0031-6997/90/4203-0223$02.00/0
PHARMACOLOGICAL REVIEWS Vol. 42, No. 3
Copyright © 1990 by The American Society for Pharmacology and Experimental Therapeutics Printedin U.S.A.

Antiepileptic Drugs: Pharmacological Mechanisms and
Clinical Efficacy with Consideration of Promising
Developmental Stage Compounds

U) MICHAEL A. ROGAWSKI'* AND ROGER J. PORTER?
g *Neuronal Excitability Section, Medical Neurology Branch, and *Office of the Director, National Institute of Neurological Disorders and Stroke,
National Institutes of Health, Bethesda, Maryland
kL
- L Introduction . ... e e e 224
> II. Drugs used primarily in the treatment of partial seizures and generalized tonic-clonic seizures .. 226
A, PRenytoin .. ... .. e e 226
1. Block of voltage-dependent Na* channels. .................. ... ... ... it 227
2. Block of voltage-dependent Ca** channels ........................................ 229
3. SynaPIC BCtIONS . ... .. e e 229
;—1 4. Special considerations applicable to the epilepticbrain ............................. 229
< 5. Clinical effiCaCY . . ... ..o\ttt 230
B. Other hydantoins and phenacemide ............. ... ... ... i, 230
U C. CarbamAzZEPINe. . . ... 230
e 1. Block of voltage-dependent Na* channels......................................... 231
2. Interaction with adenosinereceptors ... ............ ... .. it 232
O 3. Effects on catecholamine systems ................... ... ittt 233
4. Interaction with peripheral-type benzodiazepine receptors .......................... 233
O 5. Clinical efficacy . ... ... ...t e e 233
'_1 D. Barbiturates . ........... ... i e 234
1. Block of voltage-dependent Ca®* channels ........................c..cciiiinnn... 234
O 2. Potentiation of GABA-mediated inhibition .. .............................cc.on... 235
3. Relevance of GABA, receptor interactions to anticonvulsant efficacy . ................ 236
U 4. Other effects on voltage-dependentionchannels................................... 236
5. Block of excitatory transmission ............. ... .. ... i e 236
6. Clinical efficacy . . ... e 237
III. Drugs with a broad spectrum of clinical antiepileptic activity .............................. 238
A. Benzodiazepines. ... ...t 238
1. Potentiation of GABA-mediated inhibition ..................... . ... ... ..., 238
2. Chronic effects . ..............uiiiiiiiit 240
3. Non-benzodiazepine receptor mediated actions .................................... 240
4, Clinical ffICaCY . . ... ..ot e 241
B. Valproate . ......... ...t e e 241
m 1. Effects on GABA 8yS8temS . ... ... ...ttt 242
2. Block of voltage-dependent Na* channels......................................... 243
3. Toward an understanding of the mechanism of action of valproate ................... 243
4. Clinical efficacy..............ooiiiiiiiiii i i 244
IV. Drugs used primarily in the treatment of absence seizures ................................. 244
A. Ethosuximide ......... ... ... 244
ry 1. Thalamocortical mechanisms in absenceepilepsy .................................. 244
+ 2. Block of T-type voltage-dependent Ca** channels . ................................. 245
0 3. Clinical efficacy . . ...t e 246
Q B. Trimethadione ... ............. . i i 246
0 C. Phensuximide and methsuximide .............. .. ... ... ... ... .. ... i, 247
(U D. ACEtazolamide .......................e.eeee 247
V. Developmental stage drugs . .. ... . it 248

* To whom requests for reprints should be addressed: NINDS, NIH, Building 10, Room 5N-248, Bethesda, MD 20892.
223

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

aspet.’

224 ROGAWSKI AND PORTER

I. Introduction

Epilepsy is one of the most common afflictions of man.
With a prevalence of approximately 1%, it is estimated
that 50 million persons worldwide may have the disorder.
Although many are well controlled with available thera-
pies, perhaps one-quarter of the total continue to have
seizures. Since the introduction of valproate in 1978, no
new antiepileptic drug has been approved in the United
States for the primary therapy of epilepsy. Nevertheless,
there is cause for optimism. A large number of promising
compounds are currently undergoing preclinical and clin-
ical evaluation, and several of these will undoubtedly
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become meaningful additions to the neurologist’s phar-
macological armamentarium. Although many of these
compounds were discovered by the time-honored ap-
proach of empirical drug screening, the creation of sev-
eral were based on rational considerations of the patho-
physiological mechanisms of the epileptic syndromes in
conjunction with a detailed understanding of central
excitability mechanisms and logical principles of drug
design. In the future, it can be expected that such con-
siderations will play an even greater role in the process
of antiepileptic drug development.

Our purpose in this review is to consider the biological
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mechanisms of action of currently marketed and devel-
opmental stage antiepileptic drugs in the context of the
clinical syndromes they are designed to treat. Since the
time of Hughlings Jackson more than 100 years ago,
epileptic seizures have been known to represent “an
occasional, excessive. . .discharge of nerve tissue....”
(Taylor, 1931). Seizures are divided fundamentally into
two groups: partial and generalized (Commission on
Classification and Terminology of the International Lea-
gue Against Epilepsy, 1981). Partial seizures have clinical
or EEG evidence of a local onset, but the word partial
does not imply a highly discrete focus; such a focus often
does not exist. The abnormal discharge usually arises in
a portion of one hemisphere and may spread to other
parts of the brain during a seizure. Generalized seizures,
however, have no evidence of localized onset; the clinical
manifestations and abnormal electrical discharge give no
clue to the locus of onset of the abnormality, if indeed
such a locus exists (Porter, 1989).

Partial seizures are divided into three groups: (a) sim-
ple partial seizures, (b) complex partial seizures, and (c)
partial seizures secondarily generalized. Simple partial
seizures are associated with preservation of conscious-
ness and usually with unilateral hemispheric involve-
ment. Complex partial seizures are associated with alter-
ation or loss of consciousness and usually with bilateral
hemispheric involvement. A partial seizure may become
secondarily generalized, i.e., may progress to a general-
ized tonic-clonic seizure. If there is no evidence of local-
ized onset, then the attack is a generalized seizure. The
generalized seizures include: (a) generalized tonic-clonic
seizures (grand mal), (b) absence seizures (petit mal), (¢)
myoclonic seizures, (d) atonic seizures, (e) clonic sei-
zures, and (f) tonic seizures. Although the majority of
seizures occur without any obvious precipitating factor,
in some patients seizures are triggered by environmental
stimuli such as flickering light. Visually evoked seizures
are not uncommon in humans but are rare in animals.
On the other hand, certain mice and rats are susceptible
to audiogenic (sound-induced) seizures, whereas true au-
diogenic seizures (as opposed to music-induced or audi-
tory startle-induced seizures) do not occur in humans
(Niedermeyer, 1990). Seizures induced by a specific trig-
gering factor are referred to as “reflex seizures.”

Epilepsy, in contradistinction to seizures, is a chronic
disorder characterized by recurrent seizures (Gastaut,
1973). The “epilepsies” consist of a variety of diverse
syndromes characterized by different seizure types, etiol-
ogies, ages of onset, and EEG features; the classification
of epileptic syndromes has recently been published
(Commission on Classification and Terminology of the
International League Against Epilepsy, 1989). The first
major division of the epileptic syndromes is the same as
that for seizures, i.e., into the partial epilepsies or the
generalized epilepsies. Each of these is further subdivided
into idiopathic (i.e., cause unknown) or symptomatic

(cause known) and then according to age of onset. When
possible, specification of a patient’s seizure disorder as a
particular epileptic syndrome affords prognostic infor-
mation that neither the seizure diagnosis nor the etiolog-
ical diagnosis can provide and may assist in the selection
of appropriate drug therapy.

In the absence of a specific etiological understanding
in any of the human seizure disorders, rational ap-
proaches to drug therapy of epilepsy must necessarily be
directed at the control of symptoms, i.e., the suppression
of seizures. Antiepileptic drugs can control either the
initiation and maintenance of the epileptic discharge or
its spread within the brain. Recent advances in under-
standing the cellular mechanisms of epileptogenesis from
the kindling model suggest that approaches designed to
interdict development of epilepsy may also be possible.
Although there are a wide variety of specific molecular
targets, all anticonvulsant drugs ultimately must exert
their actions by altering the activity of the basic media-
tors of neuronal excitability: voltage- and neurotrans-
mitter-gated ion channels. In those cases in which drug
mechanisms are reasonably well understood, three gen-
eral themes encompass current views of antiepileptic
drug action: (a¢) modulation of voltage-dependent ion
channels involved in action potential propagation or
burst generation, (b) enhancement of GABAt-mediated
inhibition, and (c) suppression of acidic amino acid-
mediated excitation. Because our understanding is in-
complete, it must be recognized that these are not the
only brain mechanisms by which currently available
drugs could operate, nor are they the only mechanisms
that ought to be targeted in the development of new
drugs. Nevertheless, they do provide a useful framework
for the classification of antiepileptic drugs and this struc-

t Abbreviations: CNS, central nervous system; NMDA, N-methyl-D-
aspartate; GABA, y-aminobutyric acid; CSF, cerebrospinal fluid; PTP,
posttetanic potentiation; h., steady-state inactivation; AMP, adenosine
monophosphate; GTP, guanosine triphosphate; cDNA, complementary
deoxyribonucleic acid; GABA-T, GABA-a-ketoglutarate transaminase;
mRNA, messenger ribonucleic acid; THIP, 4,5,6,7-tetrahydroisoxa-
zolo[4-c]pyridine-3-ol; EEG, electroencephalogram; i.p., intraperito-
neal; p.o., oral; i.v., intravenous; s.c., subcutaneous; i.m., intramuscular;
GABAmide, y-aminobutyramide; APH or AP5, 2-amino-7-phospho-
noheptanoic acid; APV or AP7, 2-amino-5-phosphonovaleric acid; CPP,
3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid; PCP, phency-
c lidine; PCA, 1-phenylcyclohexylamine; MK-801, (+)-10,11-dihydro-
5-methyl-5H-dibenzo[a,d]cyclohepten-5,10-imine or dizocilpine;
ADCI, 5-aminocarbonyl-5H-dibenzo[a,d]cyclohepten-5,10-imine; LY2
01116,4-amino-N-(2,6-dimethylphenyl) benzamide; MMP, N-
monomethoxymethyl-phenobar-bital; U-54494A, (+)-cis-3,4-dichloro-
N-methyl{N-[2-(1-pyrrolidinyl)-cyclohexyl]benzamide}; D-19274, 3-
({2-amino-6-[(4-flurophenyl)methylJamino-3-pyridinyl}2-oxazolidi-
none HCl); AHR-12245, 2-(4-chlorophenyl)-3H-imidazo[4,5-b)pyri-
dine-3-acetamide; CGS 19755, cis-4-phosphonomethyl-2-piperidine-ca
rboxylic acid; NPC 2626, 2-amino-4,5-(1,2-cyclohexyl)-7-phosphono-
heptanoic acid; b-CPP-ene, D-3-(2-carboxypiperazin-4-yl)-1-propenyl-
1-phosphonic acid; CGP 37849, 2-amino-4-methyl-5-phosphono-3-
pentenoic acid; CI-966, [1-{2-[bis-4-(trifluoromethyl)phenyljmethoxy}
ethyl]-1,2,5,6-tetrahydro-3-pyridinecarboxylic acid.
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ture allows the tentative categorization of the develop-
mental stage compounds in the face of limited informa-
tion regarding their pharmacological activity. Thus, in
the following discussion, we often use the currently mar-
keted drugs as prototypes and base our conclusions con-
cerning the actions of the developmental stage com-
pounds on the presumed mechanisms of the prototypes.

For each drug considered in this review, we briefly
describe its anticonvulsant profile in animal seizure
models because this can often give insight into its cellular
mechanism of action. A wide variety of animal models
are used to screen potential antiepileptic drugs (see re-
views by Reinhard and Reinhard, 1977; Porter et al.,
1984; Meldrum, 1986; Jobe and Laird, 1987; Lothman et
al., 1988; Kupferberg, 1989a; Fisher, 1989). These include
spontaneous or reflex models of epilepsy in inbred ani-
mals, chemically induced seizures, and electrically in-
duced seizures. In addition, various models utilize chem-
icals applied to the surface of the cortex or injected into
the brain. Finally, the kindling model can be used to
evaluate antiepileptic drugs. We consider the results of
testing with these diverse models when it is available,
but we particularly focus on the data obtained in the
maximal electroshock seizure test and in the pentylene-
tetrazol test. These two models are widely used, are
highly reproducible, and provide a basis for comparing
different chemical entities under relatively well-stand-
ardized conditions. Results in these two models are es-
pecially apt to provide preliminary clues as to cellular
mechanisms of action. The maximal electroshock test
evaluates the ability of drugs to prevent electrically in-
duced tonic hindlimb extension in mice and rats. Efficacy
in this model has been shown to correlate with ability to
prevent partial and generalized tonic-clonic seizures in
man, and it is often stated that this model evaluates the
capacity of a drug to prevent seizure spread. Drugs that
are active in the maximal electroshock test often have a
phenytoin-like effect on voltage-dependent Na* channels
(table 1), although drugs that act specifically to block
NMDA-type excitatory amino acid receptors or that
increase synaptic norepinephrine levels (Burley and Fer-
rendelli, 1984; Przegalinski, 1985) are also effective in
this test. On the other hand, the pentylenetetrazol test
as most commonly performed evaluates the ability of
potential antiepileptic drugs to prevent clonic seizures
and may correlate with activity against absence seizures;
there are, however, several drugs that are active in this
test but are not useful in absence attacks, such as phe-
nobarbital. Activity in this seizure model often indicates
that a drug can affect GABAergic brain systems, either
by enhancing brain GABA levels or by altering the
sensitivity of postsynaptic GABA receptors. Specific an-
tiabsence drugs, such as ethosuximide and trimetha-
dione, which may act by blocking T-type voltage-depend-
ent Ca’* channels, are also effective in the pentylenete-
trazol test. The pentylenetetrazol model also appears to

correlate with ability to retard the development of kin-
dled seizures (Albertson et al., 1984a; Schmutz et al.,
1988). (When activity of the drug against pentyelenete-
trazol-induced tonic seizures is reported, the significance
is different and is more comparable to the maximal
electroshock test.)

Following the discussion of drug activity in animal
seizure models, we next consider data concerning the
biochemical and cellular electrophysiological actions of
the drug that may be relevant to its anticonvulsant
activity in animals and man. Finally, we turn to a dis-
cussion of the clinical efficacy of the drug in human
seizure disorders.

II. Drugs Used Primarily in the Treatment of
Partial Seizures and Generalized Tonic-Clonic
Seizures

A. Phenytoin

The ideal antiepileptic would prevent seizures without
producing side effects that adversely affect the patient’s
quality of life. The discovery of phenytoin (fig. 1) dem-
onstrated that this ideal was approachable. At normal
therapeutic serum concentrations of 10-20 ug/ml (40-80
uM), phenytoin protects against seizures without causing
sedation or otherwise interfering with normal CNS func-
tion in most patients. In addition to revolutionizing
epilepsy therapy, the introduction of phenytoin set a
standard against which to measure potential new antie-
pileptic agents. Phenytoin was the result of a search by
Merritt and Putnam (1938) for a nonsedating analog of
phenobarbital capable of suppressing electroshock-in-
duced seizures in animals. The drug has very specific
effects on the pattern of electroshock seizures in that it
completely abolishes the tonic phase (usually scored as
hindlimb extension; EDs, 9.5 mg/kg, i.p., in mice) but
may enhance or prolong the clonic phase of the seizure
(Toman et al., 1946; Swinyard et al., 1989). In contrast,
phenytoin is ineffective against seizures induced by
chemoconvulsants such as pentylenetetrazol, bicuculline,
picrotoxin, penicillin, and strychnine (Swinyard et al.,
1989; see Eadie and Tryer, 1989, for additional refer-
ences); it is weak in protecting against myoclonic re-
sponses in photosensitive baboons (Meldrum et al., 1975)
and generalized seizures in alumina cream-lesioned cats
(Majkowski et al., 1976); and it has variable effects
against amygdaloid-kindled seizures in rats (Callaghan
and Schwark, 1980; McNamara et al., 1989). Phenytoin
has been shown to limit the propagation of epileptic
activity from regions of epileptic cortex, even though it
may actually increase the frequency of spiking in such
foci (Morrell et al., 1959). As a consequence, it is often
stated that phenytoin inhibits seizure spread but does
not stop the initiation of epileptic discharges.

Phenytoin is known to exert a wide variety of phar-
macological actions on neurons many of which are com-
patible with anticonvulsant activity. However, the chal-
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TABLE 1
Anticonvulsant potencies and proposed cellular mechanisms of action of prototype antiepileptic drugs*
Mouse anticonvulsant screen
Seizure type/ (m/kg, i) Voltagodependent 3T TR rooptor
antiepileptic drug MES ED,, PTZED, a* cl o channels mechani
Generalized tonic-clonic
and partial seizures

Phenytoin 9.6 No protection +

Carbamazepine 8.8 Potentiation +

Phenobarbital 21.8 13.2 +
Broad spectrum

Clonazepam 92.7 0.18 +

Diazepam 19.1 0.17 +

Valproate 272 149 + +
Absence seizures

Ethosuximide >1000 130 +

Trimethadione 628 301 +t

* Abbreviations: MES, maximal electroshock (tonic) seizure test; PTZ, pentylenetetrazol (clonic) seizure test; EDy, median effective dose.

Adapted from Porter et al. (1984) and Swinyard (1989).
t The metabolite dimethadione was tested.

H
(o]
N
PHENYTOIN MEPHENYTOIN
: Y
\__ H
ETHOTOIN PHENACEMIDE

F1G. 1. Structures of succinamide anticonvulsants and phenac-
emide.

lenge for researchers has been to explain its relative lack
of neurological side effects at therapeutic doses. For
example, in mice, phenytoin’s TDjs, (dose at which 50%
of animals exhibit toxicity) in the rotorod ataxia test is
66 mg/kg so that its protective index (TDso/EDso) is 6.9.
Numerous excellent reviews of phenytoin’s diverse neu-
ronal actions have appeared (e.g., Yaari et al., 1986;
Selzer et al., 1988; Eadie and Tryer, 1989; De Lorenzo,
1989) and the present account will focus on observations
leading to a molecular understanding of its antiepileptic
action. In recent years, it has been elegantly demon-
strated that phenytoin can interact with the voltage-
dependent Na* channels that are responsible for the
action potential upstroke in a highly specific voltage-
and frequency-dependent manner. This is the only
known action of the drug that can easily explain its
ability to suppress seizures without causing a generalized
depression of the nervous system. Thus, the theory that
Na* channel blockade is the mechanism underlying
phenytoin’s clinical efficacy is gaining widespread ac-

ceptance, although some investigators have also impli-
cated effects on voltage-dependent Ca®* channels. We
will consider the experimental observations supporting
the idea that phenytoin is a selective blocker of voltage-
dependent Na* and Ca®* channels. In addition, we will
briefly consider data regarding the synaptic actions of
phenytoin, including its ability to block neurally evoked
excitatory transmitter release and its effects on excita-
tory amino acid-induced excitation and GABA-mediated
inhibition. When evaluating any of the diverse pharma-
cological actions of phenytoin, one must always consider
the data in light of the actual levels achieved in patients
adequately treated by the drug. Although the usual ther-
apeutic serum levels are 40-80 uM, phenytoin is highly
protein bound so that only about 10% of the total is free
and available to equilibrate with the CSF (Woodbury,
1989). Most investigators have considered the CSF levels
to be a reasonable estimate of the drug concentration at
the physiologically relevant acceptor site(s) because they
are presumed to reflect the level in the extracellular
compartment of the brain. We will follow this convention
and focus on drug effects that occur at concentrations
near the therapeutic CSF levels (approximately 4-8 uM).
However, it is of interest to note that the brain concen-
tration may be substantially higher than the CSF con-
centration, presumably because of binding to brain pro-
teins and lipid (Goldberg and Crandall, 1978). Thus, the
actual brain concentration is one to two times the total
serum concentration (Woodbury, 1989) and the multi-
tude of drug effects that occur at concentrations near the
serum levels cannot therefore be discounted completely,
although the physiologically relevant concentrations are
presumed to be closer to the free brain concentration
which is thought to be equivalent to CSF levels.

1. Block of voltage-dependent Na* channels. Investiga-
tions of the cellular actions of phenytoin lagged by more
than a decade the original accounts by Putnam and
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Merritt (1937) of its ability to protect cats from elec-
troshock-induced seizures (Merritt and Putnam, 1938).
However, the first such report (Toman, 1949) was strik-
ingly prescient in foretelling the conclusions of an addi-
tional 40 years of research. Frog sciatic nerve, when
stimulated with a supramaximal shock, was shown to
respond with an action potential followed by a second
“rebound” spike. Phenytoin at near clinically effective
concentrations (50 uM) prevented the rebound spike
without altering the initial spike. Thus, phenytoin could
produce a selective blockade of high-frequency repetitive
neuronal firing; the obvious inference was that a similar
action in the brain accounted for its ability to specifically
block the spread of seizure discharges characterized by
high-frequency neuronal activity. The lack of effect on
the initial spike response was interpreted as reflecting
the failure of phenytoin to cause a general depression of
neuronal firing.

Blockade of PTP, one of the best documented and
most robust physiological actions of phenytoin, may
underlie the capacity of the drug to prevent seizure
spread. PTP refers to the ability of high-frequency re-
petitive synaptic stimulation (tetanus) to transiently en-
hance the responsiveness of that pathway to a single
stimulus. It has been suggested that PTP may be a
mechanism that reinforces focal discharges by positive
feedback and facilitates the spread of high-frequency
impulses occurring in these foci to synaptically coupled
cells in distant areas. In several preparations, phenytoin
at low doses has been shown to prevent the augmentation
of synaptic responses produced by a tetanizing stimulus
(Esplin, 1957; Raines and Standaert, 1966; Selzer et al.,
1985). For example, in the in vitro hippocampal slice
preparation, PTP can be produced by high-frequency
(100 Hz, 1-2 s) stimulation of the Schaffer collateral/
commissural pathway to CA, pyramidal cells or by stim-
ulation of the mossy fiber input to CA; cells (Griffith
and Taylor, 1988a). Phenytoin (10-30 uM) accelerated
the decay of PTP in both of these synaptic pathways. It
should be noted, however, that phenytoin does not block
all forms of synaptic plasticity. For example, long-term
potentiation, a popular model of learning and memory,
is unaffected by the drug (Stringer and Lothman, 1988).
Neither the mechanism of PTP nor the way in which
phenytoin attenuates it is well understood. Perhaps the
most compelling hypothesis at present is that frequency-
dependent block of voltage-dependent Na* channels by
phenytoin leads to intermittent failure in the propaga-
tion of high-frequency action potential trains to nerve
terminals, thus effectively reducing PTP (see Yaari et
al., 1986, for references).

As in the early reports demonstrating a specific effect
of phenytoin on repetitive firing in peripheral nerve
preparations, more recent studies have confirmed that
phenytoin inhibits high-frequency repetitive firing of
mammalian central neurons in tissue culture at clinically

relevant concentrations (McLean and Macdonald, 1983).
It is of interest to note that spontaneous firing is only
affected by higher concentrations of the drug, which is
compatible with the idea that depression of normal neu-
ronal firing only occurs under conditions of drug toxicity.
The effect on high-frequency firing is thought to be a
consequence of the unique voltage- and frequency-de-
pendent manner in which phenytoin binds to Na* chan-
nels. Specific effects on Na* channels have been deter-
mined with three approaches: (a) displacement (binding)
assays in membrane preparations using radiolabeled Na*
channel toxins, such as [*H]batrachotoxin (fig. 2), (b)
toxin-stimulated Na* flux measurements in synapto-
somes, and (c) voltage-clamp recordings of Na* currents
in various cell types. In each assay, phenytoin fails to
produce a substantial inhibitory effect at the usual ther-
apeutic free serum (CSF) concentrations (5-10 uM), as
expected, because this would cause a generalized depres-
sion of the nervous system. The drug does, however,
depress Na* channel function at somewhat higher con-
centrations, i.e., those that are in the toxic range. Thus,
the effective one-half inhibitory concentration is 40 uM
in the batrachotoxin-binding assay (Willow and Catter-
all, 1982), 35 uM in the Na* flux assay (Willow et al.,
1984), and 30-200 uM in voltage-clamp recordings (Lip-
icky et al., 1972; Schwarz and Vogel, 1977; Matsuki et
al., 1984; Willow et al., 1985; Wakamori et al., 1989;
Tomaselli et al., 1989; Schwarz and Grigat, 1989). How-
ever, in the voltage-clamp experiments, holding the cell
for a prolonged period at depolarized potentials prior to
presentation of the activating stimulus markedly en-
hanced the block produced by phenytoin (Willow et al.,
1985) and, in fact, if the cell is continuously held at
hyperpolarized potentials (=100 mV), the Na* channel
block can be virtually eliminated (Schwarz and Vogel,
1977; Matsuki et al., 1984; Schwarz and Grigat, 1989).

% Maximum

[v] 1 1 1

— = = =
Log [drug], M

F1G. 2. Phenytoin and carbamazepine produce a concentration-
dependent inhibition of the binding of [*H]batrachotoxinin A 20-a-
benzoate to synaptosomes from whole rat brain (in the presence of
scorpion toxin). Phenytoin (@), carbamazepine (O), trimethadione
(A), ethosuximide (O), and sodium valproate (l). (From Willow and
Catterall, 1982; used with permission.)
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In a more quantitative sense, it can be stated that phen-
ytoin shifts the steady state inactivation curve (h.) for
Na* current to more hyperpolarized potentials. Repeti-
tive pulsing also enhanced the inhibition produced by
phenytoin so that the block of the Na* current only
reached a steady state after a large number of depolari-
zations were delivered to the cell (Matsuki et al., 1984;
Willow et al., 1985; Wakamori et al., 1989; Tomaselli et
al., 1989; Schwarz and Grigat, 1989). Interestingly, de-
polarization to potentials negative to threshold (where
the channels become inactivated without opening) was
able to enhance block and, moreover, the degree of block
could be shown to be dependent upon the duration at
which the cell was held at the depolarized potential. In
addition, recovery from inactivation that usually occurs
very rapidly after hyperpolarization (within ~4 ms) was
markedly slowed by phenytoin (~500 ms), as if the
channels were prevented from leaving the inactivated
state (Schwarz and Grigat, 1989). These observations
strongly suggest that phenytoin binds preferentially to
the inactivated (closed) state of the Na* channel (see
also Courtney and Etter, 1983). Thus, although pheny-
toin binds poorly to Na* channels in their resting (closed)
state, the drug also seems to have low affinity for open
Na* channels and can only block the channels when they
are inactivated. Although the exact way in which phen-
ytoin blocks inactivated Na* channels in not known, this
presumably occurs by stabilizing the channel in the
inactivated state and preventing its transition to the
resting state that it must reenter before it can open. A
preliminary report describing the effects of phenytoin on
single voltage-dependent Na* channels in outside-out
membrane patches was generally consistent with the
view developed from voltage-clamp experiments (Yaari
and Carbone, 1985). Thus, phenytoin was shown to de-
crease the number of Na* channel openings after step
depolarization but did not affect the single channel con-
ductance or the mean open time; as in voltage-clamp
recordings, the degree of block increased with more pos-
itive holding potentials.

2. Block of voltage-dependent Ca** channels. Phenytoin
at relatively low concentrations (3-30 uM) can produce
a voltage- and frequency-dependent block of low-thresh-
old (T-type) Ca?* channels in neuroblastoma cells that
is very similar to its action on Na* channels in that the
degree of block is enhanced by depolarization and by
repetitive activation (Twombly et al., 1988). (The role of
T-type Ca’* channels in epileptogenesis is discussed in
detail in section IV, A, 1.) Furthermore, in hippocampal
neurons, phenytoin has been shown to selectively reduce
a low-voltage-activated, inactivating (although not fully
characterized) voltage-dependent Ca?* current (Yaari et
al., 1987). However, the drug failed to produce a signifi-
cant block of T-type Ca** currents in thalamic neurons
except at supratherapeutic concentrations (Coulter et al.,
1989¢c). In addition, in a variety of neural tissues, rela-

tively high concentrations of phenytoin (20-200 uM)
have been shown to reduce Ca?*-dependent action poten-
tials (McLean and Macdonald, 1983), to inhibit the
uptake of Ca®* presumably via non-T-type Ca’* channels
(Pincus and Lee, 1973; Hasbani et al., 1974; Pincus and
Hsiao, 1981; Messing et al., 1985; Sohn and Ferrendelli,
1976; Crowder and Bradford, 1987), and to competitively
inhibit dihydropyridine Ca®* channel antagonist binding
to brain and cardiac membranes (Greenberg et al., 1984;
Yatani et al., 1986). The relevance of these effects on
Ca®* channels to the antiepileptic action of the drug is
uncertain.

3. Synaptic actions. Phenytoin has been reported to
depress excitatory transmission by both pre- and post-
synaptic mechanisms and to augment synaptic inhibi-
tion. The presynaptic effects, i.e., depression of excita-
tory transmitter release (Gage et al.,, 1980), has been
hypothesized to relate to the inhibition of Ca** entry
into presynaptic terminals (Yaari et al., 1979; Crowder
and Bradford, 1987), although more recently the empha-
sis has been on the presumed intermittent block of
impulse conduction in presynaptic fibers consequent to
the interaction with Na* channels (Yaari et al., 1986).
Reports that iontophoretically applied phenytoin can
inhibit the postsynaptic effects of excitatory amino acid
neurotransmitters (Sastry and Phillis, 1976; Matthews
and Connor, 1977) have been discounted because of the
high concentrations required when attempts were made
to replicate the experiments under conditions with con-
trolled drug concentrations (Nicoll and Wojtowicz, 1980;
McLean and Macdonald, 1983).

