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Abstract. After more than 40 years of clinical use, the
mechanisms of action of valproate in epilepsy, bipolar
disorder and migraine are still not fully understood.
However, recent findings reviewed here shed new
light on the cellular effects of valproate. Beyond the
enhancement of g-aminobutyric acid-mediated neu-
rotransmission, valproate has been found to affect
signalling systems like the Wnt/b-catenin and ERK
pathways and to interfere with inositol and arachid-
onate metabolism. Nevertheless, the clinical relevance
of these effects is not always clear. Valproate treat-
ment also produces marked alterations in the expres-

sion of multiple genes, many of which are involved in
transcription regulation, cell survival, ion homeo-
stasis, cytoskeletal modifications and signal trans-
duction. These alterations may well be relevant to the
therapeutic effects of valproate, and result from its
enhancement of activator protein-1 DNA binding and
direct inhibition of histone deacetylases, and possibly
additional, yet unknown, mechanism(s). Most likely,
both immediate biochemical and longer-term genom-
ic influences underlie the effects of valproate in all
three indications.

Keywords. Valproate, antiepileptic, migraine, bipolar disorder, histone deacetylase, neuroprotection, signal
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Introduction

Valproate, a simple branched-chain fatty acid (2-
propylpentanoic acid) (Fig. 1), is a broad-spectrum
anticonvulsive drug with well-established efficacy in
both partial and generalized seizures. Since 1962,
when valproate was serendipitously found to be an
anticonvulsant, it has become available for the
indication of epilepsy in more than 100 countries [1].
Valproate is also commonly prescribed for bipolar
mood disorder and is recommended by several na-
tional and international societies of psychiatry and
pharmacology as a first-line drug for both the treat-
ment of acute mania and as maintenance therapy for
mania prevention, alone or in combination with other

agents [2]. Valproate is sometimes recommended as
part of the treatment for bipolar disorder depression
[2] although its antidepressive effect is smaller and not
as well substantiated as its antimanic one [3]. In
addition, valproate is recognised as a first-line pro-
phylactic drug for migraine headache [4].
As an acute biochemical effect, valproate has been
shown to increase brain levels of the inhibitory
neurotransmitter g-aminobutyric acid (GABA) prob-
ably by inhibiting succinic semialdehyde dehydrogen-
ase, consequently increasing brain levels of succinic
semialdehyde, a metabolite that inhibits GABA
transaminase thus preventing GABA catabolism [5].
Evidence also suggests a direct inhibitory effect of
valproate on voltage-gated Na+ channels, suppressing
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high-frequency firing of neurons, and possibly indirect
effects on non-GABAergic neurotransmission [5, 6].
Nevertheless, the mechanisms of action of valproate in
neuropsychiatric disorders are far from fully under-
stood. A 1999 review entitled �The pharmacologic
basis of antiepileptic drug action� attributed its anti-
epileptic effect principally to elevation of brain
GABA concentration and inhibition of neuronal
voltage-gated Na+ channels, although the involve-
ment of additional �actions, not yet clearly defined�
was also pointed out [6]. However, a similar review
published in 2005 ranked the GABA enhancement as
only a �secondary� action of valproate and the Na+

channel inhibition as �controversial�, and proposed
that �other actions� form the primary basis for the
antiepileptic activity of valproate [7]. Likewise, in
bipolar disorder, the relevance of the facilitation of
GABAergic transmission to the beneficial effect of
valproate remains unclear. Although it is assumed
that the pro-GABAergic influence of valproate causes
initial sedative and anxiolytic effects that may be
helpful in these patients [8, 9], research has focused on
other avenues through which valproate may have a
mood-stabilising effect in bipolar disorder [9, 10]. In
migraine prophylaxis, despite a possible role for
GABA enhancement in the attenuation of migraine-
related neuroinflammation [11], the mechanism of
action of valproate is uncertain, since although
valproate can reduce neuronal excitability via the
inhibition of voltage-gated Na+ channels, this alone
seems insufficient to inhibit the cortical spreading
depression implicated in migraine pathogenesis [12].
Furthermore, little is known about the way in which
valproate interacts with its cellular targets: it has been
shown that valproate (and its metabolites) can bind

covalently and irreversibly to tissue proteins [13], but
the nature of the resulting changes in their conforma-
tion and/or charge remains obscure.
Many new insights into the biological activities of
valproate have emerged in the past several years,
changing our understanding of how this drug works.
Plausible biochemical mechanisms which may un-
derlie, for example, the effect of valproate in bipolar
disorder [14] or the persistence of some therapeutic
effects after drug administration has ceased [15] ,
are starting to emerge. Likewise, the mechanisms
behind valproate teratogenicity [16 – 18] and certain
adverse events [19, 20] are becoming clearer. This
review attempts to highlight recent major findings
regarding the biochemical and genomic effects of
valproate while assessing their relevance to human
disease.

Effects on the extracellular signal-regulated kinase
pathway

The central role of the extracellular signal-regulated
kinase (ERK) pathway in supporting neurogenesis,
neuronal survival, dendritic arborisation and synaptic
plasticity in the adult mammalian brain has recently
been reviewed elsewhere [21]. These effects seem to
be mediated by ERK-induced expression of trophic
and protective factors such as the antiapoptotic
product of the B cell lymphoma/leukaemia-2 gene
(Bcl-2) [21]. Animals with induced impairments in
this pathway exhibit behavioural alterations that
resemble some features of mood disorders (especially
hyperactivity) and respond to therapies employed in
these disorders [21, 22].

Figure 1. Chemical structures of
antiepileptic drugs, or their major
metabolites, that are HDAC in-
hibitors.
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Over the past several years valproate, at clinically
relevant concentrations, has been demonstrated to
activate the ERK pathway: in vitro, this activation
requires the topmost components of this pathway,
namely Ras, Raf and mitogen-activated protein kinase
kinase (MEK), and results in increased levels of the
phosphorylated forms of ERK1/2 [23]. ERK phos-
phorylation, in turn, can activate the transcription
factor Elk1, and the latter enhances the expression of
c-Fos [24], a potentially significant element in the
mechanism of action of valproate (see below). An-
other target of the ERK pathway whose expression is
increased in vitro after valproate exposure is growth
cone-associated protein (GAP-)43, which is important
for neural plasticity [23]. In vivo, valproate can
increase the levels of Bcl-2 in the frontal cortex of
rats [25], as indeed may be expected of an activator of
the ERK pathway [21]. In subsequent studies, not only
was valproate-induced ERK1/2 phosphorylation –
and thus activation – demonstrated in the rat brain,
but a significant increase in protein levels of brain-
derived neurotrophic factor (BDNF), a known target
of the ERK pathway, was found in the rat hippo-
campus and frontal cortex [22, 26]. This concurred
with an earlier observation that chronic valproate
administration to rats results in increased BDNF
levels in the frontal cortex [27]. Although in this study
changes in BDNF mRNA abundance were not
measured, the authors attributed the increased
BDNF protein to enhanced expression of the BDNF
gene, which may indeed be an effect of ERK
activation. Importantly, both in vitro and in vivo [23,
26] valproate can promote neurite outgrowth and
cortical neurogenesis, and MEK inhibition prevents
these valproate-induced processes. Activation of the
ERK pathway by valproate can contribute not only to
trophic changes but also to changes in receptor
expression: valproate has been shown to potentiate
the transcriptional efficacy of several nuclear hor-
mone receptors at least partially through its function
as an activator of the ERK pathway [28].
What might be the significance of these valproate-
mediated effects, assuming they also occur in the
human brain? Post-mortem and imaging studies in
bipolar disorder patients have demonstrated reduc-
tions in glial and neuronal cell density, along with
reduced synaptic and dendritic densities, particularly
in the prefrontal cortex (and especially in its medial
region), as well as in the hippocampus and subcortical
brain areas [29, 30]. It is hypothesised that these
organisational, and presumably circuitry, alterations
are at least partially neurodegenerative in nature and
contribute to the phenotype of this mood disorder.
Chronic neuropsychiatric drug therapy can produce
morphometric changes in disease-relevant cortical

areas along with clinical improvement [31, 32]. It is
therefore not unreasonable to suggest that valproate,
through its effect on the ERK pathway and upregu-
lation of trophic and protective factors such as BDNF
and Bcl-2, can similarly help to reverse the neuro-
degenerative changes seen in bipolar mood disorder,
possibly not through neurogenesis – which is unlikely
in the adult human prefrontal cortex – but perhaps
through the enhancement of neuropil building [21].
Whether a similar trophic mechanism contributes to
the long-term effects of valproate in epilepsy is
unknown. However, an association between the
pathophysiological progression of affective disorders
and epilepsy has been proposed [33], and progressive
hippocampal and extrahippocampal atrophy have
been demonstrated in some epilepsy patients [34].
Therefore, the trophic support of valproate, mediated
partially by ERK pathway activation, should be
studied as one of the mechanisms of action of the
drug in epilepsy. Indeed, repeated exposures to
valproate in vitro (at clinically relevant concentra-
tions) increases GABAergic differentiation of rat
cortical stem cells and is accompanied by a concurrent
increase in Bcl-2 expression [35]. Similarly, even
though the overall harmful or protective role of
BDNF in epilepsy needs to be further elucidated
[36], BDNF has been shown to promote the matura-
tion of GABAergic neurons in vitro and to enhance
the expression of GABAA [37], a receptor with a role
in neuronal synchrony control [38].
Nevertheless, the exact role of ERK pathway activa-
tion in the mechanism of action remains to be clearly
defined and valproate is not a �cure-all�. For example,
Hsieh et al. [39] assessed whether valproate-mediated
neuronal differentiation of adult hippocampal neural
progenitors in vitro is directly caused by the activation
of the ERK pathway: although valproate did activate
ERK, application of a MEK inhibitor did not hinder
the cell fate commitment initiated by valproate,
indicating that the ERK pathway was not solely, or
not at all, responsible for the valproate-induced
differentiation of these progenitor cells.
In what way(s) can valproate interact with the ERK
pathway? There are no clear answers to this question.
Hao et al. [26] hypothesised that valproate-induced
inositol depletion (discussed below) affects the syn-
thesis of phosphatidylinositol, a molecule used by
several signalling pathways that cross talk with the
ERK pathway, such that this pathway is eventually
activated. Yuan et al. [23] speculated that either
valproate induces, through non-ERK pathways, the
expression of secreted neurotrophic factor(s) that in
turn activate the ERK pathway via cell surface
tyrosine kinase receptors, or valproate – which is
incorporated into neuronal phosphatidylcholines in
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vitro [40] – disturbs the normal catabolism of the latter
and causes accumulation of lysophosphatidylcholine,
which is an activator of ERK through the tyrosine
kinase-Ras pathway [41]. Since the incorporation of
valproate into neuronal phosphatidylcholines in vivo
has been repeatedly questioned [42], the former
explanation remains at present more likely.

