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AbSlTClC‘i Since its first marketing as an antlepiieptic drug (AE1)) 35 years ago in France,
vaiproale has become established worldwide as one of the most widely used
AEDs in the treatment of both generalised and partial seizures in adults and
children. The broad spectrum of antiepilcptic efficacy of valproate is rellected in
preclinical in i.=r'w; and in wtro models, including a variety of animal models of
seizures or epilepsy.

There is no single mechanism of action of valproate that can completely ac-
count for the numerous effects of the drug on neuronal tissue and its broad clinical
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activity in epilepsy and other brain diseases. In view of the diverse molecular and
cetlular events that underlie different seizure types, the combination of several
neurochelnical and neurophysiological mechanisrns in a single drug molecule
might explain the broad antiepileptic efficacy of valproate. Furthermore, by act-
ing on diverse regional targets thought to be involved in the generation and prop-
agation of seizures, valproate may antagonise epileptic activity at several steps
of its organisation.

There is now ample experimental evidence that valproate increases turnover
of y—aminobutyric acid (GABA) and thereby potentiates GAB/kcrgic functions
in some specific brain regions thought to be involved in the control of seizure
generation and propagation. Furthermore, the effect of vnlproale on neuronal
excitation mediated by the N—methyl—D—aspa.rtate {NMDA) subtype of glutamate
receptors might be important for its anticonvulsant effects. Acting to alter the
balance of inhibition and excitation through multiple mechanisrns is clearly an
advantage for valproate and probably contributes to its broad spectrum of clinical
effects.

Although the GABAergic potentiation and glutainatei'NMDA inhibition could
be a likely explanation for the anticonvulsant action on focal and generalised
convulsive seizures, they do not explain the effect of valproate on nonconvulsive
seizures, such as absences. In this respect, the reduction of y—hyd1-oxybutyrate
(GHB) release reported for valproate could be of interest, because GHB has been
suggested to play a critical role in the modulation of absence seizures.

Although it is often proposed that blockade of voltage-dependent sodium Cur—
rents is an important mechanism of antiepileptic action of valproate, the exact
role played by this mechanism ofaction at therapeutically relevant concentrations
in the mammalian brain is not clearly elucidated.

By the experiniental observations summarised in this review. most clinical
effects ofvalproate can be explained, although much remains to be learned at a
number ofdifferent levels about the tnechanisms of action of valproate. In view
oflhe advances in molecular neurobiology and neuroscience, future studies will
undoubtedly further our understanding ofthe mechanisms of action ofvalproate.

Valproic acid or valproate, a major and well es-
tablished first—line antiepileptic (anticonvulsant)
drug (AED}, is one of the most widely used AEDS
in the treatment of different types of epilepsy.l‘~2l
Valproate is the trivial name for 2—n—propylpentanoie
acid (also called n-dipropylacetic acid). As a sim-
ple branched—chain fatty acid, it differs markedly
in structure from all other AEDs in clinical use.

1. Historical Background

Valproate was first synthesised in 1882 by Bur-
ton,l3l but there was no known clinical use until its

anticonvulsant activity was fortuitously discov~
ered by Pierre Eymard in l962 in the laboratory of
G. Carraz, as published by Meunier et al.l‘” At that

E Aclls International Limited All rights resemad
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time, valproate was used as a vehicle to dissolve
the active ingredient in testing the anticonvulsant

activity of new compoundslsi The positive results.
whatever the drug and the dose tested, led to the
testing of valproate itself and to confirmation that
it was effective against drug-induced seizures. The
first clinical trials of the sodium salt of valproate
were reported in 1964 by Carraz ct al,,lf‘l and it was
first marketed in France in 1967.

2. Overview of Clinical Use

Valpronte has been used for the treatment of
epilepsy for nearly 35 years and is currently mare
lceted in over [00 countries. Since its introduction

into clinical use, valproate has become established

ens mugs 2on2; to no)
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worldwide as a major AED with a wide spectrum
of activity against a broad range of seizure disor'-
ders. Controlled clinical trials have demonstrated

that it has similar eff'icacy to ethosuximide in the
treatment of absence seizures and to carbamaze-

pine, phenytoin and phenobarbital (phenobarbi-
tonc) in the treatment ofboth tonic-clonic and par-

tial seizures.l7'”l Furthermore. valproate compares
favourably with newer AEDs, such vigabatrirrllzl
and oxcarbazepine,ll3l in both efficacy and toler-
2rbility.“‘“

Results from numerous clinical trials suggest
that valproate probably has the widest spectrum of
antiepileptic activity of all established AEDs in
both children and adults with epilepsy.”-”’l In ad-
dition to partial and generalised seizures, valproatc
has demonstrated efficacy in the t1'eatment of syn-
dromes known to be very refractory, such as

Lennox-Gastaut syrrdromei”-“*1 and West syn-
drome.ll9l This gives valproate special signifi-
cance fo1' the t1'eatrnent of patients with mixed sei-

zure types who have highly refractory symptoms] Ml
Furthermore. as a consequence of its b1'oad spec-
trum of antiepileptic activity and as opposed to
many other AEDS, there is no contraindication to

the rise of valproate in any type of seizure or epi-
lepsy.l"‘l

Valproate is tolerated well in most patients,l2"l
Most adverse effects are mild to moderate in inten-

sity, and hypersensitivity reactions are rare. A
comparison with other widely used AEDS showed
that valproate causes fewer neurological adverse
effects and fewer skin rashes than phenytoin, phe-

nobarbital and primidone, and its tolerability and
safety appear to be similar to that of carbamaze-
pine.l3"l Main areas of concern with valproate are
teratogenlcity and idiosyncratic liver toxicity.
With respect to teratogenicity, recommendations
on the use of valproate in women who plan to con-
ceive, such as monotherapy with the lowest effec-
tive close, have lowered this risk, so that with these

recommendations valproate does not appear to in-
duce birth defects with any greater frequency than
other AEDs.l3“l With respect to idiosyncratic liver
toxicity, identification ofhigh-risk patients such as

O Adls Irnerncrtlonol Limited. All rlg his reserved.
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children under 2 year's with severe epilepsy and
mental retardation receiving polytherapy has con-
siderably reduced its incidenceflml

The present review summarises the major phar-
macological effects of valproate that appear to be
of importance for its unique antiepileptic efficacy.
For a more comprehensive survey of the multiple
effects of valproate, including its adverse effects
attd pharrnacokinetics. several previous reviews
and monographs are available.l‘i3-153'-231 Further-
more, the major aspects of the clinical use of val-
proate. its advantages and limitations and their cor-
relation with pharrnacological findings are covered

in the review by Peruccamlthat also appears in this
issue of CNS Drugs.

3. Epilepsy and Epileptic Seizures

Epitepsy, a common neurological disorder char-
acterised by recurrent spontaneous seizures, is a
major, worldwide health problem that affects about
1 to 2% of the population.l2"'l Despite progress in
understanding the pathogenesis of seizures and ep-
ilepsy,l25l the cellular basis of human epilepsy is
only incompletely understood. In the absence of a
specific aetiological understanding, approaches to

drug therapy of epilepsy must necessarily be di-
rected at the control ofsymptoms (i.e. the suppres-
sion of seizures). Long-term administration of AEDS
is the treatment of first choice in epilepsy.

The selection of an AED is based primarily on
its efficacy for specific types of seizures according
to the international classification of epileptic sei-
zures.l3‘5' The major categories within this classifi-
cation a1'e partial and generalised seizures, based
on whether a seizure be-gins locally in a part of one
hemisphere. most commonly the temporal lobe,
for partial seizures, or is bilaterally symmetrical
without local onset for generalised seizures. In ad-
dition to this classification of seizures, various

types of epilepsy or epileptic syndromes can be
identified as characterised by different seizure
types. aetiologies, age of onset and EEG fcattrres.l3“l
More than 40 distinct epileptic syndromes have
been identified. making epilepsy a remarkably di-
verse collection of disorders. Localisation-related

CNS Drugs 2002; lo (10)
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(focal, local, partial) epilepsies account for roughly
60% of all epilepsies, while generalised epilepsies
account for approximately 40% of all epi1epsies.l3“l

An epilepsy or epileptic syndrome can be idio-
pathic (with a presumed genetic basis). symptomatic
(i.e. secondary to a known acquired brain pathol-
ogy) or cryptogenetic (without a known causation).
Known potential causes of epilepsy account for
about one-third of incidences of epilepsy and in-
clude brain tumours, CNS infections. traumatic

head injuries. developmental malformations, peri-
natal insults. cerebrovascular disease, febrile sei-

zures and status epilepticusml

4. Animal Models of Epilepsy

In epilepsy research, animal models of epilepsy
or epileptic seizures serve a variety of purposes.l35l
First, they a1'e used in the search for new AEDs.
Second. once the antieonvulsant activity ofa novel
compound has been detected, animal models are
used to evaluate the possible specific efficacies of
the compound against different types of seizures or
epilepsy. Third, animal models can be used to char-
acterise the preclinical efficacy of novel com-
pounds during long-term administration. Such
long-term studies can serve different objectives,
for instance evaluation of whether drug efficacy
changes during prolonged treatment (e.g. because
ofthe development oftole1'ance) or examination of
whether a drug exerts antiepileptogenic effects

during prolonged administration (ie. is a true AED).
Fourth, animal models are employed to charac-
terise the mechanism of action of older and newer

AEDS. Fifth. certain models can be used to study
mechanisms of drug resistance in epilepsy. Sixth.
in view of the possibility that chronic brain dys-
function, such as with epilepsy. might lead to al-
tered sensitivity to drug adverse effects, models
with epileptic animals are useful to study whether
epileptogenesis alters the adverse effect potential
of a given drug. Finally, animal models a1'e needed
for studies on the pathophysiology of epilepsies
and epileptic seizures (e.g. the processes involved
in epileptogenesis and ietogenesis).

