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Basic Pharmacology of Valproate

A Review After 35 Years of Clinical Use for the
Treatment of Epilepsy

Wolfgang Loscher

Department of Pharmacology, School of Veterinary Medicine, Toxicology and Pharmacy,
Hannover, Germany
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Absiract Since its first marketing as an antiepileptic drug (AED) 35 years ago in France,

valproate 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 antiepileptic efficacy of valproate is reflected in
preclinical in vivo and in vifro 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
cellular events that underlie different seizure types, the combination of several
neurochemical and neurophysiological mechanisms 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 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 mediated by the N-methyl-D-aspartate (NMDA) subtype of glutamate
receptors might be important for its anticonvulsant effects. Acting to alter the
balance of inhibition and excitation through multiple mechanisms is clearly an
advantage for valproate and probably contributes to its broad spectrum of clinical
effects.

Although the GABAergic potentiation and glutamate/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-hydroxybutyrate
(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 of action at therapeutically relevant concentrations
in the mammalian brain is not clearly elucidated.

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

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.!!-2]
Valproate is the trivial name for 2-n-propylpentanoic
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,) but there was no known clinical use until its
anticonvulsant activity was fortuitously discov-
ered by Pierre Eymard in 1962 in the laboratory of
G. Carraz, as published by Meunier et al.[*] At that

@ Adis International Limited. All ights reserved.
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time, valproate was used as a vehicle to dissolve
the active ingredient in testing the anticonvulsant
activity of new compounds.5] 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 et al.,[®l and it was
first marketed in France in 1967.

2. Overview of Clinical Use

Valproate has been used for the treatment of
epilepsy for nearly 35 years and is currently mar-
keted in over 100 countries. Since its introduction
into clinical use, valproate has become established

CNS Drugs 2002; 16 (10)
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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 efficacy to ethosuximide in the
treatment of absence seizures and to carbamaze-
pine, phenytoin and phenobarbital (phenobarbi-
tone) in the treatment of both tonic-clonic and par-
tial seizures."!!l Furthermore, valproate compares
favourably with newer AEDs, such as vigabatrin!!2!
and oxcarbazepine,!'3! in both efficacy and toler-
ability.['4]

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.!'>'61 In ad-
dition to partial and generalised seizures, valproate
has demonstrated efficacy in the treatment of syn-
dromes known to be very refractory, such as
Lennox-Gastaut syndromel(!”!8) and West syn-
drome.[') This gives valproate special signifi-
cance for the treatment of patients with mixed sei-
zure types who have highly refractory symptoms.[*!
Furthermore, as a consequence of its broad spec-
trum of antiepileptic activity and as opposed to
many other AEDs, there is no contraindication to
the use of valproate in any type of seizure or epi-
lepsy.[14]

Valproate is tolerated well in most patients."!
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.[2%) Main areas of concern with valproate are
teratogenicity 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 dose, 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.[2%1 With respect to idiosyncratic liver
toxicity, identification of high-risk patients such as

© Adis International Limited. All rights reserved.
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children under 2 years with severe epilepsy and
mental retardation receiving polytherapy has con-
siderably reduced its incidence.?%]

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
and pharmacokinetics, several previous reviews
and monographs are available.[12:15:21.22] Fyrther-
more, the major aspects of the clinical use of val-
proate, its advantages and limitations and their cor-
relation with pharmacological findings are covered
in the review by Peruccal®*lthat also appears in this
issue of CNS Drugs.

3. Epilepsy and Epileptic Seizures

Epilepsy, 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.[?*! Despite progress in
understanding the pathogenesis of seizures and ep-
ilepsy, %! 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 of symptoms (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.[?6] The major categories within this classifi-
cation are partial and generalised seizures, based
on whether a seizure begins 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 features.[24!
More than 40 distinct epileptic syndromes have
been identified, making epilepsy a remarkably di-
verse collection of disorders. Localisation-related

CNS Drugs 2002 16 (10)



(focal, local, partial) epilepsies account for roughly
60% of all epilepsies, while generalised epilepsies
account for approximately 40% of all epilepsies.**!

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 epilepticus.[27!

4. Animal Models of Epilepsy

In epilepsy research, animal models of epilepsy
or epileptic seizures serve a variety of purposes. 8
First, they are used in the search for new AEDs.
Second, once the anticonvulsant activity of a novel
compound has been detected, animal models are
used to evaluate the possible specific efficacies of
the compound against different types of seizures or
epilepsy. Third, animal models can be used to 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
of the development of tolerance) or examination of
whether a drug exerts antiepileptogenic effects
during prolonged administration (i.e. 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 are needed
for studies on the pathophysiology of epilepsies
and epileptic seizures (e.g. the processes involved
in epileptogenesis and ictogenesis).

@ Adis 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.(?81 The MES test, in which tonic
hindlimb seizures are induced by bilateral corneal
or transauricular electrical stimulation, is thought
to be predictive of anticonvulsant efficacy against
generalised tonic-clonic seizures. In contrast, the
PTZ test, in which generalised myoclonic and clo-
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 and/or myoclonic seizures in
humans, but its predictive validity is far from ideal.
Thus, as shown in table I, although lamotrigine is
ineffective in the PTZ test, it protects against ab-
sence and myoclonic 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 (Zh/lh) mice, which have behavioural and
electrographic 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 test.?]

In addition to these models of primary general-
ised seizures, the kindling model is widely used as
a model of partial (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 al-
most all animal models of seizure states, including
models of different types of generalised seizures as
well as focal seizures.!2l Table I 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 are the benzo-
diazepines. However, the use of the benzodiaz-
epines as AEDs is limited because of the loss of

CNS Drugs 2002; 16 (10
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Tablel. Anticonvulsant effect of clinically established antiepileptic drugs (AEDs) against different types of seizures in the maximal electroshock
seizure (MES), pentylenetetrazole (PTZ) and kindling medels and in human epilepsy!2.20]

Drug Anticonvulsant activity in experimental models Clinical efficacy

MES test PTZ test amygdala-kindling  partial seizures  generalised seizures

(mice or rats, (mice or rats, test (rats, focal tonic-clonic  absence myoclonic

fonic seizures)  clonic seizures) seizures)
Valproate + + & + + + +
Carbamazepine + NE + + + NE NE
Phenytoin + NE + + + NE NE
Phenobarbital + + + + + NE +
(phenobarbitone)
Primidone + + + + + NE +
Benzodiazepines® + + + + +
Ethosuximide NE + NE NE NE + +
Lamotrigine + NE + + + + +
Topiramate + NE + + + * +
Oxcarbazepine + + ? + + ? ?
Felbamate + + + + + + +
Vigabatrin NE + + + ? NE NE
Tiagabine NE + + + + NE NE
Gabapentin + * + + ? NE NE
Levetiracetam NE NE + + ? ? ?
Zonisamide + - - ? + + + +

a  Loss of efficacy (i.e. development of tolerance) during long-term administration.
ME = not effeclive; + indicates effective; + indicates inconsistent data; ? indicates no data available (or found).

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 administration and the time interval be-
tween drug administration and seizure induc-
tion.?l Because of the rapid penetration into the
brain but the short half-life of valproate in most
species,*!l 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 models.[?!
In general, the anticonvulsant potency of valproate

@ Adis International Limited. All rights reserved.
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increases in parallel with the size of the animal. In
rodents, the highest anticonvulsant potencies 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 benzodiazepine re-
ceptor agonist methyl-6,7-diurethoxy-4-ethyl-B-
carboline-3-carboxylate (DMCM) in mice.!2!

In addition to animal models of generalised or
focal seizures, valproate also has been evaluated in
models of status epilepticus. As shown by Honack
and Loscher™! in a mouse model of generalised
convulsive (grand mal) status epilepticus, intrave-
nous injection of valproate was as 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 mechanisms presumably involved in the anti-
convulsant activity of valproate against different
seizure types, the situation may be different for

CNS Drugs 2002; 16 (10)



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 (e.g.
convulsive vs nonconvulsive) of status epilepti-
cus.[#]

5.1 Early versus Late Effects

Whereas most reports dealing with the anticon-
vulsant activity of valproate in animal models ex-
amined the acute short-lasting anticonvulsant ef-
fects after single-dose administration, several
studies have evaluated the anticonvulsant efficacy
of the drug during long-term administration. Dur-
ing the first days of treatment 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.3%34 Similarly, when anticonvulsant activity
was measured by means of timed intravenous infu-
sion of PTZ, prolonged treatment of mice with
valproate resulted in marked increases in anticon-
vulsant activity on the second day of treatment and
thereafter compared with the effect of a single
dose, although plasma concentrations measured at
each seizure threshold determination did not differ
significantly.® This ‘late effect’ of valproate de-
veloped irrespective of the administration protocol
(once per day, three times per day, continuous in-
fusion) used. Such an increase in anticonvulsant
activity during long-term treatment was also ob-
served in patients with epilepsy!!*! and should be
considered when single anticonvulsant doses or
concentrations of valproate 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
become effective during long-term administration.
The possible mechanisms involved in ‘early’ (i.e.
occurring immediately after first administration of
an effective dose) and ‘late’ (i.e. developing during
long-term administration) anticonvulsant effects
of valproate will be discussed in section 8. In this

© Adis International Limited. All rights reserved.

Page 8 of 28

respect, it is important to note that early and late
effects of valproate also have been observed in in
vitro preparations.[36-37]

5.2 Antiepileptogenic and
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.[38]
In line with this possibility, valproate protected
against the development of epilepsy in the kainate
model of temporal lobe epilepsy, in which sponta-
neous recurrent seizures develop after a status
epilepticus induced by the convulsant kainate in
rats.’?] Phenobarbital was ineffective in this re-
gard.?1 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.[0]

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 exerts a neuroprotective effect.*?}
Substantiating such an effect, valproate was shown
to protect cortical neurons from glutamate-induced
excitotoxicity,*!l human SY5Y neuroblastoma cells
from potassium efflux—induced cell damage and
apoptosis,'*?! and cerebellar granule cells from
apoptosis induced by low potassium.[*3l A neuro-
protective effect of valproate is also indicated by
the finding that the drug doubles the anoxic sur-
vival time of mice.l*#! Valproate regulates a num-
ber of factors involved in cell survival pathways,
including cyclic adenosine monophosphate (cAMP)
responsive element binding protein (CREB), brain-
derived neurotrophic factor, bel-2 and mitogen-
activated protein kinases (MAP), which may underlie
its neuroprotective and neurotrophic effects.!*5]

5.3 Proconvulsant Effects

Certain AEDs may provoke paradoxical seizure
aggravation by a pharmacodynamic mechanism. 49!