As considered in detail in section II, D, 1, potentiation
of GABA-mediated inhibition can be an important mech-
anism of anticonvulsant action. There have been a num-
ber reports that phenytoin can enhance GABA-mediated
synaptic inhibition or responses to exogenously applied
GABA (Raabe and Ayala, 1976; Ayala and Johnston,
1977; Deisz and Lux, 1977; Aickin et al., 1981; McLean
and Macdonald, 1983; Kaneko et al., 1988). However,
other investigators have failed to observe such an action
of the drug (Hershkowitz and Ayala, 1981; Connors,
1981; Nicoll and Wojtowicz, 1980; Gallagher et al., 1981).
McLean and Macdonald (1983) pointed out that when
effects on GABA responses occur it is only at concentra-
tions substantially higher than those that block sus-
tained repetitive firing. In any case, because phenytoin
has a different spectrum of anticonvulsant activity from
the benzodiazepines (section III, C, 1) and vigabatrin
(section V, C, 1) for which the evidence for a GABA-
dependent mechanism is much stronger, it is unlikely
that effects of phenytoin on GABA systems are signifi-
cant factors in its anticonvulsant activity.

4. Special considerations applicable to the epileptic
brain. Although the bulk of evidence supports the view
that voltage-dependent Na* channels are the critical
target at which phenytoin exerts its antiepileptic action,
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consideration of several additional factors relating to the
pathophysiology of the epileptic brain can help to refine
our understanding of the therapeutic action of the drug
(Yaari et al., 1986). As discussed above, repetitive acti-
vation of excitatory synapses can facilitate the efficacy
of synaptic transmission as a result of phenomena like
PTP. In contrast, there is no evidence that inhibitory
synapses in the vertebrate CNS undergo such plasticity
and, in fact, synaptic depression is more commonly the
rule (Alger, 1985). Thus, during the evolution of a seizure
discharge characterized by sustained, high-frequency
neuronal firing, endogenous inhibitory mechanism are
progressively depressed while recurrent synaptic excita-
tion is enhanced: a sure recipe for an explosive (regen-
erative) discharge. In the same way that phenytoin-
induced conduction block would limit recurrent excita-
tion, the drug would favor the maintenance of intact
inhibitory systems, thus stabilizing the neuronal net-
work.

Another factor that has been emphasized by Yaari et
al. (1986) is the ability of high external K* to facilitate
the frequency-dependent block produced by phenytoin
(Adler et al., 1986). [High K* depolarizes neurons and
reduces the amplitude of K*-dependent hyperpolarizing
potentials, such as the spike afterhyperpolarization, and
these authors have proposed that the more positive mem-
brane potential facilitates the Na* channel block pro-
duced by phenytoin and acts to prevent removal of
inactivation; changing external K* does not appear to
have a direct effect on Na* channels (Selzer et al., 1988).)
Continuous high-frequency firing of neurons during epi-
leptic seizures is known to lead to a slow accumulation
of K* in the extracellular space (to levels as high as 8-
12 mM; see review by Somjen, 1984). This elevation of
extracellular K* could selectively enhance the action of
phenytoin in epileptic brain regions. However, such an
effect would only occur with prolonged seizure events
because the increase in K* is slower in time course than
the electrographic seizure event, so that the general
applicability of this idea is uncertain.

5. Clinical efficacy. Phenytoin is an old, safe compound
that rarely causes serious side effects. The main dose-
related toxicities of the drug are nystagmus, ataxia, and
incoordination, but these are not often a problem with
serum levels in the usual therapeutic range. Disadvan-
tages of phenytoin use include hirsutism, gingival hyper-
plasia, coarsening of the features, rarely peripheral neu-
ropathy, and a teratogenic potential, including the fetal
hydantoin syndrome. Phenytoin was marketed before
controlled clinical trials were required. Its effectiveness
against partial seizures and generalized tonic-clonic sei-
zures is only anecdotally documented, although in a
number of well-controlled studies phenytoin has been
shown to be as effective as carbamazepine or valproate
in the treatment of generalized tonic-clonic and partial
seizures (Wilder and Rangel, 1989). In a large multicen-

ter trial, phenytoin and carbamazepine were determined
to be the two drugs of choice for the treatment of partial
seizures (Mattson et al., 1985). Phenytoin is not effica-
cious in the treatment of absence or myoclonic seizures.

B. Other Hydantoins and Phenacemide

Following the discovery of phenytoin, a large number
of hydantoins were synthesized and tested for anticon-
vulsant activity. Only two of these, mephenytoin and
ethotoin, are currently marketed today, and these are
used infrequently. Mephenytoin (3-methyl-5-ethyl-5-
phenylhydantoin; fig. 1) is generally believed to be useful
for the same clinical seizure types as phenytoin, although
it has a somewhat different spectrum of anticonvulsant
activity in animal seizure models (Kupferberg, 1989b).
Like phenytoin, mephenytoin is active against tonic sei-
zures in the maximal electroshock test. In addition,
however, it can also increase the threshold for pentyle-
netetrazol-induced seizures, and, at high doses, it inhibits
clonic seizures induced by bicuculline and picrotoxin.
Mephenytoin is transformed into a number of metabo-
lites, one of which, 5-ethyl-5-phenylhydantoin (Nir-
vanol), is more potent as an anticonvulsant than the
parent (Kupferberg et al., 1978). Mephenytoin shares
with phenytoin the dose-related side effects of nystag-
mus, diplopia, and ataxia but apparently does not cause
hirsutism, gingival hyperplasia, or peripheral neuropathy
(Troupin et al., 1976). Nevertheless, because of the high
incidence of skin rashes and fatal aplastic anemia (Ro-
bins, 1962) as well as other idiosyncratic toxicities, its
use is rarely warranted (Porter, 1989).

Ethotoin (3-ethyl-5-phenylhydantoin; fig. 1) has a sim-
ilar anticonvulsant profile to mephenytoin in animal
seizure models (Kupferberg, 1989b). Also like mepheny-
toin, ethotoin does not cause gingival hyperplasia or
hirsutism and is generally well tolerated. The main dis-
advantage of the drug is its relatively low potency com-
pared with phenytoin, although in uncontrolled trials the
drug has shown promise (Carter et al., 1984).

Phenacemide (phenylacetylurea; fig. 1) is a ring-
opened analog of phenytoin originally introduced as an
antiepileptic by Gibbs et al. (1949). The use of phenace-
mide has been limited by the belief that it causes frequent
idiosyncratic toxic reactions, including organ toxicity
and personality changes (Troupin et al., 1976). However,
in a recent study in 13 patients with refractory complex
partial seizures, the drug was well-tolerated and efficacy
results were encouraging (Coker et al., 1987). It remains
to be determined whether control of plasma levels will
prove to be useful in reducing the prominent toxic reac-
tions to this drug so that it can be more widely used.

C. Carbamazepine

The iminostilbine carbamazepine (fig. 12) was the
product of a structure-activity study carried out in the
late 1950s to maximize the anticonvulsant activity of a
series of iminodibenzyl derivatives (Kutt, 1989).
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Carbamazepine and phenytoin have a similar spectrum
of anticonvulsant activity in animal seizure models: both
drugs selectively prevent tonic hindlimb extension in
maximal electroshock seizures and both are ineffective
against tonic seizures induced by pentylenetetrazol. At
high doses (30 mg/kg, i.p.), carbamazepine reduces the
severity and duration of amygdaloid-kindled seizures in
rats (Honer, 1989; however, see Wada, 1977). The EDso
for carbamazepine in the mouse maximal electroshock
test is 8.8 mg/kg, i.p. (Swinyard et al., 1989) and the
rotorod TDg, is 72 mg/kg, giving a protective index
(TDso/ED5o) of 8.1, which is slightly higher than that of
phenytoin. Also like phenytoin, carbamazepine is highly
effective at protecting against the spread of activity from
experimental spike foci and is less effective against the
initiation of epileptic discharges within the focus (Julien
and Hollister, 1975; David and Grewal, 1976). Neverthe-
less, the drugs have distinct pharmacological actions
which is not surprising in view of their structural dissim-
ilarity.

Carbamazepine is well known to have an active metab-
olite carbamazepine-10,11-epoxide (Kerr and Levy, 1989;
fig. 12) which has a similar spectrum of anticonvulsant
activity as the parent (Albright and Bruni, 1984; Bour-
geois and Wad, 1984). In man, typical therapeutic serum
levels of carbamazepine and carbamazepine epoxide are
4-12 pg/ml (17-51 uM) and 1.5 pug/ml (6 uM),
respectively (Altafulla et al., 1989). For carbamazepine,
CSF levels may range from 17-31% of the plasma con-
centration; CSF to plasma ratios for carbamazepine
epoxide are higher, typically 45-55% (Morselli et al.,
1989).

1. Block of voltage-dependent Na* channels. Like phen-
ytoin, carbamazepine inhibits voltage-dependent Na™*
channels. This action was initially suggested by its de-
pressant effect on action potentials recorded in a periph-
eral nerve preparation (Honda and Allen, 1973) and is
compatible with its phenytoin-like effect on PTP
(Hershkowitz et al., 1978). Like phenytoin, carbamaz-
epine limits sustained high-frequency repetitive firing of
cultured mammalian central neurons at clinically rele-
vant concentrations (>4 uM). This effect, which is shared
by carbamazepine-epoxide but not by the inactive deriv-
ative carbamazepine-10,11-dihydroxide, has been attrib-
uted to an effect on Na* channels (McLean and Mac-
donald, 1986a). Voltage-clamp studies have in large mea-
sure supported this view, but higher concentrations were
required. Thus, carbamazepine at very high concentra-
tions (250-1000 uM) was reported to reduce Na* currents
recorded under voltage-clamp in Myxicola giant axons
(Schauf et al., 1974) and at lower concentrations (30 uM)
in neuroblastoma cells (Willow et al., 1985) and in mam-
malian myelinated nerve fibers (Schwarz and Grigat,
1989). As is the case for phenytoin, the Na* channel
block was voltage and frequency dependent so that the
degree of inhibition was enhanced at depolarized poten-

tials and by repetitive activation of the channels. Like
phenytoin, carbamazepine shifts the h, curve for Na*
currents to more negative membrane potentials and
slows recovery from inactivation (Schwarz and Grigat,
1989). Therefore, carbamazepine is also believed to bind
preferentially to inactivated Na* channels and to prevent
the inactivated channels from undergoing the transition
to the closed state from which they can reopen (Courtney
and Etter, 1983). These electrophysiological observations
have to some extent been supported in biochemical ex-
periments. Thus, Willow and Catterall (1982) demon-
strated that carbamazepine blocks [*H]batrachotoxin
binding to synaptosomes as does phenytoin. Although at
normal resting potentials the interaction was weak (ICso,
394 uM), the ICys was three-fold lower (131 uM) when
the synaptosomes were incubated under depolarizing
conditions. In addition, carbamazepine produced a sub-
stantial block of batrachotoxin-activated 2?Na* influx in
cultured neuroblastoma cells and rat brain synaptosomes
at more reasonable concentrations (K;, 20-40 uM) (Wil-
low et al., 1984). At therapeutic brain concentrations of
10-50 uM, Willow and Catterall estimated that approxi-
mately 25-50% of the receptor sites associated with Na*
channels are occupied. This degree of block would only
occur under strongly depolarized conditions as is presum-
ably the case during a seizure.

Worley and Baraban (1987) have provided additional
electrophysiological evidence that carbamazepine can in-
teract with the batrachotoxin site on Na* channels at
therapeutically relevant concentrations. These investi-
gators demonstrated that veratridine and aconitine,
drugs that activate Na* channels via an action at the
batrachotoxin site, inhibit population spike responses
recorded in the CA, pyramidal cell layer of the hippocam-
pal slice preparation. Low concentrations of carbamaz-
epine (10-30 uM) and a series of carbamazepine analogs
were found to reverse the veratridine-induced suppres-
sion of the population spike. Moreover, the rank order
of potencies of the analogs in this electrophysiological
test system matched their abilities to inhibit [*H]ba-
trachotoxin binding to synaptosomes. In these electro-
physiological experiments, carbamazepine was highly ef-
fective at concentrations well within the therapeutic
range. The enhanced potency of the drug in reversing
veratridine-induced suppression of Na* channels com-
pared with its activity in the [*H]batrachotoxin-binding
assay is not understood but may, at least in part, relate
to the voltage- and frequency-dependent properties of
the carbamazepine interaction with Na* channels. In
summary, these observations strongly support the con-
cept that carbamazepine interacts with voltage-depend-
ent Na* channels at therapeutic concentrations. Never-
theless, it cannot be stated with certainty that the anti-
convulsant activity of the drug is specifically related to
this effect. In fact, Olpe et al. (1985) pointed out that
imipramine, an iminostilbine that is structurally related
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to carbamazepine, is a more potent local anesthetic (Na*
channel blocker) than carbamazepine yet fails to specif-
ically affect epileptiform discharges at concentrations at
which carbamazepine is strongly active. Similarly, many
unrelated drugs including the phenothiazine and butyr-
ophenone neuroleptics, certain adrenoceptor-blocking
drugs, and antihistamines, are far more potent than
carbamazepine as antagonists of [*H]batrachotoxin
binding yet fail to share carbamazepine’s unique anticon-
vulsant activity (McNeal et al., 1985). Presumably, these
drugs block Na* channels in a mechanistically different
way from carbamazepine, although this remains to be
demonstrated.

2. Interaction with adenosine receptors. Interest in the
possibility that the anticonvulsant action of carbamaz-
epine may relate to an interaction with adenosine recep-
tors developed as a result of the observation of Lewin
and Bleck (1977) that carbamazepine but not phenytoin
or phenobarbital could inhibit adenosine stimulation of
cyclic AMP accumulation in rat cortical slices. Subse-
quent studies using radioligand-binding techniques con-
firmed that at therapeutic concentrations carbamazepine
was unique among commonly used anticonvulsants in its
ability to displace the adenosine agonist [*H]phenyliso-
propyladenosine from binding to rat brain membranes
(K,, 44 uM; Skerritt et al., 1982). Adenosine receptors in
the CNS have been classified into two subtypes termed
A, and A; depending upon whether agonist binding in-
hibits or stimulates, respectively, the formation of cyclic
AMP (Williams, 1989). Despite the early studies indicat-
ing that carbamazepine could inhibit adenosine enhance-
ment of cyclic AMP turnover, more recent binding stud-
ies have demonstrated that carbamazepine acts primarily
on A, adenosine receptors labeled with the A,-selective
agonist [*H]N®-cyclohexyladenosine ([’H]CHA; K;, 24.5
uM; Marangos et al., 1983; Weir et al., 1984) and less so
on A, adenosine receptors labeled with the A;-preferring
agonist [*H]N-ethylcarboxamidoadenosine (K;, 112 uM;
Skerritt et al., 1983; Fujiwara et al., 1986). In fact, the
inhibitory effect of carbamazepine on adenosine-induced
cyclic AMP accumulation in brain slices occurs only at
high concentrations (0.2-1 mM; Lewin and Bleck, 1977;
Skerritt et al., 1983). Nevertheless, these results clearly
demonstrate that, at least as far as the A, site is con-
cerned, carbamazepine acts as an antagonist. The situa-
tion with regard to the A, site is less straightforward.
Marangos et al. (1985) showed that chronically admin-
istered carbamazepine (oral route) produces a selective
increase in adenosine receptors labeled with [°’H]CHA or
the adenosine antagonist [°H]diethylphenylxanthine in
virtually all brain areas, supporting the concept that the
drug acts as an antagonist (see also Marangos et al.,,
1987; Daval et al., 1989). Additional evidence in favor of
an antagonist interaction derives from studies of the
effect of GTP on the binding of carbamazepine. Several
studies have demonstrated that GTP reduces agonist

binding to adenosine receptors, whereas antagonist bind-
ing is unaffected by the nucleotide (Goodman et al., 1982;
Yeung and Green, 1983; Lohse et al., 1984). Skerritt et
al. (1983) reported that the potency of carbamazepine as
an inhibitor of [*H]phenylisopropyladenosine binding
was unaffected by guanosine triphosphate, supporting its
characterization as an antagonist (see also Weir et al.,
1990). Moreover, Marangos et al. (1987) recently dem-
onstrated that the temperature dependence of binding
for carbamazepine to A, adenosine receptors labeled with
[*H]CHA is similar to that of adenosine receptor antag-
onists and differs from that of receptor agonists. Finally,
in support of these neurochemical studies, Phillis (1984)
demonstrated that adenosine-induced depression of neo-
cortical neuron firing is reduced (at least in duration) by
iontophoretically applied carbamazepine. Thus, the pres-
ently available data support the concept that carbamaz-
epine is an antagonist of both adenosine receptor sub-
types. In accord with this conclusion is the observation
of Weiss et al. (1985) that adenosine antagonists fail to
block the anticonvulsant effect of carbamazepine as they
should if the anticonvulsant activity of carbamazepine
were due to its action as an adenosine agonist.

The recognition that carbamazepine is an antagonist
at both the A, and A, subtypes of adenosine receptors
raises serious questions for the hypothesis that its anti-
convulsant effects are mediated via an interaction with
purinergic systems. Adenosine antagonists, such as the
methylxanthines caffeine and theophylline, are potent
CNS stimulants (Snyder, 1985) with proconvulsant and,
at high doses, convulsant activity (Zwillich et al., 1975;
Albertson et al.,, 1983a,b). This behavioral activity is
presumably related to their ability to block the powerful
inhibitory action of adenosine on excitatory neurotrans-
mitter release (Dunwiddie, 1985) as well as to their
antagonism of the direct depressant effect of adenosine
on postsynaptic neurons (Trussell and Jackson, 1985;
1987; Dunwiddie and Fredholm, 1989). As expected,
adenosine and metabolically stable adenosine receptor
agonists have anticonvulsant activity in animals (Maitre
et al., 1974; Dunwiddie and Worth, 1982; Albertson et
al., 1983b; Barraco et al., 1984) and inhibit epileptiform
activity in the hippocampal slice preparation (Dunwid-
die, 1980). [Dunwiddie and Worth (1982) pointed out,
however, that it is unlikely that adenosine agonists would
be clinically useful as anticonvulsants because they elicit
profound sedation even at doses that have relatively weak
anticonvulsant effects.] Thus, despite the relatively high
affinity of carbamazepine for adenosine receptors (com-
pared, for example, to its affinity for voltage-dependent
Na* channels), it would appear that the adenosine recep-
tor-binding activity of the drug does not account for its
anticonvulsant activity. In support of this conclusion is
the observation of Marangos et al. (1983) that the anti-
convulsant potencies of a series of carbamazepine ana-
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logs failed to correlate with their binding affinities for
adenosine receptors.

3. Effects on catecholamine systems. Carbamazepine’s
structural similarity to the iminodibenzyl tricyclic anti-
depressant imipramine suggests that the drugs might
have similar pharmacological actions. Like imipramine,
carbamazepine inhibits the uptake of [*H]norepineph-
rine into synaptosomes at high concentrations (100 uM;
Purdy et al.,, 1977); however, this effect could not be
confirmed in in vivo studies (Quattrone et al., 1981).

4. Interaction with peripheral type benzodiazepine re-
ceptors. In a survey of the ability of carbamazepine to
displace various radioligands from binding to rat brain
membranes, Marangos et al. (1983) noted that peripheral
type benzodiazepine-binding sites labeled with [*H]Ro
5-4864 (4'-chlorodiazepam) were susceptible to compet-
itive displacement at concentrations comparable to clin-
ically effective therapeutic serum levels (K;, 45 uM).
Subsequently, Weiss et al. (1985) made the surprising
observation that Ro 5-4864 could block the anticonvul-
sant effect of carbamazepine on amygdaloid-kindled sei-
zures in rats. Moreover, the effect of Ro 5-4864 was itself
reversed by PK-11195, an antagonist of peripheral type
benzodiazepine receptors (Verma and Snyder, 1989).
These observations have provided a tantalizing indica-
tion that peripheral type benzodiazepine receptors might
mediate the anticonvulsant activity of carbamazepine.
Interestingly, Weizman et al. (1987) observed that
chronic carbamazepine treatment in human epileptic
patients results in an upregulation of [*H]PK-11195-
binding sites on blood platelets. However, Marangos et
al. (1985) failed to observe a statistically significant
increase in [*H]Ro 5-4864 binding in rats treated chron-
ically with carbamazepine despite a marked increase in
adenosine receptor binding.

The recognition that benzodiazepine binding to pe-
ripheral organs occurs via an acceptor site that is phar-
macologically distinct from the CNS receptor that me-
diates the anticonvulsant and other well-known phar-
macological actions of these drugs was made not long
after the conventional (central type) benzodiazepine re-
ceptor was characterized using radioligand-binding
methods (Braestrup and Squires, 1978). However, it has
only recently been appreciated that peripheral benzodi-
azepine receptors are functionally active, both in the
brain and in peripheral organs, and that specific periph-
eral benzodiazepine receptor ligands can exert a unique
spectrum of pharmacological actions via their interaction
with these acceptors (Saano et al., 1989).

In contrast to the anticonvulsant action of conven-
tional benzodiazepine agonists (see section III, A), the
peripheral benzodiazepine receptor agonist Ro 5-4864
exerts a proconvulsant action at low doses and can induce
seizures at higher doses (Weissman et al., 1983; Bénav-
idés et al., 1984). Some but not all (see Weissman et al.,
1985a,b) investigators have observed that the proconvul-

sant (Bénavidés et al., 1984; Dubroeucq et al., 1984) and
even the direct convulsant (File, 1984; Seale et al., 1987)
action can be reversed by the peripheral benzodiazepine
receptor antagonist PK-11195, supporting the concept
that Ro 5-4864 exerts its convulsant action, at least in
some circumstances (particularly potentiation of audio-
genic seizures), via an interaction with peripheral type
benzodiazepine receptors. PK-11195 fails to protect
against seizures in other animal seizure models, including
those produced by maximal electroshock, pentylenetetra-
zol (Bénavidés et al., 1984), and picrotoxin (File, 1984).
Moreover, Ro 5-4864 has been demonstrated to have an
excitatory action on neuronal activity in several in vitro
electrophysiological preparations (Skerritt et al., 1984;
Weissman et al., 1984; Simmonds, 1985; Basile et al.,
1989), although these have not been demonstrated to be
reversed by PK-11195 (Basile et al., 1989). The PK-
11195-insensitive (nonperipheral type benzodiazepine
receptor-mediated) actions of Ro 5-4864 may be related
to effects of the drug on the GABA, receptor-channel
complex, either via a direct interaction of the drug with
the Cl~ ionophore (Ticku and Ramanjaneyulu, 1984;
Weissman et al., 1985a) or as a result of binding to an
allosteric site that modulates opening of the C1~ channel
which, incidentally, is distinct from the central type
benzodiazepine-binding site (Gee, 1987; Gee et al., 1988;
see section III, A, 1).

In view of the multiple actions of Ro 5-4864, it is very
difficult to come to a conclusion regarding the relevance
of the interaction between carbamazepine and peripheral
benzodiazepine receptors. In the study of Weiss et al.
(1985), the proconvulsant effect of Ro 5-4864 could have
resulted in “functional” antagonism of the protective
effect of carbamazepine without specific receptor antag-
onism. In summary, although carbamazepine does appear
to interact with brain peripheral type benzodiazepine
receptors at therapeutically relevant concentrations, it
remains to be proven that the anticonvulsant effects of
the drug are related to this interaction. Thus, there is no
single cellular action of carbamazepine that at present
can be said to unequivocally account for its anticonvul-
sant activity; the working hypothesis implicating the
phenytoin-like effect of the drug on voltage-dependent
Na* channels is perhaps the most plausible.

5. Clinical efficacy. Carbamazepine was first evaluated
for the treatment of epilepsy in the early 1960s (Loiseau
and Duche, 1989a). Its effectiveness was demonstrated
in several European clinical trials and later in two trials
carried out in the United States. Rodin et al. (1974)
conducted a double-blind, add-on study of carbamaz-
epine in 37 patients. Carbamazepine reduced the fre-
quency of complex partial seizures by 83% and of gen-
eralized tonic-clonic seizures by §6%. Cereghino et al.
(1974) evaluated carbamazepine in a complex study de-
sign in which three groups of patients received pheny-
toin, phenobarbital, or carbamazepine. Carbamazepine
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was shown to be as effective as the other two drugs in
preventing partial and generalized tonic-clonic seizures.
The study by Mattson et al. (1985) documents the equal
efficacy of carbamazepine and phenytoin and shows that
these two drugs cause less impairment in the patient’s
quality of life than do barbiturates (see also Meador et
al., 1990). Carbamazepine is well tolerated by most pa-
tients and does not cause phenytoin-like hirsutism or
gingival hyperplasia. In one study, it produced less be-
haviorial toxicity than phenytoin (Smith et al., 1987).
Disadvantages of carbamazepine use include the risk of
blood dyscrasias (an overstated fear) and its short half-
life, which often requires a dosing three times a day. A
recent report suggests that the teratogenicity of
carbamazepine is similar to that of other antiepileptic
drugs (Jones et al., 1989). For practical purposes, neither
phenytoin nor carbamazepine is sedative so that they are
much better tolerated in clinical practice than barbitu-
rates.

D. Barbiturates

The barbiturates (alkyl or aryl 5-substituted deriva-
tives of barbituric acid) produce a reversible depression
of the CNS that can range from mild sedation to general
anesthesia, depending upon the dose. As a consequence,
the barbiturates were for many years used clinically as
sedatives and hypnotics, until they were supplanted by
the safer benzodiazepines. In addition to their depressant
action, most barbiturates also have anticonvulsant activ-
ity, although some analogs can induce seizures (Skerritt
and Macdonald, 1984). However, it is the capacity of
certain barbiturates, such as phenobarbital (fig. 3), to
exert maximal anti-seizure activity at doses below those
that are markedly sedative or hypnotic that makes them
clinically useful for epilepsy therapy. Thus, phenobarbi-
tal is active in most animal seizure models and has a
broader spectrum of action than phenytoin in that it is
able to protect against both electroshock and pentyle-
netetrazol-induced seizures (e.g., see Swinyard et al.,

eSSty
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F1G. 3. Structures of representative barbiturates.

1952; Craig and Shideman, 1971; Killam, 1976) and is
able to suppress amygdaloid-kindled seizures (Callaghan
and Schwark, 1980). Phenobarbital protects against pen-
tylenetetrazol seizures at dose of 10 mg/kg, p.o., in mice,
whereas about twice the dose is required to prevent
maximal electroshock seizures (Gallagher, 1989). The
dose for motor toxicity in the rotorod ataxia test (TDso)
is 70 mg/kg and the hypnotic dose (HDs,) is 100 mg/kg.

The deoxybarbiturate primidone (5-ethyldihydro-5-
phenyl-4,6[1H,5H]-pyrimidine-dione; fig. 3) is a widely
used antiepileptic drug that, in man, is metabolized pri-
marily to phenylethylmalonamide and phenobarbital
(Bourgeois, 1989). Phenylethylmalonamide has a similar
spectrum of anticonvulsant activity to phenobarbital in
that it is active against both maximal electroshock and
pentylenetetrazol seizures but is 16-30 times less potent
(Leal et al., 1979; Bourgeois et al., 1983). In contrast,
primidone itself is nearly as potent as phenobarbital
against maximal electroshock seizures but has little ac-
tivity against pentylenetetrazol seizures, suggesting that
it may act by a different mechanism (Bourgeois et al.,
1983). The actual role of the parent and the two active
metabolites in the clinical antiepileptic activity of prim-
idone is difficult to determine (Bourgeois, 1989).

Like phenytoin, phenobarbital has a wide variety of
pharmacological actions on neurons. Despite approxi-
mately 80 years of clinical use and a detailed understand-
ing of the cellular mechanisms underlying the anesthetic
properties of barbiturates, there is still no consensus as
to why phenobarbital differs from other barbiturates in
being more potent as an anticonvulsant than as a seda-
tive. The depressant action of anesthetic barbiturates is
believed to relate primarily to their ability to enhance
GABA-mediated inhibitory responses by a specific inter-
action with the GABA, receptor-Cl~ channel complex
(Olsen, 1988). Thus, barbiturates produce a powerful
augmentation and prolongation of both presynaptic (Ec-
cles et al., 1963; Miyahara et al., 1966; Nicoll, 1972) and
postsynaptic (Nicoll et al., 1975; Nicoll and Wojtowicz,
1980; Curtis and Lodge, 1977; Wolf and Haas, 1977;
Pickles and Simmonds, 1978; Scholfield, 1978; Tsuchiya
and Fukushima, 1978) inhibition in a wide variety of
systems. This action is specific for GABA responses
mediated by GABA,-type receptors (Newberry and Ni-
coll, 1985). In addition, barbiturates can enhance GABA-
activated %Cl- flux from brain slices (Wong et al., 1984;
Yang and Olsen, 1987a) and cell-free systems (synapto-
neurosomes: Schwartz et al., 1985; microsacs: Allan and
Harris, 1986; Yu et al., 1988). Further discussion of the
cellular mechanisms underlying the effect of barbiturates
on GABA, receptor mechanisms is given in section II,
D, 2.

1. Block of voltage-dependent Ca** channels. In addition
to their effects on synaptic inhibition, barbiturates are
also able to reduce depolarization-evoked neurotransmit-
ter release in a wide variety of systems (Kalant and
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Grose, 1967; Richter and Waller, 1977; Coleman-Riese
and Cutler, 1978; Nicoll and Iwamoto, 1978; Potashner
et al., 1980). This latter action is probably due to block-
ade of voltage-dependent Ca?* channels in nerve termi-
nals, and it has been shown that barbiturates can inhibit
depolarization-stimulated Ca?* influx into synaptosomes
(Blaustein and Ector, 1975; Ondrusek et al., 1979; Leslie
et al., 1980), inhibit the Ca’*-dependent release of pre-
loaded radiolabeled neurotransmitters from synapto-
somes (Haycock et al., 1977), and reduce the maximal
rate of rise and duration of Ca®**-dependent action poten-
tials (Heyer and Macdonald, 1982; Goldring and Blau-
stein, 1982). To more directly characterize the interac-
tion with Ca®* channels, barbiturate effects on Ca®*
currents recorded under voltage-clamp conditions have
been studied in invertebrate (Nishi and Oyama, 1983a,b;
Ikemoto et al., 1986) and vertebrate (Werz and Macdon-
ald, 1985) neurons. It has been suggested that these
studies of somatic Ca?* channels may provide insight
into events occurring at the nerve terminal. At high
concentrations (typically 0.5-2 mM for phenobarbital),
barbiturates produce a dose-dependent reduction in the
peak Ca®* current and accelerate its time-dependent
decay (inactivation). The block of the current is greater
with depolarization from more positive membrane poten-
tials, indicating a higher affinity of the drug for the
inactivated state of the channel in a manner comparable
to phenytoin’s block of Na* channels (section II, A, 1).
The speeding of the decay could be due either to an
allosteric enhancement of the inactivation mechanism of
the channel or to an open channel block in which the
drug diffuses into and binds to the ionophore of the
channel when the ion gate is opened by depolarization.
There are also effects on h.. of the channel (i.e., inacti-
vation occurs at membrane potentials closer to resting
potential; Ikemoto et al., 1986; Gross and Macdonald,
1988). These latter effects are presumably due to an
allosteric mechanism.