to Adls International Limited. All rights reserved.
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The most commonly employed animal models =
in the search for new AEDs are the maximal electro-

shock seizure (MES) test and the pentylenetetrazole
(PTZ) seizure test.l3“l The MES test, in which tonic
hinrllimb seizures are induced by bilateral corneal
or transauricular electrical stimuiation, is thought
to be predictive ofanticonvulsant efficacy against
generalised tonic-clonic seizures. In contrast. the ‘
PTZ test, in which generalised myoclonie and cle-
nic seizures are induced by systemic (usually sub-
cutaneous) administration of convulsant doses of

PTZ, is thought to represent a valid model for
generalised absence andalor niyoclonic seizures in
humans, but its predictive validity is far from ideal.
Thus, as shown in table 1, although lamotrigine is
ineffective in the PTZ test, it protects against ab-
sence and myoclouic seizures in patients with epi-
lepsy. Vigabatrin and tiagabine are effective in the
PTZ test but not against absence or myoclonic sei-
zures in patients. Genetic animal models such as
lethargic (ll:/Hr) mice, which have behavioural and
elcctrographic features similar to those of human
absence seizures, are clearly better suited to predict
AED efficacy against this type of nonconvulsive
seizure than the PTZ testilsl

In addition to these models of primary general-

ised seizures, the kindling model is widely used as
a model of partiai (focal) seizures. The kindling
model has correctly predicted the clinical effect of
all AEDS that are currently used against partial sei-
zures (see table I).

5. Effects in Experimental Models of
Epilepsy and Epileptic Seizures

Valproate exerts anticonvulsant effects in at-
most all animal models of seizure states, including

models ofdifferent types of generalised seizures as
well as focal seizures.l3l Table 1 shows a compari-
son of the effects of valproate with those of other
AEDs in the MES, PTZ and kindling models, as
well as in clinical seizures. As shown by this com-

parison, the only other AEDs with a similar wide
spectrum of activity as valproate a1'e the benze-
diazepines. However, the use of the ben2odia.z—
epines AE5Ds is limited because of the loss of

CNS Drugs 2052.’ loflfll
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Table I. Anticonuulsant effect of clinically established anliepileptic drugs (A EDs]« against ditlerenl types of seizures in the maximal eiectroshock
seizure (MES), pentyienetetrazole (PTZ) and kindling models and in human epllepsyl”-3°‘
Dmg Antlconvulsant activity in experimental models Clinical elficacy

MES test PTZ test amygdala-kindling partial seizures generalised seizures
(mice or rats, (mice or rats, test (rats. local tumcfllonic absence myflcionictonic seizures} clonic seizures) seizures)

Valproate + + + + + + +
Carbamazepine + NE + + NE NE
Phsnytoin + NE + + N E NE
Phenobarbital + + + + NE +
lphenobarbltonel
Primidone + + + NE +
Benzodiazepinesa + + -+ + + + +
Ethosuximide NE + NE NE NE + 1
Lamotrigine + NE + + + + +
Topiramate NE 4- + + s +
Oxcarbazepine + 1 '? 4- + '? ‘?
Felbamate + + + + + 1 +
Vigabalrin NE + + + ‘? NE NE
‘Fiagabine NE + + + 4- NE NE
Gabapentin i x + + 7 NE NE
Levetlracetam NE NE + + ? " 9
Zonisamlde + i 7 + + + +
a Loss at etlicacy (Le. development of tolerance) durln lorig—term administration.
NE = not effective; + indicates ettectlve; : indicates inconsistent data; '? indicates no data available (criminal.

efficacy during long—term treatment. No such loss

of efficacy, and even an increase in efficacy, is
seen during long-term treatment with valproate
(see below).

In animal models, the anticonvulsant potency of

valproate strongly depends on the animal species,

the type of seizure induction, the seizure type, the
route of adrninistration and the time interval be-

tween drug administration and seizure induc-

tion.[3l Because of the rapid penetration into the
brain but the short half-life of valproate in most
species,D” the most marked effects are obtained

shortly (i.e. 2 to 15 minutes) after parenteral (e.g.

intraperitoneal) injection. Depending on the prep-
aration, the onset of action after oral administra-

tion may be somewhat retarded. In most laboratory
animal species, the duration of anticonvulsant ac-

tion of valproate is only short. so high doses of
valproate are needed to suppress long-lasting or
repeatedly occurring seizures in animal modelsfizl

in general, the anticonvtilsant potency of valproate

© Aclis lnternolion Ul Limited. All rights reserved.
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increases in parallel with the size ofthe animal. In

rodents, the highest anticonvnlsant potcncies are

obtained in genetically seizure-susceptible spe-
cies. such as gerbils and rats with spontaneously
occurring spike-wave discharges. and against sei-

zures induced by the inverse benzodiazepirte re-

ceptor agonist rnetltyl-6.7-diuretlioxy-4—eth_yl—|3—
carboline-3—carboxylate (DMCM) in mice.[2l

In addition to animal models of generalised or
focal seizures, valproate also has been evaluated in

models of status epilepticus. As shown by I-{ijnack

and Ltischerlm in a mouse model of generalised
convulsive (grand mal) status epilepticus, intrave-
nous injection of valproate was rapidly acting

as benzodiazepines in suppressing generalised
tonic—clonic seizures, which was related to the in-

stantaneous entry of valproate into the brain after
this route of administration. In View of the differ-

ent inechanisms presumably involved in the anti-

convulsant activity of valproate against different

seizure types, the situation may be different for

CNS Drugs 2002: lo (lfl)
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other types of status epilepticus, because not all
cellular effects of valproate occur rapidly after ad-

ministration. This is substantiated by accumulating
clinical experience with parenteral formulations of

valproate in the treatment of different types (eg.
convulsive vs noncouvulsive) of status epilepti-
cus.l33l

5.] Early versus Lctte Effects

Whereas most reports dealing with the anticom-
vulsant activity of valproate in animal models ex-
amined the acute short-lasting anticonvulsant ef-
fects after single—dose administration. several
stttdics have evaluated the anticonvnlsant efficacy
of the drug during long-term administration. Dur-
ing the first days oftreatrnent of amygdala-kindled
rats, a marked increase in anticonvulsant activity
was observed, which was not related to alterations

in brain or plasma drug or metabolite concentra-

tions.l-ii‘-“"l Similarly, when anticonvulsant activity
was measured by means oftimed intravenous infu-
sion of PTZ, prolonged treatment of mice with
valproate resulted in marked increases in anticoa-

vulsant activity on the second day oftreatment and

thereafter compared with the et'fect of a single
dose. although plasma concentrations measured at
each seizure threshold determination did not differ

signit'icai1tly.l35l This ‘late effect‘ of valproate de-
veloped irrespective ofthe administration protocol
(once per day, three times per day. continuous in-
fusion) used. Such an increase in anticonvulsant

activity during l0rtg~tcrn1 treatment was also ob-
served in patients with epiIepsyl'5l and should be
considered when single anticonvulsant doses or
concentrations of vaiproate in animal models are
compared with effective doses or concentrations in

patients with epilepsy during long-term treatment.
In other words. doses or plasma concentrations be-
ing ineffective after single—dose administration can
becotne el't'ective during long-term administration.
The possible mechanisms involved in ‘early’ (i.e.
occurring immediately after first administration of
an effective dose) and ‘late’ (Le. developing during
long-term administration) anticonvulsant effects

of valp1'oate will he discussed in section 8. In this

’-it Adis Inte motlonol Llmlletd. All rights reserved.
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respect, it is important to note that early and late
effects of valproate also have been observed in in
wtro prepat'atiotis.l"“-3”

5.2 Antiepileptogenic oocl
Neuroprotective Effects

In addition to short— and long—term anticonvul-
sant effects in animal models of seizures or epi-
lepsy, data from the kindling model indicate that
valproate may exert antiepileptogenic effects.l3“l
In line with this possibility, valproate protected
against the development of epilepsy in the kainate
model oftemporal lobe epilepsy, in which sponta-
neous recurrent seizures develop after a status
epilcptieus induced by the convulsant lcainate in
i'ats.l39l Phenobarbital was ineffective in this re-

gard.l3°l Whether valproate can prevent epilepsy
after a convulsive status epilepticus in humans is
not known, but it failed to prevent epilepsy after
severe head injury.l‘“l

Interestingly, valproate not only prevented the
development of epilepsy in the kainate model of
temporal lobe epilepsy in rats, but valproate—
treated rats also had fewer histological brain le-
sions than animals receiving kainate alone, indicat-
ing that valproate exeits a neuroprotective effect.l-ml
Substantiating such an effect. valproate was shown
to protect cortical neurons from glutamate-induced
excitotoxicity,l‘“l human SYSY neuroblastoma cells
from potassium efflux—induced cell damage and
apoptosis,l“'-'1 and cerebellar granule cells from
apoptosis induced by low potassium.l“3l A neuro-
protective effect of valproate is also indicated by
the finding that the drug doubles the anoxic sur-

vival time of n1ice.l““l Valproate regulates a num-
ber of factors involved in cell survival pathways,
including cyclic adenosine monophospltate (CAMP)
responsive element binding protein (CREE), brain-
derived neurotropliic factor, bcl—2 and rnitogen—
activated protein kinases (MAP), which may underlie
its neuroprotective and neurotrophic effects.l4-‘J