CMS Drugs 2002: 16 (10)
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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
proconvulsant adverse effect usually occurs shortly
after the onset of treatment with the AED at non-
toxic doses. Even at high, supratherapeutic doses,
valproate does not induce any proconvulsant activ-
ity.[2] This is in contrast to several other AEDs,
including phenytoin, carbamazepine and vigabatrin,
which, at high doses, exert proconvulsant activity
in animal models and can precipitate or exacerbate
epileptic seizures in patients with epilepsy.!4¢]

5.4 Other Pharmacodynamic Effects

In addition to its anticonvulsant activity, val-
proate exerts several other pharmacodynamic effects
in animal models, including anxiolytic, antiaggres-
sive, anticonflict, antidystonic, antinociceptive,
sedative/hypnotic, immunostimulating and antihy-
pertensive actions.[?) Several of these preclinical
actions are in line with the therapeutic potential of
valproate in indications other than epilepsy.[1%47]

5.5 Pharmacokinetic and
Pharmacodynamic Issues

The ‘active’ concentrations of valproate in the
brain or plasma strongly depend on the model ex-
amined. When a valproate-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 umol/L (table II).[21 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 humans!?l), the
doses that have to be administered to reach these
brain concentrations in mice or rats are much
higher than respective doses in humans. Such de-
terminations of effective brain concentrations are
important for interpretation of in vitro data on
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valproate, since the neurochemical or neurophysi-
ological effects of valproate found in vitro are only
of interest if they occur in concentrations that are
reached in vive at anticonvulsant (nontoxic) doses.

Because valproate is rapidly metabolised to var-
ious pharmacologically active metabolites in
vivo, 149 these substances have to be considered
when mechanisms of action of valproate are dis-
cussed. One of the major active metabolites of
valproate in the plasma and CNS of different spe-
cies, including humans, is the trans isomer of 2-
en-valproate (E-2-en-valproate). This compound
is the most potent and most extensively studied
active metabolite of valproate.[23951 Trans-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 trans-2-
en-valproate, the compound exerted more potent
effects than valproate.[?! However, the brain con-
centrations of trans-2-en-valproate occurring after
administration of valproate in different species in-
cluding humans are much too low to be of any
significance for the effects of valproate.[?!

There are a number of interesting pharmacody-
namic interactions between valproate and other
AEDs.52! In animal models, valproate causes a
supra-additive increase in the anticonvulsant ef-
fects of phenytoin, carbamazepine, ethosuximide
and felbamate without concomitantly increasing

Table Il. ‘Active’ concentrations of valproate in plasma and brain
after administration of anticonvulsant 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 clonic pen-
tylenetetrazole seizures by 50% (TDso).?! Plasma and brain con-
centrations in humans were determined during epilepsy surgery
after oral treatment with antiepileptic doses of valproate!*®!

Doses of valproate  Concentrations of valproate

(mglkg) [route of  FgmE Brain
administration] (ug/mi) (ng/n)
[umoliL] [umol/L]
Mice 80-100 120-150 25-40
[intraperitoneally] [830-1040] [170-280]
Patients with 15-20 [orally] 40-100 6-27
epilepsy [280-690) [42-190]
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their toxicity, whereas lamotrigine and gabapentin
potentiate the anticonvulsant efficacy of valpro-
ate.321

Consistent with the data from animal models, an
enhancement of antiepileptic efficacy in patients
with epilepsy was reported for combinations of
valproate with carbamazepine, ethosuximide, felba-
mate and lamotrigine.’?) However, the positive
pharmacodynamic interaction between valproate
and lamotrigine, which was first reported by Bro-
die and Yuen,’? is associated with an increased
risk of lamotrigine-induced skin rashes.34] This
problem can be minimised when lamotrigine is
added to valproate at very low initial doses.!5!

In addition to pharmacodynamic interactions,
valproate can affect the plasma concentrations of
other AEDs, including lamotrigine, phenobarbital,
phenytoin, ethosuximide and felbamate, by dis-
placement from plasma proteins and/or inhibition
of hepatic metabolism.I'3! For instance, valproate
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 increased
adverse effects seen with the combination of
valproate and lamotrigine.!%%]

The precise mechanism of action of valproate
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 of the principal inhibitory neurotransmitters in
the CNS. However, given the various experimental
and clinical effects of valproate and its numerous
effects on neuronal tissue, there is no single action
of valproate that can completely account for these
effects.

6. Effects on Epileptiform Discharges in
In Vitro and In Vivo Preparations

Various in vitro preparations were used to study
the anticonvulsant action of valproate on epilepti-
form discharges. In slices prepared from guinea pig
brain, valproate was shown to prevent the appear-
ance of penicillin-induced epileptiform spikes.!36]
In contrast, valproate was either ineffective or
caused an increase in both burst frequency and am-
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plitude when epileptiform activity was induced by
PTZ in the CA3 region of the in vitro hippocampus,
indicating that these chemically induced hippo-
campal epileptiform activities may be differen-
tially sensitive to AEDs.37]

Epileptiform bursting induced by bicuculline in
rat amygdala slices was decreased by valproate.[58]
When epileptiform discharges were induced by the
combined application of bicuculline and 4-amino-
pyridine (4-AP) in combined entorhinal cortex (EC)/
hippocampal slices from rats, these discharges were
resistant to valproate and other standard AEDs, %]
whereas epileptiform discharges induced by 4-AP
alone were potently suppressed by valproate.[6%]

In studies on the age-dependency of the anticon-
vulsant effect of valproate on 4-AP—induced epi-
leptiform discharges in hippocampal slices, val-
proate blocked the ictal discharges in slices from
both young and adult rats, whereas interictal epi-
leptiform activity was only blocked by valproate in
slices from young rats.[®! In young rat hippocam-
pus, extracellular magnesium was shown to mod-
ulate the effects of valproate on 4-AP-induced ep-
ileptiform events.1%2]

When epileptiform discharges were induced in
the combined EC/hippocampal 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 sup-
pressed by valproate, whereas the late recurrent
tonic discharge state in the EC was unaffected by
the drug.l%%] This late epileptiform activity was,
however, still sensitive to an N-methyl-D-aspartate
(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
difficult-to-treat status epilepticus./%%)

In addition to induction of epileptiform events
by reducing extracellular magnesium levels, such
events can be produced in the EC and hippocampus
by reducing extracellular calcium or increasing ex-
tracellular potassium levels, but the patterns of ep-
ileptiform activity differ between these extracellu-
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Jar ion manipulations.|9! Valproate and its major
active metabolite trans-2-en-valproate were shown
to block all of these forms of epileptiform activity
except the late recurrent discharges in the EC.[%%]
The metabolite appeared to be more effective than
valproate in these experiments. Analogous to EC/
hippocampal slices, in rodent thalamocortical
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 virro model of primary general-
ised epilepsy. (60!

As with phenytoin and carbamazepine, therapeu-
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 frequency.*” Such high-frequency
firing has, for instance, been detected along sub-
cortical pathways from a penicillin-induced corti-
cal epileptogenic focus.!%8! Limitation of such fir-
ing may be important in preventing the spread of
seizures.

More recently, the 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
trans-2-en-valproate.*”] Both compounds limited
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 trans-2-
en-valproate after prolonged exposure.’ Al-
though the precise 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-
dependent sodium channels.!®] Detailed voltage
clamp experiments of valproate actions on sodium
currents are described in section 7.2.

In in vivo studies, valproate suppressed electri-
cally induced afterdischarges in the hippocampus
of cats™ and significantly elevated the after-
discharge threshold and decreased the afterdis-
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charge duration in rat amygdala.l’!! Valproate also
raised the threshold for thalamic afterdischarges
induced by electrical stimulation of cat nucleus
centralis lateralis and rat nucleus reticularis with-
out changing the duration of the afterdischarges in
both species.[72]

With respect to focal seizures, valproate sup-
pressed the epileptiform activity generated by a
cobalt focus in cat hippocampus and blocked the
spreading of spontaneous as well as electrically
induced seizure discharge from the hippocampus
to the neocortex.["?) Mutani and Fariellol’¥ noted
that valproate suppressed the 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 authors(7*! observed that subcortical injec-
tion of aluminium gel into the sensorimotor cortex
of cats produced focal cortical seizure discharges
and myoclonic jerks of the head, this focal seizure
activity could generalise, and valproate prevented
this secondary generalisation without influencing
the epileptogenic focus. In addition, van Duijn and
Beckmann!™ noted that valproate did not decrease
the focal discharge in the sensorimotor cortex of
the awake cal produced by topical cobalt adminis-
tration, but effectively inhibited the spread of sei-
zure activity from the focus.

When two epileptogenic foci were formed in
homotopic areas of the sensorimotor cortex of rats
by application of penicillin, valproate blocked the
focal discharges and secondary generalisation of
these discharges.’®! In the amygdala kindling
model in rats, valproate was found to increase the
threshold for electrical induction of afterdischarges
and to reduce seizure severity, seizure duration and
afterdischarge duration recorded at the elevated
threshold, indicating that valproate suppresses
both the initiation and propagation of focal sei-
zures in this model.[”]

When cortical self-sustained afterdischarges
were induced by rhythmic electrical stimulation of
subcortical structures as a model of primary gen-
eralised seizures of the absence type, these epilep-
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tiform discharges were almost completely blocked
by valproate.l’®! Similarly, valproate suppressed
spontaneous spike-wave discharges in a genetic rat
model of absence-like seizures.l” Trans-2-en-
valproate was more potent than valproate in block-
ing the spontaneous spike-wave discharges in
these rats.[80!

In summary, with few exceptions, valproate
proved to be effective in suppressing epileptiform
discharges in all in vitro and in vive models tested,
which is in line with its broad spectrum of anticon-
vulsant activity against different seizure types in
the clinic.

7. Mechanisms of Action

The well documented effects of valproate 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
neurotransmitter 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.

7.1 Effects on Excitability or Inhibition

Macdonald and Bergey®!] were the first to de-
scribe that valproate potentiates 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 vifro
studies showed that increased postsynaptic GABA
responses are only obtained with very high valpro-
ate concentrations.! To my knowledge, there is
only one report!®?! that demonstrated a potentiation
of GABA at therapeutically relevant concentra-
tions of valproate in vitro. 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
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action of valproate in the brain was also suggested
by Baldino and Geller.[3?]