Effects on the phosphoinosidite cycle and the
phosphokinase C family

Increased cortical myo-inositol levels have been
implicated in the pathophysiology of bipolar disorder:
magnetic resonance imaging studies suggest an in-
crease in myo-inositol levels in the frontal, and
especially in the cingulate cortex of manic patients,
and the antimanic effect of lithium has thus been
attributed to its inhibition of inositol monophospha-
tase, the enzyme that dephosphorylates inositol
monophosphates to produce myo-inositol [recently
reviewed in 43]. Valproate, at clinically relevant
concentrations, has been shown to be a non-compet-
itive indirect inhibitor of human cortical myo-inositol-
1-phosphate synthase, the enzyme that mediates de-
novo synthesis of the substrate for inositol mono-
phosphatase, implying that, like lithium, valproate
may have an inositol-depleting effect on the brain [44,
45]. This was indeed observed in vivo after acute
valproate treatment, yet a 14-day repeated adminis-
tration of valproate to mice failed to produce a similar
reduction in brain inositol [44].
However, doubts have been expressed about the
therapeutic relevance of the inhibition by lithium of
inositol monophosphatase, and in general the role of
inositol changes in bipolar disorder remains hypo-
thetical and requires further research [10, 43, 46, 47].
Myo-inositol is required for the synthesis of phospha-
tidylinositol 4,5-bisphosphate (PIP2). Ligand binding
to Gq protein-coupled receptors stimulates phospho-
lipase C to hydrolyse PIP2 into inositol 1,4,5-trisphos-
phate (IP3) and 1,2-diacylglycerol (DAG), and these
two, in turn, mediate mobilization of intracellular
calcium and activate protein kinase C (PKC), respec-
tively [43]. It has been proposed that inositol deple-
tion and subsequent intracellular reduction of IP3 and
DAG and their downstream effectors are therapeutic
through cytoskeletal and gene expression alterations;
however, these alterations can be induced by val-
proate (and lithium) through alternative, non-inositol
related, mechanisms, hence some of the doubts about
the therapeutic significance of inositol depletion [47].
Nevertheless, valproate-induced alterations in PKC
activity, mediated by inositol depletion or by other
factors, has attracted significant attention [10].

The PKCs are a family of serine/threonine protein
kinases that phosphorylate proteins such as receptors
for neurotransmitters and neuropeptides, signalling
molecules, transcriptional factors and cytoskeletal
proteins [48]. In the brain, PKCs are found primarily
pre-synaptically, and upon activation translocate from
the cytosol to the cell membrane, where they are
anchored to the membrane by the receptor for
activated C kinase-1 (RACK1) and participate in
neurotransmitter release (particularly isoforms PKC-
a and PKC-e) [10, 47]. A possible linkage between
PKC activation and bipolar disorder is supported by
the increased cell surface presence of PKC in the
frontal cortex and blood platelets of bipolar patients
compared to controls [49 – 51]. Chronic lithium ther-
apy leads to a reduction in membrane-associated PKC
in the rat hippocampus, an effect that is thought to be
relevant to the anti-manic activity of this drug [52]. It
was suggested that PKC-e also plays a role in seizure
generation, at least in primary generalised epilepsies
[53]: PKC-e is selectively upregulated in rat hippo-
campal granule cells after kainate-induced seizures
[54] and its activation attenuates GABAA receptor
sensitivity [55]. PKC-e knock-out mice are super-
sensitive to allosteric GABAA receptor modulation,
leading to the proposal that pharmacological attenu-
ation of PKC-e should also result in similar GABAA

receptor hypersensitivity and increased GABAergic
neuronal inhibition in epilepsy [55].
Although valproate does not directly interact with
PKC [56], several days of in vitro exposure of C6
glioma and hippocampal cells to valproate at clinically
relevant concentrations (<0.6mM [57]) produce a
significant reduction in the protein content and
activity of PKC, especially PKC-a and PKC-e, in
both cytosol and membrane [56, 58]. Valproate also
downregulates the expression of the PKC substrate
myristoylated alanine-rich C kinase substrate
(MARCKS) [58, 59], a protein that cross-links actin
and participates in membrane-cytoskeleton remodel-
ling and synaptic modification [60]. Of note, it takes
MARCKS up to a week to recover to control levels
after valproate is withdrawn [58]. In bipolar manic
patients, a 2-week course of valproate therapy atte-
nuated the excessive baseline PKC activity in platelets
[48]. Interestingly, in this study, valproate also sup-
pressed the interaction between serotonin and throm-
bin receptors and various Ga proteins without affect-
ing the expression of these G proteins [48], which may
indicate an entirely novel mode of action of valproate.
Based on the temporal profile of the valproate-
induced changes in PKC activity, it was proposed
that valproate enhances intracellular formation of
active complexes of PKC with its co-factors and
substrates, leading eventually to increased proteolysis
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of PKC [58]. Indeed, the degradation of PKC
isoenzymes by the ubiquitin-proteasome system de-
pends on the phosphorylated state and catalytic
function of these enzymes [61]. However, valproate,
at least in epithelial cells, significantly suppresses
proteasomal activity even after short-term exposure
[62], so mechanisms other than enhanced catabolism
should be considered for the downregulation of PKC
activity by valproate, e.g. transcriptional suppression.
Notably, the inhibition of proteasomal activity may
point to another mechanism by which valproate can
increase the presence (but not necessarily the activity)
of various cellular proteins.

Effects on glycogen synthase kinase-3 and the
Wnt/b-catenin pathway

Wnts are a family of secreted, cysteine-rich, glycosy-
lated protein ligands that influence cell growth, differ-
entiation, polarization, migration and fate through
several pathways, including the Wnt/b-catenin path-
way: binding of Wnts to their cell membrane receptor
leads to the phosphorylation and inhibition of glyco-
gen synthase kinase-3 (GSK-3), which cannot then
phosphorylate b-catenin. b-Catenin accumulates in
the cytosol, translocates to the nucleus, binds to
transcription factors of the Tcf (T cell factor)/Lef
(lymphoid-enhancer factor) family, and activates
transcription of Wnt-dependent target genes [63,
64]. In other words, the serine/threonine kinase
GSK-3 plays a pivotal inhibitory role in this pathway
through phosphorylation of b-catenin, labeling the
latter for destruction by the ubiquitin-proteasome
system [64]. There are two structurally similar GSK-3
mammalian isoforms encoded by distinct genes, GSK-
3a and GSK-3b, and both can phosphorylate b-catenin
(although they may not be functionally identical
otherwise) [64]. Both isoforms target a wide variety
of intracellular substrates other than b-catenin, in-
cluding cytoskeletal targets and transcription factors.
Finally, inhibition of GSK-3b has been shown to
protect neurons from programmed cell death [65].
Following the initial report that, like lithium, clinically
relevant concentrations of valproate directly inhibit
both GSK-3 isoforms (and particularly GSK-3b) [66],
a debate emerged on three questions: (1) is valproate
truly a direct inhibitor of GSK-3? (2) if not, does
valproate have any effect on this enzyme and on the
Wnt/b-catenin pathway? and (3) are GSK-3 and the
Wnt/b-catenin pathway relevant at all to the patho-
physiology of bipolar mood disorder (GSK-3 has not
been implicated in epilepsy or migraine)?
Using immunoprecipitated or recombinant enzyme at
different Mg2+ concentrations (Mg2+ is a potentiator

of GSK-3 activity), a number of studies have demon-
strated that valproate directly inhibits GSK-3b [66 –
68]. On the other hand, several other studies [17, 18,
69, 70], using recombinant GSK-3b and a similar
range of Mg2+ concentrations, could not detect such a
direct inhibition of this enzyme by valproate or by
valproate derivatives. Conflicting data also emerge
from studies in a range of cellular systems. Whereas
Hall et al. [69] found that valproate decreased GSK-3
phosphorylation of microtubule-associated protein
1B in cerebellar granule cells, and Tatebayashi et al.
[71] attributed valproate-induced attenuation of tau
phosphorylation in PC12 cells to GSK-3 inhibition,
Phiel et al. [18] and Jin et al. [72] could not detect any
valproate-mediated inhibition of GSK-3b phosphor-
ylation of tau in Neuro2A and cerebellar granule cells,
respectively. Similarly, while Chen et al. [66] found
that valproate produced a marked increase in both
cytosolic and nuclear b-catenin levels in SH-SY5Y
neuroblastoma cells, which they attributed to GSK-3b