Recently, a novel class of voltage-dependent Ca®**
channels, referred to as N-type, have been described in
neurons (Nowycky et al., 1985). These N-type Ca** chan-
nels, which have different kinetic properties and voltage
dependency from other Ca®** channels in neurons, may
be the predominant Ca®** channel type responsible for
Ca®* influx and neurotransmitter release from nerve
terminals (Miller, 1987). Gross and Macdonald (1988)
reported that barbiturates selectively affect N-type (and
L-type, but not T-type) Ca®* currents in dorsal root
ganglion cells, thus perhaps more precisely defining the
way in which they suppress transmitter release. Recently,
Gundersen et al. (1988) obtained similar results in stud-
ies of voltage-dependent Ca®* channels expressed by
injection of human brain (temporal lobe) mRNA into
Xenopus oocytes. The Ca®* currents recorded by these
investigators were pharmacologically similar to N-type
Ca?* currents of dorsal root ganglion neurons (w-cono-

toxin sensitive and dihydropyridine resistant). As in
other systems that have been examined, barbiturates
depressed the Ca’* current amplitude, speeded its decay,
and enhanced its steady-state inactivation. However,
phenobarbital’s inhibition of Ca®** current occurs at con-
centrations higher than antiepileptic therapeutic brain
levels and, in fact, the structural specificity of the effect
in a series of barbiturates correlated poorly with the
anesthetic potencies of the drugs (Olsen, 1988). Thus,
whether effects on Ca?* channels are important to either
the anticonvulsant or CNS-depressant actions of barbi-
turates remains to be determined.

2. Potentiation of GABA-mediated inhibition. As dis-
cussed above, the anesthetic actions of barbiturates are
believed to relate, in large measure, to the ability of these
drugs to potentiate GABA-mediated inhibitory synaptic
transmission. This concept is supported by the strong
correlation between the anesthetic potency of barbitu-
rates and their effects on GABA receptors as, for exam-
ple, assayed by blockade of GABA-dependent 3*Cl~ up-
take or by inhibition of [*S]t-butylbicyclophosphoro-
thionate binding to the ionophore portion of the GABA
receptor-channel complex (Huidobro-Toro et al., 1987).
(The interaction between barbiturates and [*H]¢-butyl-
bicyclophosphorothionate binding is noncompetitive so
that the fact that barbiturates affect binding does not
imply that the barbiturate acceptor site is identical with
the [*H]¢-butylbicyclophosphorothionate site.) These
and a wide variety of other radioligand-binding data,
particularly with detergent-solubilized GABA receptors
(King et al., 1987), support the concept that barbiturates
enhance GABA receptor activity by binding to a site that
is physically located on the GABA receptor-channel com-
plex (Olsen, 1988).

Electrophysiological studies have provided insight into
the way in which barbiturates modulate GABA receptor
function. Fluctuation (noise) analysis of GABA-acti-
vated Cl~ currents in cultured spinal cord neurons sug-
gested that pentobarbital could increase the average du-
ration of GABA-activated channel openings without af-
fecting the single channel conductance (Barker and
McBurney, 1979; Mathers and Barker, 1980). This con-
clusion was further refined with patch-clamp recordings
of GABA-activated single channel currents (Mathers,
1985; Twyman et al., 1989; MacDonald et al., 1989).
These studies demonstrated that GABA channels open
in bursts interrupted by frequent brief flickers to a closed
(nonconducting) state. (The flicker closings are probably
not resolved with fluctuation analysis and therefore the
mean open time estimates may correspond to the burst
duration.) The barbiturates pentobarbital (Mathers,
1985; MacDonald et al., 1989) and phenobarbital (Twy-
man et al., 1989) increased the probability of channel
opening and prolonged the duration of burst events,
without affecting the single channel conductance (Math-
ers, 1987). The burst event may correspond to the period
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in which the GABA receptor is occupied by agonist. In
radioligand-binding studies it has been shown that bar-
biturates shift the GABA receptor to a state in which
the affinity for GABA is increased and the rate at which
GABA dissociates is decreased (Yang and Olsen, 1987b).
It is plausible that, in the presence of barbiturates, the
prolonged occupancy of the GABA receptor allows, on
average, a greater number of channel openings to occur
prior to dissociation of the agonist and termination of
the burst.

Analysis of the interaction of barbiturates with GA-
BA, receptors expressed from subunit-encoding cloned
c¢DNAs is beginning to provide a picture of the molecular
events that account for the barbiturate effect (Olsen and
Tobin, 1990). To allow these elegant experiments to be
carried out, the GABA, receptor was solubilized and
partially sequenced, and synthetic oligonucleotide probes
based upon peptide fragments of the native receptor
protein were used to clone full-length cDNAs coding for
subunits of the receptor. The GABA, receptor is an
heterooligomeric complex consisting of at least two («
and B8) and, in some cases, three («, 8, and v) subunits
(Pritchett et al., 1989b). cDNAs for each of the subunits
have been cloned from a human fetal brain cDNA library.
Functional GABA-activated Cl~ channels can be ex-
pressed when mRNA derived from the cloned subunit
cDNAs are injected into Xenopus oocytes. Interestingly,
pentobarbital potentiates responses to GABA when a-
and S8-subunits are coexpressed (Levitan et al., 1988a) or
when either of these subunits is expressed singly (Blair
et al., 1988), suggesting that a barbiturate-binding site is
present on either subunit (or that the binding site can
be formed by a multimer of identical subunits). [This is
in contrast to the situation for benzodiazepines in which
both the a and 8 subunits and a novel ¥y subunit are
required to obtain benzodiazepine-binding activity
(Pritchett et al., 1989b; see section III, A, 1).] Similar
results have also been obtained when cloned GABA,
receptor subunits were transiently expressed in human
embryonic kidney cells (Pritchett et al., 1988). Potentia-
tion appears to occur with binding of a single pentobar-
bital molecule. In the near future, it can be expected that
the barbiturate-binding region of the subunits will be
defined, and ultimately, it may be possible to specify the
way in which barbiturates alter the protein’s binding and
gating properties.

3. Relevance of GABA receptor interactions to anticon-
vulsant efficacy. Whereas the CNS-depressant effects of
barbiturates almost certainly are due to their interaction
with the GABA, receptor-Cl~ channel complex, the pref-
erential ability of antiepileptic barbiturates to block sei-
zures while producing relatively little sedation remains
unexplained. In fact, in contrast to the anesthetic bar-
biturates, phenobarbital is relatively weak as a potentia-
tor of GABA responses (Schwartz et al., 1985; however,
see Schulz and Macdonald, 1981), and it has been sug-

gested that the GABA actions are important to the
depressant and not the anticonvulsant actions of the
drugs (Allan and Harris, 1986). A somewhat different
view has been proposed by Macdonald and Barker
(1978b) based upon the observation of Barker and Ran-
som (1978b) (also reported by Nicoll and Wojtowicz,
1980) that barbiturates can directly activate Cl~ con-
ductance in cultured neurons, even in the absence of
GABA, by an action that does not involve the GABA
recognition site (see also, Akaike et al., 1985; Akaike et
al., 1987). Recently, it has been demonstrated that pen-
tobarbital can directly activate GABA , receptor subunits
expressed in Xenopus oocytes, conclusively showing that
the barbiturate-induced Cl™ current specifically involves
the GABA receptor-channel complex (Levitan et al.,
1988a). Anesthetic barbiturates have been shown to be
relatively (in comparison with GABA augmentation)
more potent as direct agonists of Cl~ current than is
phenobarbital. It has, therefore, been proposed that,
whereas the anticonvulsant effects of barbiturates are
related to GABA augmentation, it is GABA augmenta-
tion and the additional direct agonist activity of the
anesthetic barbiturates that causes them to be such
potent CNS depressants (Schultz and Macdonald, 1981).
At present, however, the importance of the direct or
modulatory effects on GABA receptor function in the
clinical actions of antiepileptic barbiturates is uncertain.

4. Other effects on voltage-dependent ion channels. Bar-
biturates have been shown to interact with ion channel
systems in excitable cells other than GABA-activated
CI™ channels and voltage-dependent Ca?* channels. Of
particular interest are the observations of Wilson and
his colleagues that barbiturates at low doses and in a
pharmacologically specific manner can enhance a volt-
age-dependent K* current in Aplysia neurons (Cote et
al., 1978; Huguenard and Wilson, 1985). The result of
this effect is to inhibit repetitive action potential firing
by enhancing the normal process of spike frequency
adaptation that depends upon the K* current (Zbicz and
Wilson, 1981). Although a similar effect of barbiturates
has as yet not been demonstrated in mammalian central
neurons, certain structurally related antihypertensives
can activate a comparable K* current in hippocampal
neurons (Politi et al., 1989, and it has been proposed
that K* channel activation could be a novel mechanism
of antiepileptic drug action (Rogawski et al., 1990a; Zona
et al., 1990).

At very high doses, barbiturates can block axonal
conduction (Krupp et al., 1969; Staiman and Seeman,
1974; Vazquez et al., 1975; Nicoll and Iwamoto, 1978)
and suppress somatic action potentials (Goldring and
Blaustein, 1982) presumably by a local anesthetic type
action on voltage-dependent Na* channels, but this ef-
fect is unlikely to be relevant to the clinical actions of
the drugs.

5. Block of excitatory transmission. Ligand-gated cation
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channels that mediate fast excitation of neurons may
represent an important site of barbiturate action. Thus,
at relatively low concentrations barbiturates can block
both ganglionic (Nicoll, 1978; Nicoll and Iwamoto, 1978)
and neuromuscular (Gage and McKinnon, 1985) nico-
tinic receptor channels and can inhibit responses me-
diated by excitatory amino acid receptors, with a pref-
erence for those of the non-NMDA type (Ransom and
Barker, 1975; Nicoll, 1975; Nicoll and Wojtowicz, 1980;
Teichberg et al., 1984; Miljkovic and MacDonald, 1986;
Simmonds and Horne, 1988; Sivilotti and Nistri, 1989).
The antiepileptic action of barbiturates obviously does
not relate to the ganglionic or neuromuscular blocking
actions of the drugs. However, the effects on central
excitatory amino acid transmission cannot be dismissed
as easily. Barbiturates have been reported to potentiate
the anticonvulsant effects of the excitatory amino acid
antagonist MK-801 (section V, E, 3), whereas diazepam,
which also augments GABAergic neurotransmission, was
inactive (Kulkarni and Ticku, 1989). These results are
not inconsistent with the idea that the potentiating effect
resulted from an action on excitatory amino acid-me-
diated responses. Moreover, in contrast to its relatively
weaker effects on GABA receptor-mediated responses
and voltage-sensitive Ca’?* channels, phenobarbital is
equipotent to the anesthetic barbiturates pentobarbital
and secobarbital in inhibiting excitatory amino acid re-
sponses (Gage et al., 1986). These data are compatible
with the idea that the relatively greater anticonvulsant
activity of phenobarbital in comparison with its depres-
sant action resides, at least in part, in its ability to block
excitatory transmission. Nevertheless, it should be rec-
ognized that, in contrast to the potent anticonvulsant
effects of NMDA receptor antagonists (section V, E),
drugs like the barbiturates that preferentially block non-
NMDA receptors typically fail to show substantial anti-
convulsant activity in animal seizure models. Clearly,
further studies of the effects of phenobarbital on excita-
tory amino acid receptor systems and the relationship of
these effects to anticonvulsant activity are required.

In conclusion, in the normal brain, the main actions
of barbiturates at clinically relevant concentrations are
on synaptic transmission: GABA-mediated inhibition is
enhanced and glutamate-mediated excitation may be
depressed. Effects on voltage-dependent K* and Ca®*
channels may also be of importance, but further research
is needed to clarify the role of these effects. However, an
answer to the central question regarding the differences
between the mode of action of the anticonvulsant and
sedative-anesthetic barbiturates will probably require a
greater understanding of the physiology of epileptic
brain. For example, conditions within epileptic brain
could preferentially enhance the activity of the normally
relatively weak anticonvulsant barbiturates. Prichard
and Ransom (1989) pointed out that during an epileptic
seizure conditions within the brain may be more acidic

than normal. Because the ring nitrogens of phenobarbital
are stronger acids (pK, 7.3) than the nitrogens in other
barbiturates (the electron-withdrawing character of the
phenyl group tends to increase the electronegativity of
the nitrogens), at more acidic pH, the proportion of
phenobarbital molecules in the uncharged (protonated)
state would be greater. Because the uncharged form is
probably the active one, at low pH, the phenobarbital
concentration is effectively increased; other barbiturates
with higher pK, values would not gain this advantage.
Clues to potential differences between the anticonvul-
sant and sedative actions may also be found in the well-
known clinical observation that tolerance to the sedative
effects of barbiturates is greater than that to the antie-
pileptic effect.

6. Clinical efficacy. Phenobarbital was the first antie-
pileptic drug marketed in this century. After its intro-
duction in 1912, phenobarbital largely replaced the toxic
bromide salts which previously were the mainstays of
epilepsy therapy. Clinical studies that prove the efficacy
of barbiturates are limited because the drug was not
scrutinized by the current regulatory process prior to
marketing. This dilemma is well stated by Painter (1989)
who noted that “the choice of phenobarbital for the
treatment of neonatal seizures is not based on its proven
superiority as an anticonvulsant agent but on tradition
and many years of familiarity. . ..” The same could be
said for the use of this drug in almost every other seizure
type for which it may be indicated. Although the drug is
used for generalized tonic-clonic and partial seizures in
both children and adults, and for most neonatal seizures,
its reputation has become tarnished in recent years be-
cause of its sedative and behavioral side effects. There is
substantial evidence that the drug has deleterious effects
on general intelligence, perceptual motor and memory
function, and behavior. In a study by Vining et al. (1987),
21 children with epilepsy were given, in a double-blind
crossover design, either phenobarbital or valproate.
Therapeutic plasma levels of each drug were maintained
for 6 months. Detrimental effects on Wechsler Intelli-
gence Scale results and other performance test scores
during phenobarbital administration documented that
phenobarbital more strongly interfered with mental
function than did nonsedative antiepileptic drugs. In
another study, children treated with phenobarbital had
a much higher prevalence of major depressive disorders
than those treated with carbamazepine (Brent et al.,
1987). However, Mitchell and Chavez (1987) reported no
psychometric or behavioral differences between children
receiving carbamazepine and phenobarbital, and, in a
randomized double-blind crossover study in 15 adult
patients with complex partial seizures, Meador et al.
(1990) observed only subtle effects of phenobarbital on
neuropsychological performance in comparison with
carbamazepine and phenytoin. Recently, Farwell et al.
(1990), in a long-term double-blind study of children
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with febrile seizures, reported that phenobarbital caused
a significant (8.4 point) depression in cognitive perform-
ance as measured in an intelligence test without provid-
ing any prophylaxis for the development of subsequent
seizures. Metabolic studies using positron emission to-
mography have documented that, even at therapeutic
doses and serum levels, phenobarbital depresses human
cerebral glucose metabolism (Theodore et al., 1986a)
much more than does phenytoin (Theodore et al., 1986b).
The clinical importance of this depression is uncertain,
although it is tempting to infer a relationship to the
adverse neuropsychological effects of the drug. Theodore
and Porter (1983) removed all sedative antiepileptic
drugs from 78 patients with severe epilepsy. Seizure
frequency actually improved in some patients, and only
one patient was worse. Toxicity was decreased in 46
patients (59%), with improvements noted in diplopia,
ataxia, daytime sleepiness, and behavior problems. This
study shows that sedative antiepileptic drugs are not
necessary for optimal seizure control, even in severely
affected patients, and that the removal of such drugs
from the regimen may decrease medication toxicity.

Barbiturates marketed for epilepsy other than pheno-
barbital include primidone (section II, D), mephobarbital
(N-methylphenobarbital; fig. 3), and metharbital (N-
methylbarbital; fig. 3) (Eadie, 1989). Primidone and me-
phobarbital have phenobarbital as a major metabolite
(Porter, 1989), which complicates the interpretation of
their clinical advantages. Metharbital, which is metabo-
lized to barbital, is said to have greater sedative and less
antiepileptic activity than phenobarbital (Rall and
Schleifer, 1980). Its relative efficacy compared with other
antiepileptic drugs is unknown.

II1. Drugs with a Broad Spectrum of Clinical
Antiepileptic Activity

A. Benzodiazepines

The benzodiazepines (fig. 4) are potent anticonvul-
sants in a wide variety of animal seizure models. The
drugs are particularly effective against pentylenetetrazol-
induced seizures but are also effective against other
chemically induced seizures including those induced by
picrotoxin and flurothyl, in various focal seizure models
including those induced by alumina or strychnine, in
reflex epilepsies such as those occurring in photosensitive
baboons or audiogenic mice, in kindled seizures, and in
absence-like seizures occurring in the tottering mutant
mouse (Swinyard and Castellion, 1966; Reinhard and
Reinhard, 1977; Heller et al., 1983; Swinyard et al., 1989).
At higher doses, the drugs block maximal electroshock
seizures and those induced by systemic strychnine. More
than 50 chemically distinct benzodiazepines are mar-
keted worldwide. Although pharmacokinetic differences
exist among individual drugs and relative potencies may
vary in the different anticonvulsant screens, they all
show a similar anticonvulsant profile which is presumed

to relate to their common mechanism of action: facilita-
tion of GABA-mediated synaptic inhibition in the CNS.
Thus, for the prototype benzodiazepine diazepam, the
ED;, for protection against pentylenetetrazol seizures in
mice is 0.3 mg/kg, p.o., whereas the corresponding value
in the maximal electroshock test is 19 mg/kg. In the case
of diazepam, motor incoordination is produced at higher
doses than are required to protect against seizures in
either of the two anticonvulsant screens (TDs,, 57 mg/
kg), although the separation between the anticonvulsant
and toxic doses is obviously far greater for the pentyle-
netetrazol test than for the maximal electroshock test.
For clonazepam, however, the maximal electroshock
EDs, (78 mg/kg) is greater than the TDs, (3.4 mg/kg)
which is far greater than the pentylenetetrazol EDs, (0.06
mg/kg) (Swinyard et al., 1989). The reason why there
are relative potency differences between benzodiazepines
is not known.

1. Potentiation of GABA-mediated inhibition. The abil-
ity of benzodiazepines to potentiate GABAergic neuro-
transmission was discovered in the mid-1970s by Haefely
(1975). Subsequently, the existence of high-affinity, sat-
urable, binding sites for benzodiazepines (referred to as
“benzodiazepine receptors”) were identified in brain
membranes by radioligand-binding techniques (Squires
and Braestrup, 1977; Méhler and Okada, 1977). The role
of these binding sites in the anticonvulsant actions of
benzodiazepines was supported by the high correlation
between the anticonvulsant potencies of benzodiazepine
receptor agonists in animal seizure models and their
affinities for the binding site in vitro (Mohler and Okada,
1977). Further supportive evidence was provided by in
vivo experiments showing that occupancy of central ben-
zodiazepine receptors by diazepam correlated very closely
with protection against pentylenetetrazol-induced sei-
zures (Paul et al., 1979). Interestingly, only a relatively
small fraction (<30%) of benzodiazepine receptors need
to be occupied to manifest maximal seizure protection.
Perhaps the strongest evidence supporting the involve-
ment of benzodiazepine receptors in the anticonvulsant
activity of benzodiazepines is provided by studies with
the benzodiazepine receptor antagonist flumazenil (Ro
15-1788) which has been shown to block the anticonvul-
sant effects of diazepam against pentylenetetrazol-in-
duced seizures in rats (Nutt et al., 1982), to attenuate
the anticonvulsant action of diazepam in epileptic chick-
ens (Pedder et al., 1987) and in amygdaloid-kindled rats
(Albertson et al., 1982), and to block the anticonvulsant
effect of flurazepam in rats (Bourn et al., 1985). The
action of flumazenil is specific in that it does not reduce
the anticonvulsant effects of phenobarbial, valproate, or
progabide (section V, B; Nutt et al., 1982). However, it
should be noted that flumazenil may have some antie-
pileptic activity by itself at high doses due to weak partial
agonist activity at benzodiazepine receptors (Nutt et al.,
1982; Albertson et al., 1982; File and Pellow, 1986; Scollo-
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Lavizzari, 1984, 1988). This presumably accounts for its
antiepileptic activity in human seizure disorders (section
V, D, 2). It has been observed that benzodiazepine recep-
tor number is transiently increased after either electrosh-
ock, pentylenetetrazol-induced or kindled seizures (Paul
and Skolnick, 1978; McNamara et al., 1980), but the
significance of this observation is unknown.

A wide variety of evidence supports the concept that
the central type benzodiazepine receptor is a component
of the GABA, receptor complex. In electrophysiological
studies, benzodiazepines potently enhance synaptically
mediated GABAergic inhibition as well as responses to
exogenously applied GABA (Haefely, 1983). Moreover,
the blockade by GABA antagonists (picrotoxin or bicu-
culline) of certain direct electrophysiological actions of
benzodiazepines (e.g., depression of neuronal firing in
the brainstem) further supports a link between benzo-
diazepines and GABA systems. Recordings from cultured
neurons have allowed a detailed analysis of the phar-
macological actions of benzodiazepines on GABA re-
sponses. Extracellular application of GABA stimulates
an increase in Cl™ permeability that is mediated by the
opening of Cl™-selective channels (Barker and Ransom,
1978a). Benzodiazepines reliably augment GABA re-
sponses without affecting responses to other inhibitory
amino acids such as glycine, 8-alanine, or taurine that
are also mediated by Cl -selective channels (Choi et al.,
1977; Macdonald and Barker, 1978a). The augmentation
is due to a shift to the left of the GABA dose-response
curve; there is no alteration in the maximal GABA
response, indicating that the sensitivity to GABA is
increased without an increase in the total number of
available C1~ channels (Choi et al., 1981). Although the

enhancement of GABA responses occurs with relatively
low benzodiazepine concentrations (the drugs have a
high potency), the maximal potentiation observed is
modest (about two-fold) and substantially less than that
produced by barbiturates. Studies with fluctuation analy-
sis (Study and Barker, 1981) and single channel (patch-
clamp) recording (Twyman et al., 1989) have demon-
strated that benzodiazepines increase the frequency of
channel opening, without affecting the single channel
conductance or the burst duration. In contrast, the effect
of barbiturates on GABA channels is to prolong burst
duration without increasing burst frequency (section II,
D, 2).

Molecular cloning and heterologous expression of the
GABA, receptor subunits (section II, C, 1) have provided
insight into the nature of the benzodiazepine receptor.
The affinity-purified, detergent-solubilized GABA, re-
ceptor was initially characterized as consisting of two
distinct subunits (« and 8) (Casalotti et al., 1986). The
smaller a-subunit (M,, 48,000-63,000) was labeled by the
benzodiazepine photoaffinity ligand [*H]flunitrazepam
and, therefore, was believed to bear the benzodiazepine-
binding site (Mohler et al., 1980). DNA cloning has
revealed the existence of three different a-subunit var-
iants (Schofield et al., 1987; Levitan et al., 1988b). Sur-
prisingly, the four individual subunits can by themselves
each form functional GABA ,-sensitive ion channels with
properties similar to the native receptor (Blair et al.,
1988). However, not even the coexpression of a- and 8-
subunits together is sufficient to reconstitute receptors
that express binding sites for benzodiazepines or that
show substantial benzodiazepine-induced potentiation of
GABA-activated Cl~ current (Pritchett et al., 1988; Lev-
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itan et al., 1988a; Olsen and Tobin, 1990). In fact, a new
GABA |, receptor subunit, termed v, (M, ~ 48,000), which
shares approximately 40% sequence identity with the a-
and B-subunits, has recently been cloned, and coexpres-
sion of this subunit together with a- and 8-subunits (in
cultured human embryonic kidney cells) results in a
completely functional receptor that possesses benzodi-
azepine-binding sites and shows the appropriate benzo-
diazepine responsiveness in voltage-clamp experiments
(Pritchett et al., 1989b). These results suggest that all
three subunits («, 8, and v,) are an integral part of the
native GABA receptor-channel complex (at least for
those GABA receptors that are benzodiazepine sensitive)
and they call into question the localization of the ben-
zodiazepine-binding site to the a-subunit. A further twist
has been introduced by the discovery that GABA recep-
tors consisting of different a-subunits (i.e., a181v2,
azB172, asByys) can have distinct pharmacological prop-
erties (Pritchett et al., 1989a). Thus, receptors of the
composition a;8;v2 had a higher binding affinity for the
triazolopyridazine CL 218,872, an anticonvulsant non-
benzodiazepine, that binds to benzodiazepine receptors
(type I) but which may cause less sedation than do
benzodiazepines. Drugs targeted specifically to this re-
ceptor variant have the potential of being more clinically
useful as anticonvulsants than the benzodiazepines. The
cloning and expression of fully functional GABA, recep-
tors now sets the stage for further definition with sub-
unit-specific antibodies and site-directed mutagenesis of
the molecular details underlying the modulatory effect
of benzodiazepines.

2. Chronic effects. Although benzodiazepines are clini-
cally valuable for the acute treatment of status epilepti-
cus, the development of tolerance limits their practical
usefulness in chronic epilepsy therapy. Benzodiazepines
are also well known to cause physical dependence so that
withdrawal symptoms may occur when they are discon-
tinued. Further work will be needed to define the cellular
events responsible for these phenomena. Some evidence,
however, supports the idea that changes in the GABA,
receptor complex produced by chronic exposure to ben-
zodiazepines is responsible, at least in part, for the tol-
erance and dependence. Chronic benzodiazepine treat-
ment produces a decrease in the functional activity of
benzodiazepine receptors as determined by the ability of
benzodiazepines to enhance GABA-mediated Cl~ flux in
rat brain microsacs (Yu et al., 1988; Marley and Gallager,
1989). Some (Miller et al., 1988a) but not all (Gallager
et al., 1984) studies have found an associated reduction
in the number of benzodiazepine-binding sites. Thus, at
present, it is uncertain whether the functional reduction
reflects a receptor alteration or a change in the coupling
between the benzodiazepine recognition site and GABA
receptor-channel complex (Heninger and Gallager,
1988). In addition, several studies have demonstrated
that chronic benzodiazepine administration can reduce

the sensitivity of neurons to GABA (Gallager et al., 1984;
Wilson and Gallager, 1988; Marley and Gallager, 1989),
but it is not clear that this effect reflects a change in the
GABA /benzodiazepine receptor per se (Yu et al., 1988).

Withdrawal of benzodiazepines results in a delayed
increase in benzodiazepine receptor binding and in
GABA agonist-stimulated Cl~ flux (Miller et al., 1988b),
indicating that the withdrawal syndrome may also be
related to changes occurring in the GABA receptor com-
plex. Examination of the cloned GABA receptor should
make it possible to better define the molecular changes
that occur with chronic benzodiazepine treatment and
this understanding may suggest strategies to interdict
the development of tolerance and dependence. In fact,
recent observations suggest that there are differences in
the tolerance profiles of various benzodiazepines receptor
agonists (Garratt et al., 1988) and certain drugs, partic-
ularly those that are partial agonists, may exhibit little
in the way of tolerance. Thus, Haigh and Feely (1988)
have reported that no anticonvulsant tolerance devel-
oped (in the mouse pentylenetetrazol model) to the imi-
dazodiazepinone benzodiazepine receptor partial agonist
Ro 16-6028. Similar results have also been obtained with
the anticonvulsant benzodiazepine receptor ligand DN-
2327, a non-benzodiazepine that has a 20-fold higher
affinity for the benzodiazepine receptor than diazepam
(Wada et al., 1989).

The most common side effects encountered with ben-
zodiazepine treatment are drowsiness, dysequilibrium,
and behavioral and personality changes (Sato, 1989).
Although tolerance to these sedative and behavioral ef-
fects often develops with chronic treatment, some pa-
tients must discontinue treatment because they remain
persistent problems. Recently, it has been observed that
partial benzodiazepine receptor agonists are less sedative
and produce fewer behavioral changes in rats than do
full agonists yet have equivalent anticonvulsant activity
(Coenen and van Luijtelaar, 1989). Although these ani-
mal studies suggest that partial benzodiazepine agonists
may be superior to full agonists for chronic epilepsy
therapy, this remains to be demonstrated in human
subjects.

3. Non-benzodiazepine receptor-mediated actions. Ben-
zodiazepines can produce a variety of effects on neurons
that are unrelated to their interaction with the GABA
receptor-Cl~ channel complex. These actions include in-
hibition of adenosine uptake and blockade of Na* and
Ca®* channels (see Haefely, 1989, for review). As dis-
cussed above, there is strong evidence linking the anti-
convulsant activity of benzodiazepines to a specific in-
teraction with benzodiazepine receptors of the type cou-
pled to the GABA receptor. Perhaps the most serious
challenge to this concept concerns the anticonvulsant
activity of benzodiazepines in absence seizure models
(Fariello and Ticku, 1983). Numerous animal studies
have demonstrated that GABA, receptor agonists or

2102 ‘8 Jaqwiadag uo Ausianiun pesewwey | ye Bio sjeuinofiadse asswieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

MECHANISM AND EFFICACY OF ANTIEPILEPTIC DRUGS 241

drugs that elevate brain GABA levels can worsen ab-
sence-like seizures or can even induce epileptiform activ-
ity de novo (Scotti de Carolis et al., 1969; Pedley et al.,
1979; Myslobodsky et al., 1979; Fariello et al., 1981;
Golden and Fariello, 1984; Fariello and Golden, 1987).
For example, in rats with spontaneously occurring spike
wave seizures, Marescaux et al. (1985) have shown that
the GABA agonist THIP or the GABA-T inhibitors
vigabatrin (section V, C, 1) or L-cycloserine markedly
increase the total time the animals experience absence-
like seizures. In contrast, diazepam abolishes sponta-
neous seizures in these animals and can also completely
eliminate the aggravated seizures in animals treated with
THIP or the GABA-T inhibitors. These results suggest
that the antiabsence activity of diazepam, at least in the
animal models, is not dependent upon the drug’s ability
to augment GABA-mediated inhibition. At present it is
unclear which, if any, of the non-benzodiazepine recep-
tor-mediated actions of the drug noted above might
account for its antiabsence activity.