In in vivo experiments, valproate was shown to
lead to a potentiation of postsynaptic GABA re-
sponses at doses of 200 to 400 mg/kg.!?! Because
brain concentrations of valproate after these doses
are much lower than the concentrations that poten-
tiate GABA responses in vitro, the in vivo effect of
valproate was likely not to be related to a direct
postsynaptic action but more 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-
trations.?l However, one study!®! showed that val-
proate suppresses glutamate responses and, much
more potently, NMDA-evoked transient depolar-
isations in rat neocortex. The authors suggested
that attenuation of NMDA receptor-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 receptors.l?) 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,
phenytoin or ethosuximide, blocked seizures in-
duced by N-methyl-D,L-aspartate in rodents.!%5 In
contrast to its effect on NMDA receptors, valproate
had no effect on membrane responses mediated by
kainate or quisqualate (c-amino-3-hydroxy-5-
methyl-4-isoxazole propionate; AMPA) recep-
tors.[86]

The spontaneous firing of neurons is usually in-
hibited only by high doses or concentrations of
valproate.!®”l However, in the substantia nigra pars
reticulata (SNR) of rats, a rapid and sustained re-
duction in the firing rate of GABAergic neurons
was found in vive after intraperitoneal administra-
tion of doses as low as 50 to 100 mg/kg. 8891 This
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Table lll. Cellular effects of valproate that may be involved in its antiepileptic activity. Refer to text for references

pParameter Effect of valproate Comments

Electrophysiological studies

Neurcnal GABA responses Potentiation In vitro only at high (>1 mmol/L) concentrations; in vivo after
anticonvulsant doses

Neuronal responses to NMDA Attenuation Shown in different preparations from rats and mice

Firing of neurons in SNR

Sustained repetitive firing of action
potentials
Voltage-dependent sodium currents

Biochemical studies
Brain GABA levels

CSF GABA levels
GABA synthesis
GABA degradation

GABA release
GABA uptake

Postsynaptic GABAx receptor complex

Inhibition (after systemic
administration of valproate)
Inhibition

Reduction?

Increase

Increase
Increase
Inhibition

Increase

Downregulation of GABA
transporters?

Increase in benzodiazepine
binding

Known to mediate anticonvulsant effects against different
seizure types

Shown for cultured neurons; role for more conventional
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 differences between brain regions

Only at high concentrations, but nerve terminal GABA-T
moare sensitive to inhibition

Decrease at high (toxic) concentrations

Shown for hippocampal GAT-1 and GAT-3

Only observed after systemic administration

Only observed after systemic administration

Could be relevant for the anti-absence effects

Most probably not related to the anticonvulsant effect

Maost probably not related to the anticonvulsant effect

Elevated brain levels of ammonia augment GABAergic

GABAg receptors Increase in ligand binding

GHB Reduction of GHB release?

Serotonin Increase of extracellular brain
levels

Dopamine Increase of extracellular brain
levels

Ammonia Increase of blood (and brain?)
levels

Neuroprotective/neurotrophic proteins Activation

(e.g. CREB, BDNF, bel-2, MAP kinases)

inhibition
May be involved in the neuroprotective effects

BDNF = brain-derived neurotrophic factor; CREB = cyclic adenosine monophosphate responsive element binding protein; GABA =
y-aminobutyric acid; GABA-T = GABA transaminase; GAT = GABA transporter; GHB = y-hydroxybutyrate; MAP = mitogen-activated protein;
NMDA = N-methyl-D-aspartate; SNR = substantia nigra pars reticulata; ? indicates a possible effect.

inhibitory effect on SNR neurons might be due to
the selective increase in GABA turnover induced
by valproate in the substantia nigra of rats®! 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 seizures in diverse ani-
mal models of epilepsy, which is explained by the
important role of the SNR in seizure propaga-
tion.192231 The inhibitory effect of valproate on
SNR firing could therefore be crucially involved
in the mechanisms of its anticonvulsant action.
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7.2 Effects on lon Channels

At much lower concentrations than those de-
pressing normal neuronal cell activity, valproate
has been shown to diminish high frequency repet-
itive firing of action potentials of central neurons
in culture.® Tt has been suggested that this effect
might be critically involved in the anticonvulsant
action of the drug on generalised tonic-clonic sei-
zures,[®*] The effect of valproate on SRF was sim-
ilar to the effects on SRF produced by phenytoin
and carbamazepine.[®]
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7.2.1 Sodium Channels

The most likely explanation for this effect of
valproate is a use-dependent reduction of inward
sodium current.l”¥ 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-dependent action poten-
tials. In an electrophysiological study!®*l 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-
sensitive sodium channels.[?!

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.[®®! 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-
dependent sodium channels.

Valproate did not affect sodium influx through
phenytoin-sensitive sodium channels in cultured
neuroblastoma cells and rat brain synaptosomes. 7!
Furthermore, valproate had no effect on the pheny-
toin binding site on voltage-dependent sodium
channels.!?®) In rat neocortical neurons in culture,
valproate (0.2 to 2 mmol/L) was reported to reduce
voltage-dependent sodium currents.®?!

More recent whole-voltage clamp measure-
ments of sodium currents in CA 1 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 (ECs) of 2.5
mmol/L (rats) or 1.6 mmol/L (humans),['00:1M] [
view of these high concentrations, being a fatty
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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.['02
This, however, cannot explain the high potency
(ECsg 14 umol/L) of valproate for the suppression
of the persistent sodium current in acutely dissoci-
ated neocortical rat neurons that was recently re-
ported by Taverna et al.l'®! 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 could be due to activation of calcium-
dependent potassium conductance.!!%%

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,/104-106] although
such an effect has only been demonstrated at high
drug concentrations. Previous experiments using
various potassium channel subtypes from verte-
brate brain expressed in oocytes of Xenopus laevis
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 11071

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 of T-type
calcium channels in thalamic neurons, which have
been implicated in the generation of spike-wave
activity associated with absence epilepsy.!!%8 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 neurons.[!0?]

Veratrine-stimulated calcium influx in brain
slices was not altered by valproate, whereas the
drug reduced NMDA- or quisqualate-stimulated
calcium influx at 5 mmol/L.[196-110] Tn such high,
millimolar concentrations, valproate, being a lipo-
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philic compound, interferes with membrane func-
tions by partition into cell membranes.!'!1-112] This
might explain many of the neurochemical 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 valproate leads to an elevation of cerebral
GABA levels in rodents!' 3] and that the period of
elevation of GABA levels coincides with the pro-
tection against seizures,!'' 5] numerous sub-
sequent studies have dealt with the effects of
valproate on the GABAergic system.!2) However,
unlike ‘GABAmimetic’ drugs, which selectively
affect the GABAergic system, valproate certainly
acts through more than one mechanism in provid-
ing its broad anticonvulsant activity. This is clearly
demonstrated by the differences between the anti-

convulsant spectrum of activity of valproate and -

that of the GABAmimetic drugs tiagabine and
vigabatrin, shown in table I. 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 y-Aminobutyric 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.l'1% Tt
seems generally accepted that impairment of GABA-
ergic inhibitory neurotransmission can lead to con-
vulsions, whereas potentiation of GABAergic
transmission results in anticonvulsant effects.l!17 1181
GABA interacts with three types of receptors:
GABA,, GABAp 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 (tiagabine) or by di-
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rectly acting at the postsynaptic GABA  receptor
complex (e.g. benzodiazepines, barbiturates) [see
figure 1]. Tt is thus not surprising that the initial
reports of increases in brain GABA levels induced
by valproate!!'*11%] led to the assumption that en-
hancement of GABAergic neurotransmission is
the mechanism of anticonvulsant action of the
drug.

Since it was first postulated in 1968, this GABA
hypothesis has been the matter of repeated and still
ongoing dispute in the literature. For instance, it
has been claimed that increases in GABA levels in
the brain of rodents are only seen after high doses
of valproate, whereas lower doses, which still exert
anticonvulsant effects, do not change GABA lev-
els.[104105] 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.[104]

However, these apparent discrepancies are a re-
sult of the fact that most 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 region.I”! Regional brain
studies in rats showed marked differences in the
effects of valproate on GABA levels across brain
areas, with significant increases in midbrain re-
gions, such as the substantia nigra, which are
thought to be critically involved in seizure gener-
ation and propagation.l!?3124 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).['23-125] 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.!'24]
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Fig. 1. Schematic illustration of a y-aminobutyric acid (GABA)—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 GABA transaminase (GABA-T) to succinic semialdehyde (SSA), which is metabolised
by succinic semialdehyde dehydrogenase (SSADH) to succinic acid. GABA is packaged into synaptic vehicles, where itis released in response
to presynaptic calcium influx. GABA can also be released from the cytosol by reversal of the neuronal GABA transporter (GABA uptake carrier).
Postsynaptically, GABA activates GABAA receptors, which are pentameric structures consisting of isoforms of e, i and ¥ subunits. Through
activation by GABA, the pentameric GABAA receptor allows the passage of chloride ions through the GABA-gated channel. Besides the GABA
recognition site, the GABAA receptor complex contains a number of binding sites (for benzodiazepines, barbiturates, neurosteroids and
convulsants such as picrotoxin) by which the action of GABA can be modulated (examples of convulsant and anticonvulsant drugs acling via
these sites are given in the inset, which gives a schematic illustration of drug-binding sites located on the GABAA receptor). GABA is removed
from the synaptic cleft by specific GABA transporters (GATs), which are located in neurcnal and glial membranes. GAT-1, the quantitatively
most important of the transporters, is primarily localised in membranes of GABAergic neurons, but also to some extent in glial cell membranes,
and is selectively inhibited by tiagabine, whereas GAT-3 is primarily localised in glial cell membranes. In glia cells, GABA is degraded to SSA,
whereas part of the GABA taken up into neurons can be reused for synaptic release. For more details of the neurochemistry of GABAergic
synapses see Martin et al..ma] Sieghart.“zo] Méhler et al,m” and Rudolph et al.
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In in vivo experiments in dogs, in which valpro-
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 rate of 25 mg/kg/hour.!'2%! Accord-
ingly, significant increases in CSF GABA levels
were also found during treatment of patients with
epilepsy or schizophrenia with valproate.[?! Fur-
thermore, significant increases in GABA levels
were determined in the plasma of dogs and humans
receiving valproate.l’l In dogs, the increases in
plasma 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 of an alteration in CNS GABA levels
in response to valproate./26]

In apparent contrast to the increases in GABA
levels seen in brain regions of dogs 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
levels.['27] The same MRS methodology was pre-
viously used to demonstrate the increase in GABA
levels in the human occipital cortex after adminis-
tration of vigabatrin.[28] However, whereas viga-
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 of GABA 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
valproate 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 of valproate on GABA degradation;
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(ii) an enhancement of GABA synthesis; or (iii) an
indirect effect via direct potentiation of postsynap-
tic GABAergic function leading to feedback inhi-
bition of GABA turnover and thereby to increases
in nerve terminal GABA levels.

