levels and checking for late man
ifestations of toxicity, until so many years' freedom from epilepsy have elapsed 
that withdrawal of therapy can be considered. The withdrawal is often carried out 
in stages over 2 or 4 months or longer. 

i) Phenytoin 

Phenytoin is usually used for types of epilepsy in which seizures are relatively in
frequent. Therefore clinical response is usually not a practicable guide to the 
potential adequacy of the initial phenytoin dose. Consequently, the initial aim of 
oral phenytoin therapy becomes the achieving of a steady state plasma phenytoin 
level of between 10 and 20 mg/litre. In the majority of patients levels in this range 
can be attained by prescribing 5 mg/kg per day for adults, or 10 mg/kg per day 
for children under 10 years (EADIE and TYRER 1980a). Since phenytoin causes rel
atively little drowsiness, the full dose can be taken from the outset. The plasma 
phenytoin level should be checked 5-7 days after the outset of therapy and the 
dose then adjusted upwards or downwards to bring the plasma level into the de
sired range. Due to the dominantly Michaelis-Menten type of elimination kinetics 
ofthe drug, once plasma phenytoin levels are above 5 or 6 mg/litre relatively small 
dose changes can produce major changes in plasma drug level. Various mathe
matical methods for adjusting the drug dose to achieve a desired plasma level are 
available (e.g. RICHENS and DUNLOP 1975; LUDDEN et al. 1976). However, for 
practical purposes, if the plasma phenytoin level in an adult is between 5 and 8 
mg/litre the patient will probably tolerate a lOO-mg/day dose increment without 
overdosage, and if the level is between 8 and 10 mg/litre a 30-mg or 50-mg incre
ment. 

Once steady state plasma phenytoin levels are in the therapeutic range, pro
viding no unacceptable adverse effects have developed, the clinical response of the 
seizures may be used as a guide to any further dosage change. If necessary, 
phenytoin dose can be increased to take the plasma phenytoin level into the range 
20-25 mg/litre to try to control epilepsy. Levels above 25 mg/litre are almost al
ways associated with troublesome toxic manifestations. Levels in the range 20-25 
mg/litre represent a pharmacokinetically brittle and sometimes clinically toxic sit-
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uation in which the body has little additional capacity to eliminate the drug. 
Therefore with levels in this range any slight reduction in hepatic mixed oxidase 
function, or the temporary presence of any other substance which competes for 
the metabolic pathway utilized by phenytoin, may lead to phenytoin accumula
tion, and overt toxicity. 

If a satisfactory phenytoin dose is found, this dose should be continued for 
several years. Because of the rather critically poised clearance capacity of the drug 
when its plasma levels are in the therapeutic range, every effort should be made to 
obtain full compliance so that hard-won control of epilepsy is not lost. The plas
ma phenytoin level should be checked whenever intercurrent illness is treated, to 
reduce the risk of overdosage type toxicity or of therapeutic failure. Throughout 
the course of phenytoin therapy the patient's general health should be supervised 
carefully, though most of the serious idiosyncratic adverse effects of the drug oc
cur early in the course of therapy. If withdrawal of phenytoin is decided upon, 
dosage of the drug may be reduced in stages over 2 or 3 months. Phenytoin doses 
up to 250 mg can be given over 5-10 min by direct intravenous injection. Because 
of toxic effects from the solvent in intravenous phenytoin solutions, larger single 
doses of the drug are more safely given in 100- to 200-mg quantities, each intro
duced over several minutes into the tubing of an intravenous saline or glucose in
fusion. The whole course of intravenous phenytoin administration may then take 
many minutes to a few hours, and frequent monitoring of cardiac and respiratory 
function and blood pressure is desirable. Intramuscular phenytoin is too ineffi
cient for satisfactory use. 

V. Combinations of Antiepileptic Drugs 
Not infrequently, two antiepileptic drugs must be used in combination because 
maximum tolerated doses of the first drug have failed to control a patient's epilep
sy. The principles involved in the management of such combination therapy have 
already been set out. In practice some combinations are more commonly encoun
tered than others and may be worth separate comments because of the pharma
cokinetic interactions that may occur. 

1. Ethosuximide with Phenytoin 
This combination, used in patients with generalized epilepsy with absence seizures, 
often presents no particular problems. Ethosuximide dosage increase may cause 
phenytoin accumulation (FRANTZEN et al. 1967) and toxicity, but this eventuality 
can be avoided if plasma phenytoin levels are monitored after ethosuximide dos
age changes. 

2. Valproate with Phenobarbital (or Methylphenobarbital or Primidone) 
When valproate is added to the therapy of a patient already taking phenobarbital, 
or a drug metabolized to phenobarbital, the plasma phenobarbital level is likely 
to rise substantially over a period of several weeks (SCHOBBEN et al. 1975; VAKIL 

et al. 1976; ADAMS et al. 1978). If plasma phenobarbital levels are not monitored, 
adverse effects due to phenobarbital accumulation are likely to be regarded as di
rect consequences of the valproate dose. This dose may then be reduced, rather 
than the dose of phenobarbital being reduced. 
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3. Valproate with Phenytoin 

Valproate therapy poduces somewhat unpredictable effects on whole plasma 
phenytoin levels (RICHENS et al. 1976). These levels may rise in the short term 
(WINDORFER and SAUER 1977; ADAMS et al. 1978) but fall in the longer term 
(ADAMS et al. 1976). In addition valproate decreases the plasma protein binding 
of phenytoin (PATSALOS and LASCELLES 1977), so that measurement of plasma wa
ter (or salivary) phenytoin is desirable for adequate assessment of the situation. 

4. Phenytoin with Phenobarbital (or Methylphenobarbital or Primidone) 

Phenytoin intake may cause raised plasma phenobarbital levels in patients taking 
primidone (FINCHAM et al. 1974; REYNOLDS et al. 1975; WINDORFER and SAUER 
1977). With this exception, combinations of phenytoin and barbiturates in man 
produce little in the way ofpharmacokinetic interactions which significantly alter 
the plasma levels of the drugs concerned. Such combinations are therefore advan
tageous for clinicians who do not have ready access to plasma drug level measure
ments. 

5. Phenytoin with Carbamazepine 

This is a very troublesome combination from the viewpoint of interactions. In
crease in carbamazepine dose may raise (LANDER et al. 1975) or lower (HOOPER 
et al. 1974) plasma phenytoin level. Increase in phenytoin dose will consistently, 
and significantly, lower plasma carbamazepine levels (CHRISTIANSEN and DAM 
1973; LANDER et al. 1975, 1977). Plasma-level monitoring of both substances will 
clarify the situation. However, the combination of the drugs may be difficult, and 
at times frustrating, to handle. The unwary clinician may become bewildered or 
irritated at what he interprets as the patient's chaotically inconsistent compliance 
with the prescribed therapy. 

6. Carbamazepine with Phenobarbital 

Although concurrent phenobarbital intake is reported as causing a fall in plasma 
carbamazepine level (CHRISTIANSEN and DAM 1973; CEREGHINO et al. 1975), the 
writer has not seen this interaction cause plasma-level changes of any great mag
nitude, or sufficient to produce therapeutic difficulty. 

7. Phenytoin with Sulthiame 

A number of authors have reported that sulthiame intake may cause a major rise 
in plasma phenytoin levels (HANSEN et al. 1968; OLESEN and JENSEN 1969; RICHENS 
and HOUGHTON 1973). The present writer has rarely seen this interaction, but 
judged from the literature his experience is unusual. 

VI~ Indications for Cessation of Antiepileptic Drug Therapy 
Unless the patient insists on ceasing treatment, the only indication for withdraw
ing antiepileptic drugs should be the occurrence of unacceptable adverse effects 
or the belief that the patient's epilepsy is cured. The best contemporary evidence 
suggests that a belief that epilepsy is cured might reasonably be held in the follow
ing circumstances: 
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1. The epilepsy is not due to active brain disease 
2. There has been no clinical trace of epilepsy, however minor, for at least 3 

years, and preferably for 4 or 5 years 
3. All paroxysmal activity has disappeared from the EEG 
In these circumstances, the decision to cease therapy can be considered, weighing 
the disadvantage that further seizures would hold for the patient against his reluc
tance to take unnecessary therapy. Drug withdrawal is best carried out gradually, 
at a time when the patient's life situation is comparatively unstressful and his 
health good. 

If attacks recur, they generally do so within the 1st year after treatment is 
ceased. 

c. Use of Antiepileptic Drugs for Indications Other than Epilepsy 
I. Migraine 
Phenytoin has proved useful in the prophylaxis of childhood migraine and in 
adult migraine when the aura comprises dysphasia or disturbance of brain stem 
function, commonly manifested as vertigo, i.e. basilar artery migraine (EADm and 
TYRER 1980 b). 

II. Tic Douloureux 
Since 1962 carbamazepine has been accepted as the most effective available pro
phylactic agent for tic douloureux (BLOM 1962). Phenytoin is less useful, though 
certainly not without benefit (PENNYBACKER 1961). There are recent reports that 
clonazepam is also effective (CHANDRA 1976; COURT and KASE 1976). 

III. Other Varieties of Pain 
Other varieties of neurogenic pain, e.g. glossopharyngeal neuralgia (EKBOM and 
WESTERBERG 1966) and tabetic lightening pains (EKBOM 1972), sometimes re
spond to carbamazepine. Pain due to damage to central pain pathways in the me
dulla or thalamus is sometimes treated with carbamazepine or phenytoin, on oc
casions with some apparent benefit. The pain of Fabry's disease (ceramide trihex
oside lipidosis) is said to respond to phenytoin (LOCKMAN et al. 1973) and carba
mazepine (SHIBASAKI et al. 1973). 

IV. Hyperinsulinism 
Phenytoin causes decreased insulin secretion (MALHERBE et al. 1972), which may 
produce some relief from the manifestations of insulinoma (KNOPP et al. 1972). 
This relief may mislead diagnostically if the manifestations of insulinoma mimic 
those of epilepsy, as they often do. 

V. Dyskinesia 
Clonazepam has been reported useful in postanoxic action myoclonus (GOLD
BERG and DORMAN 1976) and chorea (Pmrus et al. 1976). 
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VI. Cardiac Arrhythmia 
Phenytoin is sometimes used to treat supraventricular cardiac arrhythmias (BIG
GER et al. 1968) 

VII. Myotonia 
Phenytoin has been reported useful in treating myotonia (MUNSAT 1967). 

VIII. Miscellaneous 
A miscellany of sometimes ill-defined conditions have been reported to benefit 
from the administration of phenytoin (BOOOCH and DREYFUS 1970). The evidence 
often appears rather dubious. 
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CHAPTER 27 

Adverse Effects 
D. SCHMIDT 

A. Introduction 
Although any review devoted to adverse effects alone without reference to ther
apeutic benefits is in danger of exaggerating the side effects of antiepileptic drug 
therapy - and many side effects are less disabling than uncontrolled seizures - it 
is reasonable to expect that many of the changes in the neurological, psycholog
ical, and medical status of a patient may in fact not be due to epilepsy itself but 
are rather due to the adverse effects of drugs. A growing concern about the ad
verse effects of antiepileptic drugs has led to many reports on their unintended 
reactions. In these studies adverse effects ranged from rather rare and mostly un
predictable drug-induced diseases to more frequent, transient, and mostly mild, 
dose-dependent side effects. In this review adverse effects are classified from a 
clinical point of view. Section C. I covers the more common side effects encoun
tered during treatment with each individual antiepileptic drug, and in Sect. C.Il 
each organ or organ system is reviewed separately as it is adversely affected by 
antiepileptic drug treatment. Furthermore, this overview is primarily based on the 
more recent literature, since earlier reviews on acute or chronic toxicity (PLAA 
1975; REYNOLDS 1975) have covered the data published up to 1975. In addition, 
the interested reader is referred to a more detailed recent monograph on adverse 
effects of antiepileptic drugs (SCHMIDT and SELDON 1982). 

B. Mechanism of Adverse Effects 
As outlined in the "Introduction", adverse effects may be classified into more 
frequent side effects, which are mostly mild and reversible due to their dose de
pendency, and rather rare and frequently unpredictable drug-induced diseases. 
The pathophysiological basis of adverse drug reactions has recently been re
viewed in detail (REYNOLDS 1975; PERUCCA and RICHENS 1980; SCHMIDT and SEL
DON 1982). 

I. Dose-Dependent Side Effects 
In recent years the plasma concentrations of antiepileptic drugs have been 
monitored in patients with clinical signs of dose-dependent drug toxicity. This has 
led to the definition of toxic plasma concentrations of individual antiepileptic 
drugs above which a majority of patients can be expected to develop side effects. 
In order to put these statistical data in a proper clinical perspective it is useful to 
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be aware of the great variability in toxic concentrations from patient to patient. 
Furthermore, intraindividual variation may be seen in clinical toxicity with rising 
plasma concentration of the drug. Therefore, it seems useful to consider separate
ly (a) the pharmacokinetic mechanism of the increase in plasma concentration 
and (b) the pathophysiological basis of clinical drug toxicity. 

The pathogenetic mechanisms leading to an increase in plasma concentration 
of antiepileptic drugs include an increase in daily dose, drug interactions, and 
changes in physiological conditions or additional disease, as reviewed in other 
chapters in the section on "Clinical Pharmacology" in this volume. 

The factors regulating the clinical response to an increase in the plasma con
centration are less known. A number of clinical variables have been shown to in
fluence the clinical toxicity in relation to the plasma concentration. These include 
the development of tolerance, i.e., clinical drug toxicity is diminished or disap
pears during continued drug treatment as reviewed in Chap. 11. In addition, the 
abrupt termination of antiepileptic drug treatment may lead to withdrawal 
reactions as outlined in Chap. 11. The age of the patient may influence the clinical 
toxicity of a drug, e.g., the sedative effects of plasma concentrations of diazepam 
are stronger in older patients (REIDENBERG et al. 1978). Hypoalbuminemic 
patients carry a higher risk of developing side effects during phenytoin treatment 
(Boston Collaborative Drug Surveillance Program 1973), probably due to an in
creased unbound fraction of the plasma phenytoin concentration. 

II. Drug-Induced Diseases 

For most of the drug-induced diseases we are only beginning to understand the 
pathogenetic mechanisms involved. Nevertheless, it has become increasingly ap
parent that antiepileptic drug-induced diseases do develop in high-risk subgroups 
of epileptic patients. The nature of these risk factors differs with the respective 
disease. Antiepileptic drugs may therefore act by precipitation of clinical disease 
in predisposed patients. An example is the increased incidence of anticonvulsant 
osteomalacia, which mainly occurs in patients with insufficient nutrition, lack of 
sun exposure, and poor physical exercise. These factors alone induce osteomala
cia even without antiepileptic drug treatment. 

There are only a few examples where we know that disease is caused or aggra
vated by an altered target organ response of the individual. The precipitation of 
acute porphyria with enzyme-inducing antiepileptic drugs is such an example 
(MAGNUSSEN et al. 1975). Myasthenia gravis may be worsened by the intake of 
antiepileptic drugs, especially hydantoins (BRUMLIK and JACOBS 1974). 

The increased knowledge of risk factors for each of the antiepileptic drug-in
duced diseases will help to define high-risk groups for specific complications of 
antiepileptic drug treatment. This will improve our ability for risk-counseling 
prior to the introduction of new drug treatment and will alert the patient and the 
physician to the detection of early diagnostic features. This in turn will improve 
the management of drug-induced diseases. 

Finally, the most common antiepileptic drug-induced diseases are due to hy
persensitivity reactions. The pathophysiological basis for hypersensitivity 
reactions has been reviewed by PERUCCA and RICHENS (1980). 
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c. Adverse Effects 
The following section reviews the clinical drug toxicity observed in studies on the 
therapeutic and toxic effects of individual antiepileptic drugs. The toxic effects 
noted in these studies are mostly dose related and usually subside after dose re
duction or withdrawal of the drug. Antiepileptic drug-induced or chronic toxicity 
is reviewed separately for each organ system (Sect. C.II) and will therefore not be 
referred to in the following section on each individual drug. 

I. Adverse Effects of Individual Antiepileptic Drugs 
1. Hydantoins 
Phenytoin is by far the most commonly used hydantoin and a primary antiepilep
tic drug. Mephenytoin is used less often due to its side effects. Methetoin, 
ethotoin, and albutoin are tertiary antiepileptic drugs. 

a) Phenytoin 

The majority of patients develop only mild and transient side effects during treat
ment with phenytoin, mostly at plasma concentrations above 20 Jlg/ml (KUrT et 
al. 1964; PLAA 1975). BUCHTHAL et al. (1960) reported as early as 1960 that 
none of their 86 patients with plasma levels below 14 Jlg/ml showed signs of toxic
ity, while above a plasma concentration of 30 Jlg/ml nearly 75% of the patients 
complained of side effects. Despite considerable individual variability, a certain 
sequence of clinical symptoms of drug toxicity can be observed in the individual 
patient with increasing plasma levels. Phenytoin intoxication may begin at plasma 
levels of 20 Jlg/ml with anxiety and increasing irritability, followed by a fine rest
ing-tremor, diplopia, and fatigue. Nystagmus may appear on extreme lateral ga
ze. With plasma concentrations above 30 Jlg/ml ataxia and bulbar speech appear 
(KUrT et al. 1964). At plasma concentrations above 40 Jlg/ml impaired memory 
and reduced intellectual performance may set in (KUTT et al. 1964). 

Marked bulbar speech, nystagmus on straight forward gaze, loss of appetite, 
vomiting, and weight loss may occur, frequently together with increasing apathy 
and sedation. Neurological and psychiatric syndromes are discussed in Sect. 
C.II.I. At plasma concentrations above 60 Jlg/ml the patient may develop somno
lence and coma (KUTT et al. 1964). 

Hypersensitivity reactions with exanthema have also been recorded (HARUDA 
1979). No significant hemodynamic side effects are seen in otherwise healthy 
epileptic patients, as reviewed in Sect. C.II.8.c. Gingival hyperplasia and hirsut
ism may develop (Sect. C.II.8. b). Fatal intoxications with phenytoin have been re
ported with a plasma concentration of 94 Jlg/ml 24 h after ingestion (LAUBSCHER 
1966). On the other hand, patients have survived the ingestion of 3.9-21.5 g 
phenytoin and plasma concentrations of 112 Jlg/ml with subsequent peritoneal 
dialysis (THEIL et al. 1961; TENCKHOFF et al. 1968). Children have tolerated doses 
of up to 300 mg/kg and plasma concentrations of 108-112 Jlg/ml (WILDER et al. 
1973; PRUITT et al. 1975). It is therefore difficult to give a reasonable estimate of 
the mean lethal dose of phenytoin. 