4. Clinical efficacy. The clinical use of benzodiazepines
can be conveniently divided into two categories. First,
the drugs are often given intravenously in the acute
treatment of seizures, especially status epilepticus but
also occasionally for febrile seizures. Second, the drugs
are utilized in the long-term therapy of certain seizure
types. For the acute management of seizures, the most
widely used benzodiazepine is diazepam because high
levels in the brain are rapidly obtained during intrave-
nous administration; however, lorazepam, which has a
speed of onset approximately equivalent to that of diaze-
pam and a more prolonged duration of action, is gaining
acceptance (Homan and Unwin, 1989). Other benzodi-
azepines such as clonazepam are also effective in the
treatment of the various forms of status epilepticus
(Sato, 1989). Diazepam in not useful for chronic therapy
because it is difficult to obtain stable blood levels with
intermittent dosing. For chronic therapy, nitrazepam is
most commonly used, although it is not presently ap-
proved for sale in the United States; clonazepam is the
second most popular drug.

Diazepam is usually quite safe and is very effective
when administered intravenously for the treatment of
convulsive status epilepticus, a life-threatening condi-
tion. The drug will abort seizures of almost every type
and has been reported to stop initial seizure activity in
88% of patients with various types of status epilepticus
(Schmidt, 1989b). The duration of its effectiveness is
limited; for status epilepticus one cannot expect the drug
to be effective for more than 1 hour, and more definitive
measures must be taken in the interim (Porter, 1989).
Lorazepam, which is preferred by some investigators and
clinicians, is probably no more effective than diazepam,
although some studies suggest that it causes less cardio-
respiratory depression and has a longer duration of ac-
tion (Homan and Walker, 1983). These differences do

not appear to be pronounced (Crawford et al., 1987b).
Benzodiazepines are also used, primarily in the pediatric
population, for the acute treatment of clusters of seizures
that are resistant to other antiepileptic drugs and in the
prophylaxis of febrile seizures. Many epileptologists are
finding that rectal diazepam is effective in such cases
(Graves and Kriel, 1984).

Chronic epilepsy therapy with benzodiazepines is con-
troversial because of the problems of tolerance and se-
dation (section III, A, 2). The drugs are most often used
in the treatment of absence seizures, the Lennox-Gastaut
syndrome, and the myoclonic epilepsies. They are less
useful than other presently marketed antiepileptic drugs
but are probably effective in the treatment of generalized
tonic-clonic seizures, complex partial seizures, simple
partial seizures, and other miscellaneous seizure types
(Sato, 1989). However, the toxic effects of the benzodi-
azepines are similar to and at least as severe as those of
phenobarbital. For example, in a study with clonazepam
the most common side effects were drowsiness and
ataxia, as well as behavioral and personality changes
(Sato, 1989). Respiratory tract secretions may also in-
crease. Of the 37 patients evaluated, 10 could not com-
plete the study because of side effects of the drug. Nitra-
zepam is less potent and may be slightly less toxic, but
the reported side effects are fundamentally the same as
for clonazepam (Baruzzi et al., 1989). Clorazepate, which
is converted rapidly and completely to the active metab-
olite N-desmethyldiazepam, appears to offer little advan-
tage over other benzodiazepines (Wilensky and Friel,
1989; Porter, 1989). The 1,5-benzodiazepam clobazam is
considered in section V, D, 1.

B. Valproate

Valproate (di-N-propylacetate), a branched fatty acid,
is a colorless liquid whose anticonvulsant activity was
fortuitously discovered when it was used as a solvent in
a drug-screening program. Although initially identified
on the basis of its ability to protect against pentylene-
tetrazol seizures, valproate was subsequently demon-
strated to have a broad spectrum of anticonvulsant ac-
tivity in a wide variety of animal seizure models (see
Chapman et al., 1982; Loscher and Schmidt, 1988, for
references). The drug is active against tonic and clonic
seizures induced by a variety of chemoconvulsants in
addition to pentylenetetrazol, including bicuculline, pi-
crotoxin, 3-mercaptopropionic acid, isonicotinic acid,
semicarbazide, strychnine, penicillin, and aminophylline
(Bartoszyk et al., 1986b), and it is also active in the
maximal electroshock test, against reflex seizures, and
in the kindling model. However, valproate is only weakly
protective against seizures induced by excitatory amino
acids (Chapman et al., 1982; Ferrendelli, 1989). Although
valproate is highly effective in preventing the spread of
seizures from a cortical (cobalt or alumina) lesion or
from a site of kindling, it has little or no activity against
epileptiform discharges occurring within the focus itself
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(Fariello and Smith, 1989). In this respect it resembles
phenytoin, although valproate’s much wider spectrum of
anticonvulsant activity suggests a different mechanism
of action.

An unusual characteristic of valproate is the high doses
that are required to obtain anticonvulsant effects (e.g.,
150-400 mg/kg, i.p., in mice; Chapman et al., 1982;
Ferrendelli et al., 1989). This property does not appear
to be due to its failure to penetrate the blood-brain
barrier less well than other antiepileptic drugs because
the fraction of serum levels detected in the CSF (equiv-
alent to the free serum levels) is approximately the same
as that for phenytoin (~10%; Levy and Shen, 1989).
Another characteristic of valproate is that in animals the
drug causes motor toxicity at doses that are close to those
required to protect against seizures. Thus, for the maxi-
mal electroshock test (EDso, 272 mg/kg, i.p., in mice),
the protective index (TDs, for motor toxicity/EDs) is
only 1.6 compared to a value of 6.9 for phenytoin (Swin-
yard et al., 1989). Nevertheless, valproate is well toler-
ated in man and toxic side effects are rare in clinical
practice. The generally accepted therapeutic range in
plasma is 50-100 ug/ml (350-700 uM), although in ani-
mals higher (up to 200-500 ug/ml) plasma levels are
often necessary for anticonvulsant activity (Chapman et
al., 1982). Assuming 90% protein binding, concentrations
in the extracellular space (equivalent to CSF levels)
during valproate therapy in man are approximately 35—
70 uM. At higher serum concentrations, valproate begins
to saturate the available binding sites on serum albumin
so that the proportion of free valproate increases and
CSF levels may rise to 200 uM.

As a fatty acid, valproate enters several pathways of
lipid metabolism resulting in the formation of a large
number of metabolites (Baillie and Rettenmeier, 1989),
some of which have anticonvulsant properties in their
own right (Loscher et al., 1984; Loscher and Nau, 1985).
In this regard, the mono-unsaturated metabolites are the
most active, with the 2-en (¢trans isomer) and 4-en species
having anticonvulsant activity comparable to valproate
itself. Of all the metabolites, only 2-en-valproate is found
in measurable quantities in brain (Nau and Ldscher,
1982). This metabolite is cleared from brain tissue and
plasma more slowly than valproate and may accumulate
with prolonged treatment, thus accounting for the slow
reversibility of the anticonvulsant effect produced by
prolonged valproate treatment. This view has recently
been questioned, however, with the finding that CSF
(Loscher et al., 1988a) and brain (Levy and Shen, 1989)
levels of 2-en-valproate in humans are too low to provide
a substantial anticonvulsant effect.

Two general hypotheses have been proposed to explain
the antiepileptic activity of valproate. The first of these
proposes that valproate acts by enhancing GABA-me-
diated inhibition and relies primarily on data demon-
strating that the drug increases brain GABA levels. The

second hypothesis posits a phenytoin-like effect of val-
proate on voltage-dependent Na* channels. We consider
the evidence for each of these hypotheses in turn.

1. Effects on GABA systems. Administration of val-
proate to mice (200 mg/kg, i.p.) causes an increase in
whole brain and nerve terminal (synaptosomal) GABA
(Godin et al., 1969; Loscher, 1981a,b; Poisson et al.,
1984). In some (Kupferberg et al., 1975; Nau and Loscher,
1982) but not all (Anlezark et al.,, 1976; Kerwin and
Taberner, 1981) studies the elevation in GABA levels
was temporally correlated with the drug’s anticonvulsant
activity. There is an increase in plasma and CSF levels
of GABA in patients being treated with the usual clini-
cally effective doses of valproate (Loscher and Schmidt,
1980, 1981; Loscher and Siemes, 1984), which is compat-
ible with the idea that effects on GABA metabolism may
be relevant to the antiepileptic activity of the drug in
human subjects. In this regard, it is interesting to note
that there is an approximate correlation between the
ability of valproate analogs to elevate GABA levels and
their anticonvulsant potencies (Chapman et al., 1983),
although one analog has been found that possesses an-
ticonvulsant activity but does not affect GABA levels
(Keane et al., 1983). The mechanism by which valproate
increases GABA levels is not well understood. The drug
inhibits several enzymes involved in GABA degradation,
including GABA-T (Godin et al., 1969; Fowler et al.,
1975; Loscher, 1980), succinic semialdehyde dehydroge-
nase (Van der Laan et al., 1979; Harvey et al., 1975), and
aldehyde reductase (Whittle and Turner, 1978). The
effect on GABA-T is weak compared with conventional
inhibitors such as vigabatrin (section V, C, 1; Léscher,
1980; Larsson et al.,, 1986) and inhibition of enzyme
activity does not appear to occur in vivo after adminis-
tration of anticonvulsant doses of valproate (Emson,
1976; Loscher and Nau, 1982; Nau and Loscher, 1982)
or in vitro in intact cells (Gram et al., 1988). In addition,
valproate may also increase the activity of glutamic acid
decarboxylase, the enzyme responsible for GABA syn-
thesis (Chapman et al., 1982; Phillips and Fowler, 1982;
however, see Emson, 1976). The increase in glutamic
acid decarboxylase activity was found to parallel the
elevation of brain GABA levels caused by a single dose
of valproate (Nau and Loscher, 1982) and to remain
elevated with chronic administration of the drug
(Loscher and Nau, 1982). However, in in vivo experi-
ments, Loscher (1989) found the GABA synthesis rate
to be enhanced only in the substantia nigra and to a
lesser extent in the striatum. Which, if any, of the actions
on GABA metabolic enzymes is responsible for the effect
on brain GABA levels remains to be clarified.

Several investigators using electrophysiological re-
cording techniques have reported that valproate can
enhance neuronal responses to exogenously applied
GABA in vivo (Schmutz et al., 1979; Gent and Phillips,
1980) and in vitro (Macdonald and Bergey, 1979; Baldino
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and Geller, 1981; Harrison and Simmonds, 1982; Pre-
isendorfer et al., 1987). In addition, valproate inhibits
(ICso, 500 uM) the binding of [*H]dihydropicrotoxinin to
the ionophore of the GABA receptor-channel complex
(Ticku and Davis, 1981). However, the millimolar con-
centrations required to potentiate GABA responses in
the electrophysiological studies are far higher than the
normal therapeutic levels of the drug, indicating that
augmentation of GABA-mediated inhibition by a post-
synaptic mechanism is unlikely to account for the anti-
convulsant action of the drug under normal circum-
stances (McLean and Macdonald, 1986b). Thus, if the
anticonvulsant activity of valproate is mediated by ef-
fects on GABAergic systems, this is likely to be due to a
presynaptic (elevation in GABA levels) rather than a
postsynaptic (effect on the GABA receptor-Cl~ channel
complex) mechanism. In fact, at least one study has
shown that high concentrations of valproate (300 uM)
can enhance K*-stimulated GABA release (from cultured
cortical neurons), supporting the hypothesis of a presyn-
aptic mechanism, although surprisingly in this study the
drug failed to elevate the GABA content of the cells
(Gram et al., 1988). In addition, in in vivo experiments
valproate has been reported to enhance the binding of
(®*H]flunitrazepam to mouse brain benzodiazepine recep-
tors, an action shared by peripherally acting GABA,
receptor agonists. This observation supports the conclu-
sion that the effects of valproate on GABA metabolism
result in functionally significant effects on postsynaptic
GABA receptors (Koe, 1983).

Despite the attractiveness of the hypothesis that the
antiepileptic activity of valproate is somehow linked to
its effects on GABAergic brain systems, valproate has a
distinctly different spectrum of anticonvulsant activity
from drugs for which the evidence of a GABAergic mech-
anism is stronger (i.e., these drugs are typically much
less effective against electroshock seizures than against
pentylenetetrazol seizures). Thus, it is likely that one or
more alternative mechanisms will need to be invoked to
account for the antiepileptic activity of valproate in all
of the situations in which it is effective.

2. Block of voltage-dependent Na* channels. Like phen-
ytoin and carbamazepine, valproate limits the ability of
cultured CNS (cortical and spinal cord) neurons to fire
Na*-dependent action potentials at high frequency
(McLean and Macdonald, 1986b). This effect of val-
proate is one of the few that occurs at concentrations
equivalent to those present in the CSF of patients treated
with clinically effective doses of the drug (6-200 uM).
Although the precise biophysical mechanism underlying
the ability of the drug to reduce sustained repetitive
firing has not been elucidated, the effect probably relates
to a phenytoin-like use- and voltage-dependent blockade
of voltage-dependent Na* channels. In the studies carried
out to date, effects on Na* channels were inferred indi-
rectly from changes in the maximal rate of increase of

Na*-dependent action potentials. In the presence of val-
proate, there was a progressive slowing in the rate of
increase of action potentials during a train, whereas such
use-dependent slowing did not occur under control con-
ditions. In addition, the limitation in repetitive firing
occurring in the presence of valproate could be dimin-
ished by depolarizing from hyperpolarized (more negative
than —65 mV) membrane potentials. Like phenytoin and
carbamazepine, the use- and voltage-dependent effects
of valproate on Na* conductance are compatible with the
requirements of an anticonvulsant to block repetitive
discharges during a seizure while having a minimal effect
on normal neuronal firing. In fact, Griffith and Taylor
(1988b) recently reported a phenytoin-like block of PTP
by valproate in hippocampal CA, neurons at concentra-
tions (30-200 uM) that did not affect single evoked
synaptic potentials. This effect on synaptic potentiation
is likely to be a consequence of the use-dependent block
of Na* channels by valproate. However, unlike the situ-
ation with phenytoin, biochemical studies have failed to
demonstrate an interaction between valproate and Na*
channels at relevant concentrations, either in a batrach-
otoxin-stimulated ?Na* flux assay (Willow et al., 1984)
or in a [*H]batrachotoxin-binding assay (Willow and
Catterall, 1982; fig. 2). In the voltage-clamp studies car-
ried out to date, effects of valproate on Na* currents
were observed only at high millimolar concentrations
(VanDongen et al.,, 1986) or not at all with external
application of the drug (Fohlmeister et al., 1984). Since
these studies were conducted in peripheral axons, delin-
eation of the precise way in which valproate limits sus-
tained, high-frequency firing and PTP will require more
detailed electrophysiological studies in mammalian neu-
rons. Moreover, 2-en-valproate, a metabolite of valproate
that is as potent an anticonvulsant as valproate in several
animal seizure models including the maximal electrosh-
ock test (see above), had no effect on sustained high-
frequency repetitive firing (McLean and Macdonald,
1986b), raising questions about the Na* channel hypoth-
esis.

3. Toward an understanding of the mechanism of action
of valproate. Because valproate has such a wide spectrum
of anticonvulsant activity, it is attractive to accept the
view that the drug’s clinical activity may relate to a
combination of mechanisms. Thus, the phenytoin-like
effect on Na* channels is compatible with its activity
against electroshock seizures, its general ability to pre-
vent seizure spread, and its utility against generalized
tonic-clonic and partial seizures in man, whereas its
interaction with GABAergic systems could explain the
broader spectrum of activity than phenytoin or
carbamazepine. Insufficient data are available at present
to definitively establish either of these mechanisms, and,
as we have noted, there are inconsistencies that call into
question both the Na* channel and the GABA hy-
potheses. Thus, it is likely that alternative hypotheses
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will be provided in the future. For example, acute doses
of valproate (200-400 mg/kg, i.p., in rodents) have been
consistently found to decrease brain levels of the excit-
atory amino acid aspartate (Schechter et al., 1978). The
time course for this effect corresponds with the period of
seizure protection, and there is a stronger correlation
between the anticonvulsant potencies of a series of val-
proate analogs and their ability to reduce cerebral aspar-
tate levels than with their effects on GABA levels (Chap-
man et al.,, 1983; 1984). The mechanism whereby val-
proate influences aspartate levels is unknown, and as yet
there is no evidence that the effect is physiologically
important. Nevertheless, these observation highlight the
fact that the full spectrum of pharmacological actions of
valproate are not yet well understood.

4. Clinical efficacy. Valproate’s broad spectrum of an-
ticonvulsant activity in animal seizure models is reflected
in its diverse clinical utility. Although its original indi-
cation was for the treatment of absence seizures, val-
proate also appears to be effective against certain my-
oclonic seizures, generalized tonic-clonic seizures, and
perhaps partial seizures. Valproate is highly effective
against both the behavioral and EEG manifestations of
absence seizures (Simon and Penry, 1975; Penry et al.,
1976). With the use of 12-hour telemetered EEGs to
measure the frequency of generalized spike and wave
discharges, valproate was found to be as effective as
ethosuximide (section IV, A) in a double-blind, response-
conditional crossover study of absence seizures in 45
patients (Sato et al., 1982). Some enthusiasm about the
usefulness of valproate as an effective agent for partial
seizures is emerging (Turnbull et al., 1985; Dean and
Penry, 1988); more definitive data will be forthcoming
from the ongoing U. S. Department of Veterans Affairs’
controlled clinical trial. Valproate is clearly effective
against primary generalized tonic-clonic seizures,
whether these seizures occur in isolation or in combina-
tion with other generalized seizure types such as absence
or myoclonia (Collaborative Study Group, 1987; Chad-
wick, 1988). The efficacy of valproate against secondarily
generalized partial seizures has not yet been determined,
but it remains the opinion of many epileptologists that
valproate is less effective than carbamazepine or pheny-
toin for such attacks (Porter, 1989).

IV. Drugs Used Primarily in the Treatment of
Absence Seizures

A. Ethosuximide

The succinimide ethosuximide (fig. 5) is distinguished
from other clinically important antiepileptic drugs, in-
cluding structurally similar compounds like phenytoin,
in that it is highly efficacious in the treatment of absence
seizures and is inactive against other seizure types. This
narrow range of clinical activity is reflected in ethosux-
imide’s unique anticonvulsant profile in animal seizure
models. Exthosuximide specifically blocks pentylenete-
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F1G. 5. Structures of representative succinimides.

trazol- and bicuculline-induced clonic seizures in mice
(EDso, 130 mg/kg, i.p.; Swinyard et al., 1989) yet fails to
have any activity against tonic seizures in the maximal
electroshock test except at anesthetic doses (Reinhard
and Reinhard, 1977). The drug is also effective in a
variety of other animal models of generalized absence
seizures and inhibits the absence-like seizures that occur
spontaneously in mutant tottering mice (Heller et al.,
1983), in Wistar rats (Marescaux et al., 1984), and in a
strain of genetically epilepsy-prone Kyoto-Wistar rats
(Sasa et al., 1988) as well as those produced by systemic
administration of y-hydroxybutyrate (Godschalk et al.,
1976; Snead, 1978; 1988). The unique profile of activity
exhibited by ethosuximide implies that it has a novel and
distinct mechanism of action, at least in comparison to
drugs like phenytoin and carbamazepine that are inactive
against absence seizures or may worsen them (Marescaux
et al., 1984). Until recently, however, it was unclear what
this mechanism might be. Ethosuximide fails to limit
sustained high-frequency repetitive firing of neurons at
clinically relevant concentrations (McLean and Macdon-
ald, 1986b) and thus it presumably does not exert a
phenytoin-like action on voltage-dependent Na* chan-
nels, a conclusion that is compatible with its poor activity
in the maximal electroshock test. Moreover, ethosuxim-
ide does not potentiate postsynaptic GABA responses
(Barnes and Dichter, 1984), as do other drugs that are
effective in the treatment of absence seizures. (It may,
however, interact with the picrotoxin site on the GABA,
receptor-channel complex; Coulter et al.,, 1989a.) Re-
cently, it has been demonstrated that ethosuximide, un-
like other prototype antiepileptic drugs, is a selective
antagonist of T-type voltage-dependent Ca’* channels
in thalamic neurons, and this observation has allowed
the formulation of a rational hypothesis regarding its
antiepileptic activity.

1. Thalamocortical mechanisms in absence epilepsy. To
appreciate how blockade of T-type Ca®* channels can
result in antiabsence activity, it is necessary to review
the basic neuronal mechanisms that are believed to un-
derlie generalized absence seizures. Current understand-
ing of these mechanisms is based historically upon the
“centrencephalic” hypothesis of Penfield and Jasper
(1954) which proposes that neurons in the diencephalon
and brainstem play a determining role in the generalized
seizure discharge. This idea has been substantially mod-
ified and extended in recent years largely by Gloor (1984)
and his collaborators using the feline penicillin model of
generalized epilepsy. Cats treated with high doses of
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penicillin (a weak GABA receptor antagonist; see, e.g.,
Weiss and Hablitz, 1984) exhibit ethosuximide-sensitive
seizures (Guberman et al., 1975) that have similar be-
havioral correlates and EEG manifestations to human
absence seizures. In this model, the expression of cortical
spike-wave seizure discharges is dependent upon the
existence of an intact thalamus. Moreover, during the
seizure discharge, cortical and thalamic neurons tend to
fire together. These observations have led to the concept
that the stereotyped 3-Hz spike-wave EEG signature of
absence epilepsy results from oscillations within a closed
circuit encompassing the powerful reciprocal connections
between thalamus and cortex. The importance of thala-
mocortical interactions in the genesis of the spike-wave
discharge has recently received support from experi-
ments using an inbred rat strain with spontaneous ab-
sence seizures (Vergnes et al., 1987).

The spike-wave discharges that occur during the gen-
eralized seizure do not represent an abnormal phenom-
enon induced de novo by the convulsant drug but appear
to be an accentuation of the normal physiological proc-
esses that generate spindling in the EEG. Thalamic
neurons can exist in two firing modes, depending upon
the resting potential (Steriade and Llinas, 1988). Under
normal waking conditions, the cells fire in a tonic (non-
burst) mode. However, upon hyperpolarization as, for
example, occurs during sleep, there is an abrupt change
to the phasic (burst) firing mode. Using an in vitro slice
preparation from the thalamus, Jahnsen and Llinas
(1984a,b) demonstrated that the shift to phasic firing
occurs as a result of the deinactivation of a Ca’*-depend-
ent regenerative potential, referred to as the “low-thresh-
old spike” (fig. 6). Subsequently, it was shown that the
low-threshold spike is mediated by T-type voltage-de-
type Ca?* channels are inactivated at the normal resting
potential but become deinactivated upon membrane hy-
perpolarization. Depolarization from this hyperpolarized
level results in the generation of a low-threshold spike
with a burst of Na*-dependent action potentials riding
on its crest. Burst firing of thalamic neurons is believed
to be critical to the expression of sleep spindles in the

F1G. 6. Intracellular recording using the whole cell patch-clamp
technique from an isolated guinea pig thalamic (lateral geniculate)
neuron showing deinactivation of the low-threshold spike and the
consequent change from “tonic” (left) to “phasic” (right) firing upon
membrane hyperpolarization. (S. Suzuki and M. A. Rogawski, un-
published.)

cortical EEG, and it has been argued that the interaction
between thalamus and cortex that occurs during the
spike-wave discharge is similar to that occurring during
spindling, except that it is stronger and more synchron-
ous (Gloor, 1984). If such is the case, then the seizure
discharge too would seem to be contingent upon burst
firing in thalamic neurons. At present, the specific events
leading to the initiation and maintenance of the seizure
discharge are unclear. Nevertheless, it is apparent that
the thalamocortical oscillations that mediate the seizure
discharge are directly dependent upon the integrity of T-
type Ca®* channels which allow thalamic neurons to fire
in a burst mode.

2. Block of T-type voltage-dependent Ca®** channels.
Voltage-clamp recordings from neurons acutely isolated
by enzymatic dissociation of rat and guinea pig thalamic
slices show the existence of two distinct Ca®* current
components, termed T and L (Suzuki and Rogawski,
1989; Coulter et al., 1989b; Hernandez-Cruz and Pape,
1989). The T-type Ca?* current is characterized by its
low threshold for activation and rapid time-dependent
inactivation with maintained depolarization (see Tsien
et al., 1987, for review). In contrast, the L-type Ca?*
current has a high threshold for activation and inacti-
vates minimally with maintained depolarization. Among
mammalian central neurons that have been examined to
date, thalamic neurons are unusual in having a relatively
large T-type current, and this, at least in part, accounts
for the unique and characteristic firing properties these
cells exhibit in situ.

Recently, Coulter et al. (1989c¢) reported that ethosux-
imide produces up to a 40% reduction in the amplitude
of the T-type Ca?* current in thalamic neurons (fig. 7).
The ECs of this effect is 200 uM. Because effective
ethesuximide plasma levels typically range from 40-100
ug/ml (285-710 uM) (Sherwin, 1989), the effect on the
T-type Ca®* current occurs at clinically relevant concen-
trations. (Ethosuximide is only minimally bound to
plasma proteins; Chang, 1989.) Ethosuximide block of
the T-type Ca®* current was voltage dependent and was
markedly reduced at depolarized potentials. The drug did
not alter the time course of activation or inactivation of
the current, its voltage-dependency for activation or
steady-state inactivation, or its recovery from inactiva-
tion. Thus, unlike phenytoin’s action on voltage-depend-
ent Na* channels, ethosuximide fails to alter gating of
the T-type Ca® channel. The effect of ethosuximide on
T-type Ca®** channels was pharmacologically specific in
that the structurally related but pharmacologically in-
active compound succinimide failed to block the T-type
current (Coulter et al., 1989d). However, dimethadione,
the active metabolite of the antiabsence drug trimetha-
dione (section IV, B), at therapeutically relevant concen-
trations also reduced the T-type Ca®* current (Coulter
et al., 1984c) as did desmethsuximide, the active metab-
olite of another antiabsence drug methsuximide (section
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F1G. 7. Blockade of the T-type voltage-dependent Ca** current by ethosuximide. A, The current was activated by a voltage-clamp step
from a holding potential of =110 mV to —50 mV. B, Concentration-effect curve for decrease in T-type Ca?* current. (From Coulter et al.,

1989c; used with permission.)

V, C; fig. 8) (Coulter et al., 1990). Interestingly, valproate,
despite its effectiveness against absence seizures, was
inactive, indicating that it is possible to prevent absence
seizures by mechanisms other than T-channel blockade
(see, e.g., Depaulis et al., 1988). Finally, as noted previ-
ously, although phenytoin did block the T-type Ca®*
channel, this effect was small (<10% reduction) at clin-
ically relevant concentrations. Thus, drugs that block T-
type Ca®* channels at clinically relevant concentrations
appear to be effective antiabsence agents, whereas those
that fail to block the channel are clinically inactive.
These observations are all consistent with the idea that
the specific antiabsence activity of ethosuximide and
dimethadione result from their ability to block T-type
Ca?* channels at concentrations that do not affect other
ion channel systems. The reduction in the T-type current
results in a suppresion of the low threshold spike in
thalamic neurons and a consequent dampening of the
thalamocortical oscillations that are critical to the gen-
eration of absence seizures.

3. Clinical efficacy. Ethosuximide has been the drug of
choice for the treatment of absence seizures since its
introduction in 1960. The drug is relatively nontoxic and
nonsedative. Valproate (section III, B, 4) is preferred if
the patient has generalized tonic-clonic seizures in ad-
dition to absence attacks. The effectiveness of ethosux-
imide has been documented in a single-blind study using
multiple criteria for determination of efficacy (Browne
et al, 1975). In 37 patients receiving the drug, 9%
achieved at least 90% control of their attacks and 95%
achieved at least 50% control. Sherwin et al. (1973)
undertook a similar study that showed not only that
approximately 75% of patients with absence seizure
could gain seizure control but also that monitoring of
plasma drug levels improved the results. Because of its
very narrow spectrum of activity, ethosuximide is rarely
used except for the treatment of absence seizures.

B. Trimethadione

The oxazolidinedione trimethadione (fig. 5) was the
first marketed antiepileptic drug effective against ab-
sence attacks (Lennox, 1945). Along with its analog,
paramethadione, it was the only medication available for

absence seizures until the appearance of succinimides
almost a decade later. Trimethadione is more effective
than the weakest succinimide, phensuximide, and it was
not until the availability of ethosuximide that the diones
were no longer necessary as primary therapy. Trimetha-
dione is rapidly demethylated by hepatic microsomal
enzymes to its active metabolite dimethadione (Butler et
al., 1965). Typical plasma dimethadione levels are 470-
1200 ug/ml (3.3-8.4 mM); neither trimethadione nor
dimethadione are bound to plasma proteins. Since the
advent of valproate, the use of the diones has become
uncommon, because of the high incidence of sedation
and visual disturbances (hemeralopia) they cause and
the potential for serious toxic reactions (Booker, 1989).