5.3 Procortvulsont Effects

Certain AEDs ma irovoke aradoxical seizureY I P

aggravation by a pharmacodynaniic mechanism.l“"l
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Such proconvulsant action occurs when an AED
appears to exacerbate a type of seizure against
which it is usually effective or when it leads to the
onset of new types of seizures. This unpredictable
procoitvulsant adverse effect usually occurs shortly
after the onset of treatment with the AED at non-

toxic doses. Even at high, stipiatlierapeutic doses,
valproate does not induce any proconvulsant activ-

ity.i2l This is in Contrast to several other AEDS,
including pheiiytoin, carbatnazepine and vigabati-in,
which, at high doses, exert proconvulsant activity
in animal models attd can precipitate or exacerbate
epileptic seizures in patients with epilepsy.l4(’]

5.4 Other Phorrnocodyncimic Effects

In addition to its anticonvulsant activity, val-
proate exerts several other phanriacodynamic effects
in animal models, including anxioiytic, antiaggresr
sive. anticonfliet, antidystonie, antinociceptive.
sedative/hypnotic, immunostimulating and antihy—
pertensive actions.[3l Several of these preclinical
actions are in line with the therapeutic potential of
valproate in indications other than epilepsy.“-2-‘”'

5.5 Phorrncicoklnetic orid

Phcirmcicodynomic Issues

The ‘active’ concentrations of valproate in the
brain or plasma strongly depend on the model ex-
amined. When a valpr0ate—sensitive model, such
as the threshold for clonic seizures determined by
intravenous infusion of PTZ in mice, is used. the

drug concentrations in brain tissue after adminis-
tration of effective doses are near the range of ef-
fective concentrations determined in brain biop-
sies of patients with epilepsy, which are in the
range of 40 to 200 ttmol/L. (table II).i3l However,
it should be noted that because of the marked dif-

ferences in pharmacokinetics of valproate between
rodents and humans {rodents eliminate valproate
about ten times more rapidly than humansm), the
doses that have to be administered to reach these
brain concentrations in mice or rats are much

higher than respective doses iit humans. Such de-
terminations of effective brain concentrations are

important for interpretation of in uitro data on

1?; Adls International Limited. All rights reserved.
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valproate, since the neurochemical or neurophysi-
ological effects of valproate found in vt'2‘ro are only
of interest if they occur in concentrations that are
reached in vivri at anticonvulsant (nontoxic) doses.

Because valproate is rapidly metabolised to var-
ious pharmacologically active metabolites in
irr'vo,l49l these substances have to be cottsidered

when mechanisms of action of vaiproate are dis-
cussed. One of the major active metabolites of
valproate in the plasnta and CNS of different spe-
cies, ineluding humans, is the i‘i"CH‘.'.\" isomer of 2-

en-valpi'oate (E-2-en—valproate). This compound
is the most potent and most extensively studied
active metabolite of valproate.”-5°-5'l Ti‘cms-2-en-
valproate is effective in the same seizure models

as valproate, often with higher potency than the
parent drug. Accordingly, in most neurochemical

and neurophysiological experiments with tr.:tn.r-2-

en-vaiproate. the compound exerted more potent
effects than valproatenizl However, the brain con-
centrations of ti-ans-2—en—valpt'oate occurring after
administration of valproate in different species in-
cluding humans are mtich too low to be of any

significance for the effects of valproate.i3i
There are a number of interesting pharrnacody-

namic interactions between valproate and other

AEDs.i53l In animal models, valproate causes a
supra—additive increase in the anticonvulsant ef-

fects of phenytoin. carbamazepine. ethosuximide

and felbamate without concomitantly increasing

Tabte ll. ‘Active’ concentrations of valproate in plasma and brain
after administration of aritieonirulsant doses to experimental ani-
mals and patients with epilepsy. Plasma and brain concentrations
in mice were determined after intraperitoneal administration of
doses of valproate that increased the threshold for clcnie pen-
tylenetetrazole seizures by 50% (TlD5o)-12] Plasma and brain con-
centrations in humans were determined during epilepsy surgery
after oral treatment with antiepileptic doses of valproatal“5'

Doses of valproate Concentrations of valproate

tmgillktlgi [route of - asma rain
administration] (pg,-ml) 019,19)

[_umol.iL} [umoti'L]
Mice 80-100 120-150 25-40

[intraperitoneallyl {B3t‘J—1t'J40} [170-280]
Patients with 15-20 [orally] 40-100 6-27
epilepsy {280-690] [42490] 
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their toxicity, whereas lamotrigine and gabapentin
potentiate the anticonvulsant efficacy of valpro-
ate.l52l

Consistent with the data from animal models. an

enhancement of antiepileptic efficacy in patients
with epilepsy was reported for combinations of
valproate with carbamazepine, ethosuxirnide, fclba-
mate and lamotrigine.l52l However, the positive
pharmacodynamic interaction between valproate
aitd lamotrigine, which was first reported by Bro-
die and Yuei1.l53l is associated with an increased

risk of lamotrigine-induced skin rashes.l5‘l This
problem can be minimised when lamntrigine is
added to valproate at very tow initial doscs.l55l

In addition to pharmacoclynantic interactions,
valproate can affect the plasma concentrations of
other AEDS, including lamotrigine, phenobarbital,
phenytoin, ethosuxirnide and felbamate. by dis-
placement from plasma proteins auditor inhibition
of hepatic metabolism.l'5l For instance, vaiproate
can lead to 2- to 3-fold increases in the elimination

half—life of lamotrigine (from 26 to 70 hours).
which may at least in part explain the increasccl
adverse effects seen with the combination of

valproate and larnoti-igine.l55l
The precise mechanism of action of valproatc

or its active metabolites, as with many other AEDs,
is unknown. Much attention has focused on the ef-

fects of valproate on y-aminobutyric acid (GABA),
one ofthe principal inhibitory neurotransmitters in
the CNS. However, given the various experirnenta]
and clinical effects of valproate and its numerous
effects on neuronal tissue, there is no single action
of valp1'oate that can completely account for these
effects.

6. Elfects on Epiiepliform Discharges in
in Vitro and in Vivo Preparations

Various in vitm preparations were used to study
the anticonvulsant action ofvalproate on epilepti-
form discharges. In slices prepared from guinea pig

brain, valproate was shown to prevent the appear-
ance of penicillin-induced epileptiform spikes.l5“l
In contrast, valproatc was either ineffective or
caused an increase in both burst frequency and ain-

Adls international Limited All rights reserved.
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plitude when epileptiform activity was induced by
PTZ in the CA3 region ofthe in viii-0 hippocampus,
indicating that these chemically induced hippo-
carnpal epileptiforrn activities may be differen-
tially sensitive to AEDs.l57l

Epileptiform bursting induced by bicttculline in
rat zttnygdala slices was decreased by valproate.l531
When epileptiform discharges were induced by the
combined application of bicttculline and 4-amino-
pyridine (4-AP) in combined entot'hinal cortex (EC)!
hippocampal slices from rats, these discharges were
resistant to valproate and other standard AEDs,l59'
whereas epileptiform discharges induced by 4-AP

alone were potently suppressed by vttlpi'oate."5‘”
In studies on the age-dependency ofthe anticon-

vulsant effect of valproate on 4-AP—induced epi-
leptiform discharges in hippocampal slices, val-

proate blocked the ictal discharges iit slices from
both young and adult rats, whereas interictal epi-

leptiform activity was only blocked by valproate in
slices from young rats.'5” In young rat hippocam-
pus, extracellular magnesiurn was shown to mod-
ulate the effects of valproate on 4«AP—induced ep-

ileptiform events.l53l
When epilcptiform discharges were induced in

the combined EClhippocampa1 slice by removing
magnesium ions from the perfusion fluid, early
clonic-tonic discharges in the EC and the interictal—
like activity in area CA3 were effectively stip-
pressed by valproate, whereas the late recurrent
tonic discharge state in the EC was unaffected by
the d1'ug.l"-1] This late epileptiform activity was,
however. still sensitive to an N-methyl-D-aspa1'tate
(NMDA) receptor antagonist. Subsequent experi-
ments showed that the late recurrent discharges

produced in the EC by prolonged exposure to low
magnesium levels are resistant to all major AEDS.

suggesting that they may represent a model of
clifficult—to-treat status epilepticus.l"‘”

In addition to induction of epileptiform events

by reducing extracellular magnesium levels, such
events can be produced in the EC and hippocampus
by reducing ei-ttracel lular calcium or increasing ex-
tracellular potassium levels, but the patterns of cp-
ileptifo1'm activity differ between these extracellu-
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lar ion trtanipulations,l“5l Valproate and its major
active metabolite irrms—2-en-valproate were shown
to block all of these forms of epileptiform activity

except the late recurrent discharges in the EC.l“5l
The metabolite appeared to be more effective than
valproate in these experiments. Analogous to EC!
hippocampal slices. in rodent thalamocortieal
slices different types of spontaneous epileptiform
activity can be elicited by a medium containing no
added magnesium, Valproate was found to be ef-
fective in this in vitro model of primary general-

ised epilepsy.l°"l
As with phenytoin and carbamazepine, therapett-

tic concentrations of valproate were shown to limit
the ability of cultured mouse CNS (cortical and spi-
nal cord) neurons to fire sodium-dependent action

potentials at high frequettcylfill Such high-frequency
firing has. for instance. been detected along sub-
eortical pathways frotn a petticillitrinduced corti-

cal epileptogenic focus.'“3' Limitation of such fir-
ing may be important in preventing the spread of
seizures.

More recently, tlte effects of valproate on high-
frequency, sustained repetitive firing (SRF) in
mouse central neurons in cell culture were com-

pared with those of its major active metabolite
{mar-2-en-valproate.ml Both compounds litnited
firing in a concentration-, voltage-, rate- and time-
dependent fashion. Interestingly. the concentra-

tion dependence of limitation by both drugs mark-
edly shifted to the left with duration of exposure.
valproate being slightly more potent than .'r.:m.s-2-
en-valproate after prolonged exposure.’-W] Al-
though the preeise biophysical mechanism under-

lying the ability of valproate (and its metabolite)
to reduce SRF has not been elucidated, it was sug-

gested that this effect probably relates to a phenytoin—
like use and voltage—dependent blockade of voltage-

depetident sodium channels.l69l Detailed voltage
clamp experiments of valproate actions on sodium
currettts are described in section 7.2.