The most common cause for phenytoin intoxications is a dose increment of 
more than 50 mg, which disregards the nonlinear pharmacokinetics of phenytoin 
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at plasma concentrations of above 15-20 ~g/ml, where a small dose increment re
sults in a steep rise in the plasma concentration. Another common factor is the 
interaction with other drugs, either antiepileptic drugs or other medications. 

Hemodialysis, forced diuresis, peritoneal dialysis, or complete substitution 
transfusion and charcoal hemoperfusion have had little clinical effect in patients 
with phenytoin intoxication. Intensive care treatment with control of the plasma 
concentration is most successful. 

b) Mephenytoin 

The side effects of mephenytoin range from harmless eosinophilia, lymphadeno
pathy, sedation, and allergic exanthemas in about 5% of the patients (LOSCALZO 
1952) up to occasionally fatal aplastic anemias (ABBOTT and SCHWAB 1954). Al
together, about 3% of the patients treated with mephenytoin develop serious 
aplastic anemia (see Sect. C.II.2). 

c) Miscellaneous Hydantoins 

Methetoin, I-methyl-5,5-phenylethylhydantoin, is as effective as phenytoin but 
has more severe side effects, including exanthema (10%), drowsiness (18%), and 
leukopenia (3 %) (LoGOTHETIS 1967). Side effects of ethotoin are thought to occur 
less frequently than with phenytoin. They include exanthema (2%), anorexia and 
vomiting (3%), lymphadenopathy, drowsiness, nystagmus, and ataxia. Gingival 
hyperplasia and hirsutism are not reported (MILLICHAP 1972). 

Reports on the clinical toxicity of albutoin include exanthema, nausea, vomit
ing and abdominal discomfort and weight loss (CEREGHINO et al. 1972; MIL
LICHAP 1972). 

2. Phenobarbital 

In spite of a number of reports on the antiepileptic effects of phenobarbital, which 
is the oldest of the modern antiepileptic drugs, specific studies on its side effects 
in adult patients are scarce. PATEISKY and PRESSLICH (1970) reported drowsiness, 
vertigo, impaired sexual potency, leukopenia, tachycardia, and bulbar speech as 
side effects in 15 out of 40 adult patients receiving Barbexaclone (N-benzoyl-phe
nobarbital). Unfortunately the corresponding plasma concentrations were not 
available. Most studies on adverse effects were conducted on children with febrile 
convulsions, and it was discovered that over half of the patients showed adverse 
effects at plasma concentrations of 10-12 ~g/ml (THORN 1975). A recent report 
summarized the potential risk of phenobarbital treatment for febrile convulsions 
(Consensus Statement 1980). Side effects or toxic reactions were reported in up 
to 40% of infants or children receiving phenobarbital. These reactions included: 
(1) behavioral changes with hyperactivity up to extreme irritability, and only 
rarely somnolence, (2) disturbances in sleep rhythms with prolonged nocturnal 
waking periods, and (3) interference with higher cortical or cognitive functions, 
e.g., inattentiveness, impaired short-term memory, or reduced general compre
hension. The therapy was discontinued in up to one-third of the patients (12% 
- 32%) (THORN 1975; HECKMATT et al. 1976; WOLF et al. 1977) due to hyperactivity 
behavioral disturbances, loss of sleep, drowsiness, exanthema, and ataxia. Drow-
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siness is undoubtedly the most frequent complaint of patients receiving phenobar
bital. It usually begins at the onset of treatment and mostly subsides in a few 
weeks, probably due to the development oftolerance to the sedative action. Dur
ing long-term treatment adult patients show sedation and ataxia (sometimes 
without nystagmus) at plasma levels of 50-60 J,1g/ml and above. Impaired concen
tration, lack of appetite, and loss of initiative may be due to phenobarbital intoxi
cation. 

At plasma levels of 80 J,1g/ml, patients who are under long-term treatment 
show ataxia of the trunk, nausea, vomiting, and nystagmus. If the plasma values 
rise above 100 J,1g/ml phenobarbital, the patient becomes soporous. A coarse, 
continuous nystagmus becomes apparent as well as the inability to sit upright in 
bed due to severe dizziness and ataxia of the trunk. At plasma levels above 120 
J,1g/ml, the patient becomes comatose (HANCOCK 1974). Such high plasma levels 
are tolerated only in chronically treated epileptic patients who have developed a 
tolerance for the sedative effect of phenobarbital. 

The sudden withdrawal of phenobarbital from epileptic patients may lead to 
withdrawal symptoms, including exacerbation of seizures that sometimes pro
ceeds to a status epilepticus (BUCHTHAL et al. 1968). Even neonatal infants of 
epileptic mothers who took phenobarbital during pregnancy suffer from with
drawal symptoms like irritability, hypotonia, and vomiting (ERITH 1975). 

The lethal dose varies from 4 to 6 g for previously untreated patients 
(MOESCHLIN 1972). On the other hand, a dose of 25 g was survived (PUKA and 
SZAJEWSKI 1975). Forced diuresis and alkalinization may improve the rate of sur
vival. Activated charcoal impairs the absorption of phenobarbital and may be 
given in severe intoxications. 

3. Primidone 
In spite of its early introduction in 1952, only a few studies have investigated the 
adverse effects of primidone. During treatment with primidone, sedative side ef
fects and ataxia occur in about 20% of the patients, usually at plasma levels of 
more than 8 J,1gJml primidone. At a daily dose of more than 2,000 mg, lethargy, 
dysarthria, ataxia, and difficulties in getting up in the morning are reported in 
one-third of patients (RODIN et al. 1976). Primidone treatment has had to be dis
continued in 10%-20% of all patients due to adverse effects (e.g., TROLLE 1961). 

Most of the side effects occur during the onset of primidone treatment. Ver
tigo, nausea, vomiting, drowsiness, and ataxia are usually caused by a high initial 
dose and can be avoided by a gradual increase in total dose. Among previously 
untreated patients, the initial adverse effects are in large part due to primidone 
rather than its metabolites phenobarbital or phenylethylmalonamide (PEMA) 
(BRILLMAN et al. 1974). Phenobarbital, one of the major metabolites of primi
done, usually appears in the serum of patients 24-96 h after initiation of therapy 
(FINCHAM et al. 1974). If the patient has already received antiepileptic drugs such 
as phenobarbital, phenytoin, or carbamazepine, the primidone dose can be in
creased more rapidly because the patient has developed a tolerance (GALLAGHER 
et al. 1973). This tolerance is due to pharmacokinetic changes, with an increased 
metabolism of primidone, and to the development of a functional adaptation in 
the brain (GALLAGHER et al. 1973). At serum primidone levels in excess of 100 J,1g/ 
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ml, dysarthric speech, ataxia, and somnolence or sopor are usually present. Nys
tagmus may not be seen in all patients. 

Despite a dose reduction or withdrawal the phenobarbital levels may continue 
to rise in the next 24 h. The plasma concentration of primidone falls rapidly with 
a biological half-life of 15 h (BRILLMAN et al. 1974). At less than 80 Ilg/ml primi
done, the patients are tired and nystagmus becomes evident; vertigo, nausea, nys
tagmus, ataxia, and dysarthria recede within the next 2 days. After 5 days the 
patients are generally neurologically normal. 

The abrupt discontinuation of primidone can lead to withdrawal symptoms 
such als sleeplessness, irritability, tremor, and grand mal. The symptoms do not 
appear during the rapid drop in primidone plasma levels but rather between the 
5th and 11 th day after discontinuing primidone, when phenobarbital seems to fall 
below a critical level (personal observation). 

Fatal intoxications have very rarely been reported with primidone alone 
(MORLEY and WYNNE 1957), primidone and phenobarbital (FAZEKAS and RENGEL 
1960), and primidone and methsuximide (JOHNSON et al. 1976). During the first 
24 h of an intoxication with plasma concentrations of more than 100 J.1g/ml 
primidone, white shimmering primidone crystals can be observed in the urine as 
sediment (MORLEY and WYNNE 1957). Treatment ofprimidone intoxication con
sists offorced diuresis or dialysis. 

4. Carbamazepine 

Side effects occur in approximately one of three patients during treatment with 
carbamazepine. The list of adverse effects is long, with drowsiness, diplopia, 
ataxia, exanthema, vertigo, leukopenia, nystagmus, headaches, tremor, dry 
mouth, and behavioral disturbances appearing in order of decreasing frequency 
(SCHMIDT and SELDON 1982). Most of the side effects are mild, transient, and dose 
dependent. A correlation between serum carbamazepine levels and side effects 
has been reported (TOMSON et al. 1980). During multiple-drug therapy side effects 
are seen more often due to drug interactions. 

Exanthema occurs in about 3.7% of patients and is usually treated by the 
withdrawal of carbamazepine (GAYFORD and REDPATH 1969). Bone marrow de
pression, leukopenia, or aplastic anemia may be dose-dependent side effects or 
hypersensitivity reactions. In one case, carbamazepine caused a double quotidian 
fever in a patient with no other adverse reactions or evidence of hypersensitivity 
(STEWART et al. 1980). Ingestion of 20 g (100 tablets) (GRUSKA et al. 1971) and 
plasma concentrations of 35 Ilg/ml registered 5 h after ingestion were not fatal. 
Recently two fatal intoxications were reported by KRARUP and MOGENSEN (1981). 
Overdosage with carbamazepine results in tremor, agitation, and changes in re
flexes, followed by reduced levels of consciousness, hypertension, and coma. 
Treatment should be supportive. 

5. Valproic Acid 

Side effects are seen in about a fourth of the patients treated with valproic acid 
only. These include increased appetite, hair loss, sleepiness, tremor, paresthesias, 
increased weight, and drowsiness. The sedative side effects often seem to be due 
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to a rise in the phenobarbital plasma concentration when valproic acid is added 
to phenobarbital (SIMON and PENRY 1975; PINDER et al. 1977; RUUSKANEN et al. 
1979). Gastrointestinal discomfort, nausea, and vomiting are noticeably rarer 
when enteric-coated preparations are taken (JOHANNESSEN and HENRIKSEN 1980; 
SHERARD et al. 1980). Hematological side effects ofvalproic acid are reviewed in 
Sect. C.II.2. Acute liver failure or pancreatitis have recently raised doubts about 
the choice ofvalproic acid as the preferred drug for primary generalized epilepsies 
(see Sect. C.II.5). However, a mild increase in transaminase levels in asympto
matic patients has little clinical significance and is reversible upon dose reduction 
(see Sect. C.II.5). Exposure to valproic acid during early pregnancy has been as
sociated with an increased presumptive risk for neural tube defects in the off
spring as reviewed in Sect. C.II.4. WILDER et al. (1978) report a rare case of a hy
persensitivity reaction with exanthema due to valproic acid. BOWDLE et al. (1979) 
reported an acute intoxication with drowsiness, reduced ability to concentrate, 
malaise, stammering or slurred speech, and frequent bad dreams in six volunteers 
given 1-1.5 g valproic acid daily. CHADWICK et al. (1978) described two epileptic 
patients who developed an acute toxic encephalopathy. STEIMAN et al. (1979) de
scribed a coma in a 19-month-old boy (11 kg) who accidentally ingested about 
2,250 mg valproic acid. Naxolone (0.01 mg/kg) was given intravenously, and 
within 3 minutes the infant awoke and was able to sit up. There have been rare 
cases of coma during valproic acid therapy, but whether they are caused by val
proic acid alone or are due to a phenobarbital intoxication is unclear since few 
patients received valproic acid alone, and since the plasma concentrations were 
not determined in all patients receiving additional antiepileptic drugs. TIFT (1980) 
reported one case ofvalproic acid-induced fatal coma after a high initial dose. An 
autopsy revealed massive pulmonary edema. 

6. Trimethadione 

LIVINGSTON and BoKS (1955) reported photophobia in 20% of 1,200 children 
treated with trimethadione. In addition, they reported diplopia, vertigo, increased 
irritability, drowsiness, headaches, insomnia, and personality and behavioral 
changes in their patients. In 3% of the patients exanthemas were seen. Exanthema 
was associated with pancytopenia, fever, arthralgia, and hepatitis in isolated cases 
(LIVINGSTON and BOKS 1955). In 4% of the cases hiccups occurred during early 
treatment and subsided spontaneously. Fatal cases due to hematological disor
ders have been reported (DREYER 1959). Furthermore, trimethadione was held re
sponsible for the development of nephrotic syndromes in several cases (CHAMBER
LIN et al. 1965). 

7. Succinimides 

a) Ethosuximide 

Ethosuximide produced adverse effects in 112 out of 694 patients (16%). These 
were either gastrointestinal complaints including hiccups or rare psychiatric com
plications. The medication was discontinued in 5% (33 out of 694) of the cases 
due to insomnia, psychotic episodes, dyspepsia, aplastic anemia, or vomiting 
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(SCHMIDT 1981 a). Occasionally the patients complain of agonizing headaches. 
One case of a fatal aplastic anemia occurring during ethosuximide treatment is 
worth mentioning (FISCHER et al. 1965); however, the patient also received 
acetazolamide and mephobarbital. Despite anecdotal reports there is no good 
clinical evidence that ethosuximide contributes to the exacerbation of generalized 
tonic-clonic seizures (LORENTZ DE HAAS and KUlLMAN 1964). 

b) Methsuximide 

Methsuximide led to adverse effects in every third patient (STRONG et al. 1974). 
Furthermore, the incidence of side effects is higher with multiple-drug therapy 
due to a methsuximide-induced increase in the plasma concentrations of 
phenytoin or phenobarbital. Gastrointestinal symptoms like nausea and hiccups 
are secondary to the sedative side effects (SCHMIDT 1981 a). 

In two patients with an overdose ofmethsuximide, coma developed which was 
fatal in one case (KARCH 1973; BAEHLER et al. 1980). In both cases, N-desmethyl
methsuximide, a metabolite of methsuximide, was primarily responsible for the 
CNS depression. 

8. Benzodiazepines 

a) Clonazepam 

Clonazepam often causes side effects as demonstrated by 334 out of 674 patients 
(50%) in uncontrolled studies (SCHMIDT and SELDON 1982). In controlled studies 
the incidence rose to 72% (60%-74%). In most cases, however, they were mild 
and reversible (PINDER et al. 1976; BROWNE 1978). Nonetheless, in 6%-10% of 
all cases clonazepam had to be discontinued, i.e., several times more often than 
reported for either ethosuximide or valproic acid treatment. 

The most common side effect is sedation, followed by muscular hypotonia 
and ataxia. Hypersalivation also occurs, accompanied by increased bronchial se
cretion, which can create respiratory insufficiency. Finally, it has been suggested 
that clonazepam induces tonic seizures (BITTENCOURT and RICHENS 1981). 

Behavioral disturbances may be associated with clonazepam treatment, espe
cially in children. The affected children are variously described as irritable, ag
gressive, and excitable (BROWNE 1976; see Sect. C.I1.1). An additional difficulty 
is the incidence of ictal withdrawal symptoms (BROWNE 1978) and the develop
ment of tolerance to the anticonvulsant effect. WELCH et al. (1977) described 
cyclic coma in a case of clonazepam overdose in which agitated alertness alter
nated with unresponsive coma with pinpoint pupils. 

b) Diazepam 

The most serious but fortunately rare side effects after intravenous injection of 
diazepam are apnea, hypotension, cardiac arrest, and obtundation. After intrave
nous administration for status epilepticus mild to severe hypotension or respira
tory depression occurred in 5.2% of 246 patients, including one fatal case with 
additional sedative medication (SCHMIDT 1982a). In otherwise apparently healthy 
patients with epilepsy slow intravenous administration usually produces no clini-
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cally significant hypotension or hypoventilation (NIEDERMEYER 1970). The patho
genesis of the hypotensive and respiratory depressant action of diazepam may in
volve the solvent propylene glycol (MATTSON 1972). Risk factors for increased in
cidence of side effects include additional intake of drugs such as barbiturates, li
docaine/epinephrine, methaqualone, chlordiazepoxide, and even a rapid (bolus) 
injection of as little as 2.5 or 5 mg. Dose-dependent side effects such as drowsi
ness, ataxia, and dizziness are seen in up to 10%-40% of patients at the onset of 
oral treatment (BROWNE and PENRY 1973). 

Diazepam and N-desmethyldiazepam are transferred through the placenta 
and will remain in neonatal plasma for several days, causing mostly sedative ef
fects and muscular hypotonia (ANDRE et al. 1973), especially in premature babies 
with sligthly lower Apgar scores (ROSANELLI 1970), and possibly neonatal with
drawal symptoms (REMENTERIA and BHATT 1977). Usually mild thrombophlebitis 
occurs in about 3%-7% of all patients after intravenous administration (LANG
DON et al. 1973). There are reported cases of accidental intra-arterial injection 
leading to extensive tissue necrosis and amputation (GOULD and LINGAM 1977). 

c) Nitrazepam 

Nitrazepam is primarily utilized as an adjunct to standard anticonvulsant drugs 
and causes mostly mild side effects in the majority of patients. In 15% of patients 
the drug had to be discontinued due to drowsiness, ataxia, bulbar speech, and an 
increase in the seizure frequency (PETERSON 1967; SNYDER 1968). Increased saliva
tion, drooling, and bronchial secretion increase the risk of pneumonia (MIL
LICHAP and ORTIZ 1966). HIRSCH (1968) reported that a l5-year-old girl survived 
ingestion of 130 mg nitrazepam. 