Like ethosuximide, trimethadione is highly effective
against pentylenetetrazol-induced seizures (EDso, 250-
300 mg/kg, i.p., in mice; Everett and Richards, 1944;
Swinyard et al., 1989) and is less active against maximal
electroshock seizures (Goodman et al., 1953). At higher
doses (500 mg/kg), trimethadione can block strychnine-
and picrotoxin-induced seizures in mice (Everett and
Richards, 1944). Early studies implicated the thalamus
as a potential site of action of trimethadione (Morell et
al., 1959; Schallek and Kuehn, 1963) and indicated that
the drug acted by a distinct mechanism from phenytoin
in that it was poorly active in blocking seizure spread
within the cortex (as expected from its weak activity in
the electroshock test). Also unlike phenytoin, the drug is
unable to block PTP (Esplin and Carto, 1957). As noted
before, Coulter et al. (1989c) recently showed that tri-
methadione’s active metabolite dimethadione can block
the T-type Ca’* current in thalamic neurons (40-52%
reduction at concentrations of 4-8 mM), providing a
cellular basis for its antiabsence activity. Like ethosux-
imide, dimethadione failed to alter the kinetic properties
of the T-type Ca?* current or its h.. curve. However, it
was less selective than ethosuximide in that it signifi-
cantly reduced the L-type Ca’* current, and this poor
selectivity may account for its greater tendency to cause
dose-dependent side effects at clinically effective concen-
trations.
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C. Phensuximide and Methsuximide

Two other succinimides that are potentially useful for
absence seizures are phensuximide and methsuximide
(fig. 8). Phensuximide was marketed in the United States
in 1953 and was the first alternative to the more toxic
diones. The drug was initially greeted with enthusiasm
but within a few years was noted to be less potent than
trimethadione and has never been completely accepted
as an effective agent. Phensuximide is apparently active
against both maximal electroshock seizures in mice
(EDso, 183 mg/kg, p.o.) and pentylenetetrazol seizures in
rats (~125 mg/kg, p.o.) (Chen et al., 1963). The funda-
mental pharmacological reason for the poor activity of
phensuximide in the treatment of epilepsy may be that
neither the parent nor its demethylated metabolite, des-
methylphensuximide (fig. 8), accumulate to any signifi-
cant extent in the body (Porter et al., 1979). The rapid
removal of the metabolite is most probably due to the
action of a liver enzyme, dihydropyrimidinase, which
opens the succinimide ring and quickly inactivates des-
methylphensuximide. This enzyme cannot open the ring
in desmethylmethsuximide because of the protection
provided by the additional methyl group (fig. 8). Because
the ring-opened compound is inactive, no effective antie-
pileptic drug accumulates.

Methsuximide, the 2-methylated analog of phensux-
imide (fig. 8), is occasionally an effective alternative to
ethosuximide in the treatment of absence seizures, al-
though it is more toxic than ethosuximide. Unlike etho-
suximide, methsuximide is able to block maximal elec-
troshock seizures (EDso, 84 mg/kg, p.o., in mice; Chen et
al., 1963) as well as pentylenetetrazol seizures. As pre-
dicted by its activity in the animal tests, methsuximide
may have a broader spectrum of clinical antiepileptic
activity than ethosuximide (Browne et al., 1989). Meth-
suximide is metabolized by N-demethylation to form the
active metabolite N-desmethylmethsuximide (Chen et
al., 1951; fig. 8) which is slowly metabolized and therefore
accumulates in the plasma. Methsuximide was recently
found to be effective in a wide variety of seizure types in
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FI1G. 8. Metabolism of phensuximide and methsuximide.
(Adapted from Porter and Kupferberg, 1982; used with permission.)

a majority of 34 pediatric patients who were treated with
the drug (Andrews et al., 1989).

D. Acetazolamide

The sulfonamide acetazolamide has a wide spectrum
of anticonvulsant activity in animal seizure models. It is
a potent inhibitor of maximal electroshock seizures (An-
derson et al., 1986) and at higher doses protects against
pentylenetetrazol- and picrotoxin-induced seizures
(Woodbury and Kemp, 1989). Acetazolamide has also
been shown to protect against reflex (audiogenic) sei-
zures in mice (Engstrom et al., 1986). The major phar-
macological action of acetazolamide is noncompetitive
inhibition of carbonic anhydrase. This enzyme catalyzes
the hydration of CO, to form carbonic acid which im-
mediately dissociates to H* and bicarbonate anion (fig.
9). Carbonic anhydrase is found in many sites throughout
the body, but the anticonvulsant effect of acetazolamide
is specifically related to inhibition of the enzyme in the
CNS, where it is localized in glial cells. At clinically
effective doses, acetazolamide produces a >99% inhibi-
tion of brain carbonic anhydrase. In the absence of
carbonic anhydrase activity, CO, released by metaboli-
cally active neurons builds up in the extracellular space
and in neurons. Exactly how the increase in tissue pCO,
decreases neuronal excitability is not well understood.
Experiments described by Anderson et al. (1986) have
suggested that the ability of acetazolamide to block the
spread of maximal electroshock seizures is related to the
inhibition of carbonic anhydrase within the cytoplasm of
glial cells; in contrast, the drug may decrease seizure
susceptibility by inhibiting carbonic anhydrase in mye-
lin.

Despite its high initial efficacy, acetazolamide has only
limited usefulness in the chronic treatment of seizure
disorders because patients rapidly develop tolerance. A
similar tolerance also occurs in experimental animals.
The development of tolerance is believed to be due to an
increase in carbonic anhydrase activity occurring as a
result of activation of existing enzyme molecules and de
novo synthesis of the enzyme. In addition, chronic acet-
azolamide may cause a proliferation of glial cells con-
taining carbonic anhydrase.

Acetazolamide is briefly effective against most types
of seizures, including generalized tonic-clonic and com-
plex partial seizures and especially absence seizures
(Woodbury and Kemp, 1989), although it is rarely used
because of the development of tolerance. The drug is
occasionally used on an intermittent basis to prevent
catamenial seizures.

CARBONIC
ANHYDRASE

CO + HO === H,C0, === H°+HCO;

F1G. 9. Reaction catalyzed by carbonic anydrase.
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V. Developmental Stage Drugs

We next review presently available information re-
garding mechanism and efficacy for drugs currently
undergoing preclinical and clinical evaluation. The drugs
are organized according to presumed mechanism of ac-
tion. In all cases the mechanistic information is frag-
mentary and our tentative conclusions are often based
on analogy with the more thoroughly studied prototype
drugs. Our limited knowledge reflects the fact that until
a drug receives widespread clinical acceptance, research
into basic mechanisms is often limited or even non-
existent. Nevertheless, this preliminary classification is
useful because those drugs whose mechanism of action
mimics that of presently marketed drugs may offer only
incremental advantages in epilepsy therapy (for example,
by having a more favorable side effect profile), whereas
other compounds whose mechanism of action and spec-
trum of anticonvulsant activity is truly different offer
the possibility of breakthrough advances in epilepsy ther-
apy. Of course, as new information is gathered, the
classifications are likely to change.

A. Drugs Whose Anticonvulsant Profile Is Similar to
Phenytoin

1. Zonisamide. Zonisamide (1,2-benziosoxazole-3-
methanesulfonamide; fig. 10) is a member of a novel class
of benzisoxazole anticonvulsants that includes CGS
18416A (section V, A, 4). These structurally related
compounds have a spectrum of anticonvulsant activity
that is similar to, although perhaps not identical with,
phenytoin in animal seizure models. Like phenytoin (and
also carbamazepine), zonisamide protects against maxi-
mal electroshock seizures (EDs, 19.6 mg/kg, p.o., in
mice) but fails to affect clonic seizures induced by pen-
tylenetetrazol (Bartoszyk and Hamer, 1987). The protec-
tive index in the maximal electroshock test (rotorod
TDgo/EDso) is 11.6 compared to values of 9.1 and 10.6
for phenytoin and carbamazepine, respectively (Masuda
et al., 1980). The drug also has activity against reflex
seizures in Mongolian gerbils (Bartoszyk and Hammer,
1987), has effects on kindled seizures in rats (Kamei et
al., 1981), and can block certain chemically induced
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F1G. 10. Structures of benzisoxazole and imidazole anticonvul-
sants.

cortical seizure discharges, as do phenytoin and
carbamazepine (Ito et al.,, 1980; 1986). In line with a
phenytoin-like mechanism of action, zonisamide blocked
sustained repetitive firing of cultured mouse central neu-
rons (ICs, 3.7 uM) but had no effect on responses to
GABA or glutamate in these cells (Rock et al., 1989).
Therapeutic total plasma levels of zonisamide are 15-20
ug/ml and the drug is 50% bound to plasma proteins. If
the CSF concentration approximates free serum levels,
the concentrations of zonisamide in the CSF under ther-
apeutic conditions would be more than sufficient to block
repetitive firing. Schauf (1987) reported voltage-clamp
studies of the effect of zonisamide on Na* currents in an
invertebrate axon. The drug caused a shift in the steady-
state inactivation of Na* currents that was similar to
that produced by phenytoin, suggesting that, like phen-
ytoin, zonisamide stabilizes Na* channels in their inac-
tivated state.

Despite the strong evidence supporting a phenytoin-
like effect on Na* channels in the mechanism of action
of zonisamide, even at high doses (100 mg/kg) the drug
was unable to mimic phenytoin’s effect on PTP of ventral
root potentials in spinalized rats (Ito et al., 1986). More-
over, the drug is able to suppress cortical seizure foci in
cats (Ito et al., 1980), an effect not seen with phenytoin.
Recently, some evidence has been presented supporting
the concept that, at concentrations within the therapeu-
tic range, zonisamide is able to interact with the GABA,/
benzodiazepine receptor. Thus, the drug is able to inhibit
[*H]flunitrazepam (a benzodiazepine receptor agonist)
and [*H]muscimol (a GABA, receptor agonist) binding
to rat brain membranes. In addition, [*H]zonisamide
binds in a saturable manner to rat brain membranes and
the ligand can be partially displaced by the benzodiaze-
pine clonazepam (Mimaki et al., 1988). Therefore, there
are specific binding sites in the brain for zonisamide that
may have some relationship to benzodiazepine receptors.
Because zonisamide did not alter responses to GABA in
cultured spinal cord neurons (Rock et al.,, 1989), the
physiological relevance of these binding sites is unclear.
However, in studies of zonisamide on excitatory and
inhibitory mechanisms in the cat spinal trigeminal nu-
cleus, a valproate-like profile of activity was found
(Fromm et al., 1987), which could support a GABAergic
mechanism of action. These observations have encour-
aged the continued evaluation of zonisamide for the
treatment of valproate-sensitive seizure types, such as
myoclonus.

A large number of clinical studies of zonisamide have
been performed in the United States and Japan. In a
well-controlled multicenter trial, Ramsay et al. (1984)
studied zonisamide in 65 patients; some patients
achieved a reduction in seizure frequency. Wilensky et
al. (1985) compared zonisamide monotherapy to
carbamazepine monotherapy in an open study of eight
patients with uncontrolled partial seizures; the drug
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showed some activity in five of the patients. A pilot study
reported by Sachellares et al. (1985) showed encouraging
results in 10 patients with refractory partial seizures.
Henry et al. (1988) observed striking effectiveness of
zonisamide in myoclonus epilepsy.

More recent clinical studies have been performed in
Japan. Open studies in children include those of Saka-
moto et al. (1988), Takahashi et al. (1987), Oguni et al.
(1989), Iinuma et al. (1988), and Shuto et al. (1989) who
found the drug effective in children with a variety of
seizure types. In adults, varying degrees of success have
been found in a series of open studies by Takeda et al.
(1987) and Shimizu et al. (1987). Studies in the United
States were terminated because of an increased incidence
of renal calculi observed in long-term trials. The curious
difference of opinion about the severity and incidence of
this side effect between American and Japanese investi-
gators remains unresolved.

2. Imidazoles: Denzimol. The imidazole denzimol (N-{8-
[4-(B8-phenylethyl)phenyl]-8-hydroxyethyl}-imidazole;
fig. 10) has a similar profile of anticonvulsant activity to
phenytoin in that it is protective against maximal elec-
troshock seizures (EDso, 5.3 mg/kg, i.v., in mice at 1
hour) but is ineffective against clonic seizures induced
by pentylenetetrazol (Nardi et al., 1981; Graziani et al.,
1983). Its protective index in the maximal electroshock
test (TDgo in rotorod ataxia test/EDso) 1 hour after oral
administration in mice calculated from the data of Gra-
ziani et al. (1983) is 5.2 which is somewhat lower than
that of phenytoin (8.4) but greater than that of pheno-
barbital (2.6) or valproic acid (1.3). The drug is also
effective against sound-induced seizures in DBA/2 mice,
and its protective action in this model can be diminished
by pretreatment with purine (aminophylline) and ben-
zodiazepine (Ro 15-1788) receptor antagonists (De Sarro
et al., 1987). Like phenytoin (Gallager et al., 1980),
denzimol produces an increase in the number of benzo-
diazepine receptor sites and is able to potentiate the
ataxia-inducing and anticonvulsant (pentylenetetrazol
test) activity of benzodiazepines (Mennini et al., 1984),
but the role of benzodiazepine receptors in the anticon-
vulsant activity of denzimol remains to be determined.

Controlled clinical trials with denzimol are lacking.
The preliminary clinical data are summarized by Testa
and Bertin (1986). The pilot studies reviewed by these
authors suggested that the drug has efficacy against
complex partial seizures. One additional study recently
reported by Benassi et al. (1988b) evaluated denzimol in
10 patients with poorly controlled partial seizures. The
drug was added to current therapy in an open trial lasting
12 weeks. A sustained decrease in seizure frequency
occurred in five patients. No serious side effects were
noted, but nausea and vomiting caused two patients to
stop taking the drug; the other eight patients completed
the trial. The optimal doses appeared to be between 300
and 600 mg/day. However, as of mid-1988, evaluation of

the drug had apparently been suspended (R. Testa, per-
sonal communication).

3. Imidazoles: Nafimidone. Like the structurally re-
lated imidazole denzimol, nafimidone [1-(2-naphthoyl-
methyl)imidazole HCI; fig. 10] protects against maximal
electroshock seizures in mice and rats (EDso, 15 mg/kg,
i.p., in mice) but is inactive against pentylenetetrazol-
induced clonic seizures. Its protective index (TDs, in a
traction test/EDjs) 30 min after oral administration in
mice was 6.3 (Walker et al., 1981; Buhles et al., 1986).
However, animals receiving nafimidone exhibited ad-
verse behavioral signs including abnormal postures and
altered locomotor activity at doses as low as 30 mg/kg,
i.p. In amygdaloid-kindled rats, nafimdone (25-50 mg/
kg, i.p.) had only moderate protective activity against
seizures, but these animals showed toxicity (sedation and
ataxia) (Albertson and Walby, 1988). At very high doses
(100-120 mg/kg), a proconvulsant effect of the drug was
also observed consisting of spontaneous EEG spike and
wave complexes, seizures, and death. However, promising
results were obtained in one add-on clinical trial in adult
males with intractable partial seizures (Treiman et al.,
1985).

4. CGS 18416A. CGS 18416A (fig. 10) is structurally
similar to zonisamide in having a benzisoxazole moiety
and also to denzimol and nafimidone because of its
imidazole group. CGS 18416A is effective in the maximal
electroshock test (EDg, 17.3 mg/kg, p.o., in mice) but is
inactive in the subcutaneous pentylenetetrazol test and
in protecting against picrotoxin- or bicuculline-induced
seizures in mice; no impairment of motor function was
noted in mice or rats at doses up to 200 mg/kg, p.o.
(Bernard et al.,, 1989). Biochemical studies have sug-
gested that the drug may have a phenytoin-like action
on voltage-dependent Na* channels. The drug is cur-
rently undergoing clinical trials.

5. Imidazoles: Other arylalkylimidazole anticonvulsants.
Robertson et al. (1986) demonstrated that a number of
other arylalkyl groups when coupled to imidazole result
in highly potent anticonvulsant molecules. In particular,
fluorenyl-, benzo[b]thienyl-, and benzofuranyl-substi-
tuted arylalkylimidazoles were particularly active. Like
denzimol and nafimidone, all of these compounds were
protective in the maximal electroshock test but had little
or no activity against pentylenetetrazol-induced clonic
seizures, clearly demonstrating that the alkylimidazole
portion of the molecule is the active pharmacophore; it
is suggested that the lipophilic aryl portion allows the
compounds to cross the blood-brain barrier. The drugs
were also able to promote the binding of [*H]flunitraze-
pam to benzodiazepine receptors, both in vivo and in
vitro. All arylalkylimidazoles including denzimol and
nafimidone interact strongly with cytochrome P-450 so
that they impair the metabolism and increase levels of
other anticonvulsant drugs, a potential disadvantage to
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their clinical use (Kapetanovic and Kupferberg, 1984;
1985; Treiman et al., 1985).

6. Lamotrigine. With the recognition that chronic
treatment with antiepileptic drugs could lead to an im-
pairment in folate metabolism and the further demon-
stration that folates could produce seizures in animals
(Hommes and Obbens, 1972; Obbens and Hommes, 1973;
Baxter et al., 1973), a series of antifolates were evaluated
for anticonvulsant activity. The phenyltriazine lamotri-
gine [3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine;
fig. 11] emerged from this screening program. Although
it is structurally related to antifolate drugs, lamotrigine
itself has only very weak antifolate activity and struc-
ture-activity studies have failed to show a correlation
between antifolate activity and anticonvulsant potency.
Nevertheless, lamotrigine has high potency in the max-
imal electroshock test (1.9 mg/kg, p.o., in the mouse)
and relatively low motor toxicity compared with pheny-
toin. Lamotrigine can also block the development and
the expression of kindled seizures in rats (Miller et al.,
1986b) and can potently inhibit afterdischarges (electro-
graphic seizure-like activity) induced by electrical stim-
ulation in anesthetized rats, dogs, and marmosets
(Wheatley and Miller, 1989). Like phenytoin, lamotri-
gine was inactive in the pentylenetetrazol seizure test
(against clonic seizures), suggesting that the two drugs
may have similar mechanisms of action. In fact, with a
similar potency to phenytoin, lamotrigine (EDs,, 20-100

Cl
Cl

/N\

X

H,N~ N7 TNH,

LAMOTRIGINE
OSO,NH,
o)
oot
TOPIRAMATE

FI1G. 11. Structures of diverse phenytoin-like anticonvulsants.

uM) blocks veratrine-evoked transmitter release from rat
neocortical slices (Leach et al., 1986). The observation
that the drug fails to affect release stimulated by high
K* suggests that it may be interacting specifically with
voltage-dependent Na* channels, perhaps in a similar
way to phenytoin.

As of 1986 there were only preliminary data to suggest
clinical efficacy of lamotrigine (Miller et al., 1986a).
Since that time, however, a number of controlled clinical
trials have documented the efficacy of the drug. The
study by Jawad et al. (1989) showed a significant im-
provement in the 21 patients with partial seizures who
completed the trial. The controlled study by Binnie et
al. (1989) showed promise, especially in terms of a re-
duction in the number of EEG spikes. Loiseau et al.
(1989) studied lamotrigine in 23 patients with refractory
partial seizures using a double-blind, crossover design; a
moderate reduction in seizures was observed. Richens
and Yuen (1989) performed a meta-analysis of the four
controlled studies of lamotrigine and concluded that
approximately 30% of refractory patients will have a
50% reduction in seizure frequency.

In open studies, Matsuo et al. (1989) evaluated 10 male
patients with partial epilepsy. The drug was well toler-
ated by seven of the patients at a dose of 400 mg/day.
Reduction of existing concomitant antiepileptic drugs
was possible in four, and monotherapy with lamotrigine
was achieved in two. Mikati (1989) observed that lamo-
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trigine was effective during long-term (<2 years) admin-
istration in four patients with drug-resistant seizures.
Sander et al. (1989) evaluated lamotrigine as an add-on
to existing therapy in 85 patients and found the drug
most useful in generalized tonic-clonic and atypical ab-
sence seizures. Wallace (1989) studied lamotrigine in
nine children and suggested that the drug may be useful
in myoclonic absences, tonic seizures, and myoclonic
jerks. Betts et al. (1989) studied lamotrigine in 70 pa-
tients; 50% were improved in this open study. Controlled
studies are underway in a number of countries, including
the United States, and optimism is high for marketing
within the next year or two in some countries.

7. Ralitoline. The thiazolidinone ralitoline [(Z)-N-(2-
chloro-6-methylphenyl)-(3-methyl-4-oxo-thiazolidine-2-
ylidene)acetamide; fig. 11], like phenytoin, has high ac-
tivity against maximal electroshock seizures (EDso, 2 mg/
kg, p.o., in mice) but fails to be protective in the penty-
lenetetrazol test. The drug also has a similar anticonvul-
sant profile to phenytoin against reflex epilepsy in Mon-
golian gerbils (Bartoszyk and Hamer, 1987) and is said
to be protective against reflex seizures in DBA/2 mice
and photosensitive baboons; at higher doses the drug has
been shown to be protective against hippocampal kindled
seizures in rats (Bartoszyk et al., 1986a). In addition,
ralitoline is said to have activity against audiogenic sei-
zures, seizures in photosensitive baboons, and against
kindled seizures. Ralitoline is more potent than pheny-
toin in slowing the rate of increase of action potentials
in cardiac muscle, suggesting that it may have a similar
action on voltage-dependent Na* channels as does phen-
ytoin (Wagner et al., 1987).

Ralitoline has not been subjected to more than a few
clinical studies, all of which are pilot in nature. The drug
has a very short half-life (<4-6 hours), which may require
a special delayed-release formulation prior to definitive
study. Thus, no statements regarding efficacy are possi-
ble at this time.

8. Topiramate. Topiramate, a sulfamate-substituted
monosaccharide [2,3:4,5-bis-O-(1-methylethylidine)-g-
D-fructopyranose; fig. 11], is structurally distinct from
other anticonvulsant drugs. The compound has reason-
ably high potency in the maximal electroshock test
(EDso, 38 mg/kg, i.p., in mice; 17.5 mg/kg, p.o., in rats)
but is essentially inactive in the pentylenetetrazol test
(Maryanoff et al., 1987). Thus, its profile is similar to
that of phenytoin; however, with a protective index in
the maximal electroshock test (TDs, for motor toxicity/
EDs) of approximately 12, it is relatively less toxic.
Moreover, topiramate has an unusually long duration of
action (>8 hours when given orally in mice). In a clinical
study of the interaction of topiramate with carbamaz-
epine, no major interaction was found at various doses
of topiramate (Wilensky et al., 1989). Likewise, in pa-
tients given topiramate, up to 1200 mg/day, no interac-
tions were found between topiramate and either pheny-

toin or valproate (Floren et al., 1989). In an add-on open
study, topiramate was shown to be efficacious in patients
with refractory partial seizures. The drug had no signif-
icant toxicity when taken for up to 1 year; side effects
consisted mainly of mild cognitive impairment. Multi-
center double-blind controlled studies are in progress
(Vaught et al., 1989).

9. Flunarizine. The difluorinated piperazine derivative
flunarizine {(E)-1[bis(4-fluorophenyl)methyl]-4-(3-phe-
nyl-2-propenyl) piperazine; fig. 11} is a potent organic
Ca®* channel antagonist that is able to block T-type as
well as L-type Ca’* channels in some tissues (Tytgat et
al., 1988). The drug preferentially relaxes vascular
smooth muscle with little effect on the heart (Godfraind,
1987) and has a number of clinical indications based
upon this distinct spectrum of activity (Todd and Ben-
field, 1989). In 1975, Desmedt et al. reported that flunar-
izine and the related smooth muscle-selective Ca?* chan-
nel antagonist cinnarizine were highly effective in pro-
tecting mice and rats against maximal electroshock
seizures. (The EDss for the two drugs are 21 and 49 mg/
kg, p.o., respectively, in mice.) Like phenytoin and
carbamazepine, flunarizine and cinnarizine are inactive
against clonic seizures produced by pentylenetetrazol,
although all of these drugs prevent the tonic phase.
Flunarizine also has activity against tonic seizures in-
duced by D,L-allylglycine (Ashton and Wauquier, 1979a),
bicuculline (Wauquier et al., 1986), and sound stimula-
tion in DBA/2 mice (Wauquier et al., 1986; De Sarro et
al., 1986); it blocks kindled seizures in rats and dogs
(Ashton and Wauquier, 1986b; Vezzani et al., 1988b;
Waugquier et al., 1979); and provides partial protection
against myoclonus in photosensitive baboons (De Sarro
et al., 1986). In general, the anticonvulsant profile of
flunarizine in these various models is similar to that of
phenytoin and, like phenytoin, the drug causes little
neurological toxicity at anticonvulsant doses.

In line with its Ca®* channel-blocking activity, flunar-
izine is able to bind with high affinity to calcium channel
antagonist ([*H]nitrendipine) acceptor sites in brain
membranes (Leysen and Gommeren, 1984; Gould et al.,
1984). Nevertheless, there is no evidence that the anti-
convulsant activity of the drug is mediated through an
action on neuronal Ca®* channels. In fact, although other
Ca®* channel antagonists, particularly those of the dih-
ydropyridine type, can block seizures in a variety of
animal models (De Sarro et al., 1988; Meyer et al., 1990),
their spectrum of anticonvulsant activity is entirely dif-
ferent from that of flunarizine in that they fail to block
maximal electroshock seizures at doses that protect
against pentylenetetrazol-induced clonic seizures (Hoff-
meister et al., 1982; Popoli et al, 1988; Wong and Rah-
wan, 1989; S. Yamaguchi and M.A. Rogawski, unpub-
lished observations), whereas, as noted before, flunari-
zine blocks maximal electroshock tonic seizures but not
pentylenetetrazol-induced clonic seizures. Moreover,
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even when administered intracerebroventricularly, flu-
narizine fails to affect pentylenetetrazol-induced seizure
activity, although these seizures are blocked in a dose-
dependent fashion by intracerebroventricular injection
of dihydropyridine Ca?* channel antagonists (Morén et
al., 1989; 1990). Finally, flunarizine like phenytoin and
carbamazepine has been shown to prevent epileptiform
bursting in the in vitro hippocampal slice, whereas ni-
modipine and the phenylalkylamine Ca®* channel-antag-
onist verapamil were inactive (Ashton et al., 1986). Be-
cause no other organic Ca?* channel blocker (except for
the structurally similar piperazine cinnarizine) is able to
block tonic seizures like flunarizine, it seems unlikely
that Ca’* channel antagonist activity of the drug ac-
counts for this action.

What then is the mechanism of anticonvulsant action
of flunarizine? The strong similarity in the anticonvul-
sant profile of flunarizine and phenytoin suggests that
they may have common mechanisms of action. Moreover,
there is suggestive evidence that flunarizine may interact
with voltage-dependent Na* channels in a fashion simi-
lar to phenytoin. First, like phenytoin, flunarizine (0.1-
1 uM) limits sustained high-frequency repetitive firing of
cultured mammalian central neurons (McLean, 1987),
an action that has been attributed to use-dependent
block of Na* channels. Second, flunarizine displaces [*H]
batrachotoxin from binding to Na* channels in rat brain
synaptosomes (Grima et al., 1986).

Flunarizine is marketed (primarily for the treatment
of migraine and vertigo) in 38 European, Latin American,
Asian, and African countries and more than 7 million
patient-years of exposure have been documented (F. de
Beukelaar, personal communication). The drug is safe
and side effects are generally mild and dose related. Early
clinical studies of flunarizine concentrated on determin-
ing the appropriate dose that was likely to be effective.
Because of the drug’s very long half-life (the drug may
be detectable in plasma 4 months after its discontinua-
tion!; Frosher et al., 1988), crossover trials are generally
considered to be impractical, and, in fact, no effect of the
drug was observed in one crossover study (Alving et al.,
1989). However, other controlled clinical trials have been
encouraging. One of these (Frosher et al., 1988) demon-
strated modest efficacy in patients with drug-resistent
complex partial seizures; another (Overweg et al., 1984)
showed a significant improvement in a similar patient
population. In a randomized double-blind study, Battag-
lia et al. (1989) obtained positive results in 17 children
(ages 6-21 years) with a variety of drug-resistant epilep-
sies. Finally, Binnie (1989), in an extensive review of
several additional clinical studies, concluded that ap-
proximately one-third of therapy-resistent patients re-
spond to the drug. Two double-blind trials are underway;
the first of these is a parallel design, multicenter trial
sponsored by the Epilepsy Branch of the National Insti-
tute of Neurological Disorders and Stroke, Bethesda,

MD. The second is a 40-patient study under the direction
of Dr. A. Shakir of Kuwait University. These studies will
be critical in the ultimate determination of the efficacy
of the compound.

10. Oxcarbazepine. Oxcarbazepine (10,11-dihydro-10-
oxo-carbamazepine; fig. 12) is an analog of carbamaz-
epine in which a keto group has been added to the 10-
position of the azepine ring. This change results in an
important difference in metabolism between the two
drugs. Although both carbamazepine and oxcarbazepine
are ultimately converted to the inactive trans-diol, the
effect of 10-oxidation is to prevent the formation of the
epoxide intermediate. In man, oxcarbazepine is instead
rapidly converted to the active metabolite 10-hydroxy-
carbazepine (Schtz et al.,, 1986) which appears to be
responsible for most of the anticonvulsant effect. Thus,
oxcarbazepine is a prodrug for 10-hydroxycarbazepine.
The differences in metabolism give oxcarbazepine three
potential advantages over carbamazepine. First, oxcar-
bazepine is a weaker inducer of hepatic microsomal en-
zymes (Wagner and Schmidt, 1987) so that there may be
less difficulty in adjusting dosage when it is used in
conjunction with other antiepileptic drugs and there
should be less effect on the levels of other drugs or
hormones that are metabolized in the liver. Second,
bypassing the production of carbamazepine epoxide may
eliminate some of the side effects believed to be caused
by this metabolite, such as nausea, headache, diplopia,
dizziness, and drowsiness (Patsalos et al., 1985). Third,
allergic skin reactions are less frequent during treatment
with oxcarbazepine than with carbamazepine (Dam et
al., 1989), and only a small fraction (27%) of patients
who are allergic to carbamazepine cross-react with ox-
carbazepine (Gram and Philbert, 1986). The drug does,
however, appear to cause hyponatremia like carbamaz-
epine (Johannessen and Nielson, 1987; Nielsen et al.,
1988).

10-HYDROXY-

—
| OO Fms

TRANS-DIOL
CARBAZEPINE

F16. 12. Comparison of the metabolism of oxcarbazepine and
carbamazepine.
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Like carbamazepine, oxcarbazepine and 10-hydroxy-
carbazepine are effective against tonic seizures in the
maximal electroshock test [although the dose required is
approximately 50% higher (EDs;, 10-20 mg/kg, p.o., in
rats and mice)] but are less active against pentylenete-
trazol-, picrotoxin-, or strychnine-induced seizures (Dam
and Jensen, 1989). The drugs also prevent partial sei-
zures in rhesus monkeys induced by application of alu-
mina gel to the motor cortex.