inhibition, Williams et al. [57] and Ryves et al. [70] did
not observe any changes in cellular b-catenin levels
after exposing dorsal root and embryonic neocortical
neurons, respectively, to valproate. Indeed, Phiel et al.
[18] reported a valproate-induced increase in b-
catenin in Neuro2A cells, but as this took 10 h to
develop and since direct GSK-3 inhibition by val-
proate was not detected, the increase was attributed to
enhanced b-catenin transcription through the inhib-
ition of valproate of histone deacetylase, which was
confirmed by demonstrating an increase in b-catenin
mRNA levels. De Sarno et al. [73], working in SH-
SY5Y cells with somewhat above-therapeutic con-
centrations of valproate, also attributed the phosphor-
ylation (activation) of Akt and resultant serine9
phosphorylation (inactivation) of GSK-3b to the
inhibition by valproate of histone deacetylase, and
not to a direct effect of the drug on GSK-3b.
Effectively, the last two studies point to a process
whereby valproate affects the Wnt/b-catenin pathway
regardless of GSK-3 inhibition, as has also been
proposed by others [17]. In summary, consistent
effects of valproate on substrates of GSK-3 in cellular
systems have not been demonstrated. Whereas this
inconsistency could have resulted from using different
cell lines and employing diverse experimental meth-
ods in these studies [70, 72], it may also indicate that
inhibition or inactivation of GSK-3 is not a universal
consequence of valproate exposure [72].
Limited information exists on the effects of valproate
on GSK-3 and b-catenin in vivo, but the available data
seem to support an indirect inactivation of GSK-3 by
the drug. Following 11-day treatment of adult rats with
valproate, Kozlovsky et al. [74] found no changes in
the frontal cortex content of GSK-3b or in the activity
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of total GSK-3. Nevertheless, in a subsequent study
employing a similar treatment paradigm, the same
researchers found a significant 40% increase in the
fontal cortex content of the inactivated (serine9
phosphorylated) form of GSK-3b [75], which concurs
with the cellular findings of De Sarno et al. [73]. The
observation that prophylactic valproate administra-
tion to mice attenuates hypoxia-induced dephosphor-
ylation of brain GSK-3a and GSK-3b (without alter-
ing GSK-3 protein content) [76] further emphasises
the role of valproate in keeping GSK-3 inactivated,
even if this enzyme is not directly inhibited by the
drug. In the rat, 9-day administration of valproate
(achieving clinically relevant serum levels) yielded a
significant increase in the frontal cortex, but not
hippocampal, content of b-catenin, without any
change in b-catenin mRNA abundance [77]. While
the latter experiment leaves obscure the mechanism
behind the increase of b-catenin by valproate (and
contradicts the cellular results of Phiel et al. [18]) its
findings can be explained by valproate-enhanced
inactivation of GSK-3.
It should be noted that three studies from different
laboratories conducted on post-mortem frontal cortex
specimens from bipolar patients could not detect
significant differences between patients and normal
controls in the content of GSK-3b and/or b-catenin
[78 – 80], GSK-3a and GSK-3b mRNA abundance or
total GSK-3 activity [78]. Furthermore, no differences
were observed between non-medicated patients and
those on mood stabilisers [79] and between the frontal
and occipital cortices [78]. Although the absence of
Wnt/b-catenin or GSK-3 perturbations in human
bipolar disorder does not rule out the possibility that
valproate exerts its influence in this disorder through
an interaction with these intracellular effectors, the
post-mortem findings raise doubts as to the relevance
of GSK-3 and the Wnt/b-catenin pathway to the
pathophysiology of human bipolar disorder and to
their role in the therapeutic effect of valproate.

Effects of brain lipids and their metabolism

As valproate is a small, branched fatty acid it is
naturally intriguing to explore whether any of its
effects may be due to alterations in the brain�s lipid
metabolism. As has already been mentioned above, in
vivo evidence consistently counters the notion that
valproate is incorporated into brain phospholipids [for
further discussion see Ref. 81]. It was pointed out that
valproate, through an unknown mechanism, decreases
the incorporation of different substrates like glycerol,
mevalonate and lactate into both sterols and glycer-
olipids in different regions of the central nervous

system [82]. This may result in structural changes and
decreased fluidity of neuronal membranes, thereby
increasing the neuronal firing threshold and limiting
the progression of epileptic discharges [82]. It should
be noted, however, that this was inferred from findings
in neonatal brains, whose lipid composition is differ-
ent from that of the adult nervous system [83, 84], and
it still remains to be demonstrated that valproate has
similar effects on cellular membranes in the fully
developed brain. Additionally, in lecithin liposomes
employing the fluorescent probe 1,6-diphenyl-1,3,5-
hexatriene (DPH), valproate (at a high concentration
of 2mM) did not change the fluorescence anisotropy
of DPH, which does not support the concept that
changes in the microviscosity of cellular membranes
play an important role in the mechanism of action of
this drug [85].
Valproate was recently shown to be a direct non-
competitive inhibitor of brain microsomal long-
chain fatty acyl-CoA synthetase [42] , an enzyme
whose inhibition leads to reduced availability of
arachidonoyl-CoA and subsequently to decreased
turnover of arachidonic acid in phospholipids and
diminished prostaglandin production. This study
complemented an earlier observation from the
same group that chronic valproate administration
in the rat, such that produces clinically relevant
plasma and brain levels, reduces the incorporation
rate and turnover of arachidonic acid in brain
phospholipids by 33% [86] . In the latter study, the
effect of valproate on arachidonate metabolism was
not accompanied by a reduction in the levels of
cytosolic phospholipase A2 (cPLA2). However, a
comparable study [87] demonstrated that val-
proate-induced reduction in intracellular levels of
arachidonic acid products was accompanied by a
decrease a in the protein levels of cyclooxygenase
(COX)-1 and COX-2, a decrease whose nature (i.e.
transcriptional or post-transcriptional) is unclear. It
remains an open question whether valproate inhib-
its arachidonate metabolism through direct enzy-
matic inhibition, a transcriptional change, or both.
Whatever the answer may be, the fact that lithium
has a similar effect on arachidonic acid metabolism
(apparently through a decrease in the gene expres-
sion of cPLA2) [86] led to the hypothesis that both
drugs act, at least in bipolar disorder, by reducing
the formation of arachidonic acid products [88] .
Support for this hypothesis comes primarily from
pre-clinical studies [for review see Ref. 88] , and
from observations that dietary supplementation
with n-3 polyunsaturated fatty acids, which can
inhibit COX-2-mediated conversion of arachidonic
acid to prostaglandins [87] , is beneficial in extend-
ing mood-stable remissions in bipolar patients [89] .
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However, a recent review on this topic presented
overall little to no clinical evidence supporting the
existence of arachidonic acid metabolic perturba-
tions in bipolar disorder [90] . If any, there are data
to indicate that COX inhibitors (non-steroidal anti-
inflammatory drugs, NSAIDs) can exacerbate
manic symptoms [90] , and in post-mortem brain
specimens from bipolar subjects, prostaglandin E2
synthase levels are reduced in untreated patients
and increase with therapy [91] . In experimental
epilepsy, the epileptogenic contribution of COX-2
and arachidonate products has been demonstrated
[92] , but the significance of this metabolic pathway
in clinical epilepsy is still unknown and there are no
reports of a therapeutic effect of COX inhibition in
human epilepsy [93] . Therefore, the claim that
altering arachidonate metabolism is a major mode
of action of valproate in either epilepsy or bipolar
disorder requires further substantiation. In mi-
graine, however, NSAID therapy is well established
for both prevention and treatment of acute attacks
[94] , and prostaglandins, especially prostaglandin
E2, have been implicated in migraine pathophysiol-
ogy [for a discussion see ref. 95] . It thus cannot be
excluded that valproate acts in this condition, at
least partially, through arachidonic acid metabolism
inhibition.

Effects at the genomic level

Considering that about 10 days of oral valproate
administration are required before its mood-stabi-
lizing effect becomes significant [3] , and that this
effect persists well after valproate cessation [96] , it
has been assumed that the mechanism of action of
valproate involves not only acute and short-term
biochemical effects but also changes at the genomic
level [10, 96] . Observations in some patients and
animal models of persisting antiepileptic, antimi-
grainous and other effects up to weeks after the
discontinuation of valproate [6, 15, 97 – 100] further
support this notion. Interestingly, it takes 16, but not
3, weeks of valproate treatment to suppress spread-
ing cortical depression in a rat model of migraine
prophylaxis [12] , which concurs with the clinical
observation that the prophylactic effect of val-
proate in migraine evolves to its full extent over 7 –
12 months of therapy (while the dose is kept
unchanged) [101] , findings that are incompatible
with an acute biochemical effect. A similar increase
in valproate efficacy with repeated administrations,
while the brain levels of the drug remain unchanged,
was also observed in experimental epilepsy [102] .
This indicates that increased efficacy was not due to

drug accumulation (and thus more pronounced
short-term effects) but through another mecha-
nism(s).
Indeed, many studies have demonstrated the ability of
valproate to alter in vitro and in vivo the expression of
various genes pertinent to neuropsychiatric disorders.
Treatment of C6 glioma cells with valproate at a
clinically relevant concentration resulted after 20 h,
but not after 1.5 h, in a twofold increase in the density
of the serotonin 2A receptor (5-HT2AR) as assessed by
ketanserin binding [96]. Based on the time course of
this change, and on the fact that the gene for this
receptor contains an activator protein (AP)-1-binding
site (see below), the authors suggested that valproate
enhanced the expression of the 5-HT2AR gene,
although the abundance of 5-HT2AR mRNA was not
measured in this study. In view of post-mortem studies
reporting reduced presence of 5-HT2AR mRNA and
protein in the frontal cortex of bipolar patients [103,
104], this finding may be relevant to the beneficial
effect of valproate in this disorder. Indeed, in a sample
of seven acutely manic patients, a relatively short
exposure to valproate (<5 weeks) produced clinical
improvement but only insignificant increases in the 5-
HT2AR brain binding of the positron emission tomog-
raphy tracer [18F]-setoperone [105]; however, longer
exposures to valproate may yet result in greater
increases in the presence of 5-HT2AR in the brain, and
if so, clarification will be needed as to whether such
changes involve enhancement of this receptor�s tran-
scription. Repeated administration of valproate to
rats increased the mRNA levels of tyrosine hydrox-
ylase – the gene for which also contains an AP-1-
binding sequence – in the locus coeruleus [106].
Chronic valproate treatment in rats led to increased
expression of certain Ca2+-binding stress proteins in
the endoplasmic reticulum, especially in the frontal
and parietal cortices, raising the possibility that
valproate may in this way reduce neuronal damage
secondary to increased intracellular Ca2+ levels that
are presumed to develop in bipolar disorder [107]. The
application of RNA microarray analysis to brains of
rats treated for 30 days with valproate (200 mg/kg per
day) revealed significant alterations (both up- and
downregulation) in the expression of about 120 genes,
many of which are involved in transcription regula-
tion, ion channelling and transport, cytoskeletal
modifications and signal transduction [108], targets
potentially relevant to treating migraine, epilepsy and
bipolar disorder. An indication that valproate exerts a
similar effect in humans was provided by a study that
employed oligonucleotide microarrays to compare
whole blood from epileptic children treated chroni-
cally with valproate with blood from comparable
drug-free or carbamazepine-treated patients: the
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valproate-treated group exhibited expression changes
(again, both up- and downregulation) in 461 genes
compared to the two control groups [109]. In light of
the above discussion on valproate and its interaction
with PKC, ERK pathway signalling and arachidonate
metabolism, it is interesting to note that a significant
number of the down-regulated genes in the valproate-
treated children code for serine threonine kinases,
including PKCs and ERK1, and that COX-2 was also
downregulated. It remains to be established whether
any of these expression changes also occur in the
brain, and if so, which are therapeutically relevant.
Recent research suggests two mechanisms through
which valproate can simultaneously affect the expres-
sion of multiple genes: the enhancement of AP-1
binding to DNA and the inhibition of histone deace-
tylases (HDACs). AP-1 is a collective term used for
dimeric transcription factors that are made of either a
homodimer of jun gene products (commonly c-Jun) or
a heterodimer comprising a Jun protein with an
activator transcription factor (ATF) protein or a Fos
family protein (often c-Fos) [110]. AP-1 transcription
factors bind to the DNA at a specific regulatory site
(the 12-O-tetradecanoylphorbol 13-acetate (TPA)-
response element) and regulate the expression of
multiple genes, including many for neurotrophines,
transcription factors, receptors and enzymes involved
in neurotransmitter synthesis [111]. In both glial and
neuronal cell lines, valproate increased the DNA
binding of AP-1 and enhanced AP-1-regulated gene
expression in a time- and concentration-dependent
manner and at clinically relevant concentrations, but
probably not through a direct interaction with AP-1
[112, 113]. Mutations at the AP-1-binding site dimin-
ish the effect of valproate on AP-1-regulated gene
expression [113]. Animal studies that evaluated
changes in the brain expression of genes like tyrosine
hydroxylase [106] or BDNF [27] after valproate
treatment indicate that valproate-enhanced expres-
sion of AP-1-regulated genes also occurs in vivo.
Interestingly, increased AP-1 DNA binding in the rat
cerebral cortex and hippocampus was found even 7
days after valproate administration [112].
The AP-1 dimers are, at least partly, regulated by the
mitogen-activated protein kinase pathways of p38,
ERK and c-Jun N-terminal kinase (JNK) [110].
Relevant to our discussion, the JNK pathway phos-
phorylates and activates c-Jun while the ERK path-
way induces the phosphorylation of the monomeric
ternary complex factor Elk-1 thus enhancing c-fos
transcription [110]. Additionally, c-Jun can be phos-
phorylated by GSK-3, resulting in decreased AP-1
DNA binding [64], and the c-jun gene is subject to
positive autoregulation through an AP-1-binding site
on its promoter [113]. As valproate seems not to act