9. Miscellaneous Antiepileptic Drugs 
a) Acetazolamide 

The toxicity of acetazolamide was extensively reviewd by WOODBURY (1972), who 
considers it as one of the least toxic of the antiepileptic drugs. Apart from hyper
sensitivity reactions, all adverse effects appear to be related to the inhibition of 
carbonic anhydrase. Acetazolamide may impair the absorption of primidone (Sy
VERSEN et al. 1977). 

b) Adrenocorticotrophic Hormone, Corticoids 

Treatment of infantile spasms with adrenocorticotrophic hormone (ACTH) or 
corticoids leads to side effects in up to one-third of the treated children (with a 
mortality of 4.9%) (RIIKONEN and DONNER 1980). The authors describe oliguria 
and hyperkalemia leading to tubular necrosis, and infections, which were more 
common with large doses of ACTH (120 units) than with small ones (40 units). 
Other adverse effects include arterial hypertension; Cushing syndrome; osteo
porosis; electrolyte disturbances; stomach, intestinal, and intracerebral hemor
rhages; heart failure secondary to excessive fluid retention; sometimes fatal septic 
infections; pneumonias; and urinary and gastrointestinal infections (LACY and 
PENRY 1976). During ACTH treatment a transient increase ofthe internal and ex
ternal subarachnoid space was detected by cranial computed tomography (MAE
KAWAetal. 1980). 
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c) Beclamide 

Several patients complained about nausea and anorexia (WILSON et al. 1959). 

d) Bromides 

Nowadays bromides are used only rarely in patients who do not tolerate barbi
turates or hydantoins due to a porphyria (MAGNUSSEN et al. 1975) or as a last re
sort in drug treatment of intractable epilepsy or in patients with anticonvulsant
induced aplastic anemia. MOSES and KLAWANS (1979) accumulated a comprehen
sive list of symptoms of bromide intoxication. 

e) Sulthiame 

The acute toxic effects of sulthiame have recently been reviewed by GREEN and 
KUPFERBERG (1972) and PLAA (1975). Over one-third of the patients receiving sul
thiame demonstrate side effects. Tachypnoea, paresthesia, and weight loss are pe
culiar side effects of sulthiame. Gastrointestinal disturbances, weight loss, dizzi
ness, and ataxia are among the frequent adverse effects (SCHMIDT and SELDON 
1982). In one patient a polyneuropathy was observed during sulthiame treatment 
(FILIPIDIS and SUCHENWIRTH 1968). An overdose of sulthiame (LAUBENTHAL and 
RAFFAUF 1963; ROCKLEY 1965), which ended fatally in one case (AHREND et al. 
1969), and acute renal failure during sulthiame treatment (A VIRAM et al. 1965) 
have been reported. 

II. Antiepileptic Drug-Induced Diseases 

1. Neurological and Psychiatric Disorders 
Including Neuropsychological Disturbances 

a) Neurological Disorders 

A vestibular-cerebellar syndrome with gaze nystagmus, ataxia, and dysarthria 
may develop at high plasma concentrations of individual antiepileptic drugs 
(PLAA 1975). Cerebellar atrophy or degeneration (McLAIN et al. 1980), a diffuse 
loss ofPurkinje cells (GHATAK et al. 1976), and lamellar inclusions in the cerebel
lar cortex (DEL CERRO and SNIDER 1970) were reported in epileptic patients treat
ed with phenytoin. The available equivocal evidence suggests that phenytoin may 
contribute to cerebellar degeneration in high-risk patients (see SCHMIDT and SEL
DON 1982). In some patients a so-called anticonvulsant encephalopathy has been 
observed with progressive mental deterioration, brain stem and cerebellar signs, 
electroencephalographic changes, and an increased seizure frequency during 
treatment with phenytoin (LEVY and FENICHEL 1965; MEISTRUP-LARSEN et al. 
1979), carbamazepine (SALCMAN and PIPPENGER 1975), and valproic acid (CHAD
WICK et al. 1978; COULTER and ALLEN 1980b). Furthermore, diazepam or nitraze
pam may induce tonic seizures or even status epilepticus (TASSINARI et al. 1972; 
BITTENCOURT and RICHENS 1981). Tremor may develop during treatment with 
valproic acid (HYMAN et al. 1979), phenytoin (GITLIN and MORRIS 1976), and 
primidone (FORMAN et al. 1979). A transient, total external ophthalmoplegia and 
a loss of oculovestibular and oculocephalic reflexes may develop in comatose 
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patients with phenytoin or primidone intoxication (ORTH et al. 1967; SPECTOR et 
al. 1976). Transient hemiplegia and pathological grasp reflexes have been report
ed in single cases and in doubtful relation to drug treatment. Increased CSF pro
tein, cell count, and meningeal irritation have been associated with phenytoin 
treatment (see REYNOLDS 1975). Facial hyperkinesia, choreoathetosis, brady
kinesia, dyskinesia, and asterixis have been observed quite often without other 
signs of CNS drug toxicity. Phenytoin may also intensify phenothiazine-induced 
tardive dyskinesia. A mild, mostly sensory polyneuropathy has been noted in 
8.5%-18 % of epileptic patients receiving long-term treatment with phenytoin, of
ten together with other anticonvulsants (So and PENRY 1981). Anticonvulsant-in
duced EEG changes are dependent on the type of drug and its plasma concentra
tion and on as yet less well-defined individual factors (SCHMIDT 1982b). 

b) Psychiatric Disorders 

Somnolence, stupor, and finally a comatose state may develop with toxic plasma 
concentrations (ROSEMAN 1961; WILDER and RAMSAY 1974). In some patients 
confusion or "hysterical" behavior may be the leading psychopathological man
ifestations of antiepileptic drug toxicity (NIEDERMEYER et al. 1970). SHERARD et al. 
(1980) reported on five patients who were treated with barbiturates and showed 
emotional upset, aggression, or hyperactivity when valproic acid was added. But 
the symptoms remitted when the barbiturate dosage alone was reduced. At plas
ma levels above 100 Jlg/ml valproic acid alone may lead to altered behavior and 
confusion (CHADWICK et al. 1978). A high plasma concentration or clinical drug 
toxicity is, however, not necessarily present in patients developing anticonvul
sant-induced psychotic episodes. McDANAL and BOLMAN (1975) described a de
layed, phenytoin-induced psychotic episode at phenytoin plasma concentrations 
of as low as 3.2 Jlg/ml. ROSEMAN (1961) described a case of delirium following 
phenytoin withdrawal. Finally, a so-called "alternative psychosis" may develop 
when seizures have been controlled and epileptic discharges have disappeared 
from the EEG (LANDOLT 1956). Ethosuximide seems to be more often involved 
than other antiepileptic drugs in the development of alternative psychoses. Val
proic acid, in contrast, does not seem to precipitate alternative psychoses. The 
clinical features of these acute psychotic episodes include paranoid thoughts and 
sometimes hallucinations heralded by insomnia, withdrawal, and anxiety. 

c) Neuropsychological Disturbances 

The correlation between antiepileptic drug treatment and impairment of cogni
tive function or behavior is difficult to evaluate (TRIMBLE and REYNOLDS 1976; 
STORES 1975; TRIMBLE 1983). There are only a few prospective neuropsychological 
studies of epileptic patients before and during treatment with antiepileptic drugs. 
Thus there are often methodological difficulties in defining the psychological 
status prior to the epilepsy and the influence of antiepileptic drugs or the effect 
of seizures on the neuropsychological status. We will therefore shortly summarize 
the relatively few studies on specific neuropsychological side effects of the individ
ualdrugs. 

The neuropsychological effects of 1-30 months of treatment with 
ethosuximide and phenobarbital have been tested by GUEY et al. (1967). The 
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Wechsler IQ test for children indicated decreasing IQs. The score of the Bender 
test of visual retention dropped in 60% of the patients. The Rorschach test indi
cated an increase in stereotyping and aggressivity in eight out of one nine patients. 
BROWNE et al. (1975) tested language, perception, motor performance, intelli
gence, and cognition in 37 children with previously untreated absences. Out of the 
37 patients 17 improved their performance; only one achieved a lower score. 

Several studies have compared the neuropsychological effects of carba
mazepine with those of other anticonvulsants. Patients treated with carba
mazepine showed fewer psychopathic changes on the Minnesota Multifactorial 
Personality Inventory and fewer depressive tendencies than those treated with 
primidone (RODIN et al. 1974) or phenytoin (DODRILL and TROUPIN 1977). 
SCHAIN et al. (1977) replaced primidone, phenobarbital, or phenytoin by carba
mazepine and found an increased attentiveness in 37 out of 45 epileptic children. 
In a double-blind study of 22 patients who were difficult to treat, DODRILL (1975) 
found consistently worse neuropsychological test results and more frequent sei
zures during therapy with sulthiame compared with treatment with phenytoin 
alone. Negative effects of phenytoin on learning were shown by ROWLEY and 
GAURON (1977). THOMPSON (1983), in a recent review suggested that there is little 
evidence that phenytoin has any adverse effects on behavior; on the other hand, 
it may have a detrimental effect on cognitive functions, especially at high plasma 
concentrations. Valproic acid would seem to be the compound with the least in
fluence on cognitive and behavioral impairment when compared with phenytoin 
or phenobarbital (TRIMBLE 1982). 

Phenobarbital and primidone are usually thought to have sedative side effects. 
Surprisingly, few controlled studies have been performed. HUTT et al. (1968) and 
IDESTROM et al. (1972) found a decrease in attentiveness related to the plasma con
centration of phenobarbital and phenytoin. WAPNER et al. (1962), in a study of 36 
epileptic children, noted no change in learning abilities after 6 weeks of treatment 
with phenobarbital. The exacerbation of hyperkinetic syndromes among children 
treated with phenobarbital was recognized early (OUNSTED 1955). In a careful 
prospective study on the influence of phenobarbital on the psychomotor develop
ment and behavior in preschool children with convulsions, a transient deteriora
tion of fine motor functions and behavioral disturbances was found in most chil
dren during the first weeks and months. The problems subsided thereafter and at 
a I-year follow-up, the drug-induced changes had disappeared (HELLSTROM and 
BARLACH-CHRISTOFFERSEN 1980). This report underlines the need for further stud
ies on the correlation of adverse behavioral effects and impairment of cognitive 
function of pheno barbital to its plasma concentrations. 

It is quite possible that antiepileptic drugs contribute to or exacerbate under
lying behavioral or neuropsychological disturbances of the individual patient. If 
that is the case, it may be possible to define subgroups of epileptic patients who 
are especially vulnerable to neuropsychological side effects of antiepileptic drugs. 

2. Blood Discorders Including Lymphoma 
a) Aplastic Anemia (Panmyelopathy, Pancytopenia) 

Mephenytoin is most frequently incriminated in the development of anticonvul
sant-induced aplastic anemia (DREYER 1959; HEIMPEL 1974). Rare case reports in-
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clude phenytoin, primidone, trimethadione, ethosuximide, phenacemide, meth
suximide, and 3-methyl-5-phenylhydantoin and carbamazepine (PISCIOTIA 1975; 
REYNOLDS 1975; SCHMIDT and SELDON 1982). Aplastic anemia may appear from 
2 weeks to 2 years after the onset of treatment (DREYER 1959; ROBINS 1962; 
PISCIOTTA 1975) and usually includes anemia, thrombocytopenia, and leukopenia 
accompanied by neutropenia. Phenytoin has been implicated in the development 
of reversible erythroid aplasia and a dose-related panmyeloid hypoplasia 
(PARKER and GUMNIT 1974). Early diagnosis of aplastic anemia is essential. Any 
fever of unknown etiology accompanied by general weakness and anemia is sug
gestive of aplastic anemia. Even frequent differential blood counts have no good 
predictive value for the usually rapid development of aplastic anemia. The mor
talitymaybe as high as 77% (ISAACSON et al. 1956; ROBINS 1962). 

b) Megaloblastic Anemia 

Megaloblastic anemia develops in about 0.15%--0.75% of patients receiving an
ticonvulsants (see REYNOLDS 1975). In the great majority of cases, it has been as
sociated with phenytoin alone or in combination with phenobarbital, primidone 
alone or in combination with phenobarbital, mephenytoin, or the combination 
of phensuximide and phenobarbital (see SCHMIDT and SELDON 1982). Megalo
blastic anemia may appear 1 month to 21 years after starting anticonvulsant 
treatment. The patients often have additional psychiatric symptoms. Macrocyto
sis (in the absence of anemia) has been observed in 30%--40% of all patients being 
treated with phenytoin or phenobarbital. Macrocytosis is thus much more 
frequent but apparently oflittle clinical relevance. 

The pathogenesis of megaloblastic anemia has not been conclusively deter
mined, but folate deficiency is primarily implicated (see SCHMIDT and SELDON 
1982). CHASSAGNON et al. (1967) suggest folic acid substitution with 5-25 mg dai
ly; however, as little as 500 Ilg daily has produced remission (FLEXNER and HART
MANN 1960). Withdrawal of the anticonvulsant is usually not necessary. 

c) Folate Deficiency 

Low serum folate levels without anemia have been noted in 10%-91 % of epileptic 
patients (NORRIS and PRATI 1974; see REYNOLDS 1975). The pathogenetic mech
anism is controversial (see REYNOLDS 1975). Uncontrolled studies and individual 
case histories led to the fear that the substitution of folate could precipitate sei
zures or psychiatric complications (REYNOLDS 1975). This was not confirmed in 
controlled studies (NORRIS and PRATI 1974). At present no definite disorder can 
be attributed to lowered folate levels in nonanemic patients. Therefore, substitu
tion therapy is not recommended. In addition, administration of folate lowers the 
plasma concentrations of phenytoin or phenobarbital. 

No vitamin B12 deficiency has yet been discovered among patients treated 
with antiepileptic drugs (CARNEY 1969). Hypochromic anemia has been observed 
in individual cases during treatment with ethosuximide and phensuximide (WEIN
STEIN and ALLEN 1966). 

Acquired hemolytic anemia secondary to autoantibodies has been diagnosed 
during treatment with phenytoin and mephenytoin in some patients (SNAPPER et 
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al. 1953). Some patients develop a syndrome resembling infectious mononucleo
sis during the first weeks of phenytoin therapy (KLECKNER et al. 1975). 

d) Agranulocytosis and Leukopenia 

Agranulocytosis has been observed usually during the first 3 months of treatment 
with phenytoin alone, phenobarbital, ethosuximide, carbamazepine, trimetha
dione, and mephenytoin, as well as with a multiple-drug therapy with carba
mazepine (PISCIOTTA 1975; REYNOLDS 1975; SCHMIDT and SELDON 1982). 
Agranulocytosis is usually associated with other signs of hypersensitivity, e.g., fe
ver, rash, splenomegaly, eosinophilia, lymphadenopathy and increased serum 
glutamic oxaloacetic transferase or serum glutamic pyruvic transferase values. 
Antibody-mediated suppression of granulopoiesis has been suggested to be a ma
jor mechanism in the induction of agranulocytosis (T AETLE et al. 1979). 

Leukopenia and a slight thrombocytopenia may develop during the first 3 
weeks of treatment with phenytoin or carbamazepine, even at low plasma levels, 
and disappear during the treatment without a reduction in the dose of the drug. 
Unfortunately long-term studies on this effect of carbamazepine or phenytoin are 
lacking. Lymphocytopenia has been reported with phenytoin therapy by MAC
KINNEY and BOOKER (1972). This was not confirmed by SEAGER (1976). 

e) Lymphadenopathy 

Patients receiving anticonvulsant therapy may develop significant lymphadeno
pathy as part of a hypersensitivity reaction usually 1 week to 4 months after the 
onset of treatment. The diagnosis may be difficult and lymph node biopsy may 
be misleading (SALTZSTEIN and ACKERMAN 1959; SPARBERG 1963). A number of 
drugs have been implicated. These include phenytoin alone (LAPES et al. 1976 b; 
SEYFEDDINIPUR 1976), phenobarbital (MCGEACHY and BLOOMER 1953), trimetha
dione, mephenytoin, phensuximide, and ethotoin (SALTZSTEIN and ACKERMAN 
1959; HYMAN and SOMMERS 1966). Withdrawal of the offending drug is followed 
by regression of the lymphadenopathy within 1-2 weeks, but it can recur after re
exposure (SEYFEDDINIPUR 1976). Very rarely a malignant lymphoma may develop 
from benign lymphadenopathy (LAPES et al. 1976 a). 

f) Malignant Lymphoma 

Malignant lymphoma has been observed among patients after 2-28 years of treat
ment with phenytoin (BICHEL 1975) and a combination of phenobarbital with me
phobarbital or primidone and ethosuximide (SALTZSTEIN and ACKERMAN 1959; 
ANTHONY 1970; LI et al. 1975). In contrast to the benign lymphadenopathies, the 
histologically and clinically malignant lymphomas usually appear after year-long 
therapy and without signs of hypersensitivity. If discontinuation or substitution 
of the drug brings no remission, a malignant lymphoma may be suspected (AL
BERTO et al. 1971). Hodgkin's disease (LEDERLIN et al. 1976) and a lymphosar
coma and immunoblastic lymphadenopathy (LAPES et al. 1976b) were associated 
with phenytoin treatment (THIBAUT et al. 1976). 

g) Thrombocytopenia 

Isolated thrombocytopenia without megaloblastic anemia has been rarely ob
served during treatment with phenytoin (FINCHAM et al. 1979), acetazolamide 
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(BERTINO et al. 1957), primidone (PARKER 1974), phenobarbital, valproic acid 
(STOLZIS and SCHEFFNER 1975; SMITH 1976), clonazepam (VEALL and HOGARTH 
1975), and carbamazepine (CEREGHINO et al. 1975). Thrombocytopenia is usually 
accompanied by other hypersensitivity reactions like lymphadenopathy, exanthe
ma, fever, and eosinophilia. JOIST et al. (1973) found that phenobarbital impairs 
platelet function as measured by in vitro tests. 

RICHARDSON et al. (1976) noticed a decrease in the number of thrombocytes 
in asymptomatic children under treatment with valproic acid. They believed the 
reduction to be caused by an inhibition of the thrombocyte aggregation. Studies 
by VOSS et al. (1976). SUTOR and JESDINSKy-BUSCHER (1976), WINFIELD et al. 
(1976), and BRAUN and HELWIG (1977) on a total of nine children found he
matomas, nose-bleeding, and increased bleeding after operations, partly associ
ated with high doses of valproic acid alone and plasma concentrations up to 244 
Ilg/ml. Stopping the valproic acid treatment improved the clinical and laboratory 
findings (BRAUN and HELWIG 1977). 

TARGAN et al. (1975) described a case of purpura fulminans with disseminated 
intravascular clotting occurring 4 weeks after the beginning of phenytoin therapy. 

h) Coagulation Defects 

Cases of neonatal hemorrhage after maternal anticonvulsant therapy have been 
reported (see Sect. C.II.4.c). 