GABA Degradation

Shortly after the initial reports on the GABA-
elevating effect of valproate, several groups exam-
ined the action of this drug on GABA degradation.
As shown in figure 1, GABA is synthesised in
GABAergic nerve terminals by decarboxylation of
glutamate and is degraded in nerve terminals, glia
cells and postsynaptic neurons (after diffusion) by
transamination to succinic semialdehyde (SSA).
SSA can be either oxidised to succinate or reduced
to y-hydroxybutyrate (GHB). The relative impor-
tance of these two degradative pathways in vivo is
unclear, although it appears that the reduction to
GHB is generally a minor route of metabolism.

The GABA-elevating effect of valproate was
originally attributed to inhibition of GABA trans-
aminase (GABA-T), which catalyses the degrada-
tion of GABA to SSA.!I!'131 Yet, most in vitro stud-
ies on inhibition of GABA-T by valproate found
inhibitory effects only at very high (millimolar)
concentrations, which are not reached in vivo.l?!
Indeed, when valproate was administered to ro-
dents and GABA-T was determined in brain ho-
mogenates ex vivo, no inhibition of the enzyme
was found.!!13.129.1301 However, a significant re-
duction of GABA-T activity was found in synap-
tosomes prepared from brain tissue after valproate
administration in mice.l'2%131] Similarly, in rats,
valproate induced a significant inhibition of syn-
aptosomal GABA-T activities in several brain re-
gions, including the substantia nigra, hippocam-
pus, hypothalamus, pons and cerebellum. 13!

These data might be explained by assuming that
presynaptic (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 vivo may
not be due to a direct inhibition of GABA-T by
valproate but a secondary effect caused by alter-
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ations in the subsequent steps of GABA metabo-
lism.

The first assumption was substantiated by ex-
periments showing that valproate is much more po-
tent at inhibiting GABA-T in neurons [concentra-
tion that provides 50% inhibition (ICsp) 630 umol/L]
than in astrocytes or whole-tissue homogenates.!!*3
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).[2! 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-terminal 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 marked.!?!

GABA 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.I2]

Godin et al.l''3! measured the relative incorpo-
ration of C into GABA in rat brain following the
subcutaneous injection of [“Clglucose. Thirty
minutes after administration of intraperitoneal
valproate 400 mg/kg, the incorporation of 'C into
the GABA molecule was increased by 30%, which
was not significant on account of the small number
of animals studied. In similar experiments in mice,
Taberner et al.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,®'l which could be
explained by the fact that this is one of the regions
with the highest rates of GABA synthesis. Indeed,
the valproate-induced increase in GABA synthesis
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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 vive in mice and rats administered
valproate in several independent studies.?! Inter-
estingly, in rats GAD was not activated in all re-
gions, indicating a regional specificity of ef-
fect.['*") The increase in GAD activity induced by
valproate is rapid in onset, and the time course of
GAD activation matches that of the increase in
GABA levels and the anticonvulsant effect,[1?5)
The rapid activation of GAD by valproate may in-
dicate that the drug converts the inactive apoen-
zyme to the active holoenzyme.!'*%l However, at
high, toxic doses, valproate has been shown to in-
hibit GAD activity and to reduce GABA synthe-
sis.[31]

Activation of GAD by valproate has also been
reported in vitro.l?! Interestingly, GAD from neo-
natal rats was more sensitive to activation by
valproate than GAD from adult animals.!'3%] In
neonatal rat brain slices, valproate significantly in-
creased the activity of the GABA shunt, which was
related to an increase in GAD activity.['*7! How-
ever, high (toxic) concentrations of valproate (7
mmol/L) significantly decrease GAD activity.[!?8]

Neurochemical experiments in cow brain prep-
arations have shown that the coenzyme A ester of
valproate, which is rapidly formed from valproate
in vivo, is a potent inhibitor of the o-ketoglutarate
dehydrogenase complex (KDHC).!'3% 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.['3]

GABA Release

An increase in presynaptic GABA levels in-
duced by valproate would only potentiate GABA-
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.!!4%1411 Thus, in the cor-
tical slice from valproate-treated rats, the potassium-
induced release of GABA was increased, which
was potentiated further by the GABAg receptor
antagonist phaclofen.!'#!] Similarly, valproate in-
creased the potassium-induced release of GABA
from cortical neurons in culture at clinically rele-
yant concentrations.!14%

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 1) seems not to be affected
by valproate.2] However, in a recent study on
GABA transporters (GATs) in rats with spontane-
ous recurrent seizures induced by amygdala injec-
tion of FeCls, valproate caused downregulation of
the GABA transporters GAT-1 and GAT-3 in the
hippocampus.[142]

Indirect evidence that valproate enhances
GABA release comes from in vive studies in rats,
using microdialysis to measure extracellular GABA
levels in the hippocampus.[143:144] Biggs et al.[143]
reported biphasic effects of valproate on extracel-
lular GABA levels, which were dependent on the
dose used. Valproate 100 mg/kg transiently re-
duced GABA levels by 50% when compared with
basal levels, valproate 200 mg/kg had virtually no
effect and valproate 400 mg/kg 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.l'*} us-
ing local application of valproate into the rat pre-
optic area via push-pull cannulae. Similar to the
study of Biggs et al.,l!'**] Rowley et al.['44] reported
that valproate 400 mg/kg 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.!"¥4 Using the push-pull technique to mea-
sure extracellular GABA levels in the substantia
nigra of rats, Farrant and Webster!®® 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 Westerink,!!46)
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 marked compartmentation of this neuro-
transmitter.

An enhancement of GABA release by clinically
relevant concentrations of valproate is indirectly
indicated by the increase in CSF GABA levels ob-
served in different species, including humans.!? In
view of the different reports demonstrating an in-
crease in GABA turnover and release by valpro-
ate,l’! 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 valproate on GABA
synthesis and degradation, the drug does not exert
direct effects on the major components of the post-
synaptic GABAA receptor complex (see figure 1).
Thus, in vitro, valproate did not alter GABA binding,
benzodiazepine binding or the binding of the sel-
ective picrotoxinin site ligand [**S]t-butylbicyclo-
phosphorothionate (TBPS).1?! Therefore, the as-
sumption that valproate might potentiate GABA
receptor function by an effect on the picrotoxinin
site, which was based on low-potency inhibition
by valproate of [*H]-o-dihydropicrotoxinin bind-
ing,'¥7l could not be substantiated by subsequent
experiments with the more suitable ligand [**S]-
TBPS. However, in vive valproate has been shown
to reduce TBPS binding and to increase benzo-
diazepine binding, which is most likely to be sec-
ondary to the increase in GABA levels produced
by valproate in vive.[148:149]

The functional meaning of the alteration in
benzodiazepine receptor binding is not clear, since
the benzodiazepine receptor antagonist flumazenil
did not reduce the anticonvulsant potency of
valproate in the PTZ test.['*”1 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-
proate.!'51 Furthermore, several electrophysiolog-
ical and pharmacological effects of valproate, in-
cluding its anticonflict action, were reversed by
flumazenil,!'3%156] indicating that enhanced bind-
ing of benzodiazepines to the GABA, receptor
complex may be involved in these pharmacody-
namic effects of valproate.

In addition to the inhibitory effect of GABA via
GABA, receptors, GABA acts via bicuculline-
insensitive GABAg receptors. When activated by
GABA, these receptors increase potassium conduct-
ance and decrease voltage-dependent calcium cur-
rents.!'57! GABAg receptors seem to play a role in ab-
sence seizures.!1%%15] Interestingly, two groups!!60.161]
independently reported an increase in GABAg re-
ceptor binding after long-term administration of
valproate to rats. In a study by Motohashi,!'8!) single-
dose treatment with valproate had no effect on
[*H]baclofen binding in the frontal cortex, hippo-
campus and thalamus, whereas long-term treatment
enhanced binding in the hippocampus. [*H]Muscimol
binding to the GABA, receptor did not change in
any region after administration of valproate.['!]
Because similar effects were observed with lithium
and carbamazepine, Motohashi!'®! concluded that
one common mechanism of action of mood stabi-
lisers may be mediated by GABAGg receptors in the
hippocampus.

In summary, 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 pharmacodynamic
effects of this drug, including the anticonvulsant,
-conflict and -manic actions.?] Furthermore, in
view of the role of GABA in analgesia,['62! the in-
crease in GABAergic function induced by valpro-
ate may be involved in its analgesic effects. How-
ever, the effects of valproate on GABA alone 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 not related to
GABA potentiation.[?!

@ Adis Infernational Limited. All ights reserved.

Page 20 of 28

7.3.2 Effects on y-Hydroxybutyrate, Glutamate
and Aspartate

Compared with the numerous studies of the ef-
fects of valproate on the GABAergic system, rela-
tively few neurochemical studies have been com-
pleted on other transmitter amino acids.[!

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-dependent aldehyde reductase.[!53]
Aldehyde reductase is presumably identical to
nonspecific SSA reductase (SSAR).['641 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.['64]
In contrast to the potent effect of valproate on non-
specific SSAR, specific SSAR is not affected by
the drug.['*] However, Whittle and Turner,'65] us-
ing rat brain homogenates, demonstrated that
valproate inhibited the formation of GHB in vitro,
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.['%] Administration
of valproate to rats has been shown to increase (rather
than decrease) the brain level of GHB in vive.167]
This increase is time and dose dependent and ap-
pears to be due to a reduction in the synaptic release
of GHB.['%%] Because GHB produces absence-like
epileptic seizures in animals,!'%] reduction of GHB
release could be an important factor in the anti-
absence action of valproate.!'64]

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
valproate.[8143.144] However, Dixon and Hokin!!%8]
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 valpro-
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ate.[168] Nilsson et al.l'®) reported that valproate
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.[?! Furthermore, some re-
ports found that concentrations of glycine and tau-
rine increase in brain tissue.”l However, there is
as yet no evidence that these effects on amino acids
other than GABA are relevant to the anticonvul-
sant effect of valproate.

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 rodents.?) Indeed, microdialysis studies
have demonstrated that valproate enhances the ex-
tracellular level of serotonin in the hippocampus
and striatum of rats.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 serotonergic transmission is not related
to the anticonvulsant action of the drug.?) Ac-
cordingly, Horton et al.l'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.['70172] Thus, the initial
assumption!!7!l 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 o-methyl-p-tyrosine to inhibit dopa-
mine synthesis did not diminish the anticonvulsant
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action of valproate.['”!) However, valproate-induced
alterations of dopaminergic functions might be im-
portant for the antipsychotic effects of the drug.?!
Interestingly, Ichikawa and Meltzer!!7? recently
showed that valproate increases prefrontal dopa-
mine release and that this can be blocked by a se-
lective serotonin 5-HT) 4 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

Hyperammonaemia is commonly associated
with the use of valproate.l'”* 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, or both.[173]
Ammonia enters the brain by diffusion from the
blood and, at modestly elevated brain levels, may
augment GABAergic inhibition by direct interac-
tion with GABA, receptors, synergistic interac-
tions with natural ligands for the benzodiazepine
site of the GABA 4 receptor, and stimulation of as-
trocytic synthesis and release of neurosteroid ago-
nists of the GABA4 receptor.['7#] 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'”3! For instance, the levels of
c¢GMP 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 of Purkinje cell activity.['7%77] Valpro-
ate was shown to decrease the cerebellar cGMP level
during the time of anticonvulsant activity, whereas
the cortical cGMP level was elevated.!'76:177) 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
amino acids,!'7*! 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-
teins!*3! that may be relevant both for mood disor-
ders and epilepsy.