via the JNK or p38 pathways [23] and has no effect on
protein dephosphorylation [112] (dephosphorylation
of c-Jun increases AP-1 DNA binding), and in light of
its biochemical interactions discussed earlier, it could
be hypothesised that the effect of this drug on AP-1 is,
at least to some degree, mediated through the
inactivation of GSK-3 and/or the activation of the
ERK pathway. Indeed, in SH-SY5Y neuroblastoma
cells, valproate at therapeutically relevant concentra-
tions increases c-Fos immunoreactivity acutely and
after 1 week of exposure (concomitantly increasing
AP-1 DNA binding) [114], and acute valproate treat-
ment in the rat results in an increased hippocampal
content of c-Fos but not c-Jun [115], all findings
consistent with ERK activation. The picture, however,
is not entirely clear: chronic valproate treatment does
not result in an increased c-fos expression [115], and a
3-day prophylactic treatment with valproate blunted,
rather than enhanced, hippocampal and cortical post-
seizure increases in c-fos mRNA levels [116]. In
addition, since valproate has no effect on DNA
binding of the transcription factor CREB (cAMP-
responsive element binding protein) [112, 115], a
substrate of GSK-3 whose phosphorylation enhances
its transcriptional activity [64], the contribution of
valproate inactivation of GSK-3 and putative preven-
tion of c-Jun inactivation to the enhancement of AP-1
DNA binding should also be questioned. In summary,
whatever its effects on c-fos and c-jun via ERK
pathway activation and possibly GSK-3 inactivation
may be, other mechanisms through which valproate
increases AP-1 activity must be sought.
Clearly, not all the genes whose expression is altered
by valproate have an AP-1–binding site, and ever since
the landmark study by Phiel et al. [18] many of the
genomic effects of valproate have been attributed to
its inhibition of HDAC [18, 117]. The nucleosome, the
basic unit of chromatin, comprises four pairs of
histone proteins (H2A, H2B, H3 and H4) around
which 147 base pairs of DNA are wrapped [118].
Lysine residues on the C-terminal tails of these
histones control the degree of DNA coiling and thus
the accessibility of the transcriptional machinery to
DNA: increased acetylation of the lysine residues by
histone acetyltransferases leads to DNA relaxation
and enhanced transcriptional activity whereas hypo-
acetylation by HDAC results in gene silencing [118,
119]. Histone acetylation has been shown to be an
important regulatory mechanism, controlling the
transcription of about 2% of transcribed genes [120].
The HDACs are usually grouped into three classes: I,
II and sirtuins; histone deacetylase inhibitors current-
ly in clinical use or under development inhibit only the
first two classes [119]. Valproate directly inhibits
various HDACs at therapeutically relevant IC50 values
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[18, 121, 122], but valproate metabolites seem to be
weaker HDAC inhibitors [121]. Valproate-induced
histone hyperacetylation has been demonstrated in
vivo, and at clinically relevant concentrations: Yildir-
im et al. [123] showed that treatment of mice with
repeated valproate injections increased the hippo-
campal acetylation of H3, putatively leading to an
increase in the protein content of 5-lipoxygenase in
that region. Recently, the histone-hyperacetylating
effect of valproate has also been verified in blood-
stream lymphocytes of bipolar and schizophrenia
patients who had been treated with valproate for 4
weeks [124]. In these patients, valproate therapy was
associated with an increase in H3, and to a lesser
degree H4, acetylation, which was more pronounced
in the bipolar patients. Importantly, symptomatic
improvement in these patients correlated with an
increase in both H3 acetylation and valproate serum
concentrations. Indeed, several researchers have sug-
gested that the therapeutic effect of valproate in
bipolar mood disorder is at least partly mediated
through inhibition of HDAC [18, 73, 118].
Can inhibition of HDAC by valproate explain its
interaction with the various cellular processes in
which it has been implicated? Is it possible, for
example, that the activation of the ERK pathway is
merely an epiphenomenon of the genomic effects of
valproate? Theoretically it may be so, but empirically
this does not seem to be the case: histone hyper-
acetylation is associated with increased BDNF ex-
pression [125, 126] (as is valproate treatment [22, 27])
and BDNF can activate ERK [127], but studies in
neuronal and non-neuronal cell lines do not support a
correlation between HDAC inhibition and ERK
activation by valproate [26, 128]. It is also question-
able whether HDAC inhibition can explain how
valproate enhances the DNA binding of AP-1: at
least in epithelial cells, HDAC inhibitors (valproate
itself was not evaluated) lead to decreased expression
of AP-1-dependent genes [129], although the re-
sponse of neurons to HDAC inhibition may be
different. Inhibition of axonal branching by valproate
depends on the inhibition of HDAC, but the inhibition
of neuronal growth cone collapse through inositol-
depletion does not [17, 57], again indicating that only
some of the effects of valproate can be accounted for
by HDAC inhibition.
Although HDAC inhibition cannot explain many of
the biochemical effects of valproate, it may never-
theless help to elucidate at least some of them:
increases in Akt activation (with GSK-3 inactivation)
[73] and in b-catenin expression [18] have been
associated with HDAC inhibition. Additionally,
while no data are available to associate HDAC
inhibition with valproate-induced downregulation of

brain PKCs, it should be noted that in epithelial cells,
HDAC inhibitors have been shown to reduce the
expression of PKC-a and PKC-e [130]. Adverse
effects associated with valproate therapy, like hepatic
disturbances, weight gain and teratogenicity, have
been clearly associated with HDAC inhibition [16 –
20].
The contribution of HDAC inhibition to the antiepi-
leptic effect of valproate is unknown [122]. Since
analogues of valproate that do not inhibit HDAC still
protect against chemically induced seizures in rodents,
the inhibition of HDAC cannot fully account for the
anticonvulsive activity of valproate [18]. This is also
true when considering the rapid onset of the anti-
convulsive effect of valproate [131], which is not
compatible with genomic changes that occur at a much
slower pace. Nevertheless, HDAC inhibition may shed
light on longer-term effects of valproate in epilepsy
[15, 99, 102], effects that possibly involve interference
with chronic seizure development (epileptogenesis)
[125] or neuroprotection. HDAC inhibitors have been
proposed as being antiepileptogenic by countering the
post-seizure H4 hypoacetylation that leads to the
detrimental downregulation of AMPA GluR2 (alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
glutamate receptor subunit 2) [122, 125], a down-
regulation which renders neurons more Ca2+-perme-
able [132]. However, a recent study demonstrated that
at least in vitro, valproate does not increase (but rather
decreases) neuronal surface expression of GluR2
[133].
As a neuroprotective agent, valproate is effective in
experimental brain ischaemia [134] as well as in in
vitro models of neuroinflammation where it pro-
tects neurons by attenuating the production of pro-
inflammatory factors such as tumor necrosis factor-
a [135, 136] and interleukin-6 (IL-6) [135] . Al-
though in manic patients, valproate had no signifi-
cant effect on the plasma levels of IL-6 [137] , it has
been suggested that the anti-inflammatory and
other neuroprotective properties of valproate may
be beneficial in neurodegenerative disorders such
as Parkinson�s disease [136] . While failing to
demonstrate an antiepileptogenic effect of val-
proate, a recent study has shown that valproate,
administered chronically to rats in an epilepsy
model of spontaneous recurrent seizures, has a
neuroprotective effect both in terms of hippocam-
pal neuronal viability and animal behaviour [138] .
In the latter study, the neuroprotective effect was
attributed, among other mechanisms, to the activa-
tion of Akt following inhibition of HDAC by
valproate [138] . HDAC inhibition by valproate
has also been implicated in the latter�s in vitro
neuroprotection from glutamatergic excitotoxicity :
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in cerebellar granule cell culture, valproate treat-
ment causes a time-dependent increase in acety-
lated H3, concomitant with a decrease in the levels
of the pro-apoptotic enzyme glyceraldehyde-3-
phosphate dehydrogenase, whose gene is associated
with H3 [139] .
Alterations in histone acetylation do occur after
seizures and have been linked to potentially signifi-
cant gene expression changes [125, 140]. For example,
post-seizure H4 hyperacetylation is associated with
increased BDNF expression [125, 126], a potentially
neuroprotective measure [138] that may be sustained
or augmented by the DHAC inhibition by valproate.
Whereas the antiepileptogenic influence of valproate
has not been demonstrated so far through any
mechanism, this drug may well exert a long-term
neuroprotective effect in epilepsy, an effect that
possibly involves HDAC inhibition. The fact that not
only valproate but other, unrelated, anticonvulsants
like topiramate, levetiracetam (through its major
metabolite 2-pyrrolidinone-n-butyric acid) as well as
carbamazepine and its major active metabolite carba-
mazepine-10,11-epoxide are all HDAC inhibitors
(Fig. 1) [122, 141] further supports the notion that
HDAC inhibition may play an important role in
epilepsy therapy. Interestingly, some of these antiepi-
leptic agents also serve in bipolar disorder and in
migraine [9, 12, 14].