In in viva studies, valproate suppressed electri-

cally induced afterdischarges in the hippocurnpus
of catslml and significantly elevated the after-
discharge threshold and decreased the afterdis—

-Ct Adis Intamollonol Limited. All rights reserved.
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charge duration in rat amygdala.” *1 Valproate also
raised the threshold for tltalantic afterdischarges

induced by electrical stimulation of cat nucleus
centralis lateralis and rat nucleus reticularis with-

out ehanging the duration nfthe afterdischarges in
both speciesml

With respect to focal seizures, valproate stip-
pressed the epileptifortn activity generated by a
cobalt focus in Cat hippocatnpus and blocked the
spreading of spontaneous as well as electrically
induced seizure discharge from the hippocampus
to the neocortex.l7'°l Mtttani and Farielloml noted

that valproate suppressed tlte ictal and interictal
seizure discharges in cats with an epileptogenic
cobalt focus in the cruciate cortex. After adminis-

tration of the drug, electrical stimulation of the co-
balt focus failed to produce seizure activity. The
same authorsll“ observed that subcortical injec-

tion of aluminium gel into the sensorimotor cortex.

of cats produced focal cortical seizure discharges
and myoclonic je1'ks ofthe head’. this focal seizure

activity C0l.llCl generalise, and valproate prevented
this secondary generalisation without influencing
the epileptogenic focus. In addition, van Duijn and
Beckmannl75l noted that val proate did not decrease

the focal discharge in the Sensorimotor cortex of
the awake cat produced by topical cobalt adminis-
tration. but effectively inhibited the spread of set-

zure activity from the focus.
When two epilcptogenic foci were formed in

hoinotopic areas of the sensorimotor cortex of rats
by application of penicillin, valproate blocked the
focal discharges and secondary generalisation of
these discl1arges.l7"i In the amygdala l<indling
model in rats. valproate was found to increase the
tltresltold for electrical induction of afterdischarges

and to 1'ed1tce seizure severity, seizure duration and

afterclischarge duration recorded at the elevated
threshold, indicating that valproate suppresses
both the initiation and propagation of focal sei-
zures in this modeiml

When cortical self-sustained afterdischarges

were induced by rhythmic electrical stimulation of
subcortical structures as a tnodel of primary gen-
eralised seizures of the absence type. these epilep-
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tiform discharges wer'e almost completely blocked
by valproatengi Similarly. valproate suppressed
spontaneous spike-wave discharges in a genetic rat
model of absence-like seizures.l79l Trans—2—en—

valproate was more potent than valproate in block-
ing the spontaneous spike-wave discharges in
these rats.l3°l

In srmtmnry. with few exceptions, valproate
proved to be effective in suppressing epileptiform
discharges in all in vitro and in vivo models tested,
which is in line with its broad spectrum ofanticon—
vulsant activity against different seizure types in
the clinic.

7. Mechanisms of Action

The well documented effects of vulproate on
seizure discharge and the spread of neuronal excit-
ability set the stage for studying the physiological
mechanisms underlying these effects. However,
whether valproate acts via postsynaptic effects on
neurotransrnitter functions or ion channels or by
presynaptic biochemical effects is still a matter of
debate. Table III lists those actions of valproate
that appear most relevant for the antiepileptic ef-
fect of this drug.

7.l Effects on Excitobitity or Inhibition

Macdonald and Bergeyl3” were the first to de-
scribe that valproate potcntiates neuronal responses
to GABA by a postsynaptic effect. However,
valproate was examined after microiontophoretic
application so that the local (extracellular) drug
concentration was unknown. Subsequent in virro
studies showed that increased postsynaptic GABA
responses are only obtained with very high va|pro—
ate concentrationslzi To my knowledge. there is
only one report“57-1 that demonstrated at potentiation
of GABA at therapeutically relevant concentra-
tions ofvalproate in wire. The authors. using locus
coeruleus neurons for their experiments, suggested
that the difference between their data and those of

other groups may be a result of the different brain
regions examined in these studies. Indeed, based
on neurophysiological data, a regionally specific

Q Adis International Limited. All rights reserved.
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action of valproate in the brain was also suggested i
by Baldino and Gelletdg-ll

In in vivo experiments. valproate was shown to
lead to a potentiation of postsynaptic GABA re-

sponscs at doses of 200 to 400 niglkglzl Because
brain concentrations of valproate after these closes ‘

are much lower than the concentrations that poten- l
tiate GABA responses in vitro. the in viva effect of
valpro-ate was likely not to be related to a direct

postsynaptic action but tnore probably was due to
the presynaptic effects of the drug (i.e. enhanced
GABA turnover) [see below].

Experiments on central mouse neurons in cul-
ture indicated that neuronal responses to glycine or
excitatory amino acids, such as glutamate. are not

altered by valproate at clinically relevant concen-
trationsizl However, one studymi showed that val-
proatc suppresses glutamate responses and, much
tnore potently, NMDA-evoked transient depolar-
isations in rat neocortex. The authors suggested
that attenuation of NMDA recepto1'—mediated ex-
citation is an essential mode of action for the anti-

convulsant effect of valproate. This view is sub-
stantiated by a number of reports. using different

preparations to study synaptic responses mediated

by the NMDA subtype of glutamate I'BCBpt0l'S.|2] In
all studies. valproate blocked these responses. in-
dicating that antagonism of NMDA receptor—
mediated neuronal excitation may be an important
mechanism of valproate. In this respect, it is inter-
esting to note that valproate, but not phenobarbital.
phcnytoin or ethosuximide. blocked seizures in-
duced by N-methyI—D,L-aspartate in rodents.“55l In
contrast to its effect on NMDA receptors. valproate
had no effect on tnetnbrane responses mediated by
kainate or quisqual-ate (nt—amino-3-hydroxy-5-
methyl-4-isoxazole propionate; AMPA) recep-
tors.l35'

The spontaneous firing of neurons is usually in-
hibited only by high doses or concentrations of
valpr0ate."”l However, in the substuntia nigra pars
retieulata (SNR) of rats, a rapid and sustained re-
duction in the firing 1'ate of GABAergic neurons
was found in wire after intraperitoneal adrninistra-
tion of doses as low as 50 to IOU trig/kg.i3’3""" This
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Table III. Cellular efleots of valproate that may be involved in its antiepileplic activity. Refer to text ior references
Parameter Etlecl cit valproate Comments__.—. 

Electrophysiologlcal studies
Neuronal GABA responses

Neuronal responses to NMDA
Firing of neurons in SNR

Sustained repetitive tiring of action
potentials
Voltage-dependent sodium currents

Biochemical studies
Brain GABA levels

CSF GABA levels
GABA synthesis
GAESA degradation

GABA release
GABA uptake

Fostsynaplio GABAA receptor complex

Pots ntiation

Attenuation

Inhibition (after systemic
administration of valproale)
inhibition

Reduction?

Il"ll3Fea5E

Increase
Increase
nhibition

ncrease

Downregulation of GABA
transporters?
ncrease in benzodiazepine

binding

in vitroonly at high (>1 mmol1L) concentrations: in vivo after
anticonvuisant closes

Shown in different preparations from rats and mice
Known to mediate anticonvulsant effects against ditlerent
seizure types
Shown for cuitured neurons: role for more conventionat
preparations not clearly determined
Inconsistent data; effects often only at high concentrations,
except a potent effect on the persistent Sodium current

Marked differences between brain regions and cellular
compartments of GABA
Shown in experimental animals and humans
Marked diflerences between brain regions
Only at high concentrations. but nerve terminal GABA—T
more sensitive to inhibition

Decrease at high (toxic) concentrations
Shown for hippocarnpai GAT—i and GA"l'—3

Only observed after systemic administration

Only observed after systemic administration
Could be relevant for the anti-absence eflecls

GABAB receptors ncrease in ligand binding
GHB deduction of GHE release?
Serotonin norease oi extracelluiar brain

levels

Dopamine norease ol extracellular Drain
ievels

Ammonia
evels

Neuroprotectiveineurotrophic proteins Activation
(e.g. CREE, BDNF, hcl-2, MAP kinasesi

Most probably not related to the anticon vulsant eflecl

Most probably not related to the antlconvulsant eftect

ncreaee ol blood (and brain?) Elevated brain levels of ammonia augment GABAerglC
inhibition

May be involved in the neuroprolective eflects

BDNF = brain-derived neurolrophic factor: CREB = cyclic adenosine monophosphate responsive element binding protein; GABA =
v-aminobutyric acid; GAEIA-T = GABA transaminase; GAT = GABA transponer‘ GHB = vhydroxyoutyrate; MAP = n-iitogen-activated protein;
NMDA = N-rnethyl—|2l—aspartate: SNR = suostantia nigra pars reticuiata; ‘? indicates a possible eflecl.

inhibitory effect on SNR neurons might be due to
the selective increase: in GABA turnover induced

by valprozite in tlic substantin nigrn of ratslg '1 rather
than to direct effects of valproate on GABAergic

neurons in the SNR. Reduction of SNR firing as
found with valproate has been shown to effectively
suppress different types of scizurcs in diverse ani-
mal models of epilepsy, which is explained by the
important role of the SNR in seizure propaga-
tion.l93v93l The inhibitory effect of valproate on

SNR firing could therefore be crucialiy involved
in the mechanisms of its anticonvulsant action.