8. Possible Explanations for the Early
and Late Effects

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’ (i.e. 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. Well78 were the first to
describe how valproate enters and leaves the brain
by active, carrier-mediated transport at the blood-
brain barrier (BBB). Whereas it was initially
thought that this probenecid-sensitive transport is
mediated by the monocarboxylic acid carrier,[78]
more recent experiments have revealed that the bi-
directional movement of valproate across the BEB
is mediated jointly by passive diffusion and carrier
transport, with different transporters being respon-
sible for each direction of transport.!'”?! The uptake
of valproate from blood into brain is facilitated by
a medium- and long-chain fatty acid selective an-
ion exchanger at the brain capillary epithelium,
which accounts for two-thirds of the barrier perme-
ability, whereas the mechanism governing the ef-
ficient transport of valproate in the reverse direc-
tion (i.e. from brain to blood) appears to involve a
probenecid-sensitive, active transport system.[!7%]
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Huai-Yun et al.l'8 recently showed that valproate
is a potent inhibitor of the adenosine triphosphate-
dependent probenecid-sensitive transporters of the
multidrug resistance-associated protein (MRP)
family in the BBB. This raises the possibility that
MRPs may serve as the efflux transporter(s) of
valproate. Active transport at the BBB also ex-
plains why valproate, despite its physicochemical
properties (highly ionised at physiological pH,
highly plasma protein bound), enters the brain so
quickly 11791

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
pomatia preparation, extracellular application of
valproate decreased the frequency of occurrence of
PTZ-induced epileptic depolarisations immedi-
ately (early effect) and, with a delay, led to a decay
in paroxysmal depolarisations (late effect).[*¢! 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
neuron.

Slow diffusion into and out of neurons could
also be involved in carryover effects observed both
preclinically and clinically,!?} 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 Shen's!'"l eroup 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-
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portant implications for our understanding of the
intracellular mechanisms versus membrane ac-
tions of valproate.!!'”1 The efflux component from
the cellular compartment is inhibited by probene-
¢id,'7! 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 antiepileptic 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 valproate exerts not
only anticonvulsant but also several other pharma-
codynamic and pharmacotherapeutic effects, in-
cluding antimanic efficacy, certainly relates to the mul-
tiplicity of its effects on neuronal functions.[l->22181)

Because of the different pharmacodynamic ef-
fects of valproate, it is difficult to ascertain which
specific neurochemical or neurophysiological ac-
tion(s) are related to the anticonvulsant activity of
the drug. There is now ample evidence that valpro-
ate increases GABA turnover and 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
mechanisms 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 role played by voltage-
dependent sodium current blockade and SRF in more
conventional preparations at therapeutically rele-
vant valproate concentrations is not clearly deter-
mined.%6]

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 reduction of GHB re-
lease reported for valproate could be of interest.
Furthermore, the ability of valproate to modify the
expression of neuroprotective proteins!*3! 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 neurobiological 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 pharmacodynamic effects of
valproate (see sections 7.3.1 and 7.3.3).

Despite considerable discussion about the pos-
sible mechanisms 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.

Acknowledgements

The author’s own experiments were supported by grants
from the Deutsche Forschungsgemein-schaft (Bonn, Ger-
many). The author would like to thank Dr Manuela Gernert
for help with the figure and Sanofi (Paris, France) for sup-
porting the writing of this manuseript (the company had no
significant influence on the contents of the manuscript).

References
1. Loscher W, editor. Valproate. Basel: Birkhiuser, 1999
2. Loscher W. Valproate: a reappraisal of its pharmacodynamic
properties and mechanisms of action. Prog Neurobiol 1999,
58:31-59
. Burton BS. On the propyl derivatives and decomposition prod-
ucts of ethylacetoacetate. Am Chem T 1882; 3: 385-95
. Meunier H, Carraz G, Meunier Y, et al. Propriétés pharmaco-
dynamiques de I’acide n-dipropylacétique. ler mémoire:
propriéiés antiépileptiques. Thérapie 1963; 18: 435-8
. Loscher W. The discovery of valproate. In: Léscher W, editor.
Valproate. Basel: Birkhiiuser, 1999: 1-3
. Carraz G, Fau R, Chateau R, et al. Communication & propos des
premiers essais cliniques sur I"activité anti-épileptique de
'acide n-dipropylacétiques (sel de Na). Ann Med Psychol
(Paris) 1964; 122: 577-85
. Mattson RH, Cramer JA, Collins JF. A comparison of valproate
with carbamazepine for the treatment of complex partial sei-
zures and secondarily generalized tonic-clonic seizures in
adults: The Department of Veterans Affairs Epilepsy Coop-
erative Study No. 264 Group. N Engl J Med 1992; 327: 765-1
. Richens A, Davidson DL, Cartlidge NE, et al. A multicentre
comparative trial of sodium valproate and carbamazepine in
adult onset epilepsy: the Adult EFITEG Collaborative Group.
J Neurol Neurosurg Psychiatry 1994; 57: 682-7
. Verity CM, Hosking G, Easter DJ. A multicentre comparative
trial of sodium valproate and carbamazepine in paediatric ep-
ilepsy: the Paediatric EPITEG Collaborative Group. Dev Med
Child Neurol 1995; 37: 97-108
10. Heller AJ, Chesterman P, Elwes RD, et al. Phenobarbitone,
phenytoin, carbamazepine, or sodium valproate for newly di-
agnosed adult epilepsy: a randomised comparative monother-
apy trial. ] Neurol Neurosurg Psychiairy 1995; 58: 44-50
. de Silva M, Macardle B, Mcgowan M, et al. Randomised com-
parative monotherapy trial of phenobarbitone, phenytoin,
carbamazepine, or sodium valproate for newly diagnosed
childhood epilepsy. Lancet 1996; 347; 709-13
12. Brodie MJ, Mumford JP. Double-blind substitution of viga-
batrin and valproate in carbamazepine-resistant partial epi-
lepsy: 012 Study Group. Epilepsy Res 1999; 34: 199-205
. Christe W, Kramer G, Vigonius U, et al. A double-blind con-
trolled clinical trial: oxcarbazepine versus sodium valproate
in adults with newly diagnosed epilepsy. Epilepsy Res 1997;
26: 451-60
14. Fountain NB, Dreifuss FE. The future of valproate, In: Lisscher
W, editor. Valproate. Basel: Birkhduser, 1999: 265-76
15. Davis R, Peters DH, Metavish D. Valproic acid: a reappraisal
of its pharmacological properties and clinical efficacy in ep-
ilepsy. Drugs 1994; 47: 332-72

= w

Ln

o

=1

=

=]

w

© Adis International Limited. All rights reserved.

Page 24 of 28

23.

24,

25

26.

27

2

o

30,

3

3

=]

(]
W

3

=

35.

n

36

. Sarisjulis N, Dulac O, Valproate in the treatment of epilepsies

in children. In: Lischer W, editor. Valproate. Basel: Birk-
hiuser, 1999: 131-52

. Schmidt D, Bourgeois B. A risk-benefit assessment of therapies

for Lennox-Gastaut syndrome. Drug Saf 2000; 22: 467-77

. Vassella F, Rudeberg A, Da Silva V, et al. Double-blind study

on the anti-convulsive effect of phenobarbital and valproate
in the Lennox syndrome [in German]. Schweiz Med
Wochenschr 1978; 108: 713-6

. Dyken PR, DuRant RH, Minden DB, et al. Short term effects

of valproate on infantile spasms. Pediatr Neurol 1985; 1: 34-7

. Schmidt D. Adverse effects and interactions with other drugs.

In: Loscher W, editor. Valproate, Basel: Birkhiuser, 1999;
223-64

. Cotariu D, Zaidman JL, Evans S. Neurophysiological and bio-

chemical changes evoked by valproic acid in the central nery-
ous system. Progr Neurobiol 1990; 34: 343-54

. Joh CU. Mechanisms of action of valproate: a com-

mentary. Neurochem Int 2000; 37: 103-10

Perucca E. Pharmacological and therapeutic properties of val-
proate: a summary after 35 years of clinical experience. CNS
Drugs 2002; 16 (10): 695-714

Browne TR, Holmes GL. Epilepsy. N Engl J Med 2001; 344:
1145-51

MeNamara JO. Emerging insights into the genesis of epilepsy.
Nature 1999, 399: A15-22

Proposal for revised clinical and electroencephalographic clas-
sification of epileptic seizures: the Commission on Classifi-
cation and Terminology of the International League Against
Epilepsy. Epilepsia 1981; 22: 489-501

Annegers JF, Rocca WA, Hauser WA. Causes of epilepsy: con-
tributions of the Rochester Epidemiology Project. Mayo Clin
Proc 1996; 71: 570-5

. Losscher W. Animal models of epilepsy and epileptic seizures.

In: Eadie MJ, Vajda F, editors. Antiepileptic drugs: handbook
of experimental pharmacology. Berlin: Springer, 1999: 19-62

. Léscher W. New visions in the pharmacology of anticonvul-

sion. Eur J Pharmacol 1998; 342: 1-13

Lischer W, Rogawski MA. Epilepsy. In: Lodge D, Danysz W,
Parsons CG, editors. Ionotropic glutamate receptors as thera-
peutic targets, Johnson City (TN}: Graham Publ., 2002: 91-132

. Léscher W. Valproic acid. In: Frey H-H, Janz D, editors. Anti-

epileptic drugs. Berlin: Springer Verlag, 1985: 507-36

. Hinack D, Léscher W. Intravenous valproate: onset and dura-

tion of anticonvulsant activity against a series of elec-
troconvulsions in comparison with diazepam and phenytoin.
Epilepsy Res 1992; 13: 215-21

. Lascher W, Fisher JE, Nau H, et al. Marked increase in anticon-

vulsant activity but decrease in wet-dog shake behaviour dur-
ing short-term treatment of amygdala-kindled rats with
valproie acid, Bur J Pharmacol 1988; 150: 221-32

. Lascher W, Fisher JE, Nau H, et al. Valproic acid in amygdala-

kindled rats: alterations in anticonvulsant efficacy, adverse
effects and drug and metabolite levels in various brain regions
during chronic treatment. J Pharmacol Exp Ther 1989; 250:
1067-78

Laéscher W, Honack D. Comparison of anticonvulsant efficacy
of valproate during prolonged treatment with one and three
daily doses or continuous (“controlled release™) administra-
tion in a model of generalized seizures in rats. Epilepsia 1995;
36: 929-37

Altrup U, Gerlach G, Reith H, et al. Effects of valproate in a
model nervous system (buccal ganglia of Helix pomatia). [:
antiepileptic actions. Epilepsia 1992; 33: 743-52

CNS Drugs 2002; 16 (10)



Basic Pharmacology of Valproate

691

3T

38.