Overall interpretation

A plethora of diverse data has been published over the
past several years in an attempt to explain through a
variety of mechanisms the efficacy of valproate in its
different clinical indications. These data support the
involvement of valproate in several pathways in which
it had not been previously implicated. Yet, reviewing
this information, it is remarkable that the number of
cellular targets that have been proven to be directly
affected by valproate is very small, and this number
becomes even smaller when considering the relevance
of some of these direct targets to epilepsy, bipolar
disorder or migraine, at least as we understand their
pathophysiology today.
There is little doubt that valproate directly inter-
feres with GABA metabolism to increase GABA
brain levels, and that this effect likely plays a
significant role in the immediate control valproate
exerts over epileptic seizures [5] and possibly also
mediates some early therapeutic effects of val-
proate in bipolar disorder [8] and migraine [11] . The
direct inhibition of GSK-3 by valproate, however, is
at best controversial [70] , and the inhibition of
microsomal long-chain fatty acyl-CoA synthase [42]

still awaits further reproduction and substantiation
of its relevance to human disease. Likewise, what
underlies valproate inhibition of brain myo-inosi-
tol-1-phosphate synthase activity, and whether this
is at all relevant to bipolar disorder therapy, still
needs elucidation [44] .
In contrast to the latter cellular targets, valproate-
induced changes in the expression of multiple genes,
mediated at least partially through the direct inhib-
ition of HDAC [18, 121, 122, 142], have been
repeatedly demonstrated and may very well be
relevant to the therapeutic effects of this drug through
interference with intracellular signalling, e.g. the
inactivation of GSK-3 [73], and neurotrophic and
neuroprotective effects, e.g. through the promotion of
BDNF expression [27]. Considering the large number
of genes whose expression is altered by valproate [108,
109], it is reasonable to hypothesise that gene
expression changes plays not an insignificant role in
the long term effects of the drug. Future research
should try and assess for every newly discovered
valproate-induced cellular effect whether it is depend-
ent or independent of HDAC inhibition or AP-1 DNA
binding promotion by this drug. Nonetheless, many
genomic effects of valproate cannot be explained with
our current knowledge of its influences on AP-1 DNA
binding and HDAC inhibition, and additional mech-
anisms through which valproate, or its metabolites,
can affect gene expression should be sought.
In conclusion, influence of valproate at the genomic
level may provide insights into therapeutic effects
relevant to all three indications of epilepsy, migraine
and bipolar mood disorder [12, 124, 138]. The �unified
field theory� for the mechanism of action of valproate
in neuropsychiatric disorders possibly comprises acute
effects mediated essentially through the enhancement
of GABAergic transmission followed by a variety of
longer-term effects primarily resulting from gene
expression changes.

Acknowledgements. The author is indebted to Dr. T. Langenhan
and Dr. J. Friedman for their helpful comments, and to Dr. N.
Lerner Rosenberg for her patience.

1 Loescher, W. (2002) Valproic acid mechanisms of action. In:
Antiepileptic Drugs, pp. 767 – 779, Levy, R. H., Mattson,
R. H., Meldrum, B. S. and Perucca, E. (Eds)., Lippincott
Williams & Wilkins, Philadelphia.

2 Fountoulakis, K. N., Vieta, E., Sanchez-Moreno, J., Kaprinis,
S. G., Goikolea, J. M. and Kaprinis, G. S. (2005) Treatment
guidelines for bipolar disorder: a critical review. J. Affect.
Disord. 86, 1 – 10.

3 Bowden, C. L. (2003) Valproate. Bipolar Disord. 5, 189 – 202.
4 Chronicle, E. and Mulleners, W. (2004) Anticonvulsant drugs

for migraine prophylaxis. Cochrane Database Syst. Rev.
CD003226.

5 Johannessen, C. U. (2000) Mechanisms of action of valproate:
a commentatory. Neurochem. Int. 37, 103 – 1110.

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 2099



6 Rho, J. M. and Sankar, R. (1999) The pharmacologic basis of
antiepileptic drug action. Epilepsia 40, 1471 – 1483.

7 Perucca, E. (2005) An introduction to antiepileptic drugs.
Epilepsia 46 Suppl. 4, 31 – 37.

8 Freeman, M. P., Freeman, S. A. and McElroy, S. L. (2002) The
comorbidity of bipolar and anxiety disorders: prevalence,
psychobiology, and treatment issues. J. Affect. Disord. 68, 1 –
23.

9 Li, X., Ketter, T. A. and Frye, M. A. (2002) Synaptic, intra-
cellular, and neuroprotective mechanisms of anticonvulsants:
are they relevant for the treatment and course of bipolar
disorders? J. Affect. Disord. 69, 1 – 14.

10 Manji, H. K., Moore, G. J. and Chen, G. (2001) Bipolar
disorder: leads from the molecular and cellular mechanisms
of action of mood stabilisers. Br. J. Psychiatry 178, S107 – 119.

11 Lee, W. S., Limmroth, V., Ayata, C., Cutrer, F. M., Waeber,
C., Yu, X. and Moskowitz, M. A. (1995) Peripheral GABAA
receptor-mediated effects of sodium valproate on dural
plasma protein extravasation to substance P and trigeminal
stimulation. Br. J. Pharmacol. 116, 1661 – 1667.

12 Ayata, C., Jin, H., Kudo, C., Dalkara, T. and Moskowitz,
M. A. (2006) Suppression of cortical spreading depression in
migraine prophylaxis. Ann. Neurol. 59, 652 – 661.

13 Porubek, D. J., Grillo, M. P. and Baillie, T. A. (1989) The
covalent binding to protein of valproic acid and its hepato-
toxic metabolite, 2-n-propyl-4-pentenoic acid, in rats and in
isolated rat hepatocytes. Drug Metab. Dispos. 17, 123 – 130.

14 Rogawski, M. A. and Loscher, W. (2004) The neurobiology of
antiepileptic drugs for the treatment of nonepileptic con-
ditions. Nat. Med. 10, 685 – 692.

15 Lockard, J. S. and Levy, R. H. (1976) Valproic acid: reversibly
acting drug? Epilepsia 17, 477 – 479.

16 Kultima, K., Nystrom, A. M., Scholz, B., Gustafson, A. L.,
Dencker, L. and Stigson, M. (2004) Valproic acid teratoge-
nicity: a toxicogenomics approach. Environ. Health Perspect.
112, 1225 – 1235.

17 Eickholt, B. J., Towers, G. J., Ryves, W. J., Eikel, D., Adley,
K., Ylinen, L. M., Chadborn, N. H., Harwood, A. J., Nau, H.
and Williams, R. S. (2005) Effects of valproic acid derivatives
on inositol trisphosphate depletion, teratogenicity, glycogen
synthase kinase-3beta inhibition, and viral replication: a
screening approach for new bipolar disorder drugs derived
from the valproic acid core structure. Mol. Pharmacol. 67,
1426 – 1433.

18 Phiel, C. J., Zhang, F., Huang, E. Y., Guenther, M. G., Lazar,
M. A. and Klein, P. S. (2001) Histone deacetylase is a direct
target of valproic acid, a potent anticonvulsant, mood
stabilizer, and teratogen. J. Biol. Chem. 276, 36734 – 36741.

19 Plant, N., Barber, P., Horner, E., Cockburn, C. L., Gibson, G.,
Bugelski, P. and Lord, P. (2002) Differential gene expression
in rats following subacute exposure to the anticonvulsant
sodium valproate. Toxicol. Appl. Pharmacol. 183, 127 – 134.

20 Qiao, L., Schaack, J. and Shao, J. (2006) Suppression of
adiponectin gene expression by histone deacetylase inhibitor
valproic acid. Endocrinology 147, 865 – 874.

21 Chen, G. and Manji, H. K. (2006) The extracellular signal-
regulated kinase pathway: an emerging promising target for
mood stabilizers. Curr. Opin. Psychiatry 19, 313 – 323.

22 Einat, H., Yuan, P., Gould, T. D., Li, J., Du, J., Zhang, L.,
Manji, H. K. and Chen, G. (2003) The role of the extracellular
signal-regulated kinase signaling pathway in mood modula-
tion. J. Neurosci. 23, 7311 – 7316.

23 Yuan, P. X., Huang, L. D., Jiang, Y. M., Gutkind, J. S., Manji,
H. K. and Chen, G. (2001) The mood stabilizer valproic acid
activates mitogen-activated protein kinases and promotes
neurite growth. J. Biol. Chem. 276, 31674 – 31683.

24 Johnson, C. M., Hill, C. S., Chawla, S., Treisman, R. and
Bading, H. (1997) Calcium controls gene expression via three
distinct pathways that can function independently of the Ras/
mitogen-activated protein kinases (ERKs) signaling cascade.
J. Neurosci. 17, 6189 – 6202.

25 Chen, G., Zeng, W. Z., Yuan, P. X., Huang, L. D., Jiang,
Y. M., Zhao, Z. H. and Manji, H. K. (1999) The mood-
stabilizing agents lithium and valproate robustly increase the
levels of the neuroprotective protein bcl-2 in the CNS. J.
Neurochem. 72, 879 – 882.

26 Hao, Y., Creson, T., Zhang, L., Li, P., Du, F., Yuan, P., Gould,
T. D., Manji, H. K. and Chen, G. (2004) Mood stabilizer
valproate promotes ERK pathway-dependent cortical neuro-
nal growth and neurogenesis. J. Neurosci. 24, 6590 – 6599.

27 Fukumoto, T., Morinobu, S., Okamoto, Y., Kagaya, A. and
Yamawaki, S. (2001) Chronic lithium treatment increases the
expression of brain-derived neurotrophic factor in the rat
brain. Psychopharmacology (Berl.) 158, 100 – 106.