(:3 Aclls International Limited. All rights reserved‘
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7.2 Effects on Ion Channels

Al much lower concentrations than those de-

pressing normal neuronal cell activity, valproatc
has been shown to diminish high frequency repet-
itive firing of action potentials of central neurons

in culture.l9‘” It has been suggested that this effect
might be critically involved in the anticonvulsant
action of the drug on generalised tonic—clot1ic sci-

ztircS.[94l The effect of valpronte on SRF was sim-
ilar to the effects on SRF produced by phenytoin

and carbarnazepineflwl
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12. l Sodium Channels

The most likely explanation for this effect of
valproate is a use-dependent reduction of inward
sodium current.[9‘” However, in most studies car-
ried out to date, effects on sodium channels were

inferred indirectly from changes in the maximal

rate of increase in sodium—dcpcndent action poten-

tials. In an eiectrophysiological stu::lyl°5l using cul-
tured rat hippocampal neurons, valproate indeed

strongly delayed the recovery from inactivation of
sodium channels, which would be consistent with

a reduction of sodium conductance. Studies using
nonvertebrate preparations also indicated that
valproate has a direct inhibitory effect on voltage-
seusitive sodium channelslll

However, the concept that the main anticonvul-

sant effect of valproate is mediated by slowing the
recovery from inactivation of voltage-dependent
sodium channels has been recently questioned, be-
cause, in contrast to cultured neurons, valproate
had no effects on the refractory period and. conse-

quently_ the bursting behaviour of neurons when
the rat hippocampal slice was used for studying the
neurophysiological effects of valproate.l9"l The
latter authors concluded that, at least in the hippo-
campal slice. the principal anticonvulsant effect of
the drug cannot be explained by an action on voltage-
depcndent sodium channels.

Valproate did not affect sodium influx through
phenytoin—sensitive sodium channels in cultured
neutoblastoma cells and rat brain synaptosomcs.i97]
Furthermore, valproate had no effect on the pheny-

toin binding site on voltage-dependent sodium
channels.'93l In rat neocortical neurons in culture,

valproate (0.2 to 2 mmol/L) was reported to reduce

voltage—dcpendent sodium currents.l"95
More recent who]e—voltage clamp measure-

ments of sodium currents in CA1 neurons from rats

and patients with pharmacoresistant temporal lobe
epilepsy showed that valproate induced a shift of
the voltage dependence of inactivation in a hyper-
polarising direction with the concentration that
produced 50% of the maximal effect (EC5u) of 2.5
mmol/L (rats) or l.6 mmol/L (liuinans).“U""°'] In

view of these high concentrations, being a fatty

til Adis International Llrnlled. All rights reserved
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acid, valproate may modulate the sodium channel
by influencing the biophysical properties of the
membrane surrounding the channel, as has been

proposed for free polyunsaturated fatty acids.“°31
This. however. cannot explain the high potency
(EC;-.0 I4 ttmol/L) of valpro-ate for the suppression
of the persistent sodium current in acutely dissoci-
ated neocortical rat neurons that was recently re-

ported by Taverna et al."°-ll Whether this highly
potent effect of valproate can explain its action on
SRF remains to be determined. Apart from inter-
ference with sodium channels, the effect of valpro-
ate on SRF cottld be due to activation of calcium-

depcndent potassium conductance,“‘3*l
7.2.2 Potassium Channels

An activating effect on potassium conductance
has been repeatedly discussed as a potential mech-
anism for the action of valproate,"°4"U°l although
such an effect has only been demonstrated at high
drug concentrations. Previous experiments using
various potassium channel subtypes ft'om verte-
brate brain ei-tpressed in oocytes of Xenopus faevis
have substantiated that the effects of valproate on

potassium currents are too small to be of signifi-
cance in its mechanism of anticonvulsant ac-

tion.““7l

7.2.3 Calcium Channels

With regard to calcium channels, the anti-absence
drugs ethosuximide and dimethadione (the major
active metabolite of trimethadione) have been

shown to block use-dependent activation ofT—type
calcium channels in thalamic neurons‘, which have

been implicated in the generation of spike—wave
activity associated with absence epilepsy.“”3' How-
ever, valproate did not affect this T current in tha-
lamic neurons. although it is as effective as etho-
suximide in blocking absence seizures.l'”“' In
contrast to thalamic neurons. valproate was shown
to block low threshold T calcium channels in pe-

ripheral ganglion Iiet1t'oIis.“°9]
Veratrine—stimu|ated calcium influx in brain

slices was not altered by valproate, whereas the
drug reduced l‘~lMDA— or quisqualate-stimulated
calcium influx at 5 1mnollL.l”""”“l In such high.
millitnolar concentrations. valproate, being a lipo-
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philic compound. interferes with membrane func-
tions by partition into cell tnembranesl l ' l" ‘ll This
might explain many of the neurochemieal or neuro-
physiological effects of the drug in studies involv-
ing this high concentration range.

7.3 Biochemical Effects

As a consequence of early reports establishing
that valpt'oate leads to an elevation of cerebral

GABA levels in rodentsl”-°‘l and that the period of
elevation of GABA levels coincides with the pro-
tection against sei2t1t'es,l"‘”‘5l numerous sub-
sequent studies have dealt with the effects of
valproate on the GABAergic systent.l2' However,
unlike ‘GAB/Xtnitiietic’ drugs, which selectively
affect the GABAergic system, valproate certainly
acts through mot'e than one mechanism in provid-
ing its broad anticonvulsant activity, This is clearly
detnottstiated by the differences between the anti-
convulsant spectrum of activity of valproate and
that of the GABAmimetic drugs tiagabine and
vigabatrin, shown in table 1. Furthermore, despite
the clear effects of valproate on GABA metabo-
lism, the role of these effects in the anticonvulsant

action of the drug is a matter of ongoing contro-
versy.

7.3.1 Effects on the v-Aminobutyrfc Acid
(GABA) System

GABA is the major inhibitory neurotransmitter
in the mammalian brain. and alterations in its func-

tion are critically involved in the pathophysiology
of many brain diseases, including epilepsy.“ '51 It
seems generally accepted that impairment of GABA—
ergic inhibitory neurotransrnission can lead to con-
vulsions, whereas potentiation of GABAergic
transmission results in anticonvulsant effects.“ *7" '31

GABA interacts with three types of receptors:
GABAA, GABAB and GABAC.

GABA Levels

Several clinically used AEDs are GABA-

mimetic drugs: they act by potentiating GABA-
ergic neurotransmission either by increasing GABA
levels through inhibition of GABA degradation
(vigabatrin) or GABA uptake (tiagabinej or by di-
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rectly acting at the postsynaptic GABAA receptor
complex (e.g. benzodiazepinesr barbiturates] [see
figure I]. It is thus not surprising that the initial
reports of increases in brain GABA levels induced

by valpt'oatel”3-H9] led to the assumption that en-
hancement of GABAergic neurotransniission is
the mechanism of anticonvulsant action of the

drug.
Since it was first postulated in 1968, this GABA

hypothesis has been the matter ofrepeated and still
ongoing dispute in the lite1'ature. For instance. it
has been claimed that increases in GABA levels in

the brain of rodents are only seen after high doses
ofvalproate,wl1ereas lower doses, which still exert
anticonvulsant effects. do not change GABA lev-

els.ll"“-'”5l Furthermore, the finding that in some
seizure models the rise in brain GABA levels by
valproate lags behind the appearance of the anti-
convulsant effect led to questions about the rele-

vance of valproate-induced increases in GABA
levels.“”‘”

However, these apparent discrepancies are a re-
sult of the fact that Inost studies of the effects of

valproate on brain GABA levels determined the
levels of the neurotransmitter in whole brain or

whole tissue of few brain regions, thus ignoring the
marked differences in GABA metabolism between

brain regions and the cellular compartmentation of
GABA within a brain regionlzl Regional brain
studies in rats showed marked differences in the

effects of valproate on GABA levels across brain
areas, with significant increases in midb1'ain re-
gions, such as the substantia nigra, which are

thought to be critically involved in seizure gener-

ation and pi‘opagation.l”3-1343 In the SNR, the in-
creases in GABA levels induced by valproate oc-
curred predominantly in nerve terminals (i.e. in the

‘neurotransmitter pool’ of GABA).l‘2-‘"351 The on-
set of the effects of valproate on presynaptic (syn-
aptosomal) GABA levels in brain regions was very

rapid (Significant increases were observed after
only 5 minutes), and the time course of anticonvul-
sant activity correlated with that of the nerve ter-
minal alterations in GABA levels.ll2‘”
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Fig. 1. Schematic illustration of a -g-aminobutyric acid (GAE!A)—ergic inhibitory synapse in the brain with pre— and postsynaptic processes
involved in GABAergic transmission. In the presynaptic terminal. GABA is synthesised from glutamate (GluA} by the enzyme glutamic acid
decarboxylase (GAD). GABA is degraded by the enzyme GABA1ransaminase (GABA-T} to succinic semialdehyde (SSA), which is metabolised
by succinic semi-aldehyde ctehydrogenase (SSADH) to succinic acid. GABA is packaged into synaptic vehicles. where it is released in response
to presynaptlc calcium intiux. GABA can also be reteased Irom the cytosol by reversal of the neuronal GABA transporter [GABA uptake carrier).
Postsyriaptically. GABA activates GAEIAA receptors. which are pentamerlc structures consisting of ieoforms ct Ct. |3 and ‘,1 subunits. Through
activation by GABA, the pentameric GAEEAA receptor allows the passage oi chloride ions through the GABA-gated channel. Besides the GABA
recognition site. the GABAA receptor complex contains a number of binding sites (for benzodiaaepines. barbiturates, neurosteroids and
convulsants such as picrotoxin) by which the action of GABA can be modulated (examples of convulsant and aniiconvulsant drugs acting via
these sites are given in the inset. which gives a schematic illustration of drug—bincting sites located on the GAEAA receptor]. GABA is removed
irom the synaptic cleft by specific GABA transporters (GATsi. which are located in neuronal and glial membranes. GAT—1. the quantitatively
most important of the transporters. is primarily localised in membranes of G!-\BAergic neurons. out step to some extent in glial cell membranes.
and Is selectively inhibited by tisgabine. whereas GAT-3 is primarily localised in glial cell membranes. In glia cells. GABA I5 degraded to SSA.
whereas part of the GABA taken up into neurons can be reused for synaptic release. For more details of the neurochernistry of GABAergic
synapses see Martin et a|..ll ls] Sieghart.l12Dl Mohler et alllzll and Rudolph el aI.ll22l
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[n in vivo experiments in dogs, in which valpr0—
ate was infused continuously to obtain plasma con-
centrations in the range observed after long-term
oral treatment in humans. increases in GABA lev-
els were observed in the cerebral cortex and CSF