39.

40,

4

42,

43,

44,

45.

46,

47.

48.

49,

50

5

52.

33.

54,

33

56.

Wamil AW, Loscher W, Mclean MI. Trans-2-en-valproic acid
limits action potential firing frequency in mouse central neu-
rons in cell culture. J Pharmacol Exp Ther 1997; 280: 1349-56

Silver JM, Shin C, MeNamara JO. Antiepileptogenic effects of
conventional anticonvulsants in the kindling model of epi-
lepsy. Ann Neurol 1991; 29: 356-63

Bolanos AR, Sarkisian M, Yang Y, etal. Comparison of valpro-
ate and phenobarbital treatment after status epilepticus in rats.
Neurology 1998; 51: 41-8

Temkin NR, Dikmen SS, Anderson GD, et al. Valproate ther-
apy for prevention of posttraumatic seizures: a randomized
trial. ] Neurosurg 1999; 91: 593-600

. Hashimoto R, Hough C, Nakazawa T, et al. Lithium protection

against glutamate excitotoxicity in rat cerebral cortical neu-
rons: involvement of NMDA receptor inhibition possibly by
decreasing NR2B tyrosine phosphorylation. J Neurochem
2002; 80: 589-97

Li R, El-Mallahk RS. A novel evidence of different mecha-
nisms of lithium and valproate neuroprotective action on hu-
man SYS5Y ncuroblastoma cells: caspase-3 dependency.
Neurosei Lett 2000; 294: 147-50

Mora A, Gonzalez-Polo RA, Fuentes JM, etal. Different mech-
anisms of protection against apoptosis by valproate and Li+,
Eur J Biochem 1999; 266: 886-91

Thurston JH, Hauhart RE. Valproate doubles the anoxic sur-
vival time of normal developing mice: possible relevance to
valproate-induced decreases in cerebral levels of glutamate
and aspartate, and increases in taurine. Life Sci 1989; 45: 59-62

Manji HK, Moore GJ, Rajkowska G, et al. Neuroplasticity and
cellular resilience in mood disorders. Mol Psychiatry 2000;
5:578-93

Perucca E, Gram L, Avanzini G, et al. Antiepileptic drugs as a
cause of worsening seizures. Epilepsia 1998; 39: 5-17

Balfour JA, Bryson HM., Valproic acid: a review of its pharma-
cology and therapeutic potential in indications other than ep-
ilepsy. CNS Drugs 1994; 2: 144.73

Wajda FI, Donnan GA, Phillips J, et al. Human brain, plasma,
and cerebrospinal fluid coneentration of sodium valproate af-
ter 72 hours of therapy. Neurology 1981; 31: 486-7

Nau H, Loscher W. Valproic acid and metabolites: pharmaco-
Iogical and toxicological studies. Epilepsia 1984; 25 (1): 14-22

Semmes RL, Shen DD. Comparative pharmacodynamics and
brain distribution of E-delta2-valproate and valproate in rais.
Epilepsia 1991; 32: 232-41

. Litscher W, Pharmacological, toxicological and neurochemical

effects of delta2(E)-valproate in animals, Pharm Weekbl
1992; 14: 139-43

Deckers CL, Czuczwar SI, Hekster YA, et al. Selection of anti-
epileptic drug polytherapy based on mechanisms of action:
the evidence reviewed, Epilepsia 2000; 41: 1364-74

Brodie MI, Yuen AWC. Lamotrigine substitution study: evi-
dence for synergism with sodium valproate? Epilepsy Res
1997; 26: 423-32

Guberman AH, Besag FM, Brodie MJ, et al. Lamotrigine-
associated rash: risk/benefit considerations in adults and chil-
dren. Epilepsia 1999; 40: 985-1

Faught E, Morris G, Jacobson M, et al. Adding lamotrigine to
valproate: incidence of rash and other adverse effects. The
Postmarketing Antiepileptic Drug Survey (PADS) Group.
Epilepsia 1999; 40: 1135-40

Voskuyl RA, Ter Keurs HE, Meinardi H. Actions and interac-
tions of dipropylacetate and penicillin on evoked potentials
of excised prepiriform cortex of guinea pig. Epilepsia 1975;
16: 583-92

@ Adis International Limited. All rights reserved.

Page 25 of 28

3.

58,

59.

60.

61.

62,

63,

64,

65.

66.

70.

7L

g1

73.

74.

Piredda S, Yonekawa W, Whittingham TS, et al. Effects of
antiepileptic drugs on pentylenetetrazole-induced epilepti-
form activity in the in vitro hippocampus. Epilepsia 1986;27:
341-6

Tian LM, Alkadhi KA. Valproic acid inhibits the depolarizing
rectification in neurons of rat amygdala. Neuropharmacology
1994; 33: 1131-8

Bruckner C, Stenkamp K, Meierkord H, et al. Epileptiform dis-
charges induced by combined application of bicuculline and
4-aminopyridine are resistant to standard anticonvulsants in
slices of rats. Neurosci Lett 1999; 268: 163-5

Bruckner C, Heinemann U. Effects of standard anticonvulsant
drugs on different patterns of epileptiform discharges induced by
4-aminopyridine in combined entorhinal cortex-hippocampal
slices, Brain Res 2000; 859: 15-20

Fueta Y, Avoli M. Pattern- and age-dependency of the antiepi-
leptic effects induced by valproic acid in the rat hippocampus.
Can J Physiol Pharmacol 1991; 69: 1301-4

Fueta Y, Siniscalchi A, Tancredi V, et al. Extracellular magne-
sium and anticonvulsant effects of valproate in young rat hip-
pocampus. Epilepsia 1995; 36: 404-9

Dreier JP, Heinemann U. Late low magnesium-induced epilep-
tiform activity in rat entorhinal cortex slides becomes insen-
sitive to the anticonvulsant valproic acid. Neurosci Lett 1990,
119: 68-70

Zhang CL, Dreier JP, Heinemann U. Paroxysmal epileptiform
discharges in temporal lobe slices after prolonged exposure
to low magnesium are resistant to clinically used anticonvul-
sants. Epilepsy Res 1995; 20: 105-11

Sokolova S, Schmitz D, Zhang CL, et al. Comparison of effects
of valproate and trans-2-en-valproate on different forms of
epileptiform activity in rat hippocampal and temporal cortex
slices, Epilepsia 1998; 39: 251-8

Zhang YF, Gibbs [I1JW, Coulter DA. Anticonvulsant drug effects
on spontaneous thalamocortical rhythms in vitro: valproic
acid, clonazepam, and alpha-methyl-alpha-phenylsuccinimide.
Epilepsy Res 1996; 23: 37-53

. Macdonald RL. Cellular actions of antiepileptic drugs. In:

Eadie MI, Vajda FIE, editors. Antiepileptic drugs: pharma-
cology and therapeutics. Berlin: Springer, 1999: 123-50

. Sypert GW, Reynolds AF. Single pyramidal-tract fiber analysis

of neocortical propagated seizures with reference to inactiva-
tion responses. Exp Neurol 1974; 45: 228-40

. Rogawski MA, Porter RJ. Antiepileptic drugs: pharmacological

mechanisms and clinical efficacy with consideration of prom-
ising developmental stage compounds. Pharmacol Rev 1990,
42: 223-86

Mutani R, Doriguzzi T, Fariello R, et al. Azione antiepilettica
del sale di sodio dell'acido N-dipropilacetico: studio sper-
imentale sul gatto. Riv Patol Nerv Ment 1968; 89: 24-33

Salt TE, Tulloch IF, Walter DS, Anti-epileptic properties of
sodium valproate in rat amygdaloid kindling. Br J Pharmacol
1980; 68 (1): 134P

Ito T, Hori M, Yoshida K, et al. Effect of anticonvulsants on
thalamic afterdischarge in rats and cats, Jpn J Pharmacol
1977, 27: 823-31

Mutani R, Fariello R. Effetti dell’acido n-dipropilacetico
(Depakine) sullattivita del focus epilettogeno da cobalto. Riv
Patol Nerv Ment 1969; 90: 40-9

Fariello R, Mutani R. Modificazioni dell'attivith del focus
epilettogeno cortico-monotorio da alluminia indotte dal sale
di sodio n-dipropylacetico (DPA). Acta Neurol (Mapoli)
1970; 25: 116-22

CNS Drugs 2002; 16 (1)



75.

7

=

7

-

7

-]

79.

80.

8

82.

8

]

84.

8

A

86.

8

-~

8

o0

8

o

b=}

9

ra

9

w

94,

van Duijn H, Beckmann MK. Dipropylacetic acid (Depakine)
in experimental epilepsy in the alert cat. Epilepsia 1975; 16:
83-90

. Maresova D, Mares P. Influence of valproate and carbamaze-

pine on symmetrical cortical penicillin foci in the rat. Physiol
Bohemoslov 1985; 34: 562-6

. Lascher W, Honack D. Effects of the compeltitive NMDA re-

ceptor antagonist, CGP 37849, on anticonvulsant activity and
adverse effects of valproate in amygdala-kindled rats. Eur J
Pharmacol 1993; 234: 237-45

. Mares P, Maresova D, Pohl M, et al. Effect of anticonvulsant

drugs on thalamo-cortical and hippocampo-cortical self-
sustained after-discharges in the rat. Physiol Bohemoslov
1984; 33: 179-87

Marescaux C, Micheletti G, Vergnes M, et al. A model of
chronic spontaneous petit mal-like seizures in the rat: com-
parison with pentylenetetrazol-induced scizures. Epilepsia
1984; 25: 326-31

Lascher W, Nau H, Marescaux C, et al. Comparative evaluation
of anticonvulsant and toxic potencies of valproic acid and
2-en-valproic acid in different animal models of epilepsy. Eur
J Pharmacol 1984; 99: 211-8

. Macdonald RL, Bergey GK. Valproic acid augments GABA-

mediated postsynaptic inhibition in culured mammalian neu-
rons. Brain Res 1979; 170: 558-62

Olpe HR, Steinmann MW, Pozza MF, et al. Valproate enhances
GABA-A mediated inhibition of locus coeruleus neurons in
vitro. Naunyn Schmiedeberg's Arch Pharmacol 1988; 338:
655-7