More than 700 patients with epilepsy have been stud-
ied in clinical trials with oxcarbazepine (Dam and Jen-
sen, 1989). Most clinical studies have compared the drug
with its prototype carbamazepine. Early controlled stud-
ies concluded that the efficacy of the two drugs was not
distinguishable but that oxcarbazepine had fewer adverse
effects (Houtkooper et al., 1987; Reinikainen et al., 1987).
In a large multicenter study of patients with newly
diagnosed epilepsy, Dam et al. (1989) showed similar
results: there was no significant difference in seizure
frequency between carbamazepine and oxcarbazepine
and, again, the latter compound appeared to be better
tolerated by some patients. Recently, in a single-blind
study, Aikia et al. (1989) found phenytoin and oxcarba-
zepine to be similarly effective after 1 year of therapy
with each.

11. Remacemide. The structurally novel anticonvulsant
remacemide [(%)-2-amino-N-(1-methyl-1,2-diphenyle-
thyl)acetamide; PR 934-423 or FPL 12924AA)] emerged
from a drug discovery program aimed at creating a mol-
ecule whose three-dimensional structure matched that of
phenytoin. In fact, this approach resulted in a compound
whose anticonvulsant profile is surprisingly similar to
that of phenytoin. Thus, remacemide is protective in the
maximal electroshock test in mice (EDso, 78 mg/kg, p.o.)
and rats (29 mg/kg) and is essentially inactive against
pentylenetetrazol-induced seizures. The drug is also ac-
tive against audiogenic seizures in DBA/2 mice (EDso,
86 mg/kg) (Palmer et al., 1990) but fails to block seizures
induced by picrotoxin, bicuculline, and strychnine. It is
inactive against kindled seizures in rats and does not
retard the development of kindling (G. C. Palmer, per-
sonnel communication). The protective index in the
maximal electroshock test (rotorod TDg/EDso) is 5.6
(however, this can vary markedly depending upon the
species of mouse used). Although both enantiomers of
remacemide are active in the electroshock test, the
(—)isomer is more potent than the racemate which, in
turn, is more potent than the (+)isomer. Interestingly,
the drug is quite effective in protecting mice against
seizures (EDso, 57 mg/kg, i.p.) and lethality induced by
intravenous NMDA suggesting that it might interact
with NMDA receptors. However, in electrophysiological
experiments, the drug failed to affect NMDA-induced
depolarization of neurons in the in vitro hippocampal
slice preparation (G. C. Palmer, personnel communica-
tion). Moreover, although remacemide does interact with

the MK-801 and glycine acceptor sites on the NMDA
receptor-channel complex, its affinities at these sites are
probably too weak to explain the in vivo anticonvulsant
activity (ICs, values, 64 and 168 uM, respectively). [Rats
protected in the electroshock test had CSF levels of 1563
ng/ml (0.5 uM); Wilson et al., 1988.] Like other drugs
that are primarily effective against maximal electroshock
seizures, remacemide blocks sustained repetitive firing
in cultured neurons at relatively low concentrations (6.4
uM). Thus, at present, a phenytoin-like interaction with
voltage-dependent Na* channels is the most plausible
mechanism to explain remacemide’s anticonvulsant ac-
tion. Remacemide has successfully survived animal tox-
icological testing and phase I clinical testing in humans;
it is currently undergoing clinical evaluation in patients
with seizure disorders.

B. Progabide, an Agonist of the GABA Receptor-Cl~
Channel Complex

As reviewed above, there is strong evidence that many
of the antiepileptic drugs in common clinical use (e.g.,
benzodiazepines, barbiturates, and valproate) exert their
anticonvulsant actions, at least in part, by enhancing
GABA-mediated inhibition in the CNS. This recognition
has led to the rational development of several potentially
useful new drugs that also enhance central inhibition
through an interaction with the GABA system but do so
by novel mechanisms. One such compound is progabide
(4-{[(4-chlorophenyl,5-fluro-2-hydroxyphenyl)methy
lene]amino}-butanamide; fig. 13), a lipid-soluble deriva-
tive of the amidated form of GABA (GABAmide), which,
unlike GABA, is readily able to cross the blood-brain
barrier. Within the brain, progabide undergoes a series
of metabolic transformations resulting in active and in-
active metabolites. Of particular importance is its deam-
idation to the much less lipid-soluble acid SL 75102 (fig.
13) which is then slowly converted to GABA. Alterna-
tively, the imine bond of progabide can undergo hydrol-
ysis leading to the formation of GABAmide (Worms et
al.,, 1982). Progabide, SL 75102, GABAmide, and of
course GABA, are all direct agonists of brain GABA
receptors, and these four compounds account for 70% of
the brain radioactivity after administration of radiola-
beled progabide (Morselli et al., 1986). Thus, progabide,
GABAmide, and SL 75102 have been shown to have
moderate affinity for high-affinity GABA receptors with

OH OH

c
PROGABIDE

F1G. 13. Structures of progabide and its active metabolite SL
75102.

SL 76102
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ICs values in displacement assays using [’H]GABA of
36, 17, and 1.5 uM, respectively (Lloyd et al., 1982).
However, even SL 75102 is a substantially weaker ligand
than the selective GABA, receptor agonist muscimol
(ICso, 9 nM) or GABA itself (ICs, 60 nM). Like GABA
and muscimol, progabide and SL 75012 can increase (in
a bicuculline-sensitive fashion) the in vitro and in vivo
binding of [*H]diazepam or [*H]flunitrazepam to brain
benzodiazepine receptors (Lloyd et al., 1982; Koe, 1983).
Because progabide and SL 75012 do not antagonize the
modulatory effect of GABA in this assay, as do the partial
agonists THIP and isoguavacine, they appear to be full
agonists at the GABA recognition site. Also like GABA,
but in contrast to muscimol, the novel compounds bind
to GABAGB receptors with approximately similar affinities
as they bind to GABA, receptors (Bowery et al., 1982).
Progabide and SL 75012 are highly specific for the GABA
receptor system per se and do not significantly influence
GABA synthesis, metabolism, or reuptake (Lloyd et al.,
1982). Electrophysiological studies in peripheral ganglia
have confirmed that SL 75102 can act as a full agonist
at both GABA, and GABAg receptors (Desarmenien et
al., 1981; Bowery et al., 1982). Thus, SL 75102 depolar-
izes superior cervical ganglion neurons by activating C1~
channels with equal efficacy to GABA but one-tenth the
potency, and this effect is competitively antagonized by
bicuculline.

Local intracerebral injections of the GABA, agonist
muscimol into, for example, the substantia nigra are well
known to protect against seizures (Sperber et al., 1989;
Depaulis et al., 1988). However, muscimol penetrates
into the brain poorly and is unsuitable for clinical use as
an antiepileptic because of its toxicity (Baraldi et al.,
1979; Pedley et al., 1979). Similarly, the peripherally
acting GABA receptor agonist THIP has some anticon-
vulsant activity but is also too toxic to be used clinically
(Meldrum and Horton, 1980; Loscher, 1985; Depaulis et
al., 1988). Surprisingly, however, progabide has a very
wide spectrum of anticonvulsant activity in animal sei-
zure models and low toxicity. Thus, the drug is effective
against tonic seizures in the mouse maximal electroshock
test (EDso, 75 mg/kg, i.p.) and against clonic seizures in
the mouse pentylenetetrazol test (EDs, 30 mg/kg)
(Worms et al., 1982; Morselli et al., 1986) but exhibits
motor toxicity only at high doses (rotarod EDs,, 250 mg/
kg, i.p.; Morselli et al., 1986). In addition, progabide can
prevent seizures caused by a variety of other chemocon-
vulsants including bicuculline, picrotoxinin, allylglycine,
penicillin, and strychnine (Golden and Fariello, 1984); it
is active against reflex seizures in DBA/2 mice, photo-
sensitive baboons (Cepeda et al., 1982) and Mongolian
gerbils (Loscher, 1985); and it is weakly active against
amygdaloid-kindled seizures in rats (Joy et al., 1984;
Loscher and Schwark, 1985). This anticonvulsant activ-
ity presumably reflects direct stimulation of GABA,
receptors by progabide and its metabolites because the

selective GABAp receptor agonist baclofen fails to pre-
vent seizures in most models (Mehta and Ticku, 1988).
However, because progabide has a broader spectrum of
anticonvulsant activity than the selective GABA, ago-
nist muscimol, activation of GABAg receptors may to
some degree play a role in its clinical activity.

An enormous amount of clinical data has accumulated
concerning progabide (Morselli et al., 1986; 1989). Open
studies have repeatedly suggested that progabide is an
effective agent; one of these was published as late as
1988 by Benassi et al. (1988a). The drug is said to have
a broad spectrum of antiepileptic activity, being effective
in the treatment of simple and complex partial seizures,
generalized tonic-clonic seizures, and myoclonic seizures,
but not absence seizures (Morselli, 1989). Unfortunately,
two factors have slowed progabide’s acceptance. The first
is the accumulation of controlled clinical trials that failed
to document the efficacy of the drug (Dam et al., 1983;
Schmidt and Utech, 1986; Leppik et al., 1987). Although
these studies are partially offset by other controlled
studies that suggest that efficacy is indeed present (Van
der Linden et al., 1981; Loiseau et al., 1983; Weber et al.,
1985; Martinez-Lage et al.,, 1984), enthusiasm for the
drug has been somewhat diminished by these negative
trials.

The second factor is the drug’s tendency to cause
hepatotoxicity (comparable in incidence and severity to
that of isoniazid), which, by itself, would not have slowed
the development of the drug. Progabide has been mar-
keted in France since 1985. Its fate in other countries is
uncertain, but it is no longer under investigation in many,
including the United States.

C. Drugs That Potentiate Inhibition by an Action That
Does Not Involve an Interaction with the GABA
Receptor-Channel Complex

1. Vigabatrin. The GABA analog vigabatrin (y-vinyl-
GABA; fig. 14) is a specific, enzyme-activated inhibitor
of the GABA catabolic enzyme GABA-T. The drug be-
comes covalently linked to GABA-T at its active site and
thereby causes an irreversible inhibition of the enzyme
(Lippert et al., 1977). Although GABA itself is unable to
penetrate the blood-brain barrier, vigabatrin does pass
into the CNS and measurable levels can be detected in
the lumbar CSF after a single oral dose (representing
about 10% of blood levels in human subjects; Ben Men-
achem et al., 1988). The peak levels achieved in the CSF
(~3-12 uM; Pitkdnen et al., 1988; Riekkinen et al., 1989;
Ben Menachem et al., 1988) after single or multiple 50
mg/kg, p.o., dose(s) are close to those necessary to inhibit
GABA-T in vitro (ICs, 24 uM; Larsson et al., 1986). In
animals, brain GABA-T activity is rapidly reduced by
80% after a single injection of vigabatrin (Jung et al.,
1977) and the fraction of the enzyme inhibited can be
enhanced with repeated doses (Perry et al., 1979). Re-
covery of GABA-T activity requires synthesis of new
enzyme which takes several days (Lippert et al., 1977;
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Larsson et al., 1986). Because transamination by GABA-
T represents the only important pathway for catabolism
of brain GABA, the irreversible inhibition of GABA-T
by vigabatrin results in a prolonged elevation in brain
GABA levels (Jung et al., 1977). This elevation appears
to occur throughout the brain, both in neurons (Abdul-
Ghani et al., 1981) and in glia (Neal et al., 1989). How-
ever, glial GABA-T is less sensitive to vigabatrin (Lars-
son et al., 1986), apparently because glial cells fail to
possess a high-affinity uptake system for the drug
(Schousboe et al., 1986). There is evidence that the excess
neuronal GABA is in a releasable pool so that larger
amounts of GABA are discharged with stimulation
(Gram et al., 1988). Moreover, it has been suggested that
the glial GABA can also be released with depolarizing
stimuli, such as might occur as K* accumulates extracel-
lularly during a seizure (Neal et al., 1989). Several studies
have demonstrated that vigabatrin causes a several-fold
increase in the CSF levels of GABA in epileptic patients
receiving the drug (Schechter et al., 1984; Ben Menachem
et al., 1988; Pitkanen et al., 1988; Riekkinen et al., 1989).

The elevation in brain GABA produced by vigabatrin
is associated with a potent anticonvulsant effect in sev-
eral animal seizure models (Palfreyman et al.,, 1981),
including amygdala-kindled seizures (Myslobodsky et al.,
1979; Kalichman et al., 1982; Shin et al., 1986), audio-
genic seizures in genetically susceptible mice (Schechter
et al., 1977), photogenic epilepsy in baboons (Meldrum
and Horton, 1978), and certain chemically induced sei-
zures (Bernasconi et al., 1988) including those produced
by pentylenetetrazol (however, see Mysolobodsky et al.,
1979), the GABA antagonist picrotoxin (however, see
Kendall et al., 1981), and the glycine antagonist strych-
nine. Vigabatrin also appears to be capable of slowing
the development of epilepsy in the kindling model (Shin
et al., 1986). The effect of the drug in the maximal
electroshock seizure model is controversial (Bernasconi

et al., 1988; Iadarola and Gale, 1981). As expected, only
the pharmacologically active S (+) optical isomer has
anticonvulsant activity (Meldrum and Murugaiah, 1983).
Several authors have observed a paradoxical proconvul-
sant effect of vigabatrin that may relate to a withdrawal
phenomenon (Ldscher et al., 1989), suggesting that in-
vestigators should be alert to possible increases in seizure
frequency upon discontinuation of the drug. In summary,
the antiepileptic action of vigabatrin almost certainly
reflects its inactivation of GABA-T, and it therefore
represents one of the few anticonvulsant drugs whose
cellular target has been definitively identified. Neverthe-
less, the precise way in which inhibition of GABA-T
results in prevention of seizures remains to be clarified
(Bernasconi et al., 1988).

Controlled clinical trials have amply demonstrated
that vigabatrin has antiepileptic activity as add-on ther-
apy in previously drug-resistant patients. However, the
drug presents an interesting toxicological dilemma. In
mice, rats, dogs, and perhaps monkeys, vigabatrin pro-
duces a dose-related microvacuolization of the outer la-
mellar sheaths of myelinated axons, an effect referred to
as “intramyelinic edema” (Butler et al., 1987; Butler,
1989; Graham, 1989). The lesions are somewhat similar
to those produced by isoniazid, hexachlorophene, and
triethyltin but are reversible and localized. The signifi-
cance of these lesions has been repeatedly questioned,
particularly because they have not been observed in
humans (Anonymous, 1989; Porter, 1990). Although
studies of the drug have been restricted in the United
States, more than 2500 patients have been exposed to
vigabatrin in European clinical trials. None of the pa-
tients under study have shown any evidence of toxicity
that might be related to intramyelinic edema. In addition,
a few pathological series have been negative. Trottier et
al. (1989) and Paljarvi et al. (1990) failed to detect
histopathological changes either with light or electron
microscopy in brain specimens taken during epilepsy
surgery from patients who had received long-term viga-
batrin therapy. In three human postmortem cases, the
abnormal changes seen in animals were not present
(Olafsson et al., 1989). Efforts to detect early pathological
changes in patients receiving vigabatrin using evoked
potential measurements have been consistently negative
(Kélviainen et al., 1989a; Liegeois-Chavel et al., 1989;
Cosi et al., 1989), although it is not clear that such an
approach will detect minimal lesions (Porter, 1990).

In spite of the uncertainty regarding the potential
toxicity of vigabatrin, a surprising amount of high-qual-
ity clinical information is available, including complete
reports from seven double-blind studies (Gram et al.,
1983; Loiseau et al., 1986; Remy et al., 1986; Reynolds et
al., 1988; Rimmer and Richens, 1984; Tartara et al., 1986;
Tassinari et al., 1987). These studies clearly demonstrate
that the drug is efficacious at doses of 1.5-3 g/day. The
number of patients who completed each study was very
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high, varying from 82-96%, indicating that the drug is
well tolerated. In all seven studies the drug was effective,
although in some (e.g., Remy et al.) the improvement
only reached statistical significance for patients with
complex partial seizures. Because this seizure type is the
most important uncontrolled seizure type in adults, the
drug appears to be a significant advance.

A large number of other recent studies have been
reported in preliminary form; these have also been fa-
vorable. Reynolds (1990), in a double-blind study of 20
patients, documented the effectiveness of vigabatrin in
patients with complex partial seizures. Other studies
include those of Dam (1989), Trevisol-Bittencourt et al.
(1989), Faedda et al. (1989), Tartara et al. (1989), Mich-
elucci and Tassinari (1989), Chauvel et al. (1989), Gorz
et al. (1989), Besser and Kramer (1989), Haan (1989),
and Sivenius (1990). The antiepileptic activity of viga-
batrin was confirmed in an unusual way by acute with-
drawal of a single dose in a controlled investigation
reported by Ried and Schmidt (1989).

There have been fewer trials of vigabatrin in children,
although those that have been reported have shown
comparable efficacy as in adults. Luna et al. (1989)
studied 61 children with refractory epilepsy in a 16-week,
single-blind, add-on, placebo-controlled trial. Thirty-
eight percent showed a reduction of >50% in seizure
frequency, and this beneficial effect was maintained for
up to 11 months in some patients. Livingston et al. (1989)
studied 135 patients with refractory seizures, including
partial and generalized seizures, Lennox-Gastaut syn-
drome, and West syndrome. Thirty-seven percent of the
children had a >50% reduction in seizures. Herranz et
al. (1989) were unable to document the efficacy of viga-
batrin in a single-blind study of children with partial
epilepsy, although a few individual patients appeared to
be improved. In an open trial of vigabatrin in infantile
spasms, some patients appeared to respond (Chiron et
al., 1989).

Conspicuous by their absence are controlled studies
from North America. The closest approximation is a
multicenter study described by Browne et al. (1989) in
which 89 patients with refractory complex partial sei-
zures were treated with doses averaging 3.2 g/day (range
1-4 g/day). Fifty-one percent of the patients had =50%
reduction in seizure frequency; the major adverse reac-
tions were drowsiness, ataxia, headache, irritability, diz-
ziness, and unsteadiness. Sixty-six patients having a
favorable response continued to receive the drug for up
to 73 months (median 44 months). No toxicity other
than reversible, dose-dependent side effects were de-
tected and only 11 patients experienced clinically signif-
icant “breakthrough” seizures during the follow-up
period.

‘Except for a handful of patients, studies of vigabatrin
in the United States were halted in 1983. Although
vigabatrin has been approved for marketing in England,

Ireland, and France, its future in North America is
uncertain. The drug has been released for study by the
U.S. Food and Drug Administration, but several years of
clinical investigations will be required prior to approval
for marketing.

2. Stiripentol. Stiripentol {4,4-dimethyl-1-[3,4-(meth-
ylendioxy)-phenyl]-1-penten-3-ol; fig. 14} has a broad
spectrum of anticonvulsant activity against electrically
and chemically (pentylenetetrazol and bicuculline) in-
duced seizures (Poisson et al., 1984). The EDs, against
electroshock seizures in rats is approximately 240 mg/
kg, i.p., and against pentylenetetrazol seizures in mice
about 200 mg/kg, i.p. (Vincent, 1986). The drug has also
been shown to delay the onset of seizures precipitated by
4-deoxypyridoxine HCl in alumina gel-treated rhesus
monkeys (Lockard et al., 1985). The action of the drug
to delay but not to prevent seizures in this model was
similar to valproate and was different from that of other
anticonvulsants (phenytoin, carbamazepine, phenobar-
bital, and diazepam). Like valproate, stiripentol in-
creases the whole brain GABA level (22% at 300 mg/kg
in mice) (Poisson et al., 1984). Two possible mechanisms
could account for this effect: inhibition of GABA uptake
(Poisson et al., 1984) and blockade of GABA-T (Weg-
mann et al., 1978).

Stiripentol has been widely evaluated in both Europe
and the United States. As of mid-1988, >200 patients
had been studied in Spain, France, and the United States.
Pilot studies in patients with refractory partial seizures
include that of Martinez-Lage et al. (1987) in which 16
of 26 patients were helped, Loiseau et al. (1988) in which
6 of 9 patients improved, and Rascol et al. (1989) in
which at least 5 of 7 patients responded. Levy et al.
(1989) demonstrated that stiripentol reduces the clear-
ance of carbamazepine and that the daily dose of
carbamazepine should be reduced immediately after the
introduction of stiripentol regardless of age. Farwell et
al. (1989) evaluated stiripentol in an open study of atyp-
ical absence seizures and found the drug to be promising.
Preliminary results from another trial of refractory ab-
sence seizures were also encouraging (Loiseau and
Duche, 1989b). Controlled clinical trials are underway,
but no data are available from such studies at this time.

3. Milacemide. Milacemide (2-N-pentylaminoacetam-
ide; fig. 15) is a potent antagonist of pentylenetetrazol-
and bicuculline-induced seizures whose anticonvulsant
activity is believed to result from its conversion in brain
to the inhibitory amino acid glycine (van Dorsser et al.,
1983) and possibly also from its ability to increase re-
gional GABA levels (Janssens de Varebeke et al., 1983).
The anticonvulsant profile of milacemide is unusual in
that the drug blocks both the tonic and clonic compo-
nents of bicuculline-induced seizures at low doses (ED5,,
5.7 mg/kg, p.o.; van Dorsser et al., 1983), whereas much
higher doses are required in other seizure models (e.g.,
the EDs, against pentylenetetrazol seizures is 741 mg/
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FIG. 15. Metabolism of milacemide to glycine.

kg). High doses of milacemide can also reduce the dura-
tion of the afterdischarge in kindled rats (Albertson et
al., 1984b) and have been reported to suppress spike
firing induced by cortical application of cobalt powder
(Roba et al., 1986). The drug is inactive against reflex
seizures in DBA/2 mice (Chapman and Hart, 1988) or
Mongolian gerbils (Loscher, 1985). Milacemide has a low
propensity to cause neurological toxicity and fails to
cause ataxia in rats or to prolong pentobarbital-induced
sleeping time in mice in doses as high as 1000 mg/kg,
p.o.

Unlike glycine, milacemide readily crosses the blood-
brain barrier and is actively metabolized to glycinamide,
primarily by monoamine oxidase-B (Janssens de Vare-
beke et al.,, 1988; 1989) and possibly also to a lesser
extent by monoamine oxidase-A (Truong et al., 1989).
The drug has a high affinity for monoamine oxidase-B
(K, 30-80 uM; Janssens de Varebeke et al., 1988), and
inhibits the enzyme in a partially reversible manner
(Janssens de Varebeke et al., 1989) so that patients
taking the drug would be advised to follow the same
dietary restrictions as for other monoamine oxidase in-
hibitors. Glycinamide is further converted to glycine,
leading to significant increases in glycine concentrations
in many brain areas (Chapman and Hart, 1988). In rats,
2 hours after an oral dose of milacemide (100 mg/kg),
glycine levels were elevated by 12% in the brainstem and
30% in the forebrain. These increased levels of glycine
presumably cause neuronal inhibition and a resultant
anticonvulsant effect via an action on strychnine-sensi-
tive glycine receptors (Alger, 1985). In fact, glycine itself
has been reported to have anticonvulsant activity in some

' seizure models when injected intracerebroventricularly

i (Lapin, 1981) or even systemically in some cases (Toth
Yet al., 1983). Glycine can also enhance excitation via its
interaction with the strychnine-insensitive glycine site
ok the NMDA receptor-channel complex (Johnson and
Ascher, 1987). Whether the elevation of brain glycine
levels produced by milacemide causes a physiologically
relewant effect on excitatory neurotransmission is un-
known. However, it is of interest to note that milacemide

267

produces regionally specific increases in brain metabolic
rate as measured by the uptake of [*H]2-deoxyglucose
(Roba et al., 1986).

Although milacemide does not alter whole brain GABA
levels, it can produce substantial regional increases in
the GABA content of certain brain areas. For example,
the GABA content of the substantia nigra increases by
40% in rats treated with a single 100-mg/kg, p.o., dose.
This effect appears to occur as a result of an in vivo
increase in the activity of the GABA-synthesizing en-
zyme glutamic acid decarboxylase (Jannsens de Varebeke
et al., 1983). The relative importance of the effects on
GABA and glycine to the anticonvulsant activity of
milacemide are unknown, and the ability of milacemide
to block bicuculline-induced seizures at doses less than
those that have been reported to increase inhibitory
amino acid levels suggests that additional mechanisms
may need to be invoked.

More than 500 epileptic patients have been exposed to
milacemide at various dosage levels, some for as many
as 5 years. However, in spite of the substantial clinical
experience with the drug, only a few definitive studies
are available. One study, that of Houtkooper et al. (1986),
evaluated 60 patients in a double-blind placebo-con-
trolled parallel design; it was found that 9 of 29 patients
responded to milacemide, whereas only 2 of 29 responded
to placebo. This effect, however, was not statistically
significant. In a two-center double-blind placebo-con-
trolled randomized parallel group study of 40 patients,
Norton et al. (1986) found that, of the 21 patients receiv-
ing milacemide, 4 had a response of more than a 50%
decrease in seizures; 4 others had a partial response.
Because of these marginal effects, development of the
drug is no longer being pursued in the United States.

4. Taltrimide. The sulfur-containing amino acid tau-
rine, which is present in brain at concentrations com-
parable to GABA and glycine, has long been known to
inhibit central neurons via activation of Cl~ channels in
a strychnine-sensitive fashion (Huxtable, 1989; Mathers
et al., 1989). Cross-desensitization experiments have sug-
gested that taurine can activate glycine receptors (Krish-
tal et al., 1988; however, see Okamoto and Sakai, 1980).
Taurine is a polar compound that poorly crosses the
blood-brain barrier. Consequently, like GABA or glycine,
it has little in the way of anticonvulsant activity, except
when applied directly to the surface of the brain. How-
ever, the recognition that taurine has a potent inhibitory
action on neurons was the impetus to synthesize a series
of lipophilic derivatives and to test their efficacy as
anticonvulsants. Of the compounds screened, taltrimide
(2-phthalimidoethanesulphon-N-isopropylamide; fig. 14)
was considered the most promising because of its efficacy
and low toxicity. Taltrimide has been shown to be pro-
tective against maximal electroshock seizures in mice, to
suppress reflex seizures in genetically epilepsy prone rats,
and to prevent seizures induced by various convulsant
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drugs including pentylenetetrazol, bicuculline, picro-
toxin, isoniazid, thiosemicarbazide, and strychnine
(Kontro and Oja, 1987a; Nakagawa and Huxtable, 1985).

Taltrimide and its dealkylated metabolite 2-phthal-
imidoethanesulphonamide (MY-103) are potent inhibi-
tors of [*H]taurine binding to brain membranes; taltrim-
ide has about the same affinity as taurine in this assay
(Kontro and Oja, 1987a,b). Although the precise nature
of taurine-binding sites is yet to be clarified, these studies
are consistent with the idea that taltrimide is a taurine
agonist, although electrophysiological studies will be nec-
essary to confirm this point. Taltrimide does not appear
to bind to the GABA, receptor or to benzodiazepine
receptors (Malminen and Kontro, 1989). Low concentra-
tions of taltrimide and MY-103 have also been reported
to enhance K* depolarization-induced release of GABA
from cerebral cortical slices, and it has been suggested
that this may also contribute to the anticonvulsant ac-
tivity of the drug (Kontro and Oja, 1987a).

Information regarding the potential clinical efficacy of
taltrimide is limited. An add-on study in nine drug-
resistant patients, five with progressive myoclonus epi-
lepsy and four with complex partial seizures, failed to
show any activity (Airaksinen et al., 1987), and at higher
doses the drug appeared to increase the seizure frequency
(Koivisto et al., 1986). More recently, however, livanai-
nen et al. (1989), in a randomized placebo-controlled
crossover study of 17 patients, concluded that the drug
was as effective in primary generalized epilepsy as val-
proate but that it was not effective in partial seizures.

5. CI-966. An alternative strategy for enhancing cen-
tral GABA-mediated inhibition is blockade of GABA
reuptake into nerve terminals which occurs via a high-
affinity, sodium-dependent transport system. However,
conventional GABA reuptake blockers such as L-2,4-
diaminobutyrate, guvacine, and nipecotic acid fail to
penetrate the blood-brain barrier and are, therefore, not
useful clinically. CI-966 is a nipecotic acid derivative that
has emerged from a program to develop blood-brain
barrier-permeable GABA reuptake blockers by coupling
nipecotic acid (or a structurally related analog) to a
lipophilic anchor. CI-966 has a substantially higher po-
tency as a GABA reuptake blocker than nipecotic acid
or guvacine (ICs, 0.30 versus 5.2 and 6.8 uM, respec-
tively) and is behaviorally active even when administered
orally, indicating that it crosses the blood-brain barrier.
As expected from its specific action on GABA systems,
CI-966 is a potent blocker of pentylenetetrazol-induced
clonic seizures (EDso, 0.5-1.0 mg/kg, p.o., in mice) but
prevents maximal electroshock seizures only at higher
doses (2.6 mg/kg; Taylor et al.,, 1990). In mice, these
doses were substantially lower than those that caused
ataxia (64 mg/kg). Unfortunately, in dogs and monkeys,
the drug causes ataxia and other neurological side effects
including tremors and myoclonus at low doses (dogs: 5
mg/kg, p.o.; monkeys: 3 mg/kg, i.m.). In single-dose trials

in two healthy human volunteers, CI-966 (50 mg, p.o.)
caused severe psychiatric and neurological side effects,
including psychotic symptoms, mania, myoclonus, and
parkinsonism (Sedman et al, 1990). These observations
have resulted in CI-966 being withdrawn from further
clinical evaluation (C. P. Taylor, personal communica-
tion).