at an infusion 1'ate of 25 ingfkg/liour.“3"’l Accord-

ingly, significant increases in CSF GABA levels
were also found during treatment of patients with

epilepsy or schizophrenia with valproatelzl Fur-
thermore, significant increases in GABA ievels
were dete1'mined in the plasma of dogs and humans

receiving valproate.l3l In dogs. the increases in

plastna GABA levels paralleled those in CSF and
brain tissue, thus indicating that determination of

plasma GABA levels might be suitable as an indi-
rect indicator ofan alteration in CNS GABA levels

in response to va|proate.l'35'
In apparent contrast to the increases in GABA

levels seen in brain regions ofclogs and rodents and

the CSF in dogs and humans, no significant effect
on GABA levels in the occipital cortex was de-

tected after administration of valproate to control
individuals and patients with refractory complex
partial seizures when nuclear magnetic resonance
spectroscopy (MRS) was used to measure GABA
leveis.l”7l The same MRS methodology was pre-

viously uscd to demonstrate the increase in GABA
levels in the human occipital cortex after adminis-

tration of vig-abatrin.l‘33l However, whereas vign-
batrin increases GABA levels throughout the brain
by inhibition of GABA degradation. valproate in-
duces regionally selective increases in brain GABA
levels (see above), particularly in midbrain re-
gions. Thus, measurement ofGABA levels in only
one cortical area of the human brain by MRS is not
an adequate measure to characterise the effects of
valproate on regional GABA levels in humans.

Although there is substantial evidence that
valproatc increases GABA levels at clinically rel-
evant doses, the mechanism and functional mean-

ing of the increase in brain GABA levels is still a
matter of debate. The increase of presynaptic
GABA levels induced by valproate could be ex-

plained by three different mechanisms: (i) an in-
hibitory effect ofvalproate on GABA degradation;
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(ii) an enhancement of GABA synthesis; or (iii) an
indirect effect via direct potentiation of postsynap-

tic GABAcrgic function leading to feedback inhi-
bition of GABA turnover and thereby to increases
in nerve terminal GABA levels.

GABA Degrctdcttion

Shortly after the initial reports on the GAl3A-
elevating effect of valproate, several groups exam-
ined the action ofthis drug on GABA degradation.
As shown in figure 1, GABA is synthesised in
GABAe1'gic nerve terminals by decarboxylation of
glutamate and is degraded in nerve terminals, glia
cells and postsynaptic neurons (after diffusion) by
transatnination to succinic semialdehyde (SSA).
SSA can be either oxidised to succinate or reduced

to Y-ltyciroxybutyrate {GI-IB). The relative impor-
tance of these two degradative pathways in vivo is
unclear, although it appears that the reduction to
GHB is generally a ininor route of metabolism.

The GABA-elevating effect of valproate was
originally attributed to inhibition of GABA trans-
arninase (GABA-T), which catalyses the degrada-
tion of GABA to SSA.“ '33 Yet, most f.Vi!11fIf'0 st11d-
ies on inhibition of GABA-T by valproate found
inhibitory effects only at very high (millimolar)
concentrations, which are not reached in vivcxm
Indeed, when valproate was administered to ro-
dents and GABA—T was determined in brain lio-

mogenates ex viva, no inhibition of the enzyme
was f0Ul]d.l']3'l29’l3Ul However, a significant re-
duction of GABA—T activity was found in synap-
tosomes prepared from brain tissue after valproate
administration in mice.“3‘-’~'3'l Similarly, in rats,
valproate induced a significant inhibition of syn-

aptosomal GAE-A-T activities in several brain re-
gions, including the substantia nigra. hippocam—

ptts. hypothalamus, pons and ccrebellum.l1335
These data might be explained by assuming that

prcsynaptic (nerve terminal) GABA-T is different
from glial GABA—T (which predominates in whole-
tissue homogenates) in terms of susceptibility to
valproate. Alternatively, the significant reduction
in synaptosomal GABA-T observed in viva may
not be due to a direct inhibition of GABA—T by

valp1'oate but a secondary effect caused by alter-
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ations in the subsequent steps of GABA metabo-
lism.

The first assumption was substaiitiated by ex-
periments showing that valproate is much mo1'e po-
tent at inhibiting GABA—T in neurons [concentra-
tion that provides 50% inhibition (IC5g) 630 umol/L]
than in astnocytes or whole-tissue homogenates.l'33l
The second assumption has been extensively dis-
cussed previously and it has been concluded that it
is not possible to increase brain GABA levels by
inhibition of succinic semialdehyde dehydroge-
nase (SSADH).l3l Thus. the reduction in GABA-T

activity observed in synaptosomes but not whole-
tissue homogenates of rodents after treatment with
valproate is most certainly a result of a higher sus-

ceptibility of nerve—termina] GABA-T compared
with the enzyme outside nerve terminals. Inhibi-
tion of nerve-terminal GABA-T could explain the

increase in presynaptic GABA levels induced by
valproate, although the reduction of synaptosomal
GABA—T activity was not marl<ed.[3l

G-ABA Synthesis

Besides effects of valproate on GABA degrada-
tion, an activation of GABA synthesis could be
another explanation for the ability of the drug to
increase GABA levels.'3l

Godin et al.5”3l measured the relative incorpo-
ration of “C into GABA in rat brain following the
subcutaneous injection of ["C]glucose. Thirty
minutes after adniinistration of intraperitoneal
valproate 400 mg/kg, the incorporation of "C into
the GABA molecule was increased by 30%, which

was not significant on account ofthe small number
of animals studied. In similar experiments in mice,
Taberncr et al.ll3“l found that intraperitoneal ad-
ministration of valproate 80 mg/kg produced a sig-
nificant 90% increase in the rate of production of
GABA.

Studies on GABA turnover in various rat brain

regions demonstrated that the most marked in-
crease in GABA synthesis induced by valproate is

found in the substantia nigra.l9'l which could be
explained by the fact that this is one of the regions
with the highest 1'ates of GABA synthesis. Indeed,
the valproatednduced increase in GABA synthesis

5} ACNE Irtternotloncil Llmlted. All rlgms reserved.
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most likely relates to an activation of the GABA-
synthesising enzyme glutamic acid decarboxylase
(GAD). An increase in GAD activity has been
demonstrated ex vivo in mice and rats administered

valproate in several independent studiesm 1uter—
estingly, in rats GAD was not activated in all re-
gions, indicating a regional specificity of ef-
fect.“3'3l The increase in GAD activity induced by
valproate is rapid in onset, and the time cou1'se of
GAD activation matches that of the increase in
GABA levels and the anticonvulsant effect.l'35l

The rapid activation of GAD by valproate may in-
dicate that the drug converts the inactive apoca-
zyme to the active holoenzyme.l'3°l However, at
high, toxic doses. valproate has been shown to in-
hibit GAD activity and to reduce GABA synthe-
5.13.13”

Activation of GAD by valproate has also been

reported in virro.l3l Interestingly, GAD from neo-
natal rats was more sensitive to activation by

valproate than GAD from adult auiinals.“-‘El In
neonatal rat brain slices. valproate significantly in-
creased the activity ofthe GABA shunt, which was
related to an increase in GAD activity.l'37l How-
ever, high (toxic) concentrations of valproate (7
mmo]./I.) significantly decrease GAD activity.l'38l

Neurochemical experiments in cow brain prep-
arations havc shown that the coenzyme A ester of
valproate, which is rapidly formed from valproate
in vivo, is a potent inhibitor of the Ot—ketoglutarate

dehydrogennse complex (KDHC).l '3‘-’l Because de-
creased KDHC activity would reduce substrate
flux through the citric acid cycle and may increase
flux into GABA synthesis, this finding adds to the
accumulating evidence that valproate increases
GABA levels predominantly by enhancing the syn-
thesis of this amino acid.ll-‘W

GABA Release

An increase in presynaptic GABA levels in-
duced by valproate would only potentiate GAB/\-
ergic neurotransmission if the release of GABA
into the synaptic cleft was also increased. The first
direct evidence for enhanced GABA release by

valproate came from studies on cortical slices pre-
pared from valproate—treated animals and from
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studies of neuronal cultures.l"“’-”' '1 Thus. in the cor-

tical slice from valproate-treated 1'ats, the potassium-
induced release of GABA was increased, which

was potentiated further by the GABA3 receptor
antagonist phac|ofen.“‘"l Similarly. valproate in-
creased the potassium-induced release of GABA
from cortical neurons in cultur'e at clinically rele-
vant concentrations.“‘‘“1