. Baldino F, Geller HM. Effect of sodium valproate on hypotha-

lamic neurons in vivo and in vitro. Brain Res 1981;219: 231-7
Zeise ML, Kasparaow S, Zieglgansberger W. Valproate sup-
presses N-methyl-D-aspartate evoked, transient depolariza-
tions in the rat neocortex in vitro. Brain Res 1991; 544: 345-8

. Czuczwar SJ, Frey H-H, Lascher W. Antagonism of N-methyl-

D,L-aspartic acid-induced convulsions by antiepileptic drugs
and other agents. Eur J Pharmacol 1985; 108: 273-80

Musshoff U, Madeja M, Diising R, et al. Valproate affects glu-
tamate but not GABA receplors [abstract]. Eur J Neurosci
1996; Suppl. 9: 205

. Chapman A, Keane PE, Meldrum BS, et al. Mechanism of an-

ticonvulsant action of valproate. Progr Neurobiol 1982; 19;
315-59

. Kerwin RW, Taberner PV. The mechanism of action of sodium

valproate. Gen Pharmacol 1981; 12: 71-5

. Farrant M, Webster RA. Neuronal activity, amino acid concen-

tration and amino acid release in the substantia nigra of the
rat after sodium valproate. Brain Res 1989; 504: 49-56

Rohlfs A, Rundfeldt C, Koch R, et al. A comparison of the
effects of valproate and its major active metabolite E-2-en-
valproate on single unit activity of substantia nigra pars
reticulata neurons in rats. J Pharmacol Exp Ther 1996; 277:
1305-14

. Lischer W. Valproate enhances GABA turnover in the sub-

stantia nigra. Brain Res 1989; 501: 198-203

. Lascher W, Ebert U. Basic mechanisms of seizure propagation:

targets for rational drug design and rational polypharmacy.
Epilepsy Res 1996; Suppl. 11: 17-44

. Gale K. Progression and generalization of seizure discharge:

anatomical and neurochemical substrates. Epilepsia 1988; 29
Suppl. 2: 515-34

McLean MJ, Macdonald RL. Sodium valproate, but not etho-
suximide, produces use- and voltage-dependent limitation of
high frequency repetitive firing of action potentials of mouse

© adis international Limited. All rights reserved.

Page 26 of 28

9

o

9

=3

9

-3

9

o0

99,

100.

10

101

=]

10

o

104

105.

106.

107.

108,

109.

110,

11

112,

113,

central neurons in cell culture. J Pharmacol Exp Ther 1986;
237: 1001-11

. Van den Berg RJ, Kok P, Voskuyl RA. Valproate and sodium

currents in cultured hippocampal neurons. Exp Brain Res
1993; 93: 279-87

. Albus H, Williamson R. Electrophysiologic analysis of the ac-

tions of valproate on pyramidal neurons in the rat hippocam-
pal slice. Epilepsia 1998; 39: 124-39

. Willow M, Kuenzel EA, Catterall WA, Inhibition of voltage-

sensitive sodium channels in neuroblastoma cells and synap-
tosomes by the anticonvulsant drugs diphenylhydantoin and
carbamazepine. Mol Pharmacol 1984; 25: 228-34

. Francis J, Burnham WM. [3H]Phenytoin identifies a novel

anticonvulsant-binding domain on voltage-dependent sodium
channels. Mol Pharmacol 1992; 42: 1097-103

Zona C, Avoli M. Effects induced by the antiepileptic drug
valproic acid upon the ionic currents recorded in rat neocor-
tical neurons in cell culture, Exp Brain Res 1990; 81; 313-7

Vreugdenhil M, Vanveelen CWM, Vanrijen PC, et al. Effect of
valproic acid on sodium currents in cortical neurons from
patients with pharmaco-resistant temporal lobe epilepsy. Ep-
ilepsy Res 1998; 32: 309-20

. Vreugdenhil M, Wadman WI. Modulation of sodium currents

in rat CA1 neurons by carbamazepine and valproate after kin-
dling epileptogenesis. Epilepsia 1999; 40: 1512-22

. Vreugdenhil M, Bruehl C, Voskuyl RA, et al, Polyunsaturated

fatty acids modulate sodium and calcium currents in CAl
neurons. Proc Natl Acad Sci U § A 1996; 93: 12559-63

. Taverna S, Mantegazza M, Franceschetti S, et al. Valproate

selectively reduces the persistent fraction of Na+ current in
neocortical neurons. Epilepsy Res 1998; 32: 304-8

Fariello RG, Varasi M, Smith MC. Valproic acid: mechanisms
of action. In: Levy RH, Mattson RH, Meldrum BS, editors,
Antiepileptic drugs. 4th ed. New York: Raven Press, 1995
581-604

Morre M, Keane PE, Vernigres IC, et al. Valproate: recent find-
ings and perspectives. Epilepsia 1984; 25 Suppl. 1: §5-9

Franceschetti S, Hannon B, Heinemann U, The action of valpro-
ate on spontaneous epileptiform activity in the absence of
synaptic transmission and on evoked changes in [Ca2+]0 and
[K+]0 in the hippocampal slice. Brain Res 1986; 386: 1-11

Roderfeld H-J, Altrup U, Diising R, et al. Effects of the antiepi-
leptic drug valproate on cloned voltage-dependent potassium
channels [abstract]. Pfliigers Arch 1994; 426 Suppl.: R32

Coulter DA, Huguenard JR, Prince DA, Characterization of eth-
osuximide reduction of low-threshold calcium current in tha-
lamic neurons. Ann Neurol 1989; 25: 582-93

Kelly KM, Gross RA, Macdonald RL. Valproic acid selectively
reduces the low-threshold (T) calcium current in rat nodose
neurons. Neurosci Lett 1990: 116: 1-2

Crowder JM, Bradford HF. Common anticonvulsants inhibit
Ca2+ uptake and amino acid neurotransmitter release in vitro.
Epilepsia 1987, 28: 378-82

. Perlman BJ, Goldstein DB. Membrane-disordering potency and

anticonvulsant action of valproic acid and other short-chain
fatty acids. Mol Pharmacol 1984; 26: 83-9

Rumbach L, Mutet C, Cremel G, et al. Effects of sodium valpro-
ate on mitochondrial membranes: electron paramagnelic res-
onance and transmembrane protein movement studies. Mol
Pharmacol 1986; 30: 270-3

Godin Y, Heiner L, Mark J, et al. Effects of di-n-propylacetate,
an anticonvulsive compound, on GABA metabolism, J Neu-
rochem 1969; 16: 869-73

CNS Drugs 2002; 16 (10)




Basic Pharmacology of Valproate

693

114.

115.

116.

117.

118.

119.

120.

12

3

122.

123.

124,

125.

126.

127.

13

132,

133,

Simler S, Ciesielski L, Maitre M, et al. Effect of sodium n-
dipropylacetate on audiogenic seizures and brain y-aminobutyric
acid level, Biochem Pharmacol 1973; 22: 1701-8

Schechter PI, Tranier Y, Grove J. Effect of n-dipropylacetate
on amino acid concentrations in mouse brain: correlations
with anti-convulsant activity. J Neurochem 1978; 31: 1325-7

Martin DL, Olsen RW, Martin DL, et al., editors. GABA in the
nervous system: the view at fifty years. Philadelphia (PA):
Lippincott Williams & Wilkins, 2000

Loscher W. GABA and the epilepsies: experimental and clini-
cal considerations. In: Bowery NG, Nisticd G, editors.
GABA: basic research and clinical applications. Rome:
Pythagora Press, 1989: 260-300

Avoli M. Epilepsy. In: Martin DL, Olsen W, editors. GABA in
the nervous system: the view at fifty years. Philadelphia (PA):
Lippincott Williams & Wilkins, 2000: 293-316

Simler S, Randrianarisoa H, Lehman A, et al. Effects du di-n-
propylacétate sur les crises audiogénes de la souris. J Physiol
(Paris) 1968; 60: 547

Sieghart W. Unraveling the function of GABA(A) receptor sub-
types. Trends Pharmacol Sci 2000; 21: 411-3

. Mohler H, Fritschy JM, Rudolph U. A new benzodiazepine

pharmacology. J Pharmacol Exp Ther 2002; 300: 2-8

Rudolph U, Crestani F, Mihler H. GABA(A) receptor sub-
types: dissecting their pharmacological functions. Trends
Pharmacol Sci 2001; 22: 188-94

Tadarola MJ, Gale K. Dissociation between drug-induced in-
creases in nerve terminal and non-nerve terminal pools of
GABA in vivo. Eur J Pharmacol 1979; 59: 1259

Lascher W, Vetter M. In vivo effects of aminooxyacetic acid
and valproic acid on nerve terminal (synaptosomal) GABA
levels in discrete brain areas of the rat: correlation to pharma-
cological activities. Biochem Pharmacol 1985; 34: 1747-56

ladarola MJ, Gale K. Cellular compartments of GABA in brain
and their relationship to anticonvulsant activity. Mol Cell
Biochem 1981; 39: 305-30

Lascher W. GABA in plasma, CSF and brain of dogs during
acute and chronic treatment with y-acetylenic GABA and
valproic acid. In: Okada Y, Roberts E, editors. Problems in
GABA research: from brain to bacteria. Amsterdam: Exerpta
Medica, 1982: 102-9

Pewroff OA, Rothman DL, Behar KL, et al. Effects of valproate
and other antiepileptic drugs on brain glutamate, glutamine,
and GABA in patients with refractory complex partial sei-
zures. Seizure 1999; 8: 120-7

. Petroff OA, Rothman DL. Measuring human brain GABA in

viva: effects of GABA-transaminase inhibition with viga-
batrin. Mol Neurobiol 1998; 16: 97-121

. Lisscher W. Valproate induced changes in GABA metabolism

at the subeellular level. Biochem Pharmacol 1981; 30: 1364-6

. Phillips NI, Fowler LI. The effects of sodium valproate on y-

aminobutyrate metabolism and behavior in naive and
ethanolamine-O-sulphate pretreated rats and mice. Biochem
Pharmacol 1982; 31: 2257-61

. Loscher W. Effect of inhibitors of GABA aminotransferase on

the metabolism of GABA in brain tissue and synaptosomal
fractions, J Neurochem 1981; 36: 1521-7

Lascher W, In vivo administration of valproate reduces the
nerve terminal (synaptosomal) activity of GABA aminotrans-
ferase in discrete brain areas of rats, Neurosci Lett 1993; 160:
177-80

Larsson OM, Gram L, Schousboe 1, et al. Differential effects of
gamma-vinyl GABA and valproate on GABA-transaminase

© Adis International Limited. All rights reserved.