3. Immunological Disorders 

a) Immunoglobulins 

Low serum immunoglobulin A levels of less than 0.6 mg/ml are found in about 
12% of epileptic patients treated with phenytoin (AARLI 1980). An IgA deficiency 
with less than 0.05 mg/ml appears in 2%-15% of phenytoin-treated patients. On 
the other hand, in some patients phenytoin may even lead to an increase in serum 
IgA concentrations (AARLI 1980). In contrast to phenytoin, carbamazepine seems 
to raise IgA serum levels, at least in patients not previously exposed to phenytoin 
(STRANDJORD et al. 1980). 

A number of reports indicated a relationship between IgA deficiency and pri
mary generalized epilepsies of hereditary origin (FONTANA et al. 1976), histocom
patibility antigen HLA 2 (AARLI 1980), and a history of febrile convulsions. 

Patients with symptomatic or acquired epilepsies develop no IgA deficiency 
if left untreated or when treated with phenytoin (FONTANA et al. 1976). It is not 
known whether the observed IgA deficiency has any clinical relevance (AARLI 
1980). 

Phenytoin may also have an effect on lymphoid tissue in the gut. The number 
of IgA-containing plasma cells is reduced in biopsies of intestinal mucosa of 
epileptic children treated with phenytoin (see AARLI 1980). 

Immunoglobulins G and M have repeatedly been found to be normal or only 
slightly altered among untreated and treated epileptic patients (FONTANA et al. 
1978; AARLI 1980). 
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b) Antinuclear Antibodies 

Data concerning the occurrence of antinuclear antibodies is still preliminary and 
controversial. SINGSEN et al. (1976) found antinuclear antibodies in 14 out of 70 
children receiving ethosuximide and/or phenytoin. Such children should receive 
careful observation, but their treatment need not be changed. 

c) Cellular Immune Response 

In addition to the impairment of the humoral immune reaction, deficiencies of the 
cellular immune reaction have been reported (SEAGER et al. 1975). Whether the 
number of lymphocytes remains normal during phenytoin therapy is controver
sial (SEAGER 1976). SORRELL and FORBES (1975) found low lymphocyte counts in 
carbamazepine-treated patients. NEILAN and LEPPIK (1980) report that phenytoin 
treatment does not acutely inhibit the formation ofT-lymphocyte rosettes. Some 
patients who were treated with phenytoin or carbamazepine demonstrated de
layed hypersensitivity reactions to common antigens less often than healthy per
sons (SORRELL and FORBES 1975). It remains uncertain if or to what extent the 
deficiencies described can be attributed to the effects of medication or to specific 
characteristics of epileptic patients. The complement system is apparently not im
paired in treated or untreated epileptic patients (SORRELL and FORBES 1975). 

d) Lupus Erythematosus 

Lupus erythematosus may appear within 9 days to several years after the onset 
of treatment with phenytoin (BONARD 1964), mephenytoin (RUPPLI and VOSSEN 
1957), trimethadione (BENTON et al. 1962), primidone (ALARCON-SEGOVIA 1969), 
ethosuximide (SINGSEN et al. 1976), carbamazepine (SIMPSON 1966), or a combina
tion of drugs (SINGSEN et al. 1976). 

The pathogenesis of the lupus erythematosus syndrome has not yet been de
fined. Epilepsy may be the initial symptom of idiopathic systemic lupus erythe
matosus and may antedate other manifestations by years (FEINGLASS et al. 1976), 
so that the drugs which were given to treat the seizures could mistakenly be con
sidered the cause of the syndrome. Epileptic patients who develop the syndrome 
while under anticonvulsant therapy have a higher antinuclear antibody titer than 
other patients. However, the positive titer is frequent among epileptic patients 
and should not be considered suggestive of the lupus erythematosus sydrome 
(BEERNINK and MILLER 1973). 

Discontinuation of the antiepileptic drug and the administration of corticoids 
led to remission in 84% of cases, but 10% of patients died. If continuing anticon
vulsant therapy is necessary, emergency treatment with diazepam injections or 
chronic administration ofless often involved drugs such as phenobarbital may be 
useful. Dermatomyositis and a scleroderma-like syndrome have been rarely de
scribed in patients taking antiepileptic drugs (SCHMIDT and SELDON 1982). 

4. Adverse Effects During Pregnancy 

Antiepileptic drug treatment of a pregnant woman could have adverse effects on 
(a) the pregnancy and the delivery, (b) the prenatal development of the child, and 
(c) the postnatal development of the child. A recent workshop dealt with the 
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problems of parental epilepsy, pregnancy, and the child (JANZ et al. 1982) and in
cludes a detailed bibliography, so here we shall review only a few pertinent points. 

a) Pregnancy and Delivery 

In a recent study of7,652 deliveries in Norway, bleeding appeared to be the only 
significantly increased complication during pregnancy, labor and delivery in 
epileptic women (EGENAES 1982). HULESMAA et al. (1982) found no correlation be
tween epilepsy, drugs, and pregnancy complications. 

b) Prenatal Development of the Child 

Antiepileptic drugs could possibly adversely affect the prenatal development in 
three ways: (1) antiepileptic drug exposure could lead to a higher incidence ofma
jor malformations; this aspect deals with the teratogenicity of antiepileptic drugs; 
(2) antiepileptic drugs could possibly lead to minor anomalies in infants exposed 
to them in utero, which have been lumped together in the so-called fetal 
antiepileptic drug syndrome; (3) postnatal development could be influenced by 
exposure to antiepileptic drugs during pregnancy or through breast feeding of the 
infant. 

a) Teratogenicity. Children of epileptic mothers show malformations in about 
0,5%. i.e., about twice as often as the general population. An attempt was 
made to investigate the influence of antiepileptic drugs on the increased malfor
mation rate by comparing the incidence of malformations in children of treated 
(0,78%) and untreated (0.34%) epileptic mothers, and children of epileptic 
fathers (0.8%) (JANZ 1982). The most frequent malformations involve the car
diovascular system, cheilo- and/or palatoschisis, skeletal abnormalities, central 
nervous system, and gastrointestinal and urogenital tract (JANZ 1982). A number 
of difficult to control variables confound our insight into the role of antiepileptic 
drugs in the development of malformations. These include the difficulty of com
paring treated and untreated patients, who may differ in the clinical properties 
of their epilepsies, age, seizure frequency, and psychosocial data. In addition, 
there may be a genetic association of epilepsy and certain malformations. Several 
but not all studies have demonstrated an increased frequency of malformations 
among the relatives of malformed children (JANZ 1982). Also, children of epileptic 
fathers show a malformation incidence only slightly lower than that for epileptic 
mothers. Based on retrospective surveys exposure to valproic acid during early 
pregnancy may possibly increase the risk of neural tube defects in the offspring 
(US Public Health Service 1982). Until further clarification through prospective 
studies, treatment with valproic acid at the lowest effective plasma concentrations 
should be initiated only after careful consideration in women liable to become 
pregnant. It seems entirely possible that subsequent studies will succeed in estab
lishing high-risk subgroups of epileptic women in whom antiepileptic drugs in fact 
contribute but are not solely responsible for a higher incidence of malformations. 

f3) Fetal Antiepileptic Drug Syndrome. Apart from the major malformations 
of children of epileptic parents exposed to antiepileptic drugs during pregnancy 
a number of so-called minor anomalies have recently been observed in these chil
dren and been called fetal antiepileptic drug syndrome (Table 1). The terminol-



808 D.SCHMIDT 

ogy "fetal hydantoin syndrome" or "fetal phenobarbital syndrome" is a specific 
but inadequately supported incrimination of these drugs. The features of these 
syndromes overlap considerably, and many of the infants were exposed to several 
drugs. Therefore, the term "fetal antiepileptic drug syndrome" is preferable. 

The number of individual minor anomalies is higher in children of antiepilep
tic drug-treated mothers than in untreated epileptic mothers. Children of un
treated epileptic mothers have more minor anomalies than children of healthy 
mothers (RATING et al. 1982). Infants who were exposed to antiepileptic drugs 
during gestation and who have a malformation or more than a total of nine 
anomalies also have a poorer prognosis for normal mental development than 
others (HILL and TENNYSON 1982). The pathogenetic mechanism of the develop
ment of minor anomalies is not fully clarified. Although antiepileptic drugs are 
frequently incriminated, additional pathogenetic factors may exist. 

c) Postnatal Development of the Child 

There has been growing interest in the influence that antiepileptic drugs could 
have on the immediate and long-term postnatal development of the child exposed 

Table 1. Anomalies in the fetal antiepileptic drug syndrome. 
(HANSON and SMITH 1975) 

Growth and performance 
Motor or mental deficiency 
Microcephaly 
Prenatal growth deficiency 
Postnatal growth deficiency 

Craniofacial 
Short nose with low nasal bridge 
Hypertelorism 
Epicanthic folds 
Ptosis of eyelid 
Strabismus 
Low-set and/or abnormal ears 
Wide mouth 
Prominent lips 
Cleft palate 
Metopic sutural ridging 
Wide fontanelles 

Limb 
Hypoplasia of nails and distal phalanges 
Fingerlike thumb 
Abnormal palmar creases 
Five or more digital arches 

Other 
Short or webbed neck, low hairline 
Coarse hair 
Widely spaced, hypoplastic nipples 
Rib, sternal, or spinal anomalies 
Hernias 
Undescended testes 
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to the drugs in utero. BATTINO et al. (1982) associated intrauterine exposure to 
phenytoin, barbiturates, and trimethadione with clinical and subclinical coagulo
pathies, usually on the first postnatal day. The abnormalities are siJIlilar to the 
ones resulting from vitamin K deficiency and are reversed by vitamin Kl admin
istration. BATTINO et al. (1982) also found that prothrombin time, partial pro
thrombin time, and prothrombin activity were lower in newborns of epileptic 
mothers, but were still in the normal range. One case of bleeding occurred in 49 
neonates. Fatal neonatal hemorrhage has been reported after maternal 
antiepileptic drug therapy despite phytonadione prophylaxis at birth and addi
tional doses at the onset of bleeding (BLEYER and SKINNER 1976). A review of21 
cases of neonatal hemorrhage was given recently by BLEYER and SKINNER (1976). 
Neonatal hypocalcemia was reported after intrauterine exposure to antiepileptic 
drugs (FRIIS and SARDEMANN 1977). 

BOSSI et al. (1982) studied the adverse effects of antiepileptic drugs in newborn 
babies of epileptic women. The plasma half-lives of phenobarbital, primidone, 
carbamazepine, and valproic acid were equal to or greater than in adults and de
finitely greater than in older infants. Possible drug-related problems included 
withdrawal symptoms (6% of the cases, plus another 14% with a few signs of 
withdrawal), CNS depression (4%), and cephalohematoma (2%). Neonates ex
posed to barbiturates in late pregnancy may develop restlessness, tremor, hyper
reflexia, and vasomotor instability 6-7 days after birth. Antiepileptic drugs are 
also transferred to the breast-fed infant. Respiratory depression, hypothermia, 
and hypotonia may develop in infants of women taking more than 30 mg diaze
pam daily. The milk and serum concentrations of ethosuximide are roughly equal 
due to the minimal plasma protein binding, while the ratio is less than one for 
phenytoin, valproic acid, and carbamazepine. The drug transfer to the infant may 
result in poor sucking, perhaps due to the infant's becoming drowsy during feed
ing (KANEKO et al. 1982; GRANSTROM et al. 1982). However, opinions are still di
vided. Certainly the concentrations of medications in the breast-fed child can 
reach several micrograms per milliliter or up to 100% of the maternal plasma 
levels. Socioeconomic factors and substandard motherly care may also contribute 
adversely to the postnatal development of children of epileptic parents, but the 
role of these factors has not been adequately established. 

The long-term physical, mental, and social development of the child exposed 
in utero to antiepileptic drugs has been studied very little. The possible influence 
of antiepileptic drugs is thus difficult to estimate. In a recent Finnish study, 
antiepileptic drug treatment or epilepsy seemed to have no great effect on the de
velopment of the child during the 1st years of life (GRANSTROM 1982). In an 
Italian neuropediatric follow-up of infants born to epileptic mothers, no relation
ship between maternal drug treatment and neurological features in the offspring 
was found (LATIS et al. 1982). At school age there was no difference in psychomo
tor and mental development in children of epileptic mothers or fathers (BECK
MANNAGETTA and JANZ 1982). The possibility that antiepileptic drugs used dur
ing pregnancy may lead to unexpected, late manifestations is suggested by the re
ports of BLATTNER et al. (1977) on malignant mesenchymoma 18 years after 
prenatal exposure to phenytoin, and of PENDERGRASS and HANSON (1976) and 
SHERMAN and ROIZEN (1976) on neuroblastoma also in children exposed in utero 
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to phenytoin. In addition, HoYT and BILLSON (1978) found optic nerve hypo
plasia in children of epileptic women treated with antiepileptic drugs during preg
nancy. 

Recommendations on pregnancy counseling were recently reviewed (SCHMIDT 
and SELDON 1982). Pregnancy need not be discouraged, and abortions need not 
be routinely advised if pregnancy has occurred. Discontinuation or a dose reduc
tion of antiepileptic drugs during pregnancy is unwarranted in view of the possi
ble serious side effects of repeated seizures on maternal and fetal health. Frequent 
therapeutic drug monitoring is useful as plasma concentrations may decrease dur
ing pregnancy. Neonates exposed in utero to antiepileptic drugs should be exam
ined for evidence of bleeding. Breast feeding an infant should not be discouraged. 
If signs of poor sucking or sedation are found, early weaning must be considered. 

5. Disorders of the Digestive System 

a) Gastrointestinal System 

Nausea, epigastric discomfort, and loss of appetite have developed after admin
istration of valproic acid and ethosuximide. Hiccups and attacks of epigastric 
pain were described in patients taking ethosuximide (BURKE 1964). ACTH or cor
ticoids may induce peptic ulcers. 

b) Hepatic Injury 

Antiepileptic drugs may influence hepatic function in three different ways. Ac
cordingly, it seems useful to deal separately with the acute and chronic hepatic 
injury and increased liver enzymes in clinically asymptomatic patients. 

r:t.} Acute Hepatic Injury. This type of hepatic disease usually begins with signs 
of a hypersensitivity reaction within the first 10 weeks of treatment with 
phenytoin alone or in combination with phenobarbital, with trimethadione as a 
single drug or in combination with mephenytoin, thiohydantoin, 5-phenyl-5-
thienyl-hydantoin, or phenobarbital (ZIMMERMAN 1979). The changes are usually 
reversible following withdrawal of the medication. The hepatic lesion is cytotoxic, 
and the clinical manifestations of hepatic disease resemble those of severe viral 
hepatitis (ZIMMERMAN 1979). The mechanism of hepatotoxicity of the antiepilep
tic drugs has not been elucidated. The evidence for a delayed hypersensitivity or 
an idiosyncratic reaction seems to be the most convincing (ZIMMERMAN 1979). The 
prognosis is guarded. Approximately one-third of the patients have a fatal out
come in hepatic failure. In the remaining patients complete remission sets in with
in a few weeks after withdrawal of the medication. In recent years a number of 
fatal cases of acute liver failure have been described mainly in patients who were 
under 10 years old, had additional psychomotor retardation or neurological 
handicaps, and had taken valproic acid for 3-6 months (DONAT et al. 1979; SUCHY 
et al. 1979; ADDISON and GORDON 1980; JACOBI et al. 1980; LE BIHAN et al. 1980; 
WARE and MILLWARD-SADLER 1980; SPATZ et al. 1981; STENZEL et al. 1981). The 
acute liver failure leads to somnolence, stupor, or coma. Petechiae, prolonged 
bleeding from injection sites, and gastrointestinal blood loss have been described. 
Initial symptoms and signs included jaundice, vOIniting, lethargy, general 
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malaise, weight loss, edema, ataxia, facial swelling, vertigo, and tremor. Patho
logical findings indicate centrilobular necroses with microvesicular fat deposits in 
the hepatocytes (WARE and MILLWARD-SADLER 1980), signs of toxic hepatitis 
(ADDISON and GoRDON 1980), fat uptake in small and medium vacuoles (LE BI
HAN et al. 1980), and severe hepatocyte destruction leading to extensive fibrosis, 
pseudoductular proliferation, mononuclear cell infiltration, and the disappear
ance of the normal lobular structure (DONAT et al. 1979). Despite a number of 
proposals the mechanism of valproic acid-induced acute liver failure has not yet 
been elucidated. GERBER et al. (1979) drew attention to the similarity to the Reye 
syndrome and Jamaican vomiting sickness due to methylene-cyclopropylacetic 
acid. A fatal Reye-like syndrome has been described in a 8-year-old epileptic boy 
following the administration ofvalproic acid (YOUNG et al. 1980). Since the val
proic acid plasma levels in these patients are mostly not very high, an idiosyn
cratic or hypersensitivity reaction is usually assumed. Recently TRIPP et al. (1981) 
described a child with ornithine carbamyl transferase deficiency, which died upon 
treatment with valproic acid. This mechanism cannot, however, be implicated in 
all cases ofliver failure accompanying valproic acid therapy. 

P) Chronic Hepatic Injury. The most comprehensive study on chronic hepatic 
injury in epileptic patients has been carried out in an epilepsy institution by ZmG
LER and SINAZADEH (1975). In only three ofthe 540 cases (0.6%) was a causal re
lationship with antiepileptic drug intake considered likely. These included a fatal 
acute liver failure in one patient receiving phenytoin and phenobarbital. The 
other two patients were shown to have fatty infiltration of the liver at autopsy. 
They had received primidone or phenytoin. Acute fatal liver failure was seen in 
2.4% of the epileptic patients and in 2.6% of the control group of nonepileptic, 
institutionalized patients. Two careful additional studies found no evidence for 
hepatotoxicity in clinically asymptomatic epileptic patients receiving long-term 
anticonvulsant treatment (KOCH et al. 1975; JACOBSEN et al. 1976). 