28 Jansen, M. S., Nagel, S. C., Miranda, P. J., Lobenhofer, E. K.,
Afshari, C. A. and McDonnell, D. P. (2004) Short-chain fatty
acids enhance nuclear receptor activity through mitogen-
activated protein kinase activation and histone deacetylase
inhibition. Proc. Natl. Acad. Sci. USA 101, 7199 – 7204.

29 Harrison, P. J. (2002) The neuropathology of primary mood
disorder. Brain 125, 1428 – 1449.

30 Monkul, E. S., Malhi, G. S. and Soares, J. C. (2005) Anatom-
ical MRI abnormalities in bipolar disorder: do they exist and
do they progress? Aust. NZ J. Psychiatry 39, 222 – 226.

31 Moore, G. J., Bebchuk, J. M., Wilds, I. B., Chen, G. and Manji,
H. K. (2000) Lithium-induced increase in human brain grey
matter. Lancet 356, 1241 – 1242.

32 Pliszka, S. R., Lancaster, J., Liotti, M. and Semrud-Clikeman,
M. (2006) Volumetric MRI differences in treatment-naive vs
chronically treated children with ADHD. Neurology 67,
1023 – 1027.

33 Weiss, S. R. and Post, R. M. (1998) Kindling: separate vs.
shared mechanisms in affective disorders and epilepsy.
Neuropsychobiology 38, 167 – 180.

34 Cendes, F. (2005) Progressive hippocampal and extrahippo-
campal atrophy in drug resistant epilepsy. Curr. Opin. Neurol.
18, 173 – 177.

35 Laeng, P., Pitts, R. L., Lemire, A. L., Drabik, C. E., Weiner,
A., Tang, H., Thyagarajan, R., Mallon, B. S. and Altar, C. A.
(2004) The mood stabilizer valproic acid stimulates GABA
neurogenesis from rat forebrain stem cells. J. Neurochem. 91,
238 – 251.

36 Koyama, R. and Ikegaya, Y. (2005) To BDNFor not to BDNF:
that is the epileptic hippocampus. Neuroscientist 11, 282 –
287.

37 Yamada, M. K., Nakanishi, K., Ohba, S., Nakamura, T.,
Ikegaya, Y., Nishiyama, N. and Matsuki, N. (2002) Brain-
derived neurotrophic factor promotes the maturation of
GABAergic mechanisms in cultured hippocampal neurons. J.
Neurosci. 22, 7580 – 7585.

38 Huntsman, M. M., Porcello, D. M., Homanics, G. E., DeLor-
ey, T. M. and Huguenard, J. R. (1999) Reciprocal inhibitory
connections and network synchrony in the mammalian
thalamus. Science 283, 541 – 543.

39 Hsieh, J., Nakashima, K., Kuwabara, T., Mejia, E. and Gage,
F. H. (2004) Histone deacetylase inhibition-mediated neuro-
nal differentiation of multipotent adult neural progenitor
cells. Proc. Natl. Acad. Sci. USA 101, 16659 – 16664.

40 Siafaka-Kapadai, A., Patiris, M., Bowden, C. and Javors, M.
(1998) Incorporation of [3H]valproic acid into lipids in GT1 –
7 neurons. Biochem. Pharmacol. 56, 207 – 212.

41 Bassa, B. V., Roh, D. D., Vaziri, N. D., Kirschenbaum, M. A.
and Kamanna, V. S. (1999) Lysophosphatidylcholine activates
mesangial cell PKC and MAP kinase by PLCgamma-1 and
tyrosine kinase-Ras pathways. Am. J. Physiol. 277, F328 – 337.

42 Bazinet, R. P., Weis, M. T., Rapoport, S. I. and Rosenberger,
T. A. (2006) Valproic acid selectively inhibits conversion of
arachidonic acid to arachidonoyl-CoA by brain microsomal
long-chain fatty acyl-CoA synthetases: relevance to bipolar
disorder. Psychopharmacology (Berl.) 184, 122 – 129.

43 Silverstone, P. H., McGrath, B. M. and Kim, H. (2005) Bipolar
disorder and myo-inositol: a review of the magnetic reso-
nance spectroscopy findings. Bipolar Disord. 7, 1 – 10.

2100 G. Rosenberg Valproate�s molecular pharmacodynamics: recent insights



44 Shaltiel, G., Shamir, A., Shapiro, J., Ding, D., Dalton, E.,
Bialer, M., Harwood, A. J., Belmaker, R. H., Greenberg,
M. L. and Agam, G. (2004) Valproate decreases inositol
biosynthesis. Biol. Psychiatry 56, 868 – 874.

45 Ju, S., Shaltiel, G., Shamir, A., Agam, G. and Greenberg,
M. L. (2004) Human 1-D-myo-inositol-3-phosphate synthase
is functional in yeast. J. Biol. Chem. 279, 21759 – 21765.

46 Einat, H., Chen, G. and Manji, H. (2004) [Possible involve-
ment of protein kinase C in the pathophysiology and treat-
ment of bipolar disorder]. Harefuah 143, 420 – 425, 462.

47 Harwood, A. J. (2005) Lithium and bipolar mood disorder:
the inositol-depletion hypothesis revisited. Mol. Psychiatry
10, 117 – 126.

48 Hahn, C. G., Umapathy, Wang, H. Y., Koneru, R., Levinson,
D. F. and Friedman, E. (2005) Lithium and valproic acid
treatments reduce PKC activation and receptor-G protein
coupling in platelets of bipolar manic patients. J. Psychiatr.
Res. 39, 355 – 363.

49 Wang, H. Y. and Friedman, E. (1996) Enhanced protein
kinase C activity and translocation in bipolar affective
disorder brains. Biol. Psychiatry 40, 568 – 575.

50 Wang, H. Y., Markowitz, P., Levinson, D., Undie, A. S. and
Friedman, E. (1999) Increased membrane-associated protein
kinase C activity and translocation in blood platelets from
bipolar affective disorder patients. J. Psychiatr. Res. 33, 171 –
179.

51 Wang, H. and Friedman, E. (2001) Increased association of
brain protein kinase C with the receptor for activated C
kinase-1 (RACK1) in bipolar affective disorder. Biol. Psy-
chiatry 50, 364 – 370.

52 Manji, H. K., Etcheberrigaray, R., Chen, G. and Olds, J. L.
(1993) Lithium decreases membrane-associated protein kin-
ase C in hippocampus: selectivity for the alpha isozyme. J.
Neurochem. 61, 2303 – 2310.

53 Toth, M. (2005) The epsilon theory: a novel synthesis of the
underlying molecular and electrophysiological mechanisms of
primary generalized epilepsy and the possible mechanism of
action of valproate. Med. Hypotheses 64, 267 – 272.

54 Guglielmetti, F., Rattray, M., Baldessari, S., Butelli, E.,
Samanin, R. and Bendotti, C. (1997) Selective up-regulation
of protein kinase C epsilon in granule cells after kainic acid-
induced seizures in rat. Brain Res. Mol. Brain Res. 49, 188 –
196.

55 Hodge, C. W., Mehmert, K. K., Kelley, S. P., McMahon, T.,
Haywood, A., Olive, M. F., Wang, D., Sanchez-Perez, A. M.
and Messing, R. O. (1999) Supersensitivity to allosteric
GABA(A) receptor modulators and alcohol in mice lacking
PKC-epsilon. Nat. Neurosci. 2, 997 – 1002.

56 Chen, G., Manji, H. K., Hawver, D. B., Wright, C. B. and
Potter, W. Z. (1994) Chronic sodium valproate selectively
decreases protein kinase C alpha and epsilon in vitro. J.
Neurochem. 63, 2361 – 2364.

57 Williams, R. S., Cheng, L., Mudge, A. W. and Harwood, A. J.
(2002) A common mechanism of action for three mood-
stabilizing drugs. Nature 417, 292 – 295.

58 Watterson, J. M., Watson, D. G., Meyer, E. M. and Lenox,
R. H. (2002) A role for protein kinase C and its substrates in
the action of valproic acid in the brain: implications for neural
plasticity. Brain Res. 934, 69 – 80.

59 Watson, D. G., Watterson, J. M. and Lenox, R. H. (1998)
Sodium valproate down-regulates the myristoylated alanine-
rich C kinase substrate (MARCKS) in immortalized hippo-
campal cells: a property of protein kinase C-mediated mood
stabilizers. J. Pharmacol. Exp. Ther. 285, 307 – 316.

60 McNamara, R. K., Stumpo, D. J., Morel, L. M., Lewis, M. H.,
Wakeland, E. K., Blackshear, P. J. and Lenox, R. H. (1998)
Effect of reduced myristoylated alanine-rich C kinase sub-
strate expression on hippocampal mossy fiber development
and spatial learning in mutant mice: transgenic rescue and
interactions with gene background. Proc. Natl. Acad. Sci.
USA 95, 14517 – 14522.

61 Junoy, B., Maccario, H., Mas, J. L., Enjalbert, A. and Drouva,
S. V. (2002) Proteasome implication in phorbol ester- and
GnRH-induced selective down-regulation of PKC (alpha,
epsilon, zeta) in alpha T(3)-1 and L beta T(2) gonadotrope
cell lines. Endocrinology 143, 1386 – 1403.

62 Zgouras, D., Becker, U., Loitsch, S. and Stein, J. (2004)
Modulation of angiogenesis-related protein synthesis by
valproic acid. Biochem. Biophys. Res. Commun. 316, 693 –
697.

63 Blaheta, R. A. and Cinatl, J., Jr. (2002) Anti-tumor mecha-
nisms of valproate: a novel role for an old drug. Med. Res.
Rev. 22, 492 – 511.

64 Doble, B. W. and Woodgett, J. R. (2003) GSK-3: tricks of the
trade for a multi-tasking kinase. J. Cell Sci. 116, 1175 – 1186.

65 Hetman, M., Cavanaugh, J. E., Kimelman, D. and Xia, Z.
(2000) Role of glycogen synthase kinase-3beta in neuronal
apoptosis induced by trophic withdrawal. J. Neurosci. 20,
2567 – 2574.

66 Chen, G., Huang, L. D., Jiang, Y. M. and Manji, H. K. (1999)
The mood-stabilizing agent valproate inhibits the activity of
glycogen synthase kinase-3. J. Neurochem. 72, 1327 – 1330.

67 Grimes, C. A. and Jope, R. S. (2001) CREB DNA binding
activity is inhibited by glycogen synthase kinase-3 beta and
facilitated by lithium. J. Neurochem. 78, 1219 – 1232.