Page 27 of 28

134.

135,

136.

137.

13

13

140.

141.

142.

143.

144,

14

14

14

148,

149,

150.

15

8.

9,

5:

6.

7.

ca

from cultured neurons and astrocytes. Neuropharmacology
1986; 25: 617-25

Taberner PV, Charington CB, Unwin JW. Effects of GAD and
GABA-T inhibitors on GABA metabolism in vivo, Brain Res
Bull 1980; 5 Suppl. 2: 621-5

Mau H, Lischer W. Valproic acid: brain and plasma levels of
the drug and its metabolites, anticonvulsant effects and
GABA metabolism in the mouse. ] Pharmacol Exp Ther
1982; 220: 654-9

Wikinski SI, Acosta GB, Rubio MC. Valproic acid differs in its
in vitro effect on glutamic acid decarboxylase activity in neo-
natal and adult rat brain. Gen Pharmacol 1996; 27; 635-8

Bolanos JP, Medina JM. Evidence of stimulation of the gamma-
aminobutyric acid shunt by valproate and E-delta-2-valproate
in neonatal rat brain. Mol Pharmacol 1993; 43: 487-90

Liischer W, Frey H-H. Zum wirkungsmechanismus von val-
proinsiure. Arzneimittel Forschung 1977, 27: 1081-2

Luder AS, Parks JK, Frerman F, et al. Inactivation of beef brain
a-ketoglutarate dehydrogenase complex by valproic acid and
valproic acid metabolites. ] Clin Invest 1990; 86: 1574-81

Gram L, Larsson OM, Johnsen AH, et al. Effects of valproate,
vigabatrin and aminooxyacetic acid on release of endogenous
and exogenous GABA from cultured neurons. Epilepsy Res
1988; 2: 87-95

Ekwuru MO, Cunningham JR. Phaclofen increases GABA re-
lease from valproate treated rats. Br J Pharmacol 1990; 99
Suppl.: 251P

Ueda Y, Willmore L. Molecular regulation of glutamate and
GABA transporter proteins by valproic acid in rat hippocam-
pus during epileptogenesis. Exp Brain Res 2000; 133: 334-9

Biggs CS, Pearce BR, Fowler LI, et al. The effect of sodium
valproate on extracellular GABA and other amino acids in the
rat ventral hippocampus: an in vivo microdialysis study.
Brain Res 1992; 594: 138-42

Rowley HL, Marsden CA, Martin KF. Differential effects of
phenytoin and sodium valproate on seizure-induced changes
in gamma-aminobutyric acid and glutamate release in vivo.
Eur ] Pharmacol 1995; 294: 541-6

Wolf R, Tscherne U, Emrich HM. Suppression of preoptic
GABA release caused by push-pull-perfusion with sodium
valproate. Naunyn Schmiedeberg’s Arch Pharmacol 1988;
338: 658-63

Timmermann W, Westerink BHC. Brain microdialysis of
GABA and glutamate: what does it signify? Synapse 1997,
27: 242-01

Ticku MK, Davis WC. Effect of valproic acid on [3H]dia-
zepam and [3H]dihydroxypicrotoxinin binding sites at the
benzodiazepine-GABA receptor ionophore complex. Brain
Res 1981; 223: 218-22

Miller LG, Greenblatt DI, Barnhill JG, et al. “GABA shift” in
vivo: enhancement of benzodiazepine binding in vivo by
modulation of endogenous GABA. Eur J Pharmacol 1988;
148: 123-30

Koe BK, Kondratas E, Russo LL. [3H]Ro 15-1788 binding to
benzodiazepine receptors in mouse brain in vivo: marked en-
hancement by GABA agonists and other CNS drugs. Eur J
Pharmacol 1987; 142: 373-84

Nutt DJ, Cowen PJ, Little HJ. Unusual interactions of
benzodiazepine receptor antagonists. Nature 1982; 295: 436-8

. Gent JP, Bentley M, Feely M, et al. Benzodiazepine cross-

tolerance in mice extends to sodium valproate. Eur J Phar-
macol 1986; 128: 9-15

CNS Drugs 2002; 16 (100



152.

153.

154,

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Liljequist S, Engel JA. Reversal of anticonflict action of valpro-
ate by various GABA and benzodiazepine antagonists. Life
Sci 1984, 34: 2525-31

Morag M, Myslobodsky M. Benzodiazepine antagonists abol-
ish electrophysiological effects of sodium valproate in the rat.
Life Sci 1982; 30: 1671-7

Myslobodsky M, Feldon I, Lerner T, Anticonflict action of so-
dium valproate: interaction with convulsant benzodiazepine
{Ro 5-3663) and imidazodiazepine (Ro 15-1788). Life Sci
1983; 33: 317-21

Shephard RA, Stevenson D, Jenkinson S. Effects of valproate
on hyponeophagia in rats: competitive antagonism with pic-
rotoxin and non-competitive antagonism with RO 15-1788.
Psychopharmacology (Berl) 1985; 86: 313-7

Shephard RA, Hamilton MS. Chlordiazepoxide and valproate
enhancement of saline drinking by nondeprived rats: effects
of bicuculline, picrotoxin and Rol5-1788. Pharmacol
Biochem Behav 1989; 33: 285-90

Ong I, Kerr DI. Recent advances in GABAB receptors: from
pharmacology to molecular biology. Acta Pharmacol Sin
2000; 21: 111-23

Caddick SJ, Hosford DA. The role of GABAB mechanisms in
animal models of absence seizures. Mol Neurobiol 1996; 13:
23-32

Czuczwar Sl, Patsalos PN. The new generation of GABA en-
hancers: potential in the treatment of epilepsy. CNS Drugs
2001; 15: 339-50

Lloyd KG, Thuret F, Pilc A. Upregulation of gamma-amino-
butyric (GABA) B binding sites in rat frontal cortex: a com-
mon action of repeated administration of different classes of
antidepressants and electroshock. J Pharmacol Exp Ther
1985; 235: 191-9

Motohashi N. GABA receptor alterations after chronic lithium
administration: comparison with carbamazepine and sodium
valproate. Prog Neuropsychopharmacol Biol Psychiatry
1992; 16: 571-9

DeFeudis FV. Gamma-aminobutyric acid-ergic analgesia: im-
plications for gamma-aminobutyric acid-ergic therapy for
drug addiction. Drug Alcohol Depend 1984; 14: 101-11

Whittle SR, Turner AJ. Effects of the anticonvulsant sodium
valproate on y-aminobutyrate and aldehyde metabolism in ox
brain. ] Neurochem 1978; 31: 1453-9

Vayer P, Cash CD, Maitre M. Is the anticonvulsant mechanism
of valproate linked to its interaction with the cerebral y-
hydroxybutyrate system? Trends Pharmacol Sci 1988; 9: 127-9

Whittle SR, Turner S1. Effects of anticonvulsants on the forma-
tion of y-hydroxybutyrate from y-aminobutyrate in rat brain.
1 Neurochem 1982; 38: 848-51

Snead OL. y-Hydroxybutyrate model of generalized absence sei-
zures: further characterization and comparison with other ab-
sence models. Epilepsia 1988; 29: 361-77

Snead OCI, Bearden LJ, Pegram V. Effect of acute and chronic
anticonvulsant administration on endogenous y-hydroxybutyrate
in rat brain, Neuropharmacology 1980; 19: 47-52

Dixon JF, Hokin LE. The antibipolar drug valproate mimics
lithium in stimulating glutamate release and inositol 1,4,5-
trisphosphate accumulation in brain cortex slices but not ac-

© Adis International Limited. All ights reserved.

Page 28 of 28

169,

170.

171

172.

17

174,

175.

176.

177.

178.

179.

180.

18

w

cumulation of inositol monophosphates and bisphosphates,
Proc Natl Acad Sci U S A 1997, 94: 4757-60

Nilsson M, Hansson E, Ronnback L. Interactions between
valproate, glutamate, aspartate, and GABA with respect to
uptake in astroglial primary cultures. Neurochem Res 1992;
17:327-32

Biggs CS, Pearce BR, Fowler LJ, et al. Regional effects of
sodium valproate on extracellular concentrations of 5-
hydroxytryptamine, dopamine, and their metabolites in the rat
brain: an in vivo microdialysis study. ] Neurochem 1992; 59;
1702-8

Horton RW, Anlezark GM, Sawaya MCB, et al. Monoamine
and GABA metabolism and the anticonvulsant action of di-
n-propylacetate and ethanolamine-O-sulphate. Eur J Phar-
macol 1977; 41: 387-97

Ichikawa J, Meltzer HY . Valproate and carbamazepine increase
prefrontal dopamine release by 5-HT1A receptor activation.
Eur ] Pharmacol 1999; 380: R1-3

Dreifuss FE. Valproic acid: toxicity. In: Levy RH, Mattson RH,
Meldrum BS, editors. Antiepileptic drugs. 4th ed. New York:
Raven, 1995: 641-8

Jones EA, Basile AS. Does ammonia contribute to increased
GABA-ergic neurotransmission in liver failure? Metab Brain
Dis 1998; 13: 351-60

Nathanson JA. Cyclic nucleotides and nervous system function.
Physiol Rev 1977, 57: 157-256

Lust WD, Kupferberg HI, Yonekawa WD, et al. Changes in
brain metabolites induced by convulsants or electroshock: ef-
fects of anticonvulsant agents. Mol Pharmacol 1978; 14: 347-56

McCandless DW, Feussner GK, Lust WD, et al. Metabolite
levels in brain following experimental seizures: the effects of
isoniazid and sodium valproate in cerebellar and cerebral cor-
tical layers. J Neurochem 1979; 32: 755-60

Frey H-H, Lischer W, Distribution of valproate across the in-
terface between blood and cerebrospinal fluid. Neuropharma-
cology 1978; 17: 637-42

Shen DD. Valproate: absorption, distribution, and excretion. In:
Lascher W, editor. Valproate. Basle: Birkhiuser, 1999: 77-90

Huai-Yun H, Secrest DT, Mark KS, et al. Expression of multi-
drug resistance-associated protein (MRP) in brain micro-
vessel endothelial cells. Biochem Biophys Res Commun
1998; 243: 816-20

. Cutrer FM, Limmroth V, Moskowitz MA. Possible mechanisms

of valproate in migraine prophylaxis. Cephalalgia 1997; 17:
93-100

Correspondence and offprints: Dr Wolfgang Ldscher, De-
partment of Pharmacology, School of Veterinary Medicine,
Toxicology and Pharmacy, Biinteweg 17, Hannover, 30559,
Germany.

E-mail: wolfgang loescher@tiho-hannover.de

CNS Drugs 2002; 16 (10)

1
|
|
|
|