ZUCKER et al. (1977) recorded the only fatal case of acute hepatitis with exten
sive parenchymal necrosis during multiple-drug therapy with carbamazepine and 
phenobarbital. POPPER et al. (1965) observed unspecific hepatitis without accom
panying cholestasis and granulomatous hepatitis which appeared with phenytoin 
treatment. Chronic hepatitis with slightly increased SGOT and SGPT activity de
veloped only in one case of the extremely rare, progressive myoclonus epilepsy 
(Lafora's disease) (HUCHZERMEYER and GERHARD 1974). 

It is interesting that tuberculosis, treated or untreated, as well as tuberculo
static therapy, even when given to patients without tuberculosis, carries an as yet 
unexplained increased risk of developing antiepileptic drug-induced liver disease 
(DoLD and REICHENMILLER 1969). 

')') Increased Liver Enzyme Activity. Untreated, otherwise healthy patients 
with epilepsy have normal liver enzyme values (BARTELS et al. 1974). Following 
a generalized tonic-clonic seizure, lactate dehydrogenase (LDH), SGOT, SGPT, 
and creatine kinase levels in the serum can be temporarily elevated for a few days, 
the latter probably due to destruction of skeletal muscle cells during the seizure 
(MATZ et al. 1977). In contrast, liver enzyme levels may be elevated in anticonvul
sant-treated epileptic patients. In one study, in 93% of642 patients gamma-gluta-
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my 1 transferase (gamma-GT) was increased (SCHMIDT 1981 a). The interpretation 
of an isolated raised gamma-GT level is still controversial. It seems most likely 
that an isolated gamma-GT increase is a biochemical feature of a drug-induced 
adaptive phenomenon of liver without clinical relevance. Histologically, long
term antiepileptic drug treatment leads to a hypertrophy of the smooth endoplas
mic reticulum. More specifically, agranuloreticular hypertrophy has been ob
served during anticonvulsant treatment (ALTMANN 1980). It does not justify a re
duction of the dosage or even a withdrawal of the drug in an asymptomatic 
patient without convincing biochemical evidence for hepatotoxicity. Alkaline 
phosphatase is increased in about 28% of antiepileptic drug-treated epileptic 
patients. KRUSE (1968) reported that an elevated alkaline phosphatase level 
among children and youth is the most reliable biochemical marker for early os
teomalacia or rickets. Among adults the bone and liver fractions of the isoenzy
mes are usually equal (ROSALKI 1976), whereas among 16- to 20-year-olds the 
liver fraction is usually larger than the bone fraction (ROWE 1974). 

IfSGOT and SGPT levels are elevated, as they may be in 13% and 4% respec
tively of patients, hepatic damage should be excluded by clinical and additional 
biochemical investigations, even though the incidence of liver disease among 
epileptic patients is below 1 %. Increases in SGOT and SGPT levels appeared in 
8% and 6%, respectively, of patients treated with valproic acid. The concen
trations did not usually rise above twice the normal values, and they returned to 
normal after a dosage reduction (WILLMORE et al. 1978). 

Raised leucine amino peptidase levels suggest additional hepatic disease 
(RUNDLE and SUOELL 1973). Increased amylase is suggestive of pancreatitis, 
which has been seen rarely with valproic acid treatment. 

c) Porphyria 

In patients affected by acute intermittent porphyria severe attacks are known to 
be precipitated by some antiepileptic drugs, such as barbiturates, hydantoins, 
clonazepam, and valproic acid (MAGNUSSEN et al. 1975). In these patients 
bromide has been recommended (BONKOWSKY et al. 1980). 

d) Biliary Tract 

ZIEGLER (1970a) found that gallstones appear more than twice as often among 
institutionalized epileptic patients than among institutionalized nonepileptic 
patients. 

e) Pancreas 

Recently cases of pancreatitis associated with valproic acid treatment have been 
reported (BATALDEN et al. 1979; CAMFIELD et al. 1979; SASAKI et al. 1980; COULTER 
and ALLEN 1980 a; MURPHY et al. 1981). 

6. Hormonal and Metabolic Disorders 

a) Thyroid Hormones 

It has long been known that protein-bound iodine (PBI) (REYNOLDS 1975), total 
thyroxine (T4) (HEYMA et al. 1977), free thyroxine (FT4) (CAPLAN et al. 1977), and 
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free thyroxine index (FT!) (STJERNHOLM et al. 1975; HEYMA et al. 1977) may be 
reduced in patients receiving antiepileptic drugs. In addition, a slightly elevated 
tri-iodothyronine uptake (T3U) has been found (CAPLAN et al. 1977). Phenytoin 
(HEYMA et al. 1977; CAPLAN et al. 1977) and carbamazepine (ROOTWELT et al. 
1978; AANDERUD and STRANDJORD 1980; STRANDJORD et al. 1981), valproic acid, 
phenytoin, primidone, and carbamazepine (FICHSEL and KNOPFLE 1978) have 
been implicated. The thyrotropin (TSH) levels remain unchanged even after stim
ulation with thyrotropin-releasing factor (TRF) in adults and children following 
the administration of phenytoin or carbamazepine (HEYMA et al. 1977; FICHSEL 
and KNOPFLE 1978). 

Enhanced degradation of T 4 and T 3 due to enzyme induction and displace
ment of T 4 from its binding sites on thyroxine-binding globulin (TBG) has been 
discussed (see FICHSEL and KNOPFLE 1978). The clinical significance of these lab
oratory findings remains small, unless clinical dysfunction of the thyroid gland 
is seen, and they do not justify hormone substitution therapy (HEYMA et al. 1977). 
In patients treated with antiepileptic drugs, hypothyroidism should only be as
sumed in the presence of pituitary insufficiency or an abnormally high thyrotro
pin concentration (CAPLAN et al. 1977; STJERNHOLM et al. 1975). AANDERUD and 
STRANDJORD (1980) described two cases of hypothyroidism following therapy 
with carbamazepine and phenytoin. Both patients became euthyroid after with
drawal of the antiepileptic drugs. Substitution with L-thyroxine may decrease the 
plasma concentration of anticonvulsants. 

b) Adrenal Hormones 

GALLAGHER (1976) demonstrated that phenytoin leads to increased cortisol pro
duction and raises the 24-h cortisol secretion rate. There is some evidence that en
dogenous corticoadrenal or exogenous steroids are more readily cartabolized due 
to enzyme induction. 

c) Sexual Hormones 

In a prospective study, morphologically abnormal spermatozoa and decreased 
numbers of spermatozoa were found more frequently than expected in antiepilep
tic drug-treated epileptic patients (CHRISTIANSEN and LUND 1976). The secretion 
of androsterone, ethiocolanolone, and dehydroepiandrosterone was reduced in 
some patients, and the secretion of estrogen was increased. However, it is unjusti
fied to relate any change in sexual hormones or complaints of sexual dysfunction 
directly to the effects of anticonvulsants before other somatic and psychological 
factors have been evaluated. 

Many antiepileptic drugs induce the metabolism of oral contraceptives and 
may therefore considerably impair the contraceptive effect (JANZ and SCHMIDT 
1974). The interaction leads to a tenfold increase of spotting and breakthrough 
bleeding and to a higher failure rate of the contraceptives. The onset of bleeding 
disturbances under oral contraceptives frequently indicates a deficient contracep
tive action (SCHMIDT 1981 b). When irregular bleedings occur, an oral contracep
tive with a higher estrogen content should be given immediately. If the bleedings 
persist, other contraceptive methods should be considered. 
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d) Miscellaneous Hormones 

Phenytoin therapy appears to promote increased secretion of follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) (SCHMITZ et al. 1975). No definite 
change in the basic TSH serum concentration has been observed among 
epileptic patients under treatment (FICHSEL and KNOPFLE 1978). Both carba
mazepine and phenytoin diminished the growth hormone response secondary to 
insulin hypoglycemia (LONDON et al. 1980). Elevated growth hormone levels were 
found in female epileptic patients receiving phenytoin and carbamazepine while 
male patients and controls had normal values (LUOMA et al. 1980 b). LONDON et 
al. (1980) found a rise in prolactin levels after 7-day administration of carba
mazepine or phenytoin. 

e) Metabolic Disturbances 

High concentrations of phenytoin have occasionally led to temporary hypergly
cemia and an abnormal glucose tolerance test (see REYNOLDS 1975). A side effect 
may even occasionally be advantageous. NIKKILA et al. (1978) and LUOMA et al. 
(1980a) reported that phenytoin and phenobarbital may increase serum high
density lipoprotein (HDL). Since HDL appears to be inversely related to the risk 
of coronary heart disease, these authors suggest that the observed increase may 
actually be a beneficial side effect of antiepileptic drug treatment. 

Carbamazepine can lead to hyponatremia (PERUCCA et al. 1978) and water in
toxication (ASHTON et al. 1977). In patients with diabetes insipidus, carba
mazepine leads to a notable decrease in diuresis (PERLEMUTER et al. 1975). 
Phenytoin is reported to inhibit the release of antidiuretic hormone (ADH) in syn
dromes with increased ADH secretion (see REYNOLDS 1975). Aside from the ef
fects antiepileptic drugs have on folic acid, vitamin B12, vitamin K or vitamin D, 
hydantoins, and succinimides may reduce the activity of erythrocyte glutamic ox
alacetic transaminase and the level of pyridoxalphosphate in serum (REINKEN 
1975). Interestingly, HAGBERG et al. (1966) reported an antiepileptic effect of vi
tamin B6 substitution among epileptic children. 

Altered serum levels of copper, manganese, and zinc have been reported 
among epileptic patients, but the etiology (epilepsy, seizures, antiepileptic drugs) 
has not been determined (REYNOLDS 1975). The concentration of magnesium in 
patients' serum is generally normal (KATZ et al. 1976). 

7. Disorders of Bones and Mineral Metabolism 

The association between long-term antiepileptic drug treatment and impairment 
of the calcium and vitamin D metabolism and clinical osteomalacia was recog
nized as recently as 1968 by KRUSE, even though phenytoin and phenobarbital 
had been in therapeutic use for 30 and 40 years. Among the biochemical features, 
decreased early-morning calcium, decreased phosphate, increased alkaline phos
phatase, low 25-hydroxy-cholecalciferol in serum, and increased calcium elimina
tion in 24-h urine samples are most frequently found (KRUSE 1975; HAHN et al. 
1975; REYNOLDS 1975). The optimal screening is done at the end of winter. Ra
diological findings have been reported in 6%-15% of patients with biochemical 
abnormalities (PRAGER et al. 1977). Finally, a bone biopsy may be considered. 
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Overt clinical osteomalacia occurs in about 5% of children and adolescents 
treated with antiepileptic drugs and in about 1 %-5% of adult epileptic patients 
(KRUSE 1975) and has mostly been reported in series with a small number of 
patients. There is general agreement that overt osteomalacia usually occurs in a 
specific, high-risk subgroup of epileptic patients. It is more frequent in institution
alized children and adolescents with severe epilepsy treated with several 
antiepileptic drugs in high doses. Patients with deficient sun exposure, inadequate 
nutrition, and muscular inactivity have an increased relative risk of developing 
antiepileptic drug-associated osteomalacia. Malabsorption, partial gastrectomy, 
kidney disease, and consumptive diseases are additional risk factors (HAHN 1976). 

The most commonly assumed pathogenetic mechanism of antiepileptic drug
associated osteomalacia is vitamin D deficiency through the antiepileptic drug
induced increased production of inactive or less active vitamin D metabolites 
(HAHN et al. 1975) and a decrease in 1,25-hydroxycholecalciferol (25-0HCC), 
which is the most potent vitamin D metabolite (SHAFER and NUTTALL 1975). In 
fact, reduced 25-0HCC levels were reported by Hahn et al. (1975), but the 1,25-
dihydroxymetabolite, which is physiologically produced from 25-0HCC in the 
kidneys, was not depressed (JUBIZ et al. 1977), and, furthermore, 25-0HCC is not 
therapeutically effective in all patients (CHRISTIANSEN et al. 1975). It seems there
fore possible that other mechanisms may be involved. The absorption of calcium 
but not of vitamin D is impaired by antiepileptic drugs (SHAFER and NUTTALL 
1975). Calcium absorption can be improved by the intake of25-0HCC (CASPARY 
etal. 1975). 

Among the antiepileptic drugs, phenytoin, phenobarbital, and, in only one 
case, carbamazepine have been incriminated in the development of clinical os
teomalacia. Acetazolamide may precipitate the development of osteomalacia 
(MALLETTE 1977). Other antiepileptic drugs like pheneturide, exazolidinediones, 
and ethosuximide have not been documented to be involved. 

Even though there is no doubt that antiepileptic drugs do indeed lead to hy
pocalcemia, elevated alkaline phosphatase, reduced bone density, and depressed 
anorganic phosphate - for example, REUNANEN et al. (1976) reported that 10% 
-40% ofthe antiepileptic drug-treated patients had abnormalities in one or more 
of these parameters - it is apparent that additional risk factors are necessary for 
the development of overt clinical osteomalacia. Furthermore, the incidence of 
bone disease depends very much on the sensitivity of the screening procedure in
volved. Clinical examination or radiography will detect the small number of 
patients with overt and severe disease, but a much higher incidence oflaboratory 
abnormalities (many of them in asymptomatic patients) will be detected by sur
veys based on the serum concentration of alkaline phosphatase or 25-0HCC, or 
by using the photon absorption measurement of bone density. 

There is general agreement that clinically overt osteomalacia is treated with 
high doses of vitamin D3 until the clinical symptoms and signs disappear (HAHN 
and AVIOLI 1975). Whether the asymptomatic patient with one or more labora
tory abnormalities should receive prophylactic treatment with vitamin D is con
troversial (OFFERMANN et al. 1979). Any prophylactic program in which vitamin 
D is prescribed should be administered with caution, and appropriate measures 
should be taken to avoid vitamin D toxicity (ANAST 1975). 
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8. Miscellaneous Disorders 
a) Skin Disorders 

D.SCHMIDT 

Antiepileptic drugs may induce various dermatological diseases (Table 2). In 
most cases a hypersensitivity reaction will develop within the initial 4-10 weeks 
of treatment. Discontinuation of the implicated drug is necessary, and re-ex
posure is dangerous. For a detailed discussion the reader is referred to a recent 
review (SCHMIDT and SELDON 1982). 

b) Connective Tissue and Myopathies 

r:J.) Gingival Hyperplasia. Gingival hyperplasia is observed in approximately one
third of all epileptic patients who are treated with phenytoin. It appears 2-4 
months after the start of treatment and is more frequent with high salivary con
centrations of phenytoin (BABCOCK and NELSON 1964) and poor oral hygiene. It 
disappears within 2-5 months after reduction or discontinuation of phenytoin. 

P) Facial Changes. Two-thirds of all institutionalized patients with severe 
epilepsies develop coarsened facial features during drug therapy, usually with a 
combination of several drugs (FALCONER and DAVIDSON 1973). Gingival hyper
plasia and calvarial thickening (KATTAN 1970) are more common among epileptic 
patients with facial changes than among those without. 

y) Dupuytren's Contracture, Wound Repair. Dupuytren's contracture is found 
in one-third to one-half of all male patients and among one-fourth of all 
female patients under treatment for epilepsy (LUND 1941). Among the general 
population the incidence of Dupuytren's contracture is 1 %-18% for men and 
0.5%-9% for women; it rises with increasing age (CRITCHLEY et al. 1976). Dupuy
tren's contracture is often bilateral and can be accompanied by knuckle pads, i.e., 
subcutaneous fibromas on the middle joints of the fingers (CRITCHLEYet al. 1976). 
In addition to Dupuytren's contracture fibromas of the mucous membrane of the 
mouth and of the plantar fascia of the foot may develop (Ledderhose syndrome). 

Table 2. Adverse dermatological effects of individual antiepileptic drugs. (SCHMIDT and 
SELDON 1982) 
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Exanthemas + + + + + + 
Exfoliative dermatitis + + + + + 
Stevens-Johnson syndrome + + + + + + + 
Lyell syndrome + + + + + 
Dermatomyositis + + + + + + 
Erythema nodosum + 
Pigmentation + + 
Hair alteration + + + + 
Acne + + + 
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Among the factors leading to an increased incidence of Dupuytren's contracture, 
phenobarbital treatment has been incriminated most often (SCHMIDT and SOREN
SEN 1981). French authors were the first to become aware of a painful stiffness 
in the shoulder among epileptic patients, and they named it rhumatisme gar
denalique after phenobarbital (BLANQUART et al. 1974). The syndrome appears in 
about 7% of epileptic patients treated with phenobarbital or, as recently shown, 
with primidone but not other antiepileptic agents (JANZ, personal commu
nication). Both shoulders and other joints may be affected. Even with continued 
phenobarbital therapy the syndrome recedes within a few months. Faster gingival 
wound healing and faster repair of leg ulcers were reported in patients who were 
given phenytoin (see REYNOLDS 1975). 

~) Myopathy. A myasthenic syndrome has been reported in a total of five 
patients during treatment with phenytoin, mephenytoin, and trimethadione. 
Withdrawal of the antiepileptic drug led to remission after a few weeks. In one 
case a relapse occurred upon re-exposure. In some cases other myopathies have 
been reported together with biochemical features of hypothyroidism and os
teomalacia and have been associated with phenytoin treatment or multiple-drug 
therapy (see SCHMIDT and SELDON 1982). 

c) Heart and Vascular System 

Bradycardia and a reversible complete heart block occurred in elderly patients 
with cardiovascular disorders after administration of more than 600 mg carba
mazepine daily for trigeminal neuralgia (HERZBERG 1978; HAMILTON 1978). In ad
dition, BEERMANN et al. (1975) reported a patient in whom carbamazepine sup
pressed the conduction of an already defective Purkinje fiber system, thus induc
ing ventricular arrest with subsequent Adams-Stokes attacks. 