68 Kim, A. J., Shi, Y., Austin, R. C. and Werstuck, G. H. (2005)
Valproate protects cells from ER stress-induced lipid accu-
mulation and apoptosis by inhibiting glycogen synthase
kinase-3. J. Cell Sci. 118, 89 – 99.

69 Hall, A. C., Brennan, A., Goold, R. G., Cleverley, K., Lucas,
F. R., Gordon-Weeks, P. R. and Salinas, P. C. (2002) Valproate
regulates GSK-3-mediated axonal remodeling and synapsin I
clustering in developing neurons. Mol. Cell. Neurosci. 20,
257 – 270.

70 Ryves, W. J., Dalton, E. C., Harwood, A. J. and Williams,
R. S. (2005) GSK-3 activity in neocortical cells is inhibited by
lithium but not carbamazepine or valproic acid. Bipolar
Disord. 7, 260 – 265.

71 Tatebayashi, Y., Haque, N., Tung, Y. C., Iqbal, K. and
Grundke-Iqbal, I. (2004) Role of tau phosphorylation by
glycogen synthase kinase-3beta in the regulation of organelle
transport. J. Cell Sci. 117, 1653 – 1663.

72 Jin, N., Kovacs, A. D., Sui, Z., Dewhurst, S. and Maggirwar,
S. B. (2005) Opposite effects of lithium and valproic acid on
trophic factor deprivation-induced glycogen synthase kinase-
3 activation, c-Jun expression and neuronal cell death.
Neuropharmacology 48, 576 – 583.

73 De Sarno, P., Li, X. and Jope, R. S. (2002) Regulation of Akt
and glycogen synthase kinase-3 beta phosphorylation by
sodium valproate and lithium. Neuropharmacology 43, 1158 –
1164.

74 Kozlovsky, N., Nadri, C., Belmaker, R. H. and Agam, G.
(2003) Lack of effect of mood stabilizers or neuroleptics on
GSK-3 protein levels and GSK-3 activity. Int. J. Neuro-
psychopharmacol. 6, 117 – 120.

75 Kozlovsky, N., Amar, S., Belmaker, R. H. and Agam, G.
(2006) Psychotropic drugs affect Ser9-phosphorylated GSK-3
beta protein levels in rodent frontal cortex. Int. J. Neuro-
psychopharmacol. 9, 337 – 342.

76 Roh, M. S., Eom, T. Y., Zmijewska, A. A., De Sarno, P., Roth,
K. A. and Jope, R. S. (2005) Hypoxia activates glycogen
synthase kinase-3 in mouse brain in vivo: protection by mood
stabilizers and imipramine. Biol. Psychiatry 57, 278 – 286.

77 Gould, T. D., Chen, G. and Manji, H. K. (2004) In vivo
evidence in the brain for lithium inhibition of glycogen
synthase kinase-3. Neuropsychopharmacology 29, 32 – 38.

78 Agam, G., Shaltiel, G., Kozlovsky, N., Shimon, H. and
Belmaker, R. H. (2003) Lithium inhibitable enzymes in
postmortem brain of bipolar patients. J. Psychiatr. Res. 37,
433 – 442.

79 Beasley, C., Cotter, D. and Everall, I. (2002) An investigation
of the Wnt-signalling pathway in the prefrontal cortex in

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 2101



schizophrenia, bipolar disorder and major depressive disor-
der. Schizophr. Res. 58, 63 – 67.

80 Lesort, M., Greendorfer, A., Stockmeier, C., Johnson, G. V.
and Jope, R. S. (1999) Glycogen synthase kinase-3beta, beta-
catenin, and tau in postmortem bipolar brain. J. Neural.
Transm. 106, 1217 – 1222.

81 Deutsch, J., Rapoport, S. I. and Rosenberger, T. A. (2003)
Valproyl-CoA and esterified valproic acid are not found in
brains of rats treated with valproic acid, but the brain
concentrations of CoA and acetyl-CoA are altered. Neuro-
chem. Res. 28, 861 – 866.

82 Bolanos, J. P. and Medina, J. M. (1997) Effect of valproate on
the metabolism of the central nervous system. Life Sci. 60,
1933 – 1942

83 Finch, C. and Roth, G. (1998) Biochemistry of aging. In: Basic
Neurochemistry: Molecular, Cellular and Medical Aspects,
pp. 613 – 635, Siegel, G., Agranoff, B., Albers, R., Fisher, S.
and Uhler, M. (Eds). Lippincott Williams & Wilkins, Phila-
delphia.

84 Choi, J. H. and Yu, B. P. (1995) Brain synaptosomal aging:
free radicals and membrane fluidity. Free Radic. Biol. Med.
18, 133 – 139.

85 Mora, A., Gonzalez-Polo, R. A., Fuentes, J. M., Soler, G. and
Centeno, F. (1999) Different mechanisms of protection
against apoptosis by valproate and Li+. Eur. J. Biochem.
266, 886 – 891.

86 Chang, M. C., Contreras, M. A., Rosenberger, T. A., Rintala,
J. J., Bell, J. M. and Rapoport, S. I. (2001) Chronic valproate
treatment decreases the in vivo turnover of arachidonic acid
in brain phospholipids: a possible common effect of mood
stabilizers. J. Neurochem. 77, 796 – 803.

87 Bosetti, F., Weerasinghe, G. R., Rosenberger, T. A. and
Rapoport, S. I. (2003) Valproic acid down-regulates the
conversion of arachidonic acid to eicosanoids via cyclo-
oxygenase-1 and -2 in rat brain. J. Neurochem. 85, 690 – 696.

88 Rapoport, S. I. and Bosetti, F. (2002) Do lithium and
anticonvulsants target the brain arachidonic acid cascade in
bipolar disorder? Arch. Gen. Psychiatry 59, 592 – 596.

89 Stoll, A. L., Severus, W. E., Freeman, M. P., Rueter, S.,
Zboyan, H. A., Diamond, E., Cress, K. K. and Marangell,
L. B. (1999) Omega 3 fatty acids in bipolar disorder: a
preliminary double-blind, placebo-controlled trial. Arch.
Gen. Psychiatry 56, 407 – 412.

90 Sublette, M. E., Russ, M. J. and Smith, G. S. (2004) Evidence
for a role of the arachidonic acid cascade in affective
disorders: a review. Bipolar Disord. 6, 95 – 105.

91 Maida, M. E., Hurley, S. D., Daeschner, J. A., Moore, A. H.
and O�Banion, M. K. (2006) Cytosolic prostaglandin E2
synthase (cPGES) expression is decreased in discrete cortical
regions in psychiatric disease. Brain Res. 1103, 164 – 172.

92 Cole-Edwards, K. K. and Bazan, N. G. (2005) Lipid signaling
in experimental epilepsy. Neurochem. Res. 30, 847 – 853.

93 Phillis, J. W., Horrocks, L. A. and Farooqui, A. A. (2006)
Cyclooxygenases, lipoxygenases, and epoxygenases in CNS:
their role and involvement in neurological disorders. Brain
Res. Brain Res. Rev 52, 201 – 243.

94 Snow, V., Weiss, K., Wall, E. M. and Mottur-Pilson, C. (2002)
Pharmacologic management of acute attacks of migraine and
prevention of migraine headache. Ann. Intern. Med. 137,
840 – 849.

95 Davis, R. J., Murdoch, C. E., Ali, M., Purbrick, S., Ravid, R.,
Baxter, G. S., Tilford, N., Sheldrick, R. L., Clark, K. L. and
Coleman, R. A. (2004) EP4 prostanoid receptor-mediated
vasodilatation of human middle cerebral arteries. Br. J.
Pharmacol. 141, 580 – 585.

96 Sullivan, N. R., Burke, T., Siafaka-Kapadai, A., Javors, M.
and Hensler, J. G. (2004) Effect of valproic acid on serotonin-
2A receptor signaling in C6 glioma cells. J. Neurochem. 90,
1269 – 1275.

97 Rothrock, J. F. and Mendizabal, J. E. (2000) An analysis of the
”carry-over effect” following successful short-term treatment

of transformed migraine with divalproex sodium. Headache
40, 17 – 19.

98 Wassef, A. A., Dott, S. G., Harris, A., Brown, A., O�Boyle,
M., Meyer, W. J., 3rd and Rose, R. M. (2000) Randomized,
placebo-controlled pilot study of divalproex sodium in the
treatment of acute exacerbations of chronic schizophrenia. J.
Clin. Psychopharmacol. 20, 357 – 361.

99 Rowan, A. J., Binnie, C. D., Warfield, C. A., Meinardi, H. and
Meijer, J. W. (1979) The delayed effect of sodium valproate on
the photoconvulsive response in man. Epilepsia 20, 61 – 68.

100 Serdaroglu, G., Erhan, E., Tekgul, H., Oksel, F., Erermis, S.,
Uyar, M. and Tutuncuoglu, S. (2002) Sodium valproate
prophylaxis in childhood migraine. Headache 42, 819 – 822.

101 Silberstein, S. D. and Collins, S. D. (1999) Safety of divalproex
sodium in migraine prophylaxis: an open-label, long-term
study. Long-term Safety of Depakote in Headache Prophy-
laxis Study Group. Headache 39, 633 – 643.

102 Loscher, W., Fisher, J. E., Nau, H. and Honack, D. (1988)
Marked increase in anticonvulsant activity but decrease in
wet-dog shake behaviour during short-term treatment of
amygdala-kindled rats with valproic acid. Eur. J. Pharmacol.
150, 221 – 232.

103 Lopez-Figueroa, A. L., Norton, C. S., Lopez-Figueroa, M. O.,
Armellini-Dodel, D., Burke, S., Akil, H., Lopez, J. F. and
Watson, S. J. (2004) Serotonin 5-HT1A, 5-HT1B, and 5-HT2A
receptor mRNA expression in subjects with major depression,
bipolar disorder, and schizophrenia. Biol. Psychiatry 55, 225 –
233.

104 Dean, B., Pavey, G., McLeod, M., Opeskin, K., Keks, N. and
Copolov, D. (2001) A change in the density of [(3)H]fluma-
zenil, but not [(3)H]muscimol binding, in Brodmann�s area 9
from subjects with bipolar disorder. J. Affect. Disord. 66,
147 – 158.

105 Yatham, L. N., Liddle, P. F., Lam, R. W., Adam, M. J.,
Solomons, K., Chinnapalli, M. and Ruth, T. J. (2005) A
positron emission tomography study of the effects of treat-
ment with valproate on brain 5-HT2A receptors in acute
mania. Bipolar Disord. 7 Suppl 5, 53 – 57.