6. Tiagabine. A second and perhaps better tolerated
centrally active nipecotic acid derivative is tiagabine
{R(—)-N-[4,4-di(3-methyl-thien-2-yl)-but-3-enyl]nipe-
cotic acid HCl; NO-05-0328]. Although structurally sim-
ilar to CI-966, tiagabine is a more potent selective inhib-
itor of neuronal and glial GABA uptake, having an ICs
of 67 nM (Braestrup et al., 1990). The drug only very
weakly interacts with the GABA, or benzodiazepine
recognition sites and does not bind to other neurotrans-
mitter receptors. Despite its higher in vitro affinity for
the GABA uptake site than CI-966, tiagabine is some-
what less potent as a blocker of pentylenetetrazol-in-
duced clonic seizures in mice (EDso, 1.3 mg/kg, i.p.; M.
W. Pierce, personal communication), suggesting that it
may less effectively penetrate the blood-brain barrier. In
addition to its activity against pentylenetetrazol seizures,
tiagabine blocks audiogenic seizures in DBA/2 mice (0.4
mg/kg) and amygdaloid-kindled seizures in rats (3 mg/
kg). The drug is also active against reflex seizures in
photosensitive baboons at doses that do not cause neu-
rological impairment. However, tigabine only weakly
protects against maximal electroshock seizures (40 mg/
kg, i.p., in rats). In rats and mice, the drug causes
sedation, impairment of motor function, and neurological
side effects incuding tremor and posturing only at doses
considerably greater than those that protect against sei-
zures (>12.5 mg/kg, i.p.). Similarly, in human trials, oral
doses up to 10 mg daily caused only mild and transient
symptoms, whereas a single 24-mg, p.o., dose caused
unacceptable side effects in all subjects. Whether non-
toxic doses of tiagabine will provide useful antiepileptic
activity in human patients remains to be determined.

D. Drugs That Bind to Benzodiazepine Receptors

1. Clobazam. Clobazam (fig. 4) is a 1,5-benzodiazepine
which differs from 1,4-benzodiazepines such as diazepam
in having a nitrogen in the 5-position instead of at the
4-position of the heterocyclic ring. Initial studies of the
anticonvulsant activity of clobazam indicated that the
drug had a similar profile to other benzodiazepines in
that it is able to protect against clonic seizures induced

by pentylenetetrazol, bicuculline, picrotoxin, and strych-

nine and also against tonic seizures in the maximal '
electroshock test (Barzaghi et al.,, 1973; Trimble and
Robertson, 1986). Subsequently, clobazam (Chapman et
al., 1978) and its active metabolite N-desmethylclobaza&m
(Meldrum and Croucher, 1982) were shown to protect
against reflex seizures in DBA/2 mice and photosensitive
baboons. Clobazam is also effective against amygda'oid-
kindled seizures in rats (Ichimaru et al., 1987; Rosenberg
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et al., 1989; Tietz et al., 1989). However, of particular
interest was the observation first noted in humans
(Hindmarch, 1979) and then confirmed in animal studies
(Shenoy et al., 1982; Stéru et al., 1986; Trimble and
Robertson, 1986) that clobazam produces less sedation
and motor toxicity at anticonvulsant doses than other
benzodiazepines such as diazepam or nitrazepam. Thus,
clobazam is approximately equipotent with diazepam in
preventing electroshock seizures, one-fifth as potent in
protecting against pentylenetetrazol-induced clonic sei-
zures, and one-ninth as potent in inducing motor toxicity
in the rotorod ataxia test. The basis for the selective
anticonvulsant activity of clobazam is unknown and does
not appear to hold in all seizure models (Tietz et al.,
1989). Nevertheless, clobazam’s high relative potency
against electroshock seizures indicates that the drug
should be examined for phenytoin-like actions. As with
1,4-benzodiazepines, chronic administration of clobazam
results in the development of tolerance to the sedative
and anticonvulsant actions of the drug in both animals
and human subjects (Gent et al.,, 1984; Young et al.,
1988).

There are a large number of well-controlled clinical
studies that demonstrate clobazam’s short-term activity
against partial and generalized seizures in patients of all
ages and the drug is said to be relatively effective in the
Lennox-Gastaut syndrome (Hindmarch and Stonier,
1981; Hentschel, 1987; Shorvon, 1989). Presumably be-
cause it is a benzodiazepine, and because benzodiazepines
have a excellent safety record, the drug has been rapidly
approved in at least 50 countries throughout the world,
with the notable exception of the United States. Never-
theless, no definitive study has as yet documented that,
when corrections for potency are made, the drug is less
sedating than other benzodiazepine in human studies.
As with all benzodiazepines, the development of toler-
ance limits the usefulness of the drug in most patients;
there may, however, be a few patients for whom the drug
is effective on a long-term basis (Heller et al., 1988).
Some investigators have suggested that the active me-
tabolite N-desmethylclobazam may be clinically superior
to the parent compound (Haigh et al., 1987).

2. Flumazenil. As discussed in section III, A, 1, the
benzodiazepine receptor antagonist flumazenil may ac-
tually have weak partial agonist activity at benzodiaze-
pine receptors. As a consequence, the drug has anticon-
vulsant activity in animal seizure models. Recently,
Scollo-Lavizzari (1984; 1988) reported that oral fluma-
zenil when used alone or in combination with other
antiepileptic drugs can reduce the frequency of electro-
graphic spike and wave discharges and also decrease the
number of behavioral seizures for periods of up to 42
months. The drug is being studied in Europe where
controlled clinical trials are currently ongoing. Data from
some of these studies may be available by late 1990.

E. Drugs That Block Excitatory Amino Acid Receptors

Recent advances in the physiology and pharmacology
of excitatory amino acid transmitter systems have high-
lighted the potential of excitatory amino acid receptors
as a target for anticonvulsant drugs. The amino acids
glutamate and aspartate have long been known to excite
neurons and cause convulsive activity when applied to
the cerebral cortex (Hayashi, 1954; see Nistri, 1985, for
additional references). However, clarification of the cell-
ular mechanisms underlying these actions has only been
provided in the past decade as a result of the development
of selective agonists and antagonists largely by Watkins
and his collaborators (Oliverman and Watkins, 1989;
Monaghan et al., 1989; Collingridge and Lester, 1989). It
has been possible to classify excitatory amino acid recep-
tors, using these pharmacological tools, into three sub-
types, identified by the agonists that selectively activate
them: quisqualate [now more properly referred to by the
more specific agonist AMPA (a-amino-3-hydroxy-5-
methyl-isoxazole-4-propionic acid)], kainate, and
NMDA (Watkins, 1989). Each of these receptors is cou-
pled to a cation channel that opens in response to agonist
binding and acts to depolarize the target cell. The NMDA
receptor-channel complex is endowed with a number of
special features that distinguishes it from the quisqualate
or kainate receptor channels. These features include a
sensitivity to blockade by physiological concentrations
of Mg?*, a high permeability to Ca®*, and a requirement
for coactivation by glycine. Moreover, it is now apparent
that the NMDA receptor plays a critical role in many
types of seizures, and there is a growing body of data
that implicates NMDA receptors in the development of
some forms of epilepsy (Vezzani et al., 1988a; McNamara
et al., 1988). The evidence linking NMDA receptors to
acute seizures is two-fold. First, activation of NMDA
receptors on neurons in, for example, the in vitro hip-
pocampal slice leads to burst firing reminiscent of epi-
leptiform discharges recorded in various seizure models
(Peet et al., 1986a,b; 1987). In contrast, activation of
quisqualate or kainate receptors produces steady depo-
larization but does not lead to bursting. Second, selective
NMDA receptor antagonists and drugs that otherwise
depress responses mediated by NMDA receptors are
anticonvulsant in many seizure models. For the compet-
itive antagonists, there is a strong correlation between
their affinity for NMDA receptors and anticonvulsant
potency (Pedder et al.,, 1989). Although none of the
presently marketed antiepileptic drugs are believed to
operate by blockade of NMDA receptors, several excita-
tory amino acid antagonists are currently undergoing
clinical evaluation. In animal models, NMDA antago-
nists produce a number of neurological side effects, in-
cluding effects on motor performance and memory func-
tion at doses close to those that protect against seizures.
At present, it is unknown whether these and other po-
tential neurological toxicities will prevent the use of
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NMDA receptor-targeted drugs for the chronic treat-
ment of seizure disorders in man.

1. Competitive antagonists of the NMDA recognition
site. The first potent and selective competitive antago-
nists of the NMDA recognition site to be described by
Watkins’ group were straight chain analogs of glutamate
with the w-carboxyl group replaced by a phosphonic acid
moiety. Examples of such compounds include APH (or
AP5) and APV or (AP7) (fig. 16). These compounds were
initially found to block reflex seizures in DBA/2 mice
(Croucher et al., 1982) and also in baboons (Patel et al.,
1988) and epileptic fowl (Pedder et al., 1989) and later
were shown to have a wide spectrum of anticonvulsant
activity. Thus, they are able to block seizures induced by
various chemoconvulsants including NMDA itself and
picrotoxin (Czuczwar and Meldrum, 1982) and are active
against maximal electroshock seizures (De Sarro et al.,
1984). In addition, the drugs are able to prevent focal
seizures induced by application of cobalt to the cortex
(Coutinho-Netto et al., 1981). NMDA antagonists are
usually weaker against pentylenetetrazol- or strychnine-
induced clonic seizures than they are in the electroshock
test (however, see Ferkany et al., 1989) and the drugs
only partially block fully kindled seizures (Peterson et
al., 1983; Loscher et al., 1988b). [However, NMDA an-
tagonists are extremely potent in preventing the devel-
opment of kindled seizures in vivo (Callaghan and
Schwark, 1980; McNamara et al., 1988) and in vitro
(Anderson et al., 1987; Stasheff et al., 1989).] The drugs
are also active against epileptiform activity in various in
vitro models (Herron et al., 1985; Dingledine et al., 1986;
Peet et al., 1986a,b; Horne et al., 1986; Gean et al., 1988;
Stone, 1988; Hwa and Avoli, 1989; Aram et al., 1989).
When injected intracerebroventricularly (Patel et al.,
1988) or studied in in vitro preparations (Aram et al.,
1989), APH and APV are among the most potent anti-
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convulsants known. However, the compounds are less
active than phenytoin or phenobarbital following sys-
temic administration, due to their limited blood-brain
barrier permeability, and are inactive orally. In view of
this problem, attempts were made to enhance the po-
tency and brain penetration of the antagonists. This led
to the synthesis of the next generation of antagonists
which are cyclic (conformationally restricted) analogs of
APV and APH: CPP and CGS 19755, respectively (fig.
16). Recently, an additional structurally distinct cyclic
derivative of APH has been described: NPC 12626 (Fer-
kany et al., 1989; fig. 16). These compounds are an order
of magnitude more potent than their parents as NMDA
recognition site antagonists and are correspondingly
more active as anticonvulsants (Davies et al., 1986;
Chapman et al., 1987; Lehmann et al., 1987). For exam-
ple, the EDs, values of CPP, CGS 19755, and NPC 12626
in the mouse maximal electroshock test are 2, 6, and 20
mg/kg, i.p., respectively, compared with 156 mg/kg for
APH (Ferkany et al., 1989; Lehmann et al., 1988). The
compounds have comparable potencies against reflex
seizures in DBA/2 mice (Bennett et al., 1989) and against
picrotoxin-induced convulsions (Lehmann et al., 1988).
Despite their high anticonvulsant potencies, all of the
competitive NMDA receptor antagonists have the unfor-
tunate problem of causing behavioral side effects that
are related specifically to their effects on central excita-
tory amino acid transmission, including disruption of
motor performance and impairment of memory (Morris
et al., 1986; 1989; Loscher et al., 1988b; Tricklebank et
al., 1989). At present, it is unknown whether these or
other side effects will limit the usefulness of NMDA
receptor antagonists in the chronic treatment of seizure
disorders. Although some investigators have observed a
moderate separation (up to two- to four-fold) in the doses
required to block seizures and those that cause toxicity,

PO)Hz PO‘SHI

§
H,N~" NCOOH HN- Ncoo” N
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CGS 19755 NPC 12626

F1G. 16. Structures of competitive NMDA recognition site antagonists.
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this may not be sufficient to allow the compounds to be
used clinically. Of particular concern is the possibility
that these compounds may cause PCP-like side effects
as discussed in the next section. Although only human
studies can definitively address this concern, there is
some evidence from animal behavioral studies that the
subjective effects of the competitive antagonists may not
mimic those of PCP and related drugs. Thus, in rhesus
monkeys CGS 19755 at doses up to 10 mg/kg did not
show discriminative stimulus effects in animals trained
to discriminate ketamine or MK-801, two PCP-like drugs
(France et al., 1989; however, see Compton et al., 1987;
Tricklebank et al., 1987; 1989; Willetts and Balster, 1988;
Tang and Ho, 1988; Koek and Colpaert, 1990). Clinical
studies with the competitive NMDA antagonists that are
currently ongoing will address the issue of behavioral
toxicity in man. In addition, it should be noted that there
is some evidence that the drugs can produce adverse
morphological changes in certain brain areas as has
recently been demonstrated for noncompetitive antago-
nists (Olney et al., 1990; see further discussion below).

Recently, a new series of orally active competitive
NMDA receptor antagonists has been described that will
facilitate the evaluation of this class of compounds in
man. These include the 3-unsaturated derivative of APV,
CGP 37849, and its carboxyethylester, CGP 39551 (Fagg
et al., 1990), and the dextrorotatory enantiomer of the
1-unsaturated derivative of CPP, D-CPP-ene (Herrling
et al., 1989) (fig. 16). These compounds are highly active
orally in the maximal electroshock test (e.g., EDso for
CGP 39551 is 4 mg/kg) and they also protect against
reflex seizures in DBA/2 mice and against photically
induced myoclonus in baboons (Meldrum et al., 1989;
Chapman et al., 1990). CGP 37849 and D-CPP-ene are
high-affinity ligands for the NMDA recognition site and
are able to displace [*H]CPP from binding to brain
membranes with K; values near 40 nM. In contrast, CGP
39551 is weakly active in in vitro binding studies, but it
shows greater oral activity than CGP 37849, presumably
because it is more readily absorbed and can be deesteri-
fied in vivo. CGP 39551 and D-CPP-ene are of particular
interest because of their long duration of action. After a
single dose they can protect against electroshock seizures
in rats (Fagg et al., 1990; Herrling et al., 1989) and
photically induced myoclonus in baboons (Meldrum et
al., 1989) for up to 24 hours.

2. Noncompetitive antagonists of the NMDA receptor-
channel complex. The dissociative anesthetics PCP and
ketamine (fig. 17) have long been known to be potent
anticonvulsants in a wide variety of animal seizure
models (Johnson and Jones, 1990). For example, PCP is
highly effective against maximal electroshock seizures
(EDso, 3 mg/kg, i.p. in mice; Chen and Bohner, 1961;
Leccese et al., 1986; Rogawski et al., 1989), audiogenic
seizures in DBA/2 mice (Chen and Bohner, 1961; Chap-
man and Meldrum, 1989), and seizures induced by var-

Cl
%’(\/l NH—CH,
PHENCYCLIDINE KETAMINE
CH, % —CH,
H,C—
MK-801 DEXTROMETHORPHAN

F1G. 17. Structures of noncompetitive NMDA receptor antago-
nists.

ious chemoconvulsants including NMDA (Leander et al.,
1988¢; Tricklebank et al., 1989) and flurothyl (Geller et
al., 1981). Ketamine has also been shown to block max-
imal electroshock seizures (15 mg/kg, i.p.; Leccese et al.,
1986; Leander et al., 1988¢c), to protect against seizures
in genetically epilepsy-prone rats (Bourn et al., 1983)
and in DBA/2 mice (Chapman and Meldrum, 1989), and
to prevent chemically induced seizures induced by picro-
toxin (Myslobodsky et al., 1981), mercaptopropionic acid
(Taberner, 1976), and NMDA (Leander et al., 1988c;
Tricklebank et al., 1989; Bennett et al., 1988). Both PCP
and ketamine have potent prophylactic effects on the
development of amygdaloid-kindled seizures in rats but
are less effective in reducing seizure severity after kin-
dling has been established (Callaghan and Schwark,
1980; Freeman et al., 1982; Gilbert, 1988). PCP and
ketamine are only weakly active against clonic seizures
induced by pentylenetetrazol, although both drugs effec-
tively block the tonic phase (Chen and Bohner, 1961;
Chen et al., 1966; Reder et al., 1980; Hayes and Balster,
1985).

It is apparent that the anticonvulsant profile of PCP
and ketamine is similar to that of the competitive NMDA
receptor antagonists. However, the basis for the anticon-
vulsant activity of these drugs was unexplained until
1983 when Lodge and his collaborators reported that the
drugs specifically blocked excitation of central neurons
via NMDA receptors without affecting other excitatory
or inhibitory amino acid transmitter receptor-mediated
responses (Anis et al., 1983; Lodge et al., 1989). This
breakthrough set the stage for more detailed electro-
physiological studies that clearly demonstrated that the
dissociative anesthetics do not interact with the NMDA
recognition site (i.e., they block NMDA responses in a
noncompetitive fashion; Harrison and Simmonds, 1985;
Martin and Lodge, 1985) but rather bind to a pharma-
cologically specific site within the lumen of the NMDA
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receptor-associated ionophore and thereby prevent ionic
current flow through the channel (Honey et al., 1985;
MacDonald et al., 1987). Thus, the blockade of the
NMDA receptor channel by PCP and ketamine are volt-
age and use dependent, and trapping of the drugs within
the closed channel can occur (however, see Davies et al.,
1988; MacDonald and Nowak, 1990). Biochemical studies
confirmed the noncompetitive nature of the interaction
(Murphy et al., 1987; Snell and Johnson, 1986; Jones et
al., 1987) and provided support for a blocking model in
which the drugs bind to the NMDA receptor channel
only when it is in the open (ligand-activated) conforma-
tion (Kloog et al., 1988a). That the noncompetitive block
of NMDA receptor-mediated responses is critical to the
anticonvulsant activity of dissociative anesthetics was
shown by the good correlation between the anticonvul-
sant potencies of a series of PCP-related compounds in
the maximal electroshock test and their abilities to block
NMDA-induced lethality in mice [which is specifically
related to their potencies as NMDA antagonists (Leander
et al., 1988a,c].

Use dependency should theoretically enhance the ef-
ficacy to toxicity ratio of the noncompetitive NMDA
antagonists compared with that of the competitive an-
tagonists, because block would be potentiated during the
strong stimulation of NMDA receptors that presumably
occurs during a seizure. Another theoretical advantage
of the noncompetitive blockers is the fact that their
inhibitory effects could not be overcome by high synaptic
levels of endogenous transmitter. It is unclear at present
whether these theoretical points will translate into prac-
tical advantages that will allow competitive NMDA an-
tagonists to assume a role as clinically useful anticon-
vulsants. Certainly, PCP, ketamine, and pharmacologi-
cally similar compounds are of no value in the chronic
treatment of seizures because they cause gross motor and
behavioral toxicity at anticonvulsant doses (Byrd et al.,
1987; Tricklebank et al., 1989). However, anecdotal re-
ports indicate that ketamine may be highly effective in
the acute treatment of drug-resistant seizures (Davis and
Tolstoshev, 1976). At high doses, PCP can induce sei-
zures, an effect that may relate to its ability to block
voltage-dependent K* channels (ECs, 22 uM in hippo-
campal neurons; ffrench-Mullen and Rogawski, 1989).
Ketamine, however, only blocks voltage-dependent K*
channels at very high concentrations (ECs, 2.1 mM; M.
Bieda and M. A. Rogawski, unpublished observations)
and in animal studies it fails to induce seizures even at
lethal doses (Reder et al., 1980; Leccese et al., 1986).
[Ketamine can, however, produce epileptiform altera-
tions in the EEG, which has confused the issue of
whether or not it is convulsant (Manohar et al., 1972;
Ferrer-Allado et al., 1973; Celesia et al., 1974; DeVore et
al., 1976; Myslobodsky et al., 1981).]

In addition to motor toxicity and the potential for
exacerbating seizures at high doses, with any noncom-

petitive NMDA antagonist there will be the concern that
the drug could cause PCP-like behavioral side effects,
including the toxic psychosis seen in PCP abusers (Luby
et al., 1959; Pradhan, 1984). As noted before, recent
behavioral studies have indicated that the competitive
antagonists might be less prone to this problem, although
this remains to be proven definitively. Unlike the com-
petitive antagonists, PCP and other noncompetitive
NMDA antagonists have a wide variety of pharmacolog-
ical actions unrelated to their effects on NMDA recep-
tors. There is good reason to believe that many of the
toxic side effects of PCP that are not shared by compet-
itive NMDA antagonists are probably unrelated to
NMDA receptor blockade and, therefore, it may be pos-
sible to design more specific noncompetitive drugs (Ro-
gawski et al., 1989; 1990a). In fact, ketamine appears to
cause relatively fewer adverse behavioral effects than
does PCP (Garfield et al., 1972), suggesting that further
investigation of its use in the acute treatment of drug-
resistant seizures would be warranted. Similarly, certain
compounds that are structurally related to PCP, such as
PCA, its conformationally restricted analog 1,1-penta-
methylenetetrahydroisoquinoline (Rogawski et al.,
1989), and the ring-contracted congener PCA (Thurkauf
et al.,, 1990), have high anticonvulsant potency in the
mouse maximal electroshock seizure test but, unlike PCP
or ketamine, fail to cause motor toxicity at anticonvul-
sant doses (although they do impair motor performance
at 2.3- to 3.5-fold higher doses). PCA and its analogs
have a lower affinity for PCP acceptor sites than does
PCP. Nevertheless, in voltage-clamp recordings from
cultured brain neurons, PCA does block NMDA re-
sponses, although the onset and recovery from block
occur far more rapidly than is the case for PCP (S. M.
Jones and M. A. Rogawski, unpublished observations).
This observation suggests that the improved protective
indices of PCA and its analogs may, at least in part,
relate to their ability to rapidly block NMDA receptors
during the excessive stimulation that occurs at the onset
of the seizure discharge. (Of course, other properties of
the molecules could also contribute to their anticonvul-
sant activity.) Similarly, competitive NMDA receptor
antagonists also produce their block rapidly (in a non-
use-dependent fashion) (Benveniste and Mayer, 1990)
and this could contribute to their somewhat improved
protective indices (section V, E, 1) compared with “slow”
channel blockers such as PCP. In short, although use
dependency may be a desirable property in an antiepilep-
tic, the onset of block should occur rapidly enough to
allow seizures to be aborted. Because PCA and its analogs
are orally active, readily penetrate the blood-brain bar-
rier, and are use dependent with a rapid onset of action,
they could offer advantages over the competitive antag-
onists, although this remains to be demonstrated.

3. MK-801. In 1982, Clineschmidt et al. (1982a) re-
ported that the dibenzocycloalkenimine MK-801 (dizo-
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cilpine; fig. 17) was an exceedingly potent anticonvulsant
in several animal seizure models, and, in fact, it is among
the most potent anticonvulsant substances known. The
drug was found to antagonize bicuculline-induced tonic
seizures in mice at an astonishingly low dose of 0.023
mg/kg, p.o., and to protect in the maximal electroshock
test with an EDj, of 0.35 mg/kg, p.o. (0.12-0.15 mg/kg,
i.v. or s.c.; Leander et al., 1988c; McNamara et al., 1988;
Tricklebank et al., 1989). In contrast, MK-801 was 31
times weaker against pentylenetetrazol-induced clonic
seizures (EDgo, 11 mg/kg) than in the electroshock test,
although it blocks tonic seizures induced by the drug
with high potency. MK-801 has also been shown to be
highly effective as an antagonist of NMDA-induced sei-
zures in mice (Ferkany et al., 1988) and to protect against
sound-induced seizures in DBA/2 mice (Chapman and
Meldrum, 1989; Tricklebank et al., 1989) and pilocar-
pine-induced seizures in lithium-pretreated rats (a model
of status epilepticus; Ormandy et al., 1989). The drug
only partially protected against seizures in fully kindled
rats, although it profoundly suppressed the development
of kindling (McNamara et al., 1988; Gilbert, 1988; Sato
et al., 1988; Young et al., 1989). MK-801 is inactive
against strychnine-induced seizures (Clineschmidt et al.,
1982a). When injected intracerebroventricularly, the
high-affinity competitive antagonists CPP and CGS
19755 are about an order of magnitude more potent as
anticonvulsants than is MK-801. On the other hand,
following systemic administration, MK-801 is approxi-
mately 20-fold more potent than CPP and CGS 19755 as
anticonvulsants, presumably because it so much more
effectively crosses the blood-brain barrier. In fact, Chap-
man and Meldrum (1989) have determined that the
dissociative anesthetics and MK-801 have a 100- to 400-
fold more favorable brain uptake than do the competitive
NMDA receptor antagonists.

The mechanism underlying MK-801’s anticonvulsant
activity was unknown until 1986 when Wong et al. re-
vealed that MK-801 is a potent noncompetitive NMDA
antagonist and suggested that, like PCP and ketamine,
it might block the NMDA receptor-channel complex in
its open conformation (see also, Foster and Wong, 1987;
Halliwell et al., 1989). This conclusion was supported by
studies with [*PH]MK-801 whose high-affinity binding to
brain membranes could be competitively displaced by
noncompetitive NMDA blockers such as PCP and keta-
mine, indicating that the MK-801 acceptor is near the
dissociative anesthetic -binding site (Wong et al., 1988b;
Kloog et al., 1988b). The open channel-blocking mecha-
nism was confirmed in voltage-clamp recordings from
cultured rat cortical neurons in which it was shown that
binding and unbinding of MK-801 only occurred when
the channel was in the agonist-activated (open) state. In
single channel recordings from outside-out patches, MK-
801 reduced the number of channel openings that were
apparent and decreased the mean channel open time but

did not significantly alter the unitary conductance of the
channels, which is consistent with the open channel-
blocking model (Huettner and Bean, 1988). Recently,
however, it has been proposed that MK-801 can also
gain access to its binding site within the ionophore of
the NMDA receptor even when the channel is in the
closed state (by a so-called “hydrophobic” pathway), but
this appears to occur very slowly (7 ~3 hours; Javitt and
Zukin, 1989).

The anticonvulsant profile for MK-801 as reviewed
above is similar to that of other NMDA antagonists,
supporting the conclusion that the ability of the drug to
block seizures is dependent upon its interaction with
NMDA receptors. Despite its impressive anticonvulsant
potency, MK-801 is no different from other NMDA
blockers in producing marked motor toxicity at anticon-
vulsant doses (Leander et al., 1988¢). This problem alone
makes it unlikely that the drug will ever be useful in the
chronic treatment of seizure disorders, and, in fact, its
clinical evaluation for this indication has been halted.
Moreover, in various animal species, MK-801 has been
shown to cause behaviors and discriminative stimulus
effects that are nearly indistinguishable from those pro-
duced by PCP and ketamine (Tricklebank et al., 1987;
1989; Koek et al., 1988; Sanger and Jackson, 1989). Low
doses of MK-801 have also been shown to impair learning
in rats and mice (Danysz et al.,, 1988; Benvenga and
Spaulding, 1988; Robinson et al., 1989; Butelman, 1989)
and there are some animal data to suggest that the drug
could have abuse potential (Herberg and Rose, 1989;
Corbett, 1989). An interesting, but unexplained, property
of the drug is its ability, like other dissociative anes-
thetics, to profoundly elevate cerebral glucose metabo-
lism, an effect not shared by competitive NMDA antag-
onists (Nehls et al., 1988; Piercey et al., 1988; Kurumaji
et al., 1989). A particularly troubling action of MK-801
is its tendency at relatively low doses (EDg, 0.18 mg/kg,
s.c) to cause vacuolization of multipolar and pyramidal
shaped neurons in layers III and IV of the rat posterior
cingulate and retrosplenial cortices (Olney et al., 1989),
areas in which there are particularly profound elevations
in glucose metabolism (Allen and Iversen, 1990). These
changes are reversible at low doses, but at high doses (5
mg/kg) some necrosis of neurons is observed (Allen and
Iversen, 1990). Interestingly, acute vacuolization is also
produced by other noncompetitive NMDA antagonists
such as PCP and ketamine with a rank order of potencies
that corresponds with their potencies as NMDA block-
ers. In addition, the acute vacuolization response can be
reproduced by the competitive NMDA antagonist APV
(Olney et al., 1990), demonstrating that the neurotoxic
effects occur specifically as a result of NMDA receptor
blockade.

MK-801 produces a variety of side effects, some of
which may not be dependent upon the NMDA-blocking
activity of the drug. For example, like ketamine (Domino
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et al.,, 1965), MK-801 has a marked sympathomimetic
effect, causing increases in blood pressure in human
subjects at very low doses (7.5-10 ug/kg, i.v.; Merck
Sharp & Dohme Research Laboratories, unpublished
data). The drug also stimulates respiration (Foutz et al.,
1988), and it has an amphetamine-like locomotor stim-
ulatory effect similar to that seen with PCP and keta-
mine but not with competitive NMDA antagonists (Cli-
neschmidt et al., 1982b; Koek et al., 1988; Tang and Ho,
1988; Carlsson and Carlsson, 1989). MK-801 has a vari-
ety of effects on central catecholamine systems that
could, at least in part, contribute to these diverse effects.
MK-801 can block norepinephrine reuptake [but is very
weak as a dopamine uptake blocker (Snell et al., 1988)]
and some of its behavioral effects can be antagonized by
a,-adrenoceptor antagonists (Martin and Papp, 1984),
suggesting that it may either directly or indirectly en-
hance the availability of norepinephrine. The drug also
appears to potentiate dopamine availability. Thus, do-
pamine receptor antagonists are able to block certain of
the behavioral effects of MK-801 (Clineschmidt et al.,
1982b; Schmidt and Bubser, 1989). Moreover, upon in-
travenous administration in rats, the drug causes a
marked increase in the firing of midbrain dopamine
neurons (Steinfels et al., 1989) as does PCP (Raja and
Guyenet, 1980; Freeman and Bunney, 1984). Because
MK-801 and PCP are equipotent (0.12 mg/kg, i.v.) and
inasmuch as iontophoretically applied competitive
NMDA antagonists do not activate dopamine neurons
(J. R. Walters and T. H. Lanthorn, personal communi-
cation), the effect is unlikely to be related to NMDA
receptor blockade. Recently, Halliwell et al. (1989)
showed that MK-801 can also block nicotinic acetylcho-
line responses at low doses. These non-NMDA receptor-
mediated actions are an important aspect of the phar-
macological profile of MK-801 and related dissociative
anesthetic-like drugs that will need to be considered if
drugs of this type are to be used clinically. Because the
non-NMDA receptor-mediated effects are due to inter-
actions of the drug at pharmacologically distinct sites, it
may be possible to obtain analogs that maximize NMDA
receptor-blocking activity and anticonvulsant efficacy
and minimize the other potentially undesirable phar-
macological actions.