Intravenous infusion of phenytoin causes no significant hemodynamic change 
in blood pressure or pulse rate among epileptic patients who are otherwise healthy 
(a normal ECG and no clinical signs of cardiac disease) (SCHMIDT and VOGEL 
1977). Patients over 65 years of age with low blood pressure and coronary disease 
clearly have a higher risk of hemodynamic and respiratory depression when re
ceiving intravenous phenytoin treatment (WALLIS et al. 1968). The injection rate 
for phenytoin should not be more than 25 mg/min (SCHMIDT and VOGEL 1977). 
The intravenous administration of phenytoin is contraindicated in the presence 
of sinoatrial and severe atrioventricular blocks (HANSEN et al. 1974). 

d) Respiratory System 

Lung diseases have not been convincingly associated with antiepileptic drug ther
apy except for rare cases of pulmonary reactions with antiepileptic drug-induced 
lupus erythematosus, lymphoma of the mediastinum, or hypersensitivity 
reactions (BAYER et al. 1976). 

e) Kidney Disorders 

Nephrotic syndromes may be induced by 4 months to 2 years of treatment with 
oxazolidinediones (trimethadione, paramethadione), and mortalities have been 
reported (BRIGGS and EMERY 1949). A reversible nephrotic syndrome has also 
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been seen with mephenytoin, phenytoin, sulthiame, and carbamazepine (see 
SCHMIDT and SELDON 1982). 

t) Oncogenic and Mutagenic Effects 

Careful Danish and English studies (CLEMMESEN et al. 1974; WmTE et al. 1979) 
in over 10,000 epileptic patients found no evidence for an oncogenic effect of 
antiepileptic drugs. This is interesting because antiepileptic drugs, which have an 
enzyme-inducing effect, stimulate tumor growth in animal experiments (PERAINO 
et al. 1975). The cancer ratio among epileptic patients was considerably lower 
than that of the control group, perhaps because of the higher mortality rate of 
institutionalized epileptic patients (ZIEGLER 1970b). In contrast, SCHNEIDERMAN 
(1974) found a higher incidence of liver tumors. In addition, carcinomas of the 
gallbladder seemed to occur more frequently when compared with nonepileptic 
cancer patients. COHNEN and HEREDIA (1977) described one case of a plasmo
cytoma which developed during phenytoin therapy. ENDTZ et al. (1973) men
tioned a case ofleukemia which developed during phenytoin therapy. The exist
ing studies do not yet enable any reliable conclusions to be drawn about a causal 
relationship between antiepileptic drug treatment and the development of neo
plasms. The available data provide no convincing evidence for mutagenic effects 
of antiepileptic drugs (OBE et al. 1980). 
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CHAPTER 28 

Antiepileptic Drug Interactions 
E. PERUCCA and A. RICHENS 

Antiepileptic drug interactions may be either pharmacokinetic or pharmacodyna
mic; this chapter discusses only the former. Due to the difficulties of extrapolating 
animal data to the clinical situation, this review will be restricted to studies which 
have been performed in normal human volunteers or in patients. Reference to 
animal experiments, however, will be made occasionally when these are consid
ered to be particularly relevant to the interpretation of clinical findings. 

A. Interactions Affecting the Kinetics 
of Antiepileptic Drugs 

I. Drugs Which May Affect the Gastrointestinal Absorption 
of Antiepileptic Drugs 

Drug interactions at the site of absorption in the gastrointestinal tract usually re
sult in decreased bioavailability of antiepileptic drugs. A considerable number of 
such interactions have been reported. 

1. Antacids 

The absorption of phenytoin may be reduced by antacids containing calcium car
bonate (GARRATT et al. 1979). Mixtures of aluminium hydroxide with magnesium 
hydroxide or magnesium trisilicate have also been reported to reduce phenytoin 
bioavailability (KULSHRESTHA et al. 1978; GARRATTet al. 1979), but this effect has 
not been consistently found (CHAPRON et al. 1979a; O'BRIEN et al. 1978). The 
absorption of barbiturates (HURWITZ 1977) and benzodiazepines (GREENBLATT et 
al. 1976; SHADER et al. 1978) may also be reduced by antacids. 

2. Activated Charcoal 

NEUVONEN et al. (1978,1983) and NEUVONEN and ELONEN (1980) have shown that 
the gastrointestinal absorption of carbamazepine, phenobarbital, valproate, and 
phenytoin is decreased by activated charcoal. The greatest inhibitory effect on ab
sorption was observed when charcoal was ingested within 5 min of administra
tion ofthe antiepileptic drug. 

Oral ingestion of activated charcoal during the postabsorptive phase mark
edly accelerates the elimination of phenobarbital and carbamazepine (NEUVONEN 
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and EWNEN 1980), probably due to inhibition of reabsorption of enterally se
creted drug by activated charcoal. For phenobarbital, this interaction has been 
exploited therapeutically in cases of intoxication in overdose patients (GoLDBERG 
and BERLINGER 1982). 

3. Calcium Salts 

Calcium sulphate used as an excipient in phenytoin capsules has been shown to 
cause a reduction in phenytoin bioavailability (BOCHNER et al. 1972). Gastric an
tacids containing calcium carbonate also reduce the bioavailability of phenytoin 
(GARRATT et al. 1979) but calcium gluconate does not appear to have an impor
tant influence (CHAPRON et al. 1979 a; HERISHANU et al. 1976). 

4. Antineoplastic Drugs 

FINCHAM and SCHOTTELIUS (1979) provided evidence that combination therapy 
with vinblastine, cisplatin and bleomycin may increase the dosage requirements 
of phenytoin, possibly by interfering with the absorption of the drug. Similar ob
servations have recently been made by BOLLIN! et al. (1983) with vinblastine, 
methotrexate, and 1,3 bis 2-chlorethylnitrosourea. 

5. Ethanol 

Serum levels of benzodiazepine drugs are increased by acute administration of 
ethanol. There are several possible mechanisms. Ethanol enhances the rate and 
possibly the extent of absorption of some benzodiazepines (HAYES et al. 1977; 
LAIZI et al. 1979; TAAEUBER et al. 1979) but some studies have failed to confirm 
this (SELLERS and HOLWWAY 1978). Ethanol may modify the tissue distribution 
of benzodiazepines (TAAEUBER et al. 1979) but, more importantly, it can inhibit 
benzodiazepine metabolism (SELLERS et al. 1980) and potentiate benzodiazepine 
effects through a pharmacodynamic interaction (LAIZI et al. 1979). 

6. Nasogastric Feeding 

Nasogastric feeding formulas can inhibit dramatically the absorption of 
phenytoin, resulting in low serum levels during continuous nasogastric feeding 
and in signs of toxicity when feeding is discontinued (BAUER 1982). 

7. Other Drugs 

Oxacillin (FINCHAM et al. 1976) and theophylline (HENDELES 1979) may decrease 
the absorption of phenytoin and acetazolamide may decrease the absorption of 
primidone (SYVERSEN et al. 1977). 

II. Drugs Which May Affect the Plasma Protein Binding 
of Antiepileptic Drugs 

Phenytoin, valproic acid and diazepam bind extensively to plasma proteins. 
When agents that are highly bound are used in combination, interactions may oc-
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cur which result in increased free fraction in the plasma. Since most antiepileptic 
drugs have a relatively large volume of distribution and are subject to restrictive 
clearance, the increase in free drug concentration and magnitude of pharmaco
logical effect resulting from these interactions is likely to be short-lived and to be 
rapidly counteracted by enhanced elimination and redistribution into tissues. At 
steady state, the overall result of the interaction should be a decrease in the plas
ma concentration of total (free and protein-bound) drug, whereas the concentra
tion of free drug should remain substantially unchanged (KOCH-WESER and SEL
LERS 1976; PERUCCA and RICHENS 1980b). Under these circumstances, the most 
important consequence of this interaction will be a change in the relationship be
tween serum total drug concentration and pharmacological effect, with a corre
sponding shift of the therapeutic range of (total) serum levels towards lower 
values. In practice, the situation may be more complex in that the displacing agent 
may interfere not only with the plasma protein binding, but also with the tissue 
binding and metabolic inactivation of the affected drug. When this is the case, a 
clinically important modification of pharmacological effect is likely to be seen. 

1. Valproic Acid 

Valproic acid displaces phenytoin from plasma protein binding sites both in vitro 
(CRAMER and MATTSON 1979; MONKS et al. 1978; PATSALOS and LASCELLES 1977) 
and in vivo (DAHLQVIsTet al. 1979; MATTSON et al. 1978; FRIEL et al. 1979; MONKS 
and RICHENS 1980; PERUCCA et al. 1980; RODIN et al. 1981; KNOTT et al. 1982). 
Although evidence is incomplete, a number of studies indicate that the interaction 
may be complex. A pharmacokinetic analysis of the work of MATTSON et al. 
(1978) and PERUCCA et al. (1980) suggests that valproic acid has a dual effect on 
phenytoin disposition: (a) it displaces phenytoin from plasma protein binding 
sites, thereby decreasing the concentration of total drug in serum and (b) it in
hibits phenytoin metabolism, thereby increasing the concentration of free drug. 
The occurrence of a third effect, i.e. displacement of phenytoin from tissue bind
ing sites, was also suggested on the basis of the data presented. A rise in free 
phenytoin concentration (suggestive of inhibition of phenytoin metabolism) in 
patients started on valproic acid has also been documented by BRUNI et al. (1980 
a), RODIN et al. (1981), and KOCH et al. (1981). 

JORDAN et al. (1976) have shown that valproic acid increases the unbound 
fraction of phenobarbital in vitro, but the effect is small and probably of little 
clinical significance. Carbamazepine is also displaced from protein binding sites 
by valproic acid ( MATTSON et al. 1982). DHILLON and RICHENS (1981 b, 1982) 
found that valproic acid displaces diazepam from plasma protein binding sites 
and increases the free concentration of diazepam in serum. The interaction may 
provide an explanation for the observation that the CNS-depressant effects of 
benzodiazepine drugs are potentiated by concurrent intake of sodium valproate. 

2. Phenylbutazone 

Phenylbutazone caused a moderate initial decrease, followed by a slight but sig
nificant elevation, in total serum phenytoin level (NEUVONEN et al. 1979). Because 
of a concomitant reduction in the degree of plasma protein binding, the free 
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phenytoin concentration increased markedly during phenylbutazone treatment. 
These results suggest that phenylbutazone can both displace phenytoin from plas
ma protein binding sites and inhibit phenytoin metabolism. 

FLEITMAN et al. (1980) showed that phenylbutazone displaces valproic acid 
from plasma proteins. 

3. Aspirin and Salicylic Acid 

Both aspirin and salicylic acid have been shown to displace phenytoin from plas
ma protein binding sites in vitro (ODAR-CEDERLOF and BORGA. 1976; PORTER and 
LAYZER 1975) and in vivo (FRASER et al. 1980; LEONARD et al. 1981; OLANOW et 
al. 1981; PAXTON 1980) causing a fall in total serum phenytoin level, with little or 
no change in free phenytoin concentration. FLEITMAN et al. (1980) and ORR et al. 
(1982) showed that salicylic acid displaces valproic acid from plasma proteins. 

4. Heparin and Free Fatty Acids 

Administration of heparin has been shown to decrease the plasma protein binding 
of phenytoin (GIACOMINI et al. 1980), diazepam (DESMOND et al. 1979) and N-des
methyldiazepam (ROUTLEDGE et al. 1980). 

However, the change in plasma protein binding produced by in vivo admin
istration of heparin seems to be at least in part artefactual, being mediated by in 
vitro accumulation of free fatty acids under the catalytic action of lipoprotein li
pase released by heparin (BROWN et al. 1981). 

5. Other Drugs 

Diazoxide (ROE et al. 1975), halofenate (KARCH et al. 1977), sulphafurazole (LUN
DE et al. 1970), sulphamethoxypyridazine (KURATA and WILKINSON 1974), tolbuta
mide (WESSELING and MOLS-THURKOW 1975) and azapropazone (GEANEY et al. 
1983) have all been shown to displace phenytoin from plasma proteins in vivo or 
in vitro. HOOPER et al. (1971) reported that sulthiame may also increase the free 
fraction of phenytoin in plasma, but LUNDE et al. (1970) found no evidence of this 
effect. Intralipid increases the free fraction of valproic acid, probably through 
elevation of free fatty acids (ZIMMERMAN et al. 1981). 

III. Drugs Which May Inhibit the Metabolism 
of Antiepileptic Drugs 

Most antiepileptic drugs have a narrow therapeutic ratio, and an increase in 
steady-state serum levels as a result of inhibition of their metabolism can result 
in a clinically important potentiation of pharmacological response. Phenytoin 
metabolism appears to be particularly vulnerable to inhibition by other drugs 
since its para-hydroxylation is a saturable process. 
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Table 1. Other interactions (not mentioned in the text) which increase serum concentrations 
of antiepileptic drugs 

Affected drug Interfering drug 

Phenytoin Allopurinol 
Azapropazone 
Calcium carbide 
Chlorpheniramine 
Chlorpromazine 
Dicoumarol 
Disulfiram 

Ethanol 
Imipramine 
Methylphenidate 

Phencoupromon 
Phenyramidol 
Sulphinpyrazone 
Thioridazine 
Tolbutamide 

Viloxazine 

Carbamazepine Nicotinamide 
Viloxazine 

Diazepam Disulfiram 
Ethanol (acute) 
Steroid oral contraceptives 

N-Desmethylsuximide Phenytoin 
(active metabolite 
of methsuximide) 

Phenobarbital Dicoumarol 
Frusemide 
Methylphenidate 

Primidone Nicotinamide 
Valproic acid a 

Trimethadion Valproic acid 

Valproic acid Aspirin 

a Conflicting evidence 

1. Sultbiame 

Reference 

YOKocm et al. (1982) 
GEANEY et al. (1983) 
OLESEN (1976) 
PUGH et al. (1975) 
BIELMANN et al. (1978) 
HANSEN et al. (1966) 
OLESEN (1967); SVENDSEN et al. 

(1976); VESELL et al. (1971) 
SANDOR et al. (1980) 
PERUCCA and RICHENS (1977) 
GARRETISON et al. (1969); KUTT 

and LoUIS (1972) 
SKOVSTED et al. (1976) 
SOLOMON and SCHROGIE (1967) 
HANSEN et al. (1980b) 
VINCENT (1980) 
WESSELING and MOLS-THiiRKOW 

(1975) 
ICI (unpublished data, 1974) 

BOURGEOIS et al. (1982) 
PIsANI F et al. (1984) 

McLEOD et al. (1978) 
SELLERS et al. (1980) 
ABERNETHY et al. (1982) 

RAMBECK (1979) 

HANSEN et al. (1966) 
AHMAD et al. (1976) 
GARRETTSON et al. (1969) 

BoURGEOIS et al. (1982) 
WINDORFER et al. (1965) 

FLACHS et al. (1979) 

ORR et al. (1982) 

Sulthiame, a sulphonamide with carbonic anhydrase inhibitory properties, is a 
powerful inhibitor of phenytoin metabolism (HANSEN et al. 1968; HOUGHTON and 
RICHENS 1974a, b; OLESEN and JENSEN 1969; RICHENS and HOUGHTON 1975). The 
interaction is illustrated by a prolongation of the half-life and by a marked rise 
in the steady-state serum concentration of phenytoin. Prospective studies have 
shown that the rise in serum phenytoin concentration following the addition of 
sulthiame may be delayed for up to 10-20 days, suggesting that the inhibition of 
metabolism is of a non-competive type. It is likely that at least part of both the 
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therapeutic and toxic effects of sulthiame are mediated by this elevating effect on 
serum phenytoin levels. 

RICHENS (1976) reported that sulthiame may also elevate serum levels ofphe
nobarbital and primidone, possibly by inhibiting the metabolism of the latter 
drugs. 

2. Valproic Acid 

Serum phenobarbital levels may rise markedly following the administration of 
sodium valproate to patients receiving chronic barbiturate therapy (GUGLER and 
VON UNRUH 1980), leading to sedation and in some cases to serious phenobarbital 
intoxication. Valproic acid can prolong the half-life, reduce the plasma clearance 
and increase the urinary excretion of unchanged phenobarbital, indicating that 
inhibition of metabolism is the mechanism responsible for the interaction (BRUNI 
et al. 1980b; KAPETANOVIC et al. 1981; PATEL et al. 1980). 

Valproic acid may also inhibit phenytoin metabolism (PERUCCA et al. 1980; 
BRUNI et al. 1980a). Because of the simultaneous displacement of phenytoin from 
plasma protein binding sites, a rise in total serum phenytoin concentration may 
not be consistently seen. Preliminary data suggest that valproic acid may also in
hibit the metabolism of diazepam, in addition to displacing it from binding sites 
(DHILLON and RICHENS 1982). 

3. Succinimides 

FRANTZEN et al. (1967) reported that ethosuximide can raise serum phenytoin 
levels but RICHENS and HOUGHTON (1975) could find no evidence of the effect. 
Treatment with methsuximide has been reported to cause an elevation in the 
serum levels of both phenytoin (RAMBECK 1979) and phenobarbital (RAMBECK 
1979; STENZEL et al. 1978). 

4. Benzodiazepines 

Both increases and decreases in serum phenytoin concentration have been de
scribed in patients given diazepam (PERUCCA and RICHENS 1980c). Clonazepam 
does not appear to produce a consistent change in serum phenytoin, phenobarbi
tal, and carbamazepine levels (JOHANNESSEN et al. 1977). 

WINDORFER and SAUER (1977) claimed that clonazepam may cause a rise in 
serum primidone concentration but no evidence of this effect could be found by 
NANDA et al. (1977). 

5. Pheneturide 

When pheneturide is added to the treatment of patients on phenytoin, serum 
phenytoin levels may show an initial rise that is followed by a slow decline to 
steady-state values slightly above baseline (RICHENS and HOUGHTON 1975). The 
time course of the interaction is suggestive of initial enzyme-inhibition followed 
by progressive induction of phenytoin metabolism. HUISMAN et al. (1970) report
ed that pheneturide increases serum phenobarbital levels, probably by inhibiting 
its metabolism. 

6. Other Antiepileptic Drugs 

Phenobarbital may stimulate and inhibit the metabolism of phenytoin at the same 
time and the overall result of the interaction is unpredictable (KUTT 1972). 
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Phenytoin treatment usually tends to cause a rise in serum phenobarbital concen
tration (LAMBIE and JOHNSON 1981; MORSELLI et al. 1971; WINDORFER and SAUER 

1977). 

7. Antibiotics and Chemotherapeutic Agents 
Isoniazid is a potent inhibitor of the metabolism of phenytoin (Fig. 1) (BRENNAN 

et al. 1970; KUTT et al. 1966, 1970). A rise in serum phenytoin levels and the de
velopment of clinical signs of phenytoin toxicity occur in a considerable propor
tion (10%-27%) of epileptic patients given this drug for the prophylaxis or the 
treatment of tuberculosis (MILLER et al. 1979; MURRAY 1962; KUTT et al. 1970). 
The interaction occurs mainly in slow acetylators and is potentiated in vitro by 
p-aminosalicylic acid, which is frequently used in combination with isoniazid. 