In line with the biphasic effects of valproate on
GABA synthesis (i.e. increase at low doses but de-
crease at high doses), high concentrations of val-

proate seem to inhibit GABA release. The uptake
of GABA from the synaptic cleft into neurons and

glial cells (see figure I) seems not to be affected
by valp1‘0ate.l3l However, in a recent study on
GABA transporters (GATs) in rats with spontane-
ous recurrent seizures induced by amygdala injec-

tion of FeCl_«,, valproate caused downregulation of
the GABA transporters GAT—l and OAT-3 in the

hippocarr1pus.“43l
Indirect evidence that valproate enhances

GABA release comes from in vivo studies in rats,

using microdialysis to measure extracellular GABA
levels in the hippocanrpus.”‘”-'44] Biggs et al.l'“l
reported biphasic effects of valproate on extracel-
lular GABA levels, which were dependent on the

dose used. Valproate 100 mgfkg transiently re-
duced GABA levels by 50% when compared with
basal levels, valproate 200 mg/kg had virtually no
effect and valproate 400 mglltg raised extracellular
GABA levels to 200% of basal levels. Such

biphasic effects of valproate on extracellular GABA
levels have also been found by Wolf et al.“*‘5l us-
ing local application of valproate into the rat pre-

optic area via push—pull cannulae. Similar to the
study ofBiggs et al.,““3l Rowley etal.““‘”1'cported
that valproate 400 mgllcg significantly increased
extracellular levels of GABA measured by micro-

dialysis in the hippocampus of freely moving rats.
Furthermore, valproate prevented decreases in
GABA levels in response to MES in these ani-
mals.““4l Using the push-pull technique to mea-
sure extracellular GABA levels in the substantia

nigta of rats, Farrant and Websterlggl found no ef-
fect of valproate 200 mg/kg on the spontaneous
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release of GABA into the perfusate. However, as

pointed out by Timmermann and Weste|‘ink.l”°l
all of these techniques for measuring extracellular‘
GABA levels do not allow direct conclusions on

drug effects on GABA release to be drawn because
of the mar'ked eompartmentation of this neuro-
transmitter.

An enhancement of GABA release by clinically
relevant concentrations of valproate is indirectly
indicated by the increase in CS1-7 GABA levels ob-
served in different species. including humanslil In
view of the different reports demonstrating an in-
crease in GABA turnover and release by valpro—

ate.l3l the previous hypothesis that the increase in
brain GABA levels induced by valproate is only

secondary — as a result of feedback inhibition of
GABA turnover from direct postsynaptic effects of
the drug — has to be rejected.

GABA Receptors

In contrast to the effects of valp1'oate on GABA
synthesis and degradation, the d1'ug does not exert
direct effects on the major components of the post-
synaptic GABAA receptor complex [see figure 1).
Thus, in w'r.r0. valproate did not alter GABA binding,
benzodiazepine binding or the binding of the sol-

ective pierotoxinin site ligand [35S]t-butylbicyclo-
phosphorothionate (TE-PS).'3l Therefore. the as-
sumption that valproate might potentiate GABAA
receptor function by an effect on the picrotoxinin
site, which was based on low—p0tency inhibition

by valproate of PH]-ot-dihydropicrotoxinin bind-
ing,l“"l could not be substantiated by subsequent
experiments with the more suitable ligand [353]-
TBPS. However, in viva valproate has been shown
to reduce TBPS binding and to increase benze-
diazepine binding, which is most likely to be sec-
ondary to the increase in GABA levels produced
by valproate in vr'v0.ll“3v"“’l

The functional meaning of the alteration in

benzodiazcpine receptor binding is not clear, since
the benzodiazepine receptor antagonist flumazenil
did not reduce the anticonvulsant potency of

valproate in the PTZ test.“5°l On the other hand,
prolonged pretreatment of mice with benzodiaz-
epines reduced the anticonvulsant potency of
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valproate. thus demonstrating development of
cross-tolerance between benzodiazepines and val-

proatc.l'5'l Fu1'them"tore, several electrophysiolog-
ical and pharmacological effects of valproate, in-
cluding its anticonflict action, were reversed by
fll.lmElZE'.l1ll,“52']56l indicating that enhanced bind-
ing of benzodiazepines to the GABAA receptor
complex may be involved in these pharmacody—
namic effects of valproate.

In addition to the inhibitory effect of GABA via
GABAA receptors. GABA acts via bicuculline-
insensitive GABAB receptors. When activated by
GABA, these receptors increase potassium conduct-
ance and decrease voltage-dependent calcium cur-
rents.l'57l GABAB receptors seem to play a role in ab-

sence seizures.l'53-1593 Interestingly, two gioupsl """l"‘l
independently reported an increase in GABAB re-

ceptor binding after long-term administration of

valproate to rats. In a study by Motohashi,l ' 5” single-
dose treatment with valproate had no effect on
[3H]baclofen binding in the frontal cortex, hippo-
campus and thalamus. whereas Iong—term treatment

enhanced binding in the hippocampus. [3H]l\/lusciniol
binding to the GABAA receptor did not change in

any region after administration of valproate.l'5”
Because similar effects were observed with lithium

and carbamazepinc, Motohashilm” concluded that
one common mechanism of action of mood stabi-

lisers may be mediated by GABAB receptors in the
hippocampus.

In stm3mctr_v, the numerous neurochemical re-

ports of the effects of valproate on the GABA sys-
tem strongly indicate that increases in GABA func-
tion are involved in several phainiacodynamic

effects of this drug, including the anticonvulsant.
«conflict and -manic actionsl-’3 Furthermore, in

view of the role of GABA in ana1gesia.l'52l the iti-
crease in GABAergic function induced by valpro—
ate may be involved in its analgesic effects. How-
ever, the effects of valproatc on GABA alotie are
not sufficient to explain its broad anticonvulsant
activity. and several of the effects of the drug on
neuronal tissue (e.g. on acutely dissociated neu-
rons) have been demonstrated to be Itot related to

GABA potentiationlzl
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7.3.2 Effects on 1-Hydroxybutyrate, Gtutamate
and Asportate

Compared with the numerous studies of the ef-
fects of valproate on the GABAergic system, rela-
tively few neurochemical studies have been coin-

pleted on other transmitter amino acidS.l1l
Several of the studies that have been published

dealt with the effects of valproate on GHB meta-
bolism. Valproate was shown to be a potent inhib-
itor of NADPH—clependent aldehyde 1‘BClLlCtE1S8.“63l
Aldehyde reductase is presumably identical to
nonspecific SSA rednctase (SSAR).l'fi"l Whereas
the specific SSAR is thought to reduce SSA to
GHB, the nonspecific SSAR is thought to be re-
sponsible for the catabolism of GHB to SSA.l“5‘*l
In contrast to the potent effect of valp1'0ate on non-

specific SSAR, specific SSAR is not affected by
the drtIg.l‘54J However. Whittle and Turner,“‘55l us-
ing rat brain homogenates, demonstrated that
valproate inhibited the formation of GHB in viii-0,
which indicates that the specific SSAR is not ex-
clusively responsible for GHB formation but that
the nonspecific (valproate-sensitive) aldehyde re-
ductase may also contribute to a significant extent
to this metabolic pathway.

Inhibition of GHB formation by valproate could
be of considerable interest, since this amino acid

has been shown to produce epileptogenic (absence-

like) effects in several species.““5l Administration
of valproate to t'ats has been shown to increase (rather
than decrease) the brain level of GHB in vt'va.l”’7l
This increase is time and dose dependent and ap-

pears to be due to a reduction in the synaptic release
of GHB.l““l Because GHB produces absence-like
epileptic seizures in animals,l”"’l reduction of GHB
release could be an important factor in the anti-
absence action of valproate.l‘54l

Glutamate levels in regional brain homogenates
or in extracellular fluid obtained by microdialysis
from the hippocampus or substantia nigra were not
significantly altered by systemic administration of
W.1lpl‘0al.'6.lB9'M'3’M4] Howevetx Dixon and lrlol-ciitlmgl
recently reported that valproate stimulates gluta-
mate release in mouse cerebral cortex slices at ther-

apeutic concentrations. This effect was discussed
as being involved in the antimanic action of valprov

CNS Drugs 2002: to U0)



Page 21 of 28

Basic Pharmacology of Val proa te
I387
 

ate_|”’“ Nilsson et a|.““9l reported that valpronte
inhibits the transport of glutamate and aspartate in

astroglial cells in primary cultures from newborn
rat cerebral cortex.

Valproate has been shown to reduce the level
and release of the excitatory amino acid aspartate
in rat and mouse brain.l2l Furthermore, some re-

ports found that concentrations of glycine and tau-
rine increase in brain tissue.l2l However, there is

as yet no evidence that these effects on amino acids
other than GABA are relevant to the anticonvul—

sant effect of vatproate.

7.3.3 Effects on Serotonin and Dopamine

Valproate induces in rats a behavioural syn-
drome characterised by ‘wet dog shakes’ and other

symptoms reminiscent of the ‘serotonin syndrome’
induced by serotonin precursors or receptor ago-
nists in roclentslzl Indeed, microdialysis studies
have demonstrated that valproate enhances the ex-
tracellular level of serotonin in the hippocampus
and striatnm of rats.l”"l However, in contrast to

the increase in anticonvulsant efficacy during pro-
longed treatment, wet-dog-shake behaviour in-
duced by valproate is markedly diminished within
some days of treatment, thus indicating that acti-
vation of serotone1'gic transmission is not related
to the anticonvulsant action of the drug.{33J Ac-
cordingly, Horton et al.“7” showed that pretreat-
ment of mice with p-chlorophenylalanine, which
blocks serotonin synthesis and prevents the in-
crease in serotonin metabolism by valproate, did
not diminish the anticonvulsant action of valpro—
ate.

Microdialysis studies have also demonstrated
an increase in the extracellular level of dopamine

in response to valproate.l”°’”2l Thus, the initial
assumptionilm that valproate does not exert ef-
fects on serotonin or dopamine levels but only
blocks outward transport of their metabolites from
the CNS has to be rejected.