Several clinical trials of MK-801 in normal volunteers
and in patients with anxiety, depression, attention deficit
disorder, narcolepsy, and seizure disorders have been
completed. At low doses the drug is well tolerated, but
with increasing dose (>5 ug/kg, i.v., or ~0.5 mg/day, p.o.)
there is often an elevation in blood pressure (as noted
before); frequent complaints of lightheadedness, numb-
ness, headache, and dizziness in normal volunteers; and
a high incidence of adverse behavioral effects in psychi-
atric patients. The drug has been studied in the treat-
ment of various types of seizure disorders. An initial
open label, add-on study in 22 patients with partial

seizures was not very promising (Troupin et al., 1986).
Although eight of the 13 patients who completed the
initial phase of the study had a >50% improvement in
seizure frequency, this improvement was not sustained,
and only one patient showed improvement at the conclu-
sion of the study (mean maximum dose 34 ug/kg/day).
In a later double-blind, placebo-controlled, crossover
trial of MK-801 (0.6-6 mg/day) as an add-on antiepilep-
tic in 125 patients with poorly controlled partial seizures
there was no significant reduction in seizure frequency
(Merck Sharp & Dohme Research Laboratories, unpub-
lished data). In a multicenter study in 16 patients with
Lennox-Gastaut syndrome (0.6-12 mg/day) a high inci-
dence of adverse experiences were reported including
somnolence, ataxia, and mood changes. As a result of
these disappointing results, clinical trials of MK-801 in
epilepsy have been discontinued by the manufacturer (S.
A. Reines, personal communication).

4. ADCI. The tricyclic structure of MK-801 (fig. 17) is
similar to that of carbamazepine (fig. 12); therefore, the
hybrid molecule ADCI (fig. 18) was synthesized with the
aim of obtaining an anticonvulsant NMDA receptor
antagonist with some of the favorable properties of
carbamazepine (Rogawski et al., 1990a). ADCI has the
basic dibenzocycloheptene-5,10-imine ring structure of
MK-801 with a carbamyl group (as in carbamazepine)
substituted at the 5-position. Like its precursors, ADCI
was found to be an effective anticonvulsant in the mouse
maximal electroshock test, having a potency almost iden-
tical with that of carbamazepine (EDs,, 8.9 mg/kg, i.p.,
in mice). However, in contrast to MK-801 which caused
motor toxicity at three- to four-fold lower doses than
those that protected against maximal electroshock sei-
zures (TDs, for motor toxicity, 0.38 mg/kg), ADCI had a
protective index of 5.5 (TDso, 49 mg/kg), which is more
akin to that of carbamazepine. Unlike carbamazepine,
ADCI can also block pentylenetetrazol-induced clonic
seizures (EDs, 37 mg/kg) (S. Yamaguchi and M. A.
Rogawski, unpublished observations). Of particular in-
terest was the observation that ADCI protects against
NMDA-induced seizures (EDso, 15 mg/kg), suggesting
that it has NMDA antagonist activity. [Carbamazepine,
which is not an NMDA antagonist, only prevents
NMDA-induced seizures at very high doses that also
nonspecifically block seizures induced by agonists acting

O NH2

FI1G. 18. Structure of ADCI.
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at other excitatory amino acid receptor subtypes (Koek
and Colpaert, 1990)]. Based upon these observations, the
ability of ADCI to antagonize NMDA receptor-mediated
responses was determined in voltage-clamp recordings
from cultured rat hippocampal neurons. ADCI at near
therapeutic brain concentrations for carbamazepine (30
uM; section II, C, 1) produced a 37% inhibition of
NMDA-evoked responses, whereas carbamazepine at
this concentration was inactive (S. M. Jones and M. A.
Rogawski, unpublished observations). Presumably be-
cause of its NMDA receptor-blocking activity, ADCI has
a broader spectrum of anticonvulsant activity in animal
seizure models than does carbamazepine. Whether ADCI
will offer advantages over carbamazepine for the treat-
ment of resistant seizure disorders remains to be deter-
mined.

5. Dextromethorphan and dextrorphan. Dextromethor-
phan [(+)-3-methoxy-N-methylmorphinan; fig. 17], the
unnatural enantiomer of a codeine-like opiate, has been
in use for many years as a cough suppressant. Unlike
codeine, dextromethorphan has no analgesic activity and
no addiction liability. In 1983, Craviso and Musacchio
(1983a,b) reported the existence of specific high-affinity-
binding sites in brain for dextromethorphan that were
distinct from opiate receptors. These binding sites did
not appear to correspond with those for any known
neurotransmitter, although structurally dissimilar anti-
tussives such as carbetapentane and caramiphen were
active at the site. Of particular interest was the obser-
vation that phenytoin could enhance dextromethorpan-
binding affinity. Subsequently it was shown that the
benzhydryl piperazine ropizine, an anticonvulsant with
a similar spectrum to phenytoin (Novack et al., 1979;
Edmonds et al., 1979), was also able to enhance dextro-
methophan binding (Musacchio et al., 1988). The binding
interaction between dextromethorphan and anticonvul-
sants prompted Tortella and Mussachio (1986) to test
dextromethorphan for anticonvulsant activity, and the
drug was found to be active in the maximal electroshock
seizure test, as were carbetapentane and caramiphen
(Tortella et al., 1988b). Later, the drug was shown to
prevent the development of amygdaloid-kindled seizures
in rats (Feeser et al., 1988) and cats (Kuko and Wada,
1989), to decrease seizure intensity in fully kindled ani-
mals, and to block sound-induced seizures in DBA/2
mice (Chapman and Meldrum, 1989). In addition, dex-
tromethophan has been shown to suppress epileptiform
discharges in an in vitro hippocampal slice preparation
(Wong et al., 1988a).

Although it seems reasonable that the anticonvulsant
effects of the antitussives are mediated via their inter-
action with dextromethorphan-binding sites in brain, at
present the nature of the binding site and consequently
the anticonvulsant mechanism of the antitussives is un-
clear. Recently, it has been observed that o-receptor
ligands bind to dextromethorphan sites with high affinity

(Klein et al., 1989; see also Musacchio et al., 1989).
Moreover, localization of dextromethorphan-binding
sites by receptor autoradiaography have revealed a strik-
ing similarity in the regional distribution of dextrome-
thorphan and o-sites labeled with conventional ¢-ligands
such as (+)-3-(3-hydroxyphenyl)-N-(1-propyl)piperidine
and 1,3-di-o-tolylguanidine (Canoll et al., 1989). Al-
though certain o-site ligands have anticonvulsant activ-
ity (Chapman and Meldrum, 1989), this may be due
to their interaction with the PCP acceptor associated
with NMDA receptors and not due to their interaction
with o-sites. Thus, ¢-ligands that do not bind to PCP
sites such as (+)-3-(3-hydroxyphenyl)-N-(1-propyl)
piperidine, 1,3-di-o-tolylguanidine, or haloperidol fail
to block maximal electroshock seizures even at high
doses (S. Yamaguchi and M. A. Rogawski, unpublished
observations) and were inactive in an in vitro model of
epileptogenesis (Aram et al., 1989). In fact, these o-
ligands may be proconvulsant in some situations (Tor-
tella et al., 1989). In addition to interacting with dex-
tromethorphan/o-acceptor sites, dextromethorphan is
also able to weakly block NMDA receptor-mediated
responses (Church et al.,, 1985; Wong et al., 1988a;
Aram et al., 1989). In vivo, dextromethorphan is effi-
ciently demethylated to form dextrorphan (the dextro-
rotatory form of levorphanol) which is several-fold
more potent as an NMDA antagonist and anticonvul-
sant (Tortella et al., 1988a; Chapman and Meldrum,
1989; Cole et al., 1989). Thus, it is possible that the
anticonvulsant activity of dextromethorphan resides
in its own weak NMDA receptor-blocking activity and,
more important, in that of its metabolite dextrorphan.
Moreover, several groups have observed that dextro-
methorphan is able to block NMDA-induced lethality
in mice, supporting the idea that it or its metabolite is
a functional NMDA antagonist (Ferkany et al., 1988;
Leander, 1989). Interestingly, however, carbetapen-
tane, an effective anticonvulsant in the maximal elec-
troshock test (Tortella and Mussachio, 1986), was not
able to protect against NMDA-induced lethality, nor
is it able to block NMDA response in vitro (Aram et
al., 1989). Leander (1989) has therefore argued that
the antitussives have an anticonvulsant action sepa-
rate from their PCP-like blockade of NMDA receptors.

Fisher et al. (1990) recently completed a double-
blind crossover add-on study of dextromethorphan
(120 mg/day) in nine patients with complex partial
seizures who were receiving monotherapy with either
phenytoin or carbamazepine. The drug was not effec-
tive; in fact, a nonsignificant increase in seizure fre-
quency occurred. No adverse effects were noted. The
dose used was much lower than that expected to be
effective but was limited by the need for additional
toxicological investigations in animals.

6. Alternative strategies for NMDA receptor blockade.
In recent years, a number of modulatory sites have
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been identified on the NMDA receptor-cation channel
complex that are distinct from either the agonist rec-
ognition site (at which the competitive antagonists act)
or the dissociative anesthetic-binding site. These in-
clude a strychnine-insensitive glycine site (Johnson
and Ascher, 1987) and a site for polyamines (Ransom
and Stec, 1988; Williams et al., 1989a). Agonist acti-
vation of both of these modulatory sites markedly
enhances channel opening, and in the case of the
glycine site, agonist occupancy is probably obligatory
for channel gating (Kleckner and Dingledine, 1988). A
number of more or less selective glycine site antago-
nists have been described including 7-chlorokynurenic
acid (Kemp et al., 1988), cycloleucine (Snell and John-
son, 1988; Hershkowitz and Rogawski, 1989), quinox-
aline analogs (Birch et al., 1988; Ogita et al., 1989;
Kleckner and Dingledine, 1989; Harris and Miller,
1989; Kessler et al., 1989), 5-substituted indole-2-car-
boxylic acids (Huettner, 1989), and 1-aminocyclobu-
tane-1-carboxylic acid (Hood et al., 1989). In addition,
1-hydroxy-3-amino-2-pyrrolidone (HA-966), a well-
known selective NMDA antagonist that fails to bind
to the NMDA recognition site (Lodge et al., 1989), has
recently been identified as a partial agonist at the
glycine site (Drejer et al., 1989; Fletcher and Lodge,
1988; Danysz et al., 1989; Foster and Kemp, 1989;
Mangano et al., 1990; Singh et al., 1990). Antagonists
of the polyamine site that have been described include
the antiischemic drug ifenprodil and its analog SL
82.0715 (Carter et al., 1989; Reynolds and Miller,
1989), the polyamines putrescine, cadaverine and 1,3-
diaminopropane (Williams et al., 1989b; Sacaan and
Johnson, 1990), and arcaine (Reynolds, 1990). Re-
cently, 7-chlorokynurenic acid has been shown to at-
tenuate epileptiform bursting in an in vitro hippocam-
pal slice preparation (Kleckner and Dingledine, 1989).
Ifenprodil can apparently also block epileptiform dis-
charges in an in vitro preparation (Robichaud et al.,
1989) and both ifenprodil and SL 82.0715 appear to
have a spectrum of anticonvulsant activity similar to
PCP and MK-801 in animal seizure models, although
they do not stimulate locomotor activity in rats (Ziv-
kovic et al., 1989; Koek and Colpaert, 1990), are not
recognized as PCP-like in drug discrimination trials
(Sanger and Zivkovic, 1989), and fail to cause PCP-
and MK-801-like effects on schedule-controlled behav-
ior of rats (Sanger and Jackson, 1989), suggesting that
they might have a more favorable side effect profile
than either the competitive or noncompetitive antag-
onists. Nevertheless, it is unclear whether drug acting
at the newly described modulatory sites will be useful
clinically and, in fact, it has been difficult to show that
the glycine antagonists have anticonvulsant activity in
traditional animal seizure models (S. Yamaguchi and
M. A. Rogawski, unpublished observations).

A number of different classes of drugs, other than

dissociative anesthetics and MK-801, act as steric
blockers of the ionophore portion of the NMDA recep-
tor-channel complex, including certain spider toxins
(Priestley et al., 1989), tricyclic antidepressants (Ser-
nagor et al., 1989) and the anticholinesterase tetrahy-
droaminoacridine (Hershkowitz and Rogawski, 1990).
Although on theoretical grounds compounds of this
type might be expected to have anticonvulsant activity,
none as yet has been found to be useful.

F. Drugs with a Novel Spectrum of Anticonvulsant
Activity

1. Felbamate. Felbamate (2-phenyl-1,3-propanediol
dicarbamate; fig. 19) is a dicarbamate that is structur-
ally similar to the antianxiety agent meprobamate. In
screening studies, the drug was found to have protec-
tive activity in several animal seizure models including
the mouse maximal electroshock test (EDso, 50.1 mg/
kg, i.p.) and the mouse subcutaneous pentylenetetrazol
test (EDso, 148 mg/kg, i.p.) (Swinyard et al., 1986). At
higher doses, the drug is active against picrotoxin and
bicuculline seizures but not against strychnine seizures
(Perhach et al., 1986). Although its absolute potency
in these tests is low in comparison with currently
marketed drugs, felbamate’s minimal motor toxicity
(TDso in mouse rotorod, 816 mg/kg, i.p.) gives it a very
favorable protective index. The drug has also been
found to be effective in the prevention of seizures
induced by cortical application of aluminum hydroxide
gel in rhesus monkeys (Wallace Laboratories, unpub-
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F1G. 19. Structures of felbamate, LY201116, gabapentin, U-
54494A, D-19274, and AHR-12245.
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lished data cited by Leppik and Graves, 1989). Felba-
mate’s activity in both the mouse maximal electrosh-
ock and mouse subcutaneous pentylenetetrazol seizure
tests is similar to that of phenobarbital and valproate,
although unlike these two drugs, it is ineffective
against strychnine-induced seizures. Thus, it has a
unique profile of anticonvulsant activity. Felbamate
had minimal systemic toxicity in animal testing even
at very high doses (up to 3000 mg/kg, p.o.) and in the
clinical studies that have been carried out to date.

Felbamate is a particularly interesting potential an-
tiepileptic drug because of its remarkably low toxicity
and unique spectrum of anticonvulsant activity. Al-
though the drug is related to meprobamate, it does not
cause prominent dose-related drowsiness but usually
presents with gastrointestinal discomfort at high
doses. Early clinical studies with the drug were carried
out using doses up to 1600 mg/day (Wilensky et al.,
1986), whereas later studies have used 3600 mg/day on
a regular basis. Two well-controlled studies of felba-
mate in partial seizures have been completed. The first
was a two-center, 22-week crossover study with con-
comitant use of phenytoin and carbamazepine (Leppik
et al., 1989). Felbamate yielded a similar, statistically
significant reduction in seizure frequency at each of
the two sites. In the second study, an intensive three-
period crossover design conducted at the National In-
stitutes of Health, a similar reduction in seizure fre-
quency was observed, but the statistical significance is
still being evaluated (Theodore et al., 1989). In the
latter study, a lowering of carbamazepine levels (the
only concomitant drug in this investigation) may have
decreased the apparent efficacy of felbamate in these
highly refractory patients. Further studies at some-
what higher doses are warranted at this stage of devel-
opment.

2. LY201116. Extensive structure-activity studies
have been carried out by Clark and his collaborators
on the anticonvulsant activity of aminobenzamides of
arylalkylamines and arylamines (Clark et al., 1984,
1985, 1986). Of the compounds examined, LY201116
(fig. 19) proved to be the most potent in the maximal
electroshock test (2.6 mg/kg, i.p., in mice) (Clark, 1988;
Leander et al.,, 1988b). The protective index for
LY201116 was 5.8 which is slightly lower than the
corresponding value for phenytoin (6.9). Like pheny-
toin, LY201116 was inactive in the pentylenetetrazol
test. A prodrug of LY201116 with a longer duration of
action N-(2,6-dimethylphenyl)-4-{[(diethylamino)-
acetyl]Jamino}benzamide has been described (Parli et al.,
1988). Whether these compounds will provide advantages
over phenytoin and other currently available drugs re-
mains to be determined.

3. Gabapentin. Gabapentin [1-(aminomethyl)
cyclohexaneacetic acid; fig. 19] is a conformationally
restricted analog of GABA that has a higher lipid

solubility than the naturally occuring inhibitory trans-
mitter. As a consequence, it is able to effectively pen-
etrate the blood-brain barrier (Ojemann et al., 1988;
Ben-Menachem et al., 1990). Gabapentin was designed
to serve as a centrally active GABA agonist that might
have useful therapeutic properties and, in fact, was
found to be protective in a variety of animal seizure
models. However, gabapentin does not interact with
GABA receptors, and the mechanism of its anticon-
vulsant activity is unknown. The data summarized
below are taken primarily from Bartoszyk et al.
(1986b).

Gabapentin has a broad spectrum of anticonvulsant
activity that is similar to that of valproate. Like val-
proate, gabapentin is effective in preventing tonic sei-
zures induced by various chemoconvulsants including
bicuculline, picrotoxin, 3-mercaptopropionic acid,
isonicotinic acid, semicarbazide, strychnine, and pen-
tylenetetrazol with EDg, values of 5-57 mg/kg, p.o., in
mice. Gabapentin is also effective in the maximal elec-
troshock test in rats (EDjs, 9.4 mg/kg, p.o.), although
the drug was reported to be inactive in mice. In addi-
tion to its effect on tonic seizures, gabapentin is weakly
effective against clonic seizures induced by pentyle-
netetrazol in mice (147 mg/kg, p.o.). Gabapentin
blocks reflex seizures in DBA/2 mice, Mongolian ger-
bils (Bartoszyk and Hamer, 1987), and genetically epi-
lepsy-prone rats (Naritoku et al., 1988) and produced
a minimal prolongation of the latency to seizure onset
and death following intraperitoneal injection of
NMDA. Studies to date have failed to show effective-
ness against seizures in photosensitive baboons or in
the kindling model. Despite its wide spectrum of anti-
convulsant activity, gabapentin is surprisingly free of
neurological side effects, although at doses of 400 mg/
kg, p.o., the drug does produce sedation and ataxia in
mice. (At lower doses the drug has a baclofen-like
antispasticity effect that could be of clinical utility.)

Despite its structural similarity to GABA, gabapen-
tin fails to bind to GABA, receptors labeled with [*H]
muscimol or GABAGg receptors labeled with [*H]baclo-
fen. The drug does not inhibit synaptosomal GABA
uptake. Gabapentin is a weak inhibitor of GABA-T,
comparable in potency to valproate (ICs, 6 mM) al-
though this is unlikely to contribute to the anticon-
vulsant activity of the drug because sufficient levels
are not achieved during therapy [blood levels in rats
treated with a 100-mg/kg, p.o., dose are 24 ug/ml (139
uM) and plasma levels in humans are much lower,
approximately 2-4 ug/ml after a 200- to 300-mg dose;
gabapentin is not bound to serum proteins and CSF to
plasma ratios range from 0.056- 0.34 (Ben-Menachem
et al., 1990)]. Unlike valproate, anticonvulsant doses
of gabapentin have not been shown to elevate synap-
tosomal GABA content in mice pretreated with the
drug. Submillimolar concentrations of gabapentin can
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inhibit the stimulation-evoked release of various neu-
rotransmitters from brain slices (Reimann, 1983;
Schlicker et al., 1985). This action is not blocked by
the GABA, receptor antagonist bicuculline and is ad-
ditive with baclofen, indicating that it is not due to
activation of either GABA, or GABAj receptors as
expected from the binding studies. Therefore, at pres-
ent, the most attractive preliminary hypothesis to ex-
plain gabapentin’s mechanism of anticonvulsant ac-
tion is that the drug can interact with an undetermined
presynaptic site to inhibit transmitter release. Ob-
viously, this hypothesis is likely to be revised as more
information is collected.

Gabapentin is well tolerated by normal volunteers
in doses up to 3600 mg/day (Bartoszyk et al., 1986b)
and the drug has progressed rapidly to the stage of
controlled clinical trials in epileptic patients. The first
of these to be reported is the study by Crawford et al.
(1987a) in which 25 patients with uncontrolled partial
and generalized epilepsies were evaluated. The study
was a double-blind crossover design with add-on ther-
apy. Doses ranged from 300-900 mg/day. The drug
caused a significant, dose-related decrease in seizure
frequency. The most prominent effect was on tonic-
clonic seizures. No evidence of tolerance to the drug
was apparent on long-term follow-up. Several other
double-blind, placebo-controlled studies of gabapentin
in patients with partial seizures have been completed.
Schmidt (1989a) reported a study of 110 patients with
severe refractory partial seizures in whom gabapentin
(1200 mg/day) was compared to placebo. The active
drug caused a statistically significant reduction in the
frequency of seizures. In a short-term study of 43
patients, Kilviainen et al. (1989b) found gabapentin
to be effective in a dose-related manner. Sivenius et
al. (1989) evaluated 45 patients in a double-blind,
placebo-controlled trial of gabapentin as add-on ther-
apy; the drug appeared to be effective in partial sei-
zures. Ojemann et al. (1990) successfully maintained
several patients with medically unresponsive partial
and secondarily generalized tonic-clonic seizures on a
regimen of gabapentin monotherapy for up to 12
months without adverse side effects. In additional re-
cent open studies, the drug has been found to be safe
and effective, even for durations of up to several years
(Bauer et al., 1989; Chadwick, 1989).

In a study of absence seizures utilizing 24-hour in-
tensive monitoring, Rowan et al. (1989) showed a de-
crease in seizure frequency and generalized spike wave
complexes after introduction of gabapentin. Gabapen-
tin is now in multiple clinical trials in both Europe
and the United States; it may be marketed as early as
1991 in some countries.

4. Eterobarb. Eterobarb (N,N’-dimethoxymethyl-
phenobarbital; fig. 20) is an anticonvulsant barbiturate
with attenuated sedative and hypnotic activity com-

pared to phenobarbital. Although eterobarb is eventu-
ally converted completely to phenobarbital, the de-
alkylated metabolite MMP accumulates in the brain
because the first dealkylation occurs much more rap-
idly than the second (fig. 20). Eterobarb itself does not
appear to enter the brain and can be considered a
prodrug for MMP and phenobarbital which are the
active anticonvuusant species (Rapport and Kupfer-
berg, 1973; Baumel et al., 1976). Eterobarb has a some-
what different anticonvulsant profile from phenobar-
bital, which presumably reflects the unique properties
of MMP. Thus, eterobarb is more active against max-
imal electroshock seizures (EDso 14 mg/kg, p.o., in
mice) than in the pentylenetetrazol test (EDso, 47 mg/
kg), whereas the reverse is true for phenobarbital (Gal-
lagher, 1989). Of particular interest, however, is the
relative lack of sedation caused by eterobarb. In rats,
the hypnotic dose (expressed as the HDj, for loss of
righting reflex) of eterobarb is 700 mg/kg, p.o., com-
pared to 102 mg/kg for phenobarbital, and a similar
lack of sedation has been observed in human subjects
(Gallagher et al., 1975). The more favorable side effect
profile of eterobarb is believed to reflect an interaction
between MMP and phenobarbital because the hypnotic
activity of MMP alone is close to that of phenobarbital
(Gallagher, 1989). Thus, the combination of MMP and
phenobarbital in some way leads to the development
of functional tolerance to the hypnotic but not to the
anticonvulsant effects of the metabolites.

Although it was originally thought that the antiepi-
leptic action of eterobarb in man could be fully ex-
plained by its metabolic conversion to phenobarbital
(Goldberg, 1982), recent clinical studies appear to sup-
port the animal behavioral evidence suggesting that
eterobarb is less hypnotic than phenobarbital (Smith
et al., 1986). Thus, Gobbi et al. (1989) compared phe-
nobarbital with eterobarb in a single-blind crossover
study in 19 patients. Eterobarb showed good antiepi-
leptic activity and was less sedating than phenobarbi-
tal. In another recent study, Bernardina et al. (1989)
studied eterobarb in 25 children with a variety of
seizure types. The drug seemed efficacious and ap-
peared to cause less severe hyperactivity than pheno-
barbital. However, a determination of whether the drug
truly represents a substantial improvement over phe-
nobarbital and other presently available barbiturates
awaits the outcome of controlled clinical trials that are
currently in progress (K. D. Wolter, personal commu-
nication).

5. U-54494A. In the course of studying a series of
benzamide «-opioid agonists with anticonvulsant prop-
erties, U-54494A (fig. 19) was identified which lacks
the analgesic and sedative properties of x-agonists yet
retains their anticonvulsant activity (VonVoigtlander
et al., 1987). U-54494A is effective as an antagonist of
maximal electroshock seizures (EDso, 36 mg/kg, i.p, in
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FI1G. 20. Metabolism of eterobarb.

mice) but is relatively inactive against pentylenetetra-
zol-, bicuculline-, or picrotoxin-induced clonic sei-
zures; its TD;, in the rotarod ataxia test is 97 mg/kg
(P. F. VonVoigtlander, personal communication). Like
phenytoin, U-54494A is able to protect against sound-
induced convulsions in DBA/2 mice and to block PTP
in a nerve-muscle preparation. However, U-54494A has
a number of unique pharmacological properties that
distinguish it from other anticonvulsants. At relatively
low doses, U-54494A is able to block seizures induced
by administration of the excitatory amino acid agonists
kainate (EDs, 28 mg/kg, s.c., in mice), NMDA (79 mg/
kg), and quisqualate (28 mg/kg), an action shared by
very high doses of carbamazepine (section V, E, 4), but
not by phenytoin or phenobarbital. Like carbamaz-
epine, U-54494A does not discriminate among seizures
induced by agonists of the various excitatory amino
acid receptor subtypes, perhaps suggesting that the
drug may not act as a conventional receptor antagonist.
In fact, in preliminary studies, U-54494A failed to
block NMDA responses in voltage-clamp recordings
from cultured hippocampal neurons (N. Hershkowitz
and M. A. Rogawski, unpublished observations). Sur-
prisingly, high doses of the opiate antagonist naltrex-
one can block the ability of U-54494A to protect
against maximal electroshock seizures as well as those
produced by excitatory amino acids. Naltrexone is also
able to block the anticonvulsant activity of the struc-
turally related x-opioid agonist U-54498H. However,
at least in vivo, U-54494A does not appear to have
pharmacological actions characteristic of x-agonists.

PHENOBARBITAL

Several lines of evidence suggest that active metab-
olites may contribute to the anticonvulsant activity of
U-54494A. The drug is a racemic mixture, but each of
its enantiomers has approximately equal intrinsic an-
ticonvulsant activity (VonVoigtlander et al., 1989).
Nevertheless, the racemate is more potent than either
enantiomer when the drugs are administered orally,
perhaps as a result of an interaction of the enantiomers
during metabolism. (The potency advantage of the
racemate is maintained to some extent even when the
drugs are administered intracerebroventricularly, sug-
gesting that pharmacodynamic factors may also be of
importance.) In addition, orally administered U-
54494A has a long duration of action even in the
absence of detectable brain levels of the drug, strongly
suggesting the existence of active metabolites. U-
54494A is currently undergoing phase I clinical trials.
Single oral doses as high as 200 mg have been well
tolerated (P. F. VonVoigtlander, personal communi-
cation).

6. D-19274. The structurally novel pyridine-oxazo-
lidinone D-19274 (fig. 19) is an effective anticonvul-
sant in the maximal electroshock test (EDso, 28 mg/kg,
i.p., in mice; Emig et al., 1990). The drug has relatively
low motor toxicity (rotarod TDso, 150 mg/kg). D-19274
has also been reported to suppress spontaneous spike
and wave discharges in rats at doses as low as 10 mg/
kg, and it has been proposed that the drug might have
activity against absence seizures.

7. AHR-12245. Another potential antiabsence drug
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is the imidazopyridine AHR-12245 (fig. 19). AHR-
12245 attracted attention in a drug-screening program
when it was found to be an effective antagonist of
pentylenetetrazol-induced clonic seizures (EDjo, 29
mg/kg, i.p., in mice; Johnson et al., 1988), being nine-
fold more potent (on a molar basis) than ethosuximide.
Moreover, the drug failed to cause motor toxicity even
at doses as high as 2000 mg/kg so that its protective
index is >69 (compared to a protective index for etho-
suximide of 3.4 under the same experimental condi-
tions). AHR-12245 is also protective against bicucul-
line- and picrotoxin-induced clonic seizures (174 and
211 mg/kg, respectively) and prevents maximal elec-
troshock seizures at higher doses (329 mg/kg). Like
ethosuximide, AHR-12245 fails to alter seizures in
amygdaloid-kindled rats. AHR-12245 is orally active:
serum concentrations providing 50% protection in the
pentylenetetrazol test were 17.4 uM and brain levels
were 57% of serum concentrations (Osman et al., 1988).
AHR-12245 binds weakly to the benzodiazepine recep-
tor and not at all to other sites on the GABA , receptor-
CI™ channel complex. Its mechanism of action is un-
known.

Conclusion

As is apparent from this review, there is a wide array
of new, effective anticonvulsant compounds of poten-
tial usefulness for the treatment of partial seizures and
generalized tonic-clonic seizures in man. The new un-
derstanding of cellular physiological mechanisms in
absence epilepsy has provided important insights into
the way in which presently available drugs operate,
and this should enhance the search for new therapeutic
agents against this seizure type as well. Moreover,
recent advances in neuroscience have suggested a host
of potential cellular targets for antiepileptic drugs that
are not exploited by presently available compounds,
including various sites on the NMDA receptor-channel
complex and on voltage-dependent K* channels. It can
be expected that compounds targeted at these sites will
be emerging from the preclinical pipeline in the coming
years. The real challenge for the future will be to carry
out well-controlled clinical trials to validate the effi-
cacy and safety of these compounds in the treatment
of human seizure disorders.
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