The metabolism of primidone (SUTTON and KUPFERBERG 1975) and carba
mazepine (BLOCK 1982; WRIGHT et al. 1982) can also be inhibited by isoniazid. 
OCHS et al. (1981) provided evidence that the metabolism of diazepam is also in
hibited by isoniazid and that this effect can be reversed by the concurrent admin
istration of rifampicin, a potent enzyme-inducer. 
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Fig. I. Effect of treatment with isoniazid and ethambutol on the serum phenytoin and phe
nobarbital concentration in a 63-year-old epileptic patient (PERUCCA and RICHENS 1980c) 
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Sulphaphenazole, sulphadiazine, sulphamethizole, and sulphamethoxazole + 
trimethoprim (co-trimoxazole) and trimethoprim have all been shown to prolong 
the half-life and to decrease the metabolic clearance of phenytoin, while sul
phamethoxypyridazine, sulphadimethoxine, and sulphamethoxydiazine appear 
to be devoid ofthis effect (LUMHOLTZ et al. 1975; HANSEN et al. 1979). 

Chloramphenicol inhibits the metabolism of phenytoin and precipitates clini
cal signs of phenytoin intoxication (BALLEK et al. 1973; CHRISTENSEN and SKOV
STED 1969; Koup et al. 1978; ROSE et al. 1977). Miconazole may also inhibit 
phenytoin metabolism (ROLAN et al. 1983). Koup et al. (1978) showed that serum 
phenobarbital levels may also be elevated by chloramphenicol. DRAVET et al. 
(1977) and HEDRICK et al. (1983) showed that triacetyloleandomycin and eryth
romycin can inhibit carbamazepine metabolism. 

8. Phenylbutazone 

Phenylbutazone prolongs the half-life of phenytoin (ANDREASEN et al. 1973) and 
increases its serum concentration at steady state, precipitating clinical signs of 
phenytoin intoxication (NEUVONEN et al. 1979). Since the free fraction of 
phenytoin is increased in the presence of phenylbutazone, total serum phenytoin 
levels may underestimate the rise in the concentration of free, pharmacologically 
active drug. 

9. Cimetidine 

Cimetidine decreases the plasma clearance of diazepam, presumably by inhibiting 
its metabolism (KLOTZ and REIMANN 1980). Cimetidine can also increase the 
serum levels of carbamazepine (TELLERMAN-TOPPET et al. 1981) and phenytoin 
(HETZEL et al. 1981; see also FRIGO et al. 1983 for review), precipitating clinical 
signs of toxicity. 

10. Propoxyphene 

Propoxyphene may inhibit the metabolism of phenytoin (KUTT 1971), phenobar
bital (HANSEN et al. 1980a) and carbamazepine (DAM et al. 1977). 

11. Other Drugs 

Many other agents have been shown to increase the serum concentration of 
antiepileptic drugs (Table 1, p. 835). 

IV. Drugs Which Stimulate the Metabolism of Antiepileptic Drugs 
A number of interactions resulting in stimulation of metabolism of antiepileptic 
drugs have been described. Generally the stimulating agent is another antiepilep
tic drug. When this is the case, the clinical implications of the interaction are 
limited by the fact that the therapeutic efficacy of the added drug may compensate 
for the potentially adverse consequences of the fall in serum levels of the affected 
drug. 
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1. Phenytoin, Phenobarbital, and Primidone 
Chronic treatment with phenytoin, phenobarbital, and primidone, alone or in 
combination, has been shown to increase the metabolic clearance and/or reduce 
the steady-state serum concentration of diazepam (DHILLON and RICHENS 1981 
a), desmethyldiazepam (WILENSKY et al. 1978), clonazepam (KHOO et al. 1980; 
NANDA et al. 1977; SJO et al. 1975), carbamazepine (Fig. 2) (DAM et al. 1975; 
EICHELBAUM et al. 1979; PERUCCA and RICHENS 1980 a) and valproic acid (Fig. 3) 
(MIHALY et al. 1979; PERUCCA et al. 1978). 

Stimulation of metabolism of primidone occurs in patients treated with 
phenytoin, phenobarbital and, possibly, carbamazepine (CLOYD et al. 1981; FIN
CHAM et al. 1974; REYNOLDS et al. 1975; SCHMIDT 1975). Since primidone is partly 
converted to phenobarbital, which has a long half-life and accumulates in serum, 
this interaction may result in potentiation rather than reduction of pharmacolog
ical effect. 

As discussed above, phenobarbital may both stimulate and inhibit the metab
olism of phenytoin. 

2. Carbamazepine 
Carbamazepine is a potent enzyme-inducing drug and may stimulate its own me
tabolism (RAWLINS et al. 1975) and also that of diazepam and clonazepam (LAI 
et al. 1978), primidone (see above), ethosuximide (WARREN et al. 1980) and 
phenytoin (HANSEN et al. 1971 b). BOWDLE et al. (1979) suggested carbamazepine 
may cause an increase in the plasma clearance and volume of distribution of 
valproic acid. The mechanisms underlying the latter effect is unclear. 
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Fig. 2. Serum carbamazepine concentration in epileptic patients treated with carba
mazepine alone (CBZ) or in combination with phenytoin (CBZ+DPH). Patients were 
matched according to carbamazepine dose (I'ERUCCA and RICHENS 1980a) 
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Fig. 3. Serum valproic acid concentration (mean ± SD) after intravenous administration of 
sodium valproate (800 mg) in six normal subjects (0-0) and in six epileptic patients receiv
ing chronic drug therapy (e--.) (PERUCCA et al. 1978) 

3. FolicAcid 

Administration of folic acid to folate-depleted patients causes a reduction in 
serum concentration of phenytoin (BAYLIS et al. 1971; FURLANUT et al. 1978; 
MAKKI et al. 1980; MATTSON et al. 1973) and phenobarbital (MAKKI et al. 1980). 
These effects are probably mediated by stimulation of drug metabolism and may 
provide an explanation for the clinical observation that the control of seizures 
may be worsened following administration offolate. 

4. Ethanol 

Chronic intake of ethanol may result in acceleration of phenytoin elimination 
(KATER et al. 1969). SANDOR et al. (1980), however, found that ethanol also has 
enzyme-inhibiting properties; an increase in phenytoin clearance 1 week after ces
sation of drinking in 11 alcoholics was found. 

5. Other Drugs 

The metabolic clearance of diazepam is enhanced by concurrent treatment with 
antipyrine (OHNHAUS et al. 1979) and rifampicin (OCHS et al. 1981). It is possible 
that clozapine (RYAN and MATTHEWS 1970) and nitrofurantoin (HEIJERTZ and 
PILZ 1978) may also accelerate the elimination of phenytoin. 

v. Drugs Which May Affect the Renal Excretion 
of Antiepileptic Drugs 
1. Urine-Alkalinizing Agents 

Alkalinization of urine enhances the elimination of phenobarbital by reducing the 
reabsorption of this acidic drug from the renal tubules (POWELL et al. 1981; W AD

DELL and BUTLER 1957). The effect can be exploited therapeutically in severe cases 
of phenobarbital intoxication. 
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B. Interactions Affecting the Kinetics of Other Drugs 
I. Drugs Whose Gastrointestinal Absorption 
May Be Affected by Antiepileptic Drugs 

841 

There is evidence that antiepileptic drugs, phenytoin and barbiturates in partic
ular, may have an inhibitory influence on the gastrointestinal absorption of other 
drugs. In spite of this, potential interactions at the absorption site have been little 
investigated. It is likely that some of the interactions resulting in reduced serum 
drug levels at steady state and presently considered to be due to enzyme induction 
(Sect. B.lV) are in fact mediated by inhibition of absorption. 

Phenobarbital reduces the rate and extent of absorption of griseofulvin from 
the gastrointestinal tract (BUSFIELD et al. 1963; RIEGELMAN et al. 1970) and can 
cause therapeutic failure when griseofulvin is administered in conventional doses 
to epileptic patients. FINE et al. (1977) found that the oral availability offrusemide 
was reduced by phenytoin, providing an explanation for the observation that the 
diuretic response to frusemide is considerably reduced in drug-treated patients 
(AHMAD 1974). 

There is suggestive evidence that phenytoin in combination with phenobarbi
tal or carbamazepine can decrease the gastrointestinal absorption of nomifensine 
(NAWISlll and HATHAWAY 1982; NAWISlll et al. 1981). Certain barbiturates may 
decrease the absorption of dicoumarol (LEWIS 1966). 

II. Drugs Whose Plasma Protein Binding 
May Be Affected by Antiepileptic Drugs 
There is increasing evidence that treatment with certain antiepileptic drugs may 
result in significant alterations in plasma drug-binding capacity. 

1. Methotrexate 
Phenytoin can displace methotrexate from plasma protein binding sites and pos
sibly potentiate methotrexate toxicity (REILLY 1973). 

2. Hormones 
Drug-treated epileptic patients have elevated levels of sex-hormone binding glob
ulin (SHBG) (BARRAGRY et al. 1978; VICTOR et al. 1977); this abnormality may 
be related to enzyme induction (BACK et al. 1980). The change in the concentra
tion of SHBG may complicate the interpretation of data on total serum sex hor
mone levels in epileptic patients (DANA-HAERI and RICHENS 1981). An increase 
in SHBG leading to decreased free concentration of steroid hormones has been 
implicated as a contributing factor to reduced efficacy of the contraceptive pill 
in patients treated with anticonvulsants (Editorial 1980). Phenytoin may compete 
with thyroxine for binding sites on the thyroxine-binding globulin (OPPENHEIMER 
1968). 

3. Lidocaine 
ROUTLEDGE et al. (1981) found that patients treated with phenytoin in combina
tion with other antiepileptic drugs had a reduced free fraction oflidocaine in plas-
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rna. The effect was mediated by an increase in the concentration of lXI-acid gly
coprotein, probably as a result of the drug treatment. The change in lidocaine 
binding may alter the disposition kinetics of this drug (PERUCCA and RICHENS 
1979 b; ROUTLEDGE et al. 1981). 

4. Other Drugs 

Phenytoin has been shown to displace some tricyclic antidepressants from plasma 
protein binding sites in vitro (BoRGA et al. 1969). 

III. Drugs Whose Metabolism May Be Inhibited 
by Antiepileptic Drugs 
Interactions resulting in inhibition of metabolism of other drugs have rarely been 
described. NAPPI (1979) reported prolongation of the prothrombin time in two 
warfarin-treated patients given phenytoin in combination. It is possible that this 
effect was mediated by inhibition of warfarin metabolism. 

FURLANUT and RIZZONI (1980) reported that valproic acid can prolong the 
half-life of antipyrine. However, no evidence of this effect was found by OXLEY 
et al. (1979) and PERUCCA et al. (1979). 

IV. Drugs Whose Metabolism May Be Stimulated 
by Antiepileptic Drugs 
Phenytoin, carbamazepine, phenobarbital, and primidone, when administered in 
therapeutic doses to patients with epilepsy, are potent inducers of the hepatic 
drug-metabolizing enzymes (PERUCCA and RICHENS 1981; PERUCCA et al. 1979; 
SOTANIEMI et al. 1978). A number of clinically important drug interactions are 
considered to be mediated by this effect. 

1. Oral Anticoagulants 
Patients treated with barbiturates eliminate dicoumarol and warfarin at an in
creased rate and therefore may require unusually large doses of these drugs for a sat
isfactory degree of anticoagulation to be achieved. A danger of this phenomenon 
is a rebound prolongation in prothrombin time when the enzyme-inducing agent 
is withdrawn without careful readjustment of the anticoagulant dose. Serious 
haemorrhagic reactions have been described as a result of this phenomenon 
(MACDONALD and ROBINSON 1968). 

Both phenytoin and carbamazepine have also been shown to enhance the 
elimination of dicoumarol in man (HANSEN et al. 1971 a, b). Ross and BEELEY 
(1980) reported a marked prolongation in prothrombin time following withdraw
al of carbamazepine treatment but NAPPI (1979) found that phenytoin potenti
ated the anticoagulant effect of warfarin. 

2. Antibiotics and Chemotherapeutic Agents 
Patients treated with phenytoin, phenobarbital, and carbamazepine eliminate 
doxycycline at an abnormally fast rate (NEUVONEN and PENTTILA 1974; PENTTILA 
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et al. 1974); this can result in reduced clinical effectiveness of the antibiotic. The 
elimination of chloramphenicol (BLOXHAM et al. 1979) may also be enhanced by 
concurrent antiepileptic drug therapy. DE RAUTLIN DE LA Royet al. (1971) found 
a decrease in serum rifampicin levels in patients receiving phenobarbital but Aco
CELLA et al. (1974) failed to detect any measurable effect of this drug treatment 
on rifampicin half-life. Phenobarbital stimulates the metabolism of metroni
dazole, thereby reducing its effect (GUPTA 1982; MEAD et al. 1982). 

3. Corticosteroids and Metyrapone 

Phenobarbital has been shown to cause deterioration in the therapeutic response 
to prednisolone in patients with rheumatoid arthritis (BROOKS et al. 1976) and to 
precipitate attacks of asthma in prednisone-dependent patients (BROOKS et al. 
1972). Phenytoin and primidone have been shown to reduce the therapeutic effi
cacy of dexamethasone (BOYLAN et al. 1976; HANCOCK and LEVELL 1978; McLEL
LAND and JACK 1978). Toxic reactions on stopping the enzyme-inducing drugs 
without an adequate adjustment in steroid dosage have also been reported (JUBIZ 
and MEIKLE 1979). 

Induction of dexamethasone metabolism in phenytoin-treated patients is re
sponsible for the failure of the low-dose dexamethasone suppression test, but the 
response to the high-dose test is unaffected (JUBIZ et al. 1970). Another test of ad
renal function, the inhibition of cortisol biosynthesis by oral metyrapone, fails in 
phenytoin-treated patients due to induction of first-pass metabolism of metyra
pone (Fun et al. 1975; MEIKLE et al. 1969). 

For more information on the interaction between antiepileptic drugs and cor
ticosteroids the reader is referred to JUBIZ and MEIKLE (1979). 

4. Oral Steroid Contraceptives 

The efficacy of the contraceptive pill is reduced in patients treated with phenytoin, 
phenobarbital, primidone or carbamazepine. The effect is responsible for the high 
incidence of spotting and breakthrough bleeding and for the occasional occur
rence of pregnancy in epileptic patients taking the contraceptive pill (HEMPEL and 
KLINGER 1976; Editorial 1980). The contraceptive failure is due to induction of 
progestagen and oestrogen metabolism, particularly the latter (BACK et al. 1981 
b). The interaction is likely to take place largely in the gut wall, where ethinyloes
tradiol is extensively metabolized (BACK et al. 1981 a). Women taking antiepilep
tic drugs should be given a contraceptive preparation containing at least 50 J.lg 
ethinyloestradiol, but pregnancies have occurred even with this dose of oestrogen 
(COULAM and ANNEGERS 1979). 

Phenytoin also decreases the activity of oestrogens when they are used thera
peutically in the management of menopausal symptoms (NOTELOVITZ et al. 1981). 

5. Cardioactive Drugs 

Phenobarbital and phenytoin have been shown to shorten the half-life of 
quinidine and to produce a marked reduction in serum quinidine levels at steady 
state (DATA et al. 1976). Should antiepileptic drugs be discontinued, the dose of 
quinidine may need to be reduced to avoid toxicity (CHAPRON et al. 1979 b). 
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AITIO et al. (1981) showed that administration of enzyme-inducing drugs such 
as rifampicin and phenytoin accelerates the conversion of disopyramide to its N
dealkylated metabolite. This metabolite has some antiarrhythmic activity and 
therefore the suggestion that the interaction may lead to decreased effectiveness 
of disopyramide (AITIO and VUORENMAA 1980) must be taken with caution. 
Measurements of the serum level of the metabolite may prove valuable in these 
patients. 

Pentobarbital (used as a model enzyme-inducing drug) has been shown to en
hance the first-pass metabolism of metroprolol (HAGLUND et al. 1979) and al
prenolol (ALVAN et al. 1977; COLLSTE et al. 1979), thereby reducing the oral avail
ability of these P-blockers. Propranolol metabolism may also be induced by an
ticonvulsants (SOTANIEMI et al. 1979). Phenobarbital and phenytoin increase the 
rate of conversion of digitoxin to digoxin and/or other metabolites (JELLIFFE and 
BLANKENHORN 1966; SOLOMON et al. 1971; SOLOMON and ABRAMS 1972). KALDOR 
et al. (1975), however, failed to detect any change in digitoxin clearance following 
the administration of phenobarbital in ten patients. BOGAERT et al. (1971) found 
that phenobarbital stimulates the metabolism of nitroglycerin in man, and BEGG 
et al. (1982) found a marked acceleration ofmexiletine metabolism in phenytoin
treated patients. 

6. Antineoplastic Drugs 

Phenytoin stimulates the metabolism of the radio-sensitizing drug misonidazole 
(GANGn et al. 1980; WORKMAN et al. 1980), thereby reducing the incidence of 
toxic reactions (WASSERMAN et al. 1980). Barbiturates stimulate the metabolism 
of cyclophosphamide (JAO et al. 1972; MELLETT 1971). The implications of this 
interaction are unclear, also because cyclophosphamide has active metabolites. 

KORANYI and GERO (1979) have provided evidence that phenytoin protects the 
beta-cells of the pancreas from the cytotoxic effects of streptozotocin; whether 
this is due to enhanced metabolism of streptozotocin or to a pharmacodynamic 
effect is unclear. 

7. Non-Opiate Analgesics 
Treatment with enzyme-inducing agents has been shown to decrease the oral 
availability of par aceta mol (acetaminophen), probably by stimulating its first-pass 
metabolism in the liver (PERUCCA and RICHENS 1979 a). The half-life of paraceta
mol and the serum paracetamol concentration at steady state are also reduced in 
these patients (CUNNINGHAM and PRICE-EVANS 1981; PRESCOTT et al. 1981). The 
speculation has been made that induction of paracetamol metabolism by 
antiepileptic drugs can enhance the hepatotoxic potential by increasing the rate 
of formation of toxic metabolites, but recent studies do not support this hypoth
esis (PRESCOTT et al. 1981). 