Similar to serotonin, the alterations in dopa-
mine levels seem not to be associated with the anti-

convulsant effect of valproate, since pretreatment
of mice with 0;-methyl-p-tyrosine to inhibit dopa-
mine synthesis did not diminish the anticonvulsant
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action ofvalproate.“7“ However, valproate-induced
alterations ofdopaminergic functions might be im-
portant for the antipsychotic effects of the drug.l2l
interestingly. lcltikawa and Meitzerl”2' recently
showed that valproate increases prefrontal dopa-
mine release and that this can be blocked by a se-

lective serotonin 5—H'l‘t,t receptor antagonist, indi-
cating that the effect of valproate on dopamine
release is mediated by this serotonin receptor sub-
type.

7.3.4 Other Biochemical Effects

Hyperarnmonacrnia is commonly associated
with the use of valproatei mi In most patients, this
metabolic disturbance is asymptomatic, but symp-
toms of encephalopathy, confusion, nausea and
ataxia have been noted in occasional cases. The

rise in plasma ammonia levels induced by valpro-
ate may be the consequence of increased renal pro-
duction of ammonia or inhibition of nitrogen elim-
ination via inhibition of urea synthesis, orboth.l '731
Ammonia enters the brain by diffusion from the
blood and, at modestly elevated brain ievels, may
augment GABAergic inhibition by direct interac-
tion with GABAA receptors, synergistic interac-
tions with natural ligands for the benzodiazepine
site of the GABAA receptor, and stimulation ofas-
trocytic synthesis and release of neurosteroid ago-
nists of the GABAA receptoi'.l”"l Thus, although
generally considered an adverse effect of valpro-
ate, the well known effects of valproate on ammo-
nia metabolism may contribute to the antiepileptic
activity of this drug by enhancing GABAergic in-
hibitory neurotransmission.

Guanosine 3’,5’-monophosphate (CGMP) has

been implicated as a second messenger in a variety
of cellular events.l”-‘J For instance, the levels of
CGMP in the cerebellum and cortex are known to

increase sharply at the onset of experimentally in-
duced seizures, and it has been proposed that an
elevated cerebellar level of cGMP is involved in

initiating or maintaining seizure activity via the
regulation ofPur}<inje cell activity.l”5-ml Va|pro—
ate was shown to decrease the cerebellar CGMP level

during the time of anticonvulsant activity, whereas
the cortical CGMP level was elevated.l”6~'77l in
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contrast to CGMP. cAMP levels were not altered

by valproate. Since levels of cGMP in the CNS are
altered by several neurotransmitters, including
atnino acids.‘ 175] the effects of valproate on CGMP
might be secondary to the various alterations of
neurotransmitter systems that the drug induces.

As described in section 5.2. valproate regulates

the expression of several neuroprotective pro-
teinsl45' that may be relevaitt both for mood disot'-
ders and epilepsy.

8. Possible Explanations for the Early
and Late Efiecis

As described in section 5.1, depending on the

seizure model or seizure type, the anticonvulsant
effect of valproate may either occur ‘early’ (i.e.
immediately) or ‘late' tie. with some lag time after
single-dose administration or developing only dur-
ing long-term administration), suggesting that these
effects are mediated by different cellular mecha-
nisms.

As outlined in this review, valproate has both
extracellular (e.g. ion channels) and intracellular
(e.g. GABA synthesis) sites of action. The access

to these sites will determine how rapidly valproate
acts after systemic action. Wci”3l were the first to
describe how valproate enters and leaves the brain

by active, carrier-mediatetl transport at the blood-
brain barrier (BBB). Whereas it was initially
thought that this probenecid-sensitive transport is
mediated by the monocarboxylic acid carricr.“”l
more recent experiments have revealed that the bi-
directional movement of valproate across the BBB
is mediated jointly by passive diffusion and carrier
transport. with different transporters being respon-
sible for each direction oftransportl '79] The uptake
of valp1'oate f1'om blood into brain is facilitated by
a mcdium~ and long—chain fatty acid selective an-
ion exchanger al the brain capillary epithelium,
which accounts for two—thirds of the barrier perine-
ability. whereas the mechanism governing the cf-
ficieut transport of valproate in the reverse direc-
tion ti.e. from brain to blood) appears to involve a
probenecid-sensitive, active transport systeinl “'91
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l-Iuai—Yun et al.l““’l recently showed that valproate

is a potent inhibitor of the adenosine triphosphate~
dependent probenecid—sensitive transpo1'ters ofthe
multidrug resistance-associated protein (MRP)
family in the BBB. This raises the possibility that
MRPs may serve as the efflux transportertsj of
valproate. Active transport at the BBB also ex-

plains why valproatc, despite its physicochemical
properties (highly iottised at physiological pH,
highly plasma protein bound), enters the brain so

quickly.l3'-179'
Assuming that valproate has to enter neurons by

passive diffusion, its rapid anticonvulsant effect in
some seizure models after parenteral administra-
tion of single doses is most likely explained by an
effect on extracellular sites. The late anticonvul-

sant effects observed both preclinically and clini-
cally are then most likely explained by slow access
to intracellular sites of action.

This view is corroborated by neurophysiologi-
cal experiments. Thus, in the buccal ganglia Helix
potncrricr preparation, extracellular application of
valproate decreased the frequency ofoccurrence of
PTZ-induced epileptic depolarisations immedi-
ately (early effect) and, with a delay, led to a decay

in paroxysmal depola1'isations (late eft‘ect).i36l This
late effect was obtained immediately when valpro-

ate was applied intracellularly (E-J Speckmann,
personal communication). substantiating that the
delay in this effect after extracellular application
was due to slow penetration of valproate into the
I'ICl.ll‘Ol'l.

Slow diffusion into and out of neurons could

also be involved in carryover effects observed both
preclinically and clinically.'1l because although
extracellular concentrations of valproate will rap-
idly leave the brain or CSF by active outward trans-
port. elimination from neurons may be retarded.
More recent microdialysis experiments in rabbits

by Slien’sl '79‘ group suggested that valproate does
not solely enter neurons by passive diffusion but
that another set of transporters at the neural cell
membrane is involved. The putative parenchymal
cell transport system is able to concentrate valpro—
ate within the cellular compartment, which has im-

CN5 Drugs 2002: to (it?)



Page 23 of 28

Basic l'-’harmacology of Valproate
689

___— 

portant implications for our understanding of the
intracellular mechanisms versus membrane ac-

tions oi"valproate.l”"l The efflux component from
the cellular compartment is inhibited by probene—
cid,l”"l which could indicate that MRPS are in-
volved.

9. Conclusions

Because of the expanding clinical use of valpro—
ate, research into its mechanisms of action will
continue into the future. The unique structure of

valproate certainly contributes to its multiple
mechanisms of action and results in its diverse util-

ity. There is no single action of valproate that can
completely account for its numerous effects on
neuronal tissue and its broad clinical activity in

epilepsy and other brain diseases.
In view of the diverse molecular and cellular

events that underlie different seizure types, the
combination of several neurochemical and neuro-

physiological mechanisms in a single drug mole-
cule might explain the broad autiepileptic efficacy
of valproate. Furthermore. by acting on diverse re-
gional targets thought to be involved in the gener-
ation and propagation of seizures. valproate may
antagonise epileptic activity at several steps of its
organisation. The fact that valproatc exerts not
only anticonvulsant but also several other pha1'rna-
codynamic and pharmacotherapeutic effects, in-
cluding antimanic efficacy, certainly relates to the mul-

tiplicity of its effects on neuronal functions} "132-"“l
Because of the different pharrnacodynamic ef-

fects of valproate, it is difficult to ascertain which
specific neurochemical or neurophysiological ac-
tionts) are related to the atlticonvulsant activity of

the drug. There is now ample evidence that valpro-
ate increases GABA turnoverand thereby potenti-

ates GABAergic functions in some specific brain
regions thought to be involved in the control of
seizure generation and propagation. Furthermore,
the effect of valproate on neuronal excitation me-
diated by NMDA receptors might be important for
its anticonvulsant effects. Acting to alter the bal-
ance of inhibition and excitation through multiple
tnechanisms is clearly an advantage for valproate
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and probably contributes to its broad spectrum of
effects and may be the basis for efficacy in various
neurological disorders.

The relevance of the often—cited effect of val-

proate on SRF in cultured neurons remains debat-
able, because the exact r'ole played by voltage-
dependent sodium current blockade and SR1-7 in more
conventional preparations at therapeutically rele-
vant valproate concentrations is not clearly deter-
rnined.l"°l

Whereas the GABA potentiation and glutamate.’
NMDA inhibition could be a likely explanation for
the anticonvulsant action on focal and generalised
motor seizures, they do not explain the effect of

valproate on nonconvulsive seizures. such as ab-
sences. In this respect, the r'eduction of GHB re-
lease reported for valproate could be of interest.
Furthermore, the ability of valproate to modify the

expression of neuroprotective proteinsi“5l may be
an important action of this drug for treating epi-
lepsy.

However, the standard concept that multiple
mechanisms of an AED such as valproate are at-
tributable to individual clinical effects suffers

from the drawback that rteurobiological mecha-
nisms of individual seizure types and epilepsy syn-
dromes are not well known. Furthermore, the con-

cept that multiple mechanisms of valproate are
operative should be evaluated by animal experi-
ments that exclude one or several of the given
mechanisms and determine which pharmacody-
namic effects of valproate are impaired or blocked.
Some studies on this subject are available, clearly
showing that GABA-related mechanisms are oper-
ative in several of the pharmacodyuamic effects of

valproate (see sections 7.3.1 and 7.3.3).
Despite considerable discussion about the pos-

sible rnecharrisms of action of valproate, no defi-
nite answer has gained general acceptance so far
and much remains to be learned at a number of

different levels. In this respect, it is important to
note that, as for valproate, the precise mechanism
of action of many other AEDS is unknown. In view
of the advances in molecular neurobiology and
neuroscience, future studies will undoubtedly fur-
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ther our understanding on the multiple mecha-
nisms of action of valproate.
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