106 Sands, S. A., Guerra, V. and Morilak, D. A. (2000) Changes in
tyrosine hydroxylase mRNA expression in the rat locus
coeruleus following acute or chronic treatment with valproic
acid. Neuropsychopharmacology 22, 27 – 35.

107 Chen, B., Wang, J. F. and Young, L. T. (2000) Chronic
valproate treatment increases expression of endoplasmic
reticulum stress proteins in the rat cerebral cortex and
hippocampus. Biol. Psychiatry 48, 658 – 664.

108 Bosetti, F., Bell, J. M. and Manickam, P. (2005) Microarray
analysis of rat brain gene expression after chronic adminis-
tration of sodium valproate. Brain Res. Bull. 65, 331 – 338.

109 Tang, Y., Glauser, T. A., Gilbert, D. L., Hershey, A. D.,
Privitera, M. D., Ficker, D. M., Szaflarski, J. P. and Sharp,
F. R. (2004) Valproic acid blood genomic expression patterns
in children with epilepsy – a pilot study. Acta Neurol. Scand.
109, 159 – 168.

110 Herdegen, T. and Waetzig, V. (2001) AP-1 proteins in the
adult brain: facts and fiction about effectors of neuroprotec-
tion and neurodegeneration. Oncogene 20, 2424 – 2437.

111 Hughes, P. and Dragunow, M. (1995) Induction of immediate-
early genes and the control of neurotransmitter-regulated
gene expression within the nervous system. Pharmacol. Rev.
47, 133 – 178.

112 Chen, G., Yuan, P., Hawver, D. B., Potter, W. Z. and Manji,
H. K. (1997) Increase in AP-1 transcription factor DNA
binding activity by valproic acid. Neuropsychopharmacology
16, 238 – 245.

113 Chen, G., Yuan, P. X., Jiang, Y. M., Huang, L. D. and Manji,
H. K. (1999) Valproate robustly enhances AP-1 mediated
gene expression. Brain Res. Mol. Brain Res. 64, 52 – 58.

114 Asghari, V., Wang, J. F., Reiach, J. S. and Young, L. T. (1998)
Differential effects of mood stabilizers on Fos/Jun proteins
and AP-1 DNA binding activity in human neuroblastoma SH-
SY5Y cells. Brain Res. Mol. Brain Res. 58, 95 – 102.

2102 G. Rosenberg Valproate�s molecular pharmacodynamics: recent insights



115 Chen, B., Wang, J. F., Hill, B. C. and Young, L. T. (1999)
Lithium and valproate differentially regulate brain regional
expression of phosphorylated CREB and c-Fos. Brain Res.
Mol. Brain Res. 70, 45 – 53.

116 Szot, P., White, S. S., Shen, D. D. and Anderson, G. D. (2005)
Valproic acid, but not lamotrigine, suppresses seizure-induced
c-fos and c-Jun mRNA expression. Brain Res. Mol. Brain Res.
135, 285 – 289.

117 Arinze, I. J. and Kawai, Y. (2003) Sp family of transcription
factors is involved in valproic acid-induced expression of
Galphai2. J. Biol. Chem. 278, 17785 – 17791.

118 Newton, S. S. and Duman, R. S. (2006) Chromatin remodel-
ing: a novel mechanism of psychotropic drug action. Mol.
Pharmacol. 70, 440 – 443.

119 Acharya, M. R., Sparreboom, A., Venitz, J. and Figg, W. D.
(2005) Rational development of histone deacetylase inhib-
itors as anticancer agents: a review. Mol. Pharmacol. 68, 917 –
932.

120 Van Lint, C., Emiliani, S. and Verdin, E. (1996) The
expression of a small fraction of cellular genes is changed in
response to histone hyperacetylation. Gene Expr. 5, 245 –
253.

121 Eyal, S., Yagen, B., Shimshoni, J. and Bialer, M. (2005)
Histone deacetylases inhibition and tumor cells cytotoxicity
by CNS-active VPA constitutional isomers and derivatives.
Biochem. Pharmacol. 69, 1501 – 1508.

122 Eyal, S., Yagen, B., Sobol, E., Altschuler, Y., Shmuel, M. and
Bialer, M. (2004) The activity of antiepileptic drugs as histone
deacetylase inhibitors. Epilepsia 45, 737 – 744.

123 Yildirim, E., Zhang, Z., Uz, T., Chen, C. Q., Manev, R. and
Manev, H. (2003) Valproate administration to mice increases
histone acetylation and 5-lipoxygenase content in the hippo-
campus. Neurosci. Lett. 345, 141 – 143.

124 Sharma, R. P., Rosen, C., Kartan, S., Guidotti, A., Costa, E.,
Grayson, D. R. and Chase, K. (2006) Valproic acid and
chromatin remodeling in schizophrenia and bipolar disorder:
Preliminary results from a clinical population. Schizophr. Res.
88, 227 – 231.

125 Huang, Y., Doherty, J. J. and Dingledine, R. (2002) Altered
histone acetylation at glutamate receptor 2 and brain-derived
neurotrophic factor genes is an early event triggered by status
epilepticus. J. Neurosci. 22, 8422 – 8428.

126 Tsankova, N. M., Kumar, A. and Nestler, E. J. (2004) Histone
modifications at gene promoter regions in rat hippocampus
after acute and chronic electroconvulsive seizures. J. Neuro-
sci. 24, 5603 – 5610.

127 Han, B. H. and Holtzman, D. M. (2000) BDNF protects the
neonatal brain from hypoxic-ischemic injury in vivo via the
ERK pathway. J. Neurosci. 20, 5775 – 5781.

128 Michaelis, M., Suhan, T., Michaelis, U. R., Beek, K., Roth-
weiler, F., Tausch, L., Werz, O., Eikel, D., Zornig, M., Nau,
H., Fleming, I., Doerr, H. W. and Cinatl, J., Jr. (2006) Valproic
acid induces extracellular signal-regulated kinase 1/2 activa-
tion and inhibits apoptosis in endothelial cells. Cell Death
Differ. 13, 446 – 453.

129 Yamaguchi, K., Lantowski, A., Dannenberg, A. J. and Sub-
baramaiah, K. (2005) Histone deacetylase inhibitors suppress
the induction of c-Jun and its target genes including COX-2. J.
Biol. Chem. 280, 32569 – 32577.

130 Rickard, K. L., Gibson, P. R., Wilson, N. J., Mariadason, J. M.
and Phillips, W. A. (2000) Short-chain fatty acids reduce
expression of specific protein kinase C isoforms in human
colonic epithelial cells. J. Cell Physiol. 182, 222 – 231.

131 Honack, D. and Loscher, W. (1992) Intravenous valproate:
onset and duration of anticonvulsant activity against a series
of electroconvulsions in comparison with diazepam and
phenytoin. Epilepsy Res. 13, 215 – 221.

132 Grooms, S. Y., Opitz, T., Bennett, M. V. and Zukin, R. S.
(2000) Status epilepticus decreases glutamate receptor 2
mRNA and protein expression in hippocampal pyramidal
cells before neuronal death. Proc. Natl. Acad. Sci. USA 97,
3631 – 3636.

133 Du, J., Suzuki, K., Wei, Y., Wang, Y., Blumenthal, R., Chen,
Z., Falke, C., Zarate, C. A., Jr. and Manji, H. K. (2007) The
anticonvulsants lamotrigine, riluzole, and valproate differ-
entially regulate AMPA receptor membrane localization:
relationship to clinical effects in mood disorders. Neuro-
psychopharmacology 32, 793 – 802.

134 Ren, M., Leng, Y., Jeong, M., Leeds, P. R. and Chuang, D. M.
(2004) Valproic acid reduces brain damage induced by
transient focal cerebral ischemia in rats: potential roles of
histone deacetylase inhibition and heat shock protein induc-
tion. J. Neurochem. 89, 1358 – 1367.

135 Ichiyama, T., Okada, K., Lipton, J. M., Matsubara, T.,
Hayashi, T. and Furukawa, S. (2000) Sodium valproate
inhibits production of TNF-alpha and IL-6 and activation of
NF-kappaB. Brain Res. 857, 246 – 251.

136 Peng, G. S., Li, G., Tzeng, N. S., Chen, P. S., Chuang, D. M.,
Hsu, Y. D., Yang, S. and Hong, J. S. (2005) Valproate
pretreatment protects dopaminergic neurons from LPS-
induced neurotoxicity in rat primary midbrain cultures: role
of microglia. Brain Res. Mol. Brain Res. 134, 162 – 169.

137 Maes, M., Bosmans, E., Calabrese, J., Smith, R. and Meltzer,
H. Y. (1995) Interleukin-2 and interleukin-6 in schizophrenia
and mania: effects of neuroleptics and mood stabilizers. J.
Psychiatr. Res. 29, 141 – 152.

138 Brandt, C., Gastens, A. M., Sun, M., Hausknecht, M. and
Loscher, W. (2006) Treatment with valproate after status
epilepticus: effect on neuronal damage, epileptogenesis, and
behavioral alterations in rats. Neuropharmacology 51, 789 –
804.

139 Kanai, H., Sawa, A., Chen, R. W., Leeds, P. and Chuang,
D. M. (2004) Valproic acid inhibits histone deacetylase
activity and suppresses excitotoxicity-induced GAPDH nu-
clear accumulation and apoptotic death in neurons. Pharma-
cogenom. J. 4, 336 – 344.

140 Sng, J. C., Taniura, H. and Yoneda, Y. (2006) Histone
modifications in kainate-induced status epilepticus. Eur. J.
Neurosci. 23, 1269 – 1282.

141 Beutler, A. S., Li, S., Nicol, R. and Walsh, M. J. (2005)
Carbamazepine is an inhibitor of histone deacetylases. Life
Sci. 76, 3107 – 3115.

142 Gottlicher, M., Minucci, S., Zhu, P., Kramer, O. H., Schimpf,
A., Giavara, S., Sleeman, J. P., Lo Coco, F., Nervi, C., Pelicci,
P. G. and Heinzel, T. (2001) Valproic acid defines a novel class
of HDAC inhibitors inducing differentiation of transformed
cells. Embo, J. 20, 6969 – 6978.

To access this journal online:
http://www.birkhauser.ch/CMLS

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 2103

http://www.birkhauser.ch/CMLS