The metabolism of acetanilide, antipyrine, fenoprofen, and phenylbutazone 
has also been found to be increased in patients taking antiepileptic drugs. SHAHIDI 
(1968) showed that phenobarbital can increase the rate of conversion of 
phenacetin into the methaemoglobin-forming ortho-hydroxy metabolite and pre
cipitate serious methaemoglobinaemic reactions in genetically predisposed 
patients. 



Antiepileptic Drug Interactions 845 

8. Pethidine (Meperidine) 
Phenytoin has been shown to increase both the systemic clearance and the first
pass metabolism of pethidine, thereby reducing its oral availability. The biotrans
formation of the metabolite nor-pethidine may also be stimulated by phenytoin 
(POND and KRETZSCHMAR 1981) or phenobarbital (STAMBAUGH et al. 1977, 1978). 
Increased conversion of pethidine to nor-pethidine may result in enhanced central 
nervous system toxicity (STAMBAUGH et al. 1977). The metabolism of methadone 
may also be stimulated (FINELLI 1976). 

9. Vitamins 

Antiepileptic drugs can cause rickets and osteomalacia by stimulating the meta
bolic inactivation of vitamin D (see HAHN 1976 and PERUCCA 1978 for review). 

LABADARIOS et al. (1978) suggested that phenytoin and other enzyme-inducing 
agents cause folate deficiency by increasing the utilization offolic acid in synthetic 
metabolic reactions. 

10. Theophylline 
Phenytoin (MARQUIS et al. 1982; REED and SCHWARTZ 1982) and carbamazepine 
(ROSENBERRY et al. 1983) have been shown to accelerate the elimination oftheo
phylline. Evidence on the effect of phenobarbital on theophylline metabolism is, 
however, conflicting (LANDAY et al. 1978; PFIASKY et al. 1977). 

11. Neuroleptics 
Serum levels of haloperidol and mesoridazine (active metabolite ofthioridazine) 
are reduced by concurrent treatment with phenytoin and phenobarbital (LIN
NOILA et al. 1980). Chlorpromazine levels are also reduced by anticonvulsants 
(PERUCCA 1982). 

12. Antidepressants 

There is evidence that the metabolism of several antidepressant drugs is stimulat
ed by enzyme-inducing antiepileptic drugs: desmethylchlorimipramine (TRAKS
MAN et al. 1980), desmethylimipramine (HAMMER et al. 1967), imipramine (BAL
LINGER et al. 1974; HEWICK et al. 1977), mianserin (NAWISHI et al. 1981), nomi
fensine (NAWISHI and HATHAWAY 1982), nortriptyline (ALEXANDERSON et al. 
1969; BRAITHWAITE et al. 1975) and protriptyline (MOODY et al. 1977). 

13. Other Drugs 
The metabolism of several other drugs may be induced by anticonvulsants. For a 
more complete list, the reader is referred to PERUCCA (1982). 

V. Interactions Resulting in Altered Drug Excretion in Urine 
Acetazolamide may alkalinize the urine and may therefore modify the renal ex
cretion of a number of ionic compounds (see HANSTEN 1973 for review). 
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neuropharmacology 370 
seizure specifity 768 
structure-activity relationships 200, 

353ff. 
teratogenic effects 404 
therapeutic index of 203 

5-Hydroxytryptamine (5-HT) 70,101, 
102, 104, 105, 116, 121, 125, 126, 127, 
128, 130, 192 

Hyperexcitability, withdrawal 276 
Hyperg1ycinaemia 168 
Hyperlysinaemia 176 
Hyperplasia, drug-induced gingival 816 
Hyperpro1inaemia 176 
Hypersalivation 19 
Hypersynchrony 

cholinergic 147 
focal 144 

Hyperthermia 91 
Hyperventilation 58 
Hypotonia, muscular 168 
Hypoxemia 85, 90 
Hypoxia and brain GABA 160 
Hypsarrhythmia 45 

Indometacin 192 
Inheritance 19,58,59,61,64,65,68 
Interactions in antiepi1eptic drugs 831-

845 
Intermittent light stimulation (ILS) 57, 

58,60,69,70 
Iron 309 
Ischaemia 

and brain GABA 160 
focal in infant monkeys 162 

Jacksonian seizure 9 

Kidney disorders, drug-induced 817 
Kindling 109, 110, 123, 130, 139, 142, 

145, 146,290,294, 314ff., 330, 627, 632 
anatomical specifity 315 

Lafora bodies (LB) 61,62 
Lafora's disease 62 

Subject Index 

L-dopa see DOPA 
Ledderhose syndrome, drug-induced 816 
Lennoxsyndrome 4,12,15,16,768,771 
Leukopenia, drug-induced 804 
Lidocaine 250,317,318 
Lorazepam 229 
Lupus erythematosus, drug-induced 806 
Lymphadenopathy, drug-induced 804 
Lymphoma, drug-induced malignant 804 

MAO inhibitors 113, 116, 118, 127 
Medazepam 229 
Meningoencephalitis 3, 189 
Mephenytoin 200, 203 

adverse effects 794 
biotransformation 396 
clinical pharmacology 671 
seizure specifity 768 
side effects 772 
therapeutic level range 739 
treatment of partial seizures 772 

Mephobarbital see Methy1phenobarbita1 
Metergoline 125 
Methetoin, adverse effects 794 
Methohexita1 61 
Methoin see Mephenytoin 
Methsuximide 216,328 

adverse effects 798 
bioavai1abi1ity 565 
chemistry 557 
clinical pharmacology 695 
influence on behavoir 562 
interaction with 

phenobarbital 836 
phenytoin 836 

Methy1phenobarbital 620, 739 
clinical pharmacology 676-677 
combination with 

phenytoin 786 
valproic acid 785 

pharmacology 421 ff. 
seizure specifity 768 
suitability 774 
therapeutic level range 733 
use 783 

Metrazo1 see pentylenetetrazol 
Migraine, treatment with phenytoin 787 
Monoamines 70, 101, 103, 108, 113, 129, 

139 
Monoepilepsy 5 
Muscimol 156, 161, 163, 164,256,631 
Myasthenia gravis, drug-induced 792 
Myoclonus 67, 163 
Myopathy, drug-induced 817 

Neo-Citrullamon 739 
Neuroleptics 102, 105 
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Neuromediators 101, 102 
N~urotransmission 101, 102, 103 
Nlrvanol 671-672 
Nitrazepam 

adverse effects 799 
seizure specifity 768 
side effects 771 
suitability 773 
therapeutic levels range 739 
tolerance to 273 
use 779 

Nonpyknoleptic 4 
Noradrenaline 70, 101, 153, 156, 190 
Norepinephrine, see Noradrenaline 

Oestrogens 158 
Oligoepilepsy 5 
Opisthotonus 60,63,64,67,69 
Osteo~alacia, drug-induced 792,814 
Ouabam 170 

competition with phenytoin 247 
Oxazepam 228, 229 
Oxazolidinediones 208 ff. 

clinical pharmacology 702-703 
electrophysiological effects 632-635 
seizure specifity 768 

Oxotremorine 142 

Pancreatitis, drug-induced 812 
Paracetamol 192 
Paralysis 85 
Paramethadione 208 

anticonvulsant effects 537 ff. 
biochemical effects 543 
distribution 545 
drug interactions 547 
excretion 546-547 
influence on behavior 542 
influence on EEG 542 
metabolism 546 
pharmacokinetics 544-547,703 
toxicity 547-548 

Paroxysmal depolarization shift (PDS) 
143 

Penicillin 142, 143, 146, 170,301,328 
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Pentylenetetrazol 
Pentetrazole see Pentylenetetrazol 
Pentobarbital 165, 169, 175 

effects on membrane excitability 621 
Pentylenetetrazol (PTZ) 58,60,61,81, 

89,90, 101, 110, 112, 113, 115, 124, 125, 
129, 130, 140, 141, 146, 170, 177, 191, 
192,286, 295ff., 300, 307, 318, 321, 326 
action on prostaglandins 189 
death by 190 

863 

Pentylenetetrazol convulsion test 199 ff., 
296,327 

Petit mal 4, 17, 147, 160 
EEG 44 
impulsive 17,18 
retropulsive 17 

Petit mal triad 5 
Phenacemide 

anticonvulsant activity 602-604 
chemistry 601 
drug interactions 605 
metabolic tolerance to 270 
pharmacokinetics 604 
pharmacological profile 223 
toxicity 605-608 

Phenelzine 70 
Pheneturide 

pharmacokinetics 704 
interaction with 

phenobarbital 836 
phenytoin 836 
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adverse effects 782, 794-795 
bioavailability in adults 673 
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excretion 674 
half-life and clearance 674 
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desmethyldiazepam 839 
diazepam 839 
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phenytoin 836, 839 
prednisolon 843 
primidone 839 
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valproic acid 836, 839 

lethal dose 795 
metabolic tolerance to 269 
metabolism 674 
monitoring 725 

in tears 746, 747 
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Phenobarbital 
pharmacokinetics 

in adults 673-675 
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in infants 675 
in neonates 675 

plasma protein binding 673 
salivary/plasma ratio 745 
seizure specifity 768 
side effects 771 
steady-state serum levels 675 
suitability 773 
therapeutic level range 733 
tolerance to 271 f. 
use 781 

Phenobarbitone, see Phenobarbital 
Phenoxybenzamine 70 
Phensuximide 216 
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clinical pharmacology 696 
derivates 212 
effects on neurochemical processes 

563-564 
influence on EEG 562 Phentolamine 

70,105,108,115,117 
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relationships 223 
Phenylbutazone, interaction with 

phenytoin 838 
valproic acid 834 

Phenylketonuria 176 
Phenytoin 200,201,203,223,224,257, 

351 ff. 
action on neuronal membranes 612-· 

615 
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bioavailability 

in adults 661 
in animals 380 

biotransformation 391 
clinical effects 619 
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Methylphenobarbital 786 
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Primidone 786 
Sulthiame 786 
Valproic acid 786 
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distribution in adults 662 
diurnal fluctuation in serum levels 671 
dosage calculation 670 
dose-dependent side effects 792 
effect on 

brain 617-619 
GABA 253 
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neurotransmitter metabolism 252 
sodium conductance 245 f. 
spinal cord 615 
synaptic transmission 251,615 
thyrotropin release 251 
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excretion 665 
extravascular distribution 384 
half-life and clearance 666 
inhibition by 

sulthiamine 835 
valproic acid 836, 839 

in pregnancy 668 
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activated charcoal 831 
antacids 831 
antibiotics 837 
antineoplastic drugs 832 
aspirin 834 
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carbamazepine 839 
cimetidine 838 
clonazepam 839 
desmethyldiazepam 839 
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diazepam 836, 839 
diazoxide 834 
diconmarol 842 
doxycycline 842 
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halofenate 834 
haloperidol 845 
heparin 834 
lidocaine 841 
mesoridazine 845 
methotrexate 841 
methsuximide 836 
nasogastric feeding 832 
oxacillin 832 
pethidine 845 
pheneturide 836 
phenobarbital 836, 839 
phenylbutazone 838 
primidone 839 
propoxyphene 838 
sulphafurazole 834 
sulphamethoxypyridazine 834 
sulthiame 834 
theophylline 832, 845 
tolbutamide 834 
warfarin 842 

interethnic differences 
in kinetics 667 
in metabolism 665 

intoxication 793 
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maintenance therapy 668 
metabolic tolerance to 268 
metabolism in adults 665 
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monitoring 725, 727 

in tears 746 
of metabolites 748 

pharmacokinetics 
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in infants 670 
in neonates 670 
interethnic differences in children 

671 
plasma protein binding 383, 662, 740 
salivary/plasma ratio 743 
seizure specifity 768 
side effects 772 
steady-state serum levels 668 
suitability 775 
therapeutic level range 727, 729 
tolerance to 272 
toxicity 249 
toxic level 729, 730 
transport of 247 
treatment of partial seizures 772 
use 784 

for migraine 787 
for Tic Douloureux 787 
in cardiac arrhythmia 788 
in Fabry's disease 787 
in hyperinsulinism 787 
in myotonia 788 

Phosphofructokinase (PFK) 85, 86 
Photomyoclonic syndrome 56 
Photosensitivity 19,25,57 
Photostimulation 26 
Physostigmine 140, 143, 144, 145, 147 
Picrotoxin 140, 155, 156, 161, 169, 190, 

225,256,257,286,297,321,326 
Pimozide 102 

Porphyria, drug-induced 792,812 
Pregnancy, antiepileptic drugs in 806-

810 
Premarin 299 
Primidone 

acute toxicology 468 
adverse effects 795-796 
antiarrhythmic effect 459 
anticonvulsant activity in standard 

models 451-454 
anticonvulsant potency in man 454-

455 
binding to serum proteins 460 
bioavailability in adults 678 
biochemical mechanism of action 457 
chemistry 449-451 

chronic toxicology 469 
combination with 

phenytoin 786 
valproic acid 785 

distribution in adults 678 
drug interactions 466-468 
effect on brain enzymes 458 
efficiency 222 
elimination 465 
excretion 679 
half-life and clearance 679 
interaction with 

acetazolamide 832 
antibiotics 837 
carbamazepine 839 
clonazepam 839 
desmethyldiazepam 839 
dexamethasone 843 
diazepam 839 
phenobarbital 839 
phenytoin 839 
valproic acid 839 

intoxications 470, 796 
mechanism of anticonvulsant action 

455 ff. 
metabolism 462-465, 679 
mutagenic effect 469 
pharmacokinetics 

in adults 678-681 
in animals 459-466 
in children 681 
in infants 681 

865 

in neonates 681 
physical dependence 458 
plasma protein binding 678 
protein binding 741 
salivary/plasma ratio 745 
sedative effect 458 
seizure specifity 768 
side effects 772 
steady-state serum levels 680 
suitability 774 
teratogenic effect 469 
therapeutic level range 734-735 
treatment of partial seizures 772 
use 783 
withdrawal symptoms 796 

L-Proline 156 

Pronethalol 103, 113 
Propanolol 70,103,109,110,113,117 
Pyknolepsy 4, 5, 17, 19 

Pyridoxine 158 
deficiency 161 
dependency 158 

Pyrogallol 116 

Pyruvate kinase 87 
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Quinuclidyl-benzylate (QNB) 143, 146 

Receptors, multiple 156 
Relationships, structure-activity 199 ff 
Reserpine 101, 104, 105, 108, 109, 110: 

112, 113, 115, 118, 119, 120, 121, 127 
Rodent models 159, 163 

Salaam convulsions 13 14 
Saliva/plasma ratio 743 
Salivation 60,63,64 67 291 
Schizophrenia 163 ' , 
Schizophrenic behavior in cats 292 
Scopolamine 145 147 
Seizure classificati~n 9 
Seizure monitoring 9 
Seizures 

generalized tonic-clonic 
drug treatment of 771 

myoclonic 
comparative efficacy of drugs for 

769 
partial (focal) 

comparative efficacy of drugs for 
769 

drug treatment of 772 
Serotonin (5-hydroxytryptamine) 101, 

120, 153, 156 
Side effects, dose-dependent 791 
Spanioleptic 5, 17 
Spikes 

monophasic 37 
multiphasic 37 

Status epilepticus 9, 14, 15,22,23,24, 
61,80,82,85,90,91,92,274 
after withdrawal of phenobarbital 277 
EEG 39 
in baboons 297 
in newborns 96 

Stress convulsions 3, 5 
Strychnine 116, 140, 141, 156, 168, 169, 

170,190,206,225,286,298 300 321 
326 ' , , 

Stun reaction 286 
Succinimides 160,209ff. 

adverse effects 797-798 
anticonvulsant effects 558-561 
chemistry 557 
clinical pharmacology 693-696 
electrophysiological effects 635-636 
enzyme induction by 267 
seizure specifity 768 
structure-activity relationships 210 

Sulfonamides 234 
Sulthiame 

adverse effects 800 
combination with phenytoin 786 
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inhibition of phenytoin metabolism 
835 

pharmacokinetics 704 
therapeutic level range 739 

Synaptosomes (synaptic vesicles) 155, 
169,247,250,253,254,311 

Tachyphylaxis, after diazepam 274 
Taurine 155,169,176 
Tear/plasma ratio 746 
Tetanus toxin 299 
Tetrabenazine 108, 113, 127 
Tetrodotoxin 249 
Thiopental 61 

effects 
on brain 627 
on membrane excitability 621 

TRIP 156, 164 
Therapeutic level, clinical evaluation 728 
Therapeutic level, the concept of the 727 
T~rombocytopenia, drug-induced 804 
TIC Douloureux, treatment with 

carbamazepine 787 
Tofizopam 227 
Tremor, oxotremorine-induced 214 
Triazolam 229 
Trimethadione 160,208,209,328 

adverse effects 797 
anticonvulsant effects 537 ff. 
biochemical effects 543 
distribution 545 
drug interactions 547 
effects 

on brain 634 
on spinal cord 633 
on synaptic transmission 633 

electrophysiological effects 632-635 
excretion 546-547 
influence 

on behavior 542 
onEEG 542 

metabolism 546 
pharmacokinetics 544-547 702-703 
side effects 771 ' 
therapeutic level range 
tolerance to 270 272 
toxicity 547-548 
treatment of absences 771 

Troxidone, see Trimethadione 
Tryptophan 70 
Tungstic acid 309 

Valproic acid (Valproate) 153 160 167 
175,208,224,231,250,251,254,328 ' 
adverse effects 796-797 
antiepileptic activity 508-512 
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phenobarbital 785 
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primidone 785 

distribution 520 
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drug interactions 525 
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brain 630 
cyclic nucleotides 517 
GABA metabolism 513-515 
glycine metabolism 516 
monoamine metabolism 517 
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influence on 

GABA synthesis 168 
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phenobarbital levels 836 

inhibition of phenytoin metabolism 
836 

interaction with 
activated charcoal 831 
antipyrine 842 
carbamazepine 833 
diazepam 833 
GABA 630 
intralipid 834 

phenobarbital 833, 839 
phenytoin 833, 839 
primidone 839 

kinetic variability 738 
metabolism 523-525,691 
monitoring 727 
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pharmacodynamic properties 519 
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in adults 689-693 
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in infants 693 
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toxicity 526-527 
treatment of 

absences 770 
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