
Neuroscience and Biobehavioral Reviews 36 (2012) 1848–1856

Contents lists available at SciVerse ScienceDirect

Neuroscience  and  Biobehavioral  Reviews

journa l h o me  pa g e: www.elsev ier .com/ locate /neubiorev

Review

Neuroconnectivity  and  valproic  acid:  The  myelin  hypothesis

Ivana  Rosenzweiga,∗,  Zoran  Vukadinovicb, Anthony  J.  Turnerc, Marco  Catanid

a Academic Unit of Sleep and Department of Psychiatry, Royal Brompton Hospital, London, UK
b Montefiore Medical Center, Albert Einstein College of Medicine, Department of Psychiatry and Behavioral Sciences, NY, USA
c Institute of Molecular and Cellular Biology, Faculty of Biological Sciences, University of Leeds, Leeds, UK
d NATBRAINLAB, Department of Forensic and Neurodevelopmental Sciences, Institute of Psychiatry, King’s College, London, UK

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 24 December 2011
Received in revised form 9 April 2012
Accepted 19 May  2012

Keywords:
Valproic acid
Myelination
HDAC inhibitors
Autism
Epilepsy
Cognition
Neuroplasticity
Diffusion imaging

a  b  s  t  r  a  c  t

Neuropsychiatric  medications  that  directly  alter  the  epigenome,  such  as  valproic  acid,  can  under  cer-
tain conditions  reactivate  critical  developmental  periods  and  thus  impact  adult  neuroconnectivity.  In
animal  models  valproic  acid  was  shown  to  inhibit  the  process  of  postnatal  myelination  and  to  replicate
age-dependent  decline  in  remyelination  efficiency.  The  human  central  nervous  system’s  myelination
process,  unlike  that  of non-human  primates  commonly  used  in the  experimental  models,  is an  intricate
heterochronous  process  that continues  well  into  adult life  and  which  probably  underlies  later  life  neu-
rocognitive  changes  and  plasticity.  Chronic  exposure  to  valproic  acid,  especially  in  patients  with  epilepsy
and  neuropsychiatric  disorders,  may  profoundly  affect  this  process  and its  developmental  trajectory.  Fur-
ther  studies  using  novel  MRI  methods  that  allow in  vivo  mapping  of myelination  trajectories  across  the
lifespan are urgently  required  to  address  the  potential  effects  of  valproic  acid on  brain  development.
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1. Introduction: epigenetic modulation of myelination and
the role for histone deacetylase (HDAC) inhibitors

The 21st century brought about seminal insights into the
pivotal epigenetic mechanisms necessary for the establishment of
cell identity and tissue formation, as well as dynamic intracellular
processes for translating environmental stimuli into modifications

∗ Corresponding author at: Royal Brompton Hospital, Sydney Street, London SW3
6NP, UK.

E-mail address: i.rosenzweig@camprot.com (I. Rosenzweig).

in gene expression (Chuang et al., 2009). Epigenetic modifications
including acetylation and deacetylation of histone proteins asso-
ciated with chromatin are now understood to present an integral
part of an entire host of brain functions, ranging from the devel-
opment of the nervous system and its basic neuronal functions
to multimodal cognitive processes (Gräff et al., 2011). In addition,
a substantial body of data has emerged pointing to a probable
causal relationship between aberrant epigenetic modifications
and a wide range of neurodevelopmental, neurodegenerative, and
neuropsychiatric disorders (Gräff et al., 2011; Bartzokis, 2011).
Chromatin remodeling through increased histone acetylation,
and hence gene transcription, is linked with recovery of learning
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Fig. 1. A simplified schematic depiction of interrelated processes of HDACs control of the differentiation and myelination processes of oligodendrocytes. The red circle
denotes HDACs (1, 2) on which valproic acid (VPA) has a strong inhibitory effect. (For interpretation of the references to color in this figure legend, the reader is referred to
the  web version of the article.)
Adapted with permission from Jacob et al. (2011), where a detailed review and a further description of this process can be found.

and memory in a transgenic mouse model (Fischer et al., 2007)
whereas the reverse process, mediated by histone deacetylases
(HDACs), is associated with transcriptional repression and memory
impairment in aged mice (Peleg et al., 2010).

Functional human brain circuitry depends on the extensive
and pervasive myelination process that supports its high-capacity
information processing, unlike that of any other primate (Bartzokis,
2011). The very role of the epigenetic machinery in the cru-
cial stages of neurodevelopmental myelination and remyelination
processes has been suggested by recent experimental data com-
ing from a variety of animal models (Shen et al., 2005, 2008;
Dietz and Casaccia, 2010; Jacob et al., 2011). In the central ner-
vous system (CNS), oligodendrocytes are generated by a series
of sequential transitions from stem cells through multipotential
progenitors to late oligodendrocyte progenitors that differentiate
into myelin-forming oligodendrocytes (refer to Fig. 1; Yu et al.,
2010; Jacob et al., 2011). The main epigenetic events charac-
terizing each of these transitions are still largely unknown (Yu
et al., 2010). The deacetylation of histone H3 was proposed as
a critical mechanism for myelination onset in vivo because it
is required for the down-regulation of differentiation inhibitors
and early progenitor markers (Shen et al., 2005). Similarly, in
mouse models, the prevention of histone deacetylation by his-
tone deacetylases inhibitors was shown to be detrimental for the
developmental myelination and remyelination processes; in par-
ticular levels of Class I HDAC1 and HDAC2 isoforms were found
to be critical for the execution of a timely program of oligoden-
drocyte differentiation (Fig. 1; Shen et al., 2005, 2008; Dietz and
Casaccia, 2010; Jacob et al., 2011). Shen et al. (2008) showed that
in demyelinated young animal brains, new myelin synthesis was
preceded by down-regulation of neural stem cell markers and
oligodendrocyte differentiation inhibitors, and that this was asso-
ciated with selective recruitment of HDACs to promoter regions.
Conversely, in demyelinated old brains, HDAC recruitment was
shown to be inefficient, and this allowed for the accumulation
of transcriptional repressors and prevented the subsequent surge
in myelin gene expression. Systemic administration of valproic
acid (VPA, 2-propylpentanoic acid), a recognized pan-inhibitor of
HDACs, replicated this age-dependent decline in remyelination
efficiency (Fig. 1; Shen et al., 2008; Chuang et al., 2009).

VPA, one of the most widely used antiepileptics, was shown
to decelerate the myelination process in mice treated during the
first two  weeks of postnatal development, coinciding with the
critical period for the onset of myelination in this species. The
inhibition of HDACs by VPA was postulated as the most likely
mechanism behind the observed effect. Namely, VPA treatment
likely caused the impaired HDACs recruitment of HDACs to the
promoter of genes that need to be down-regulated in oligoden-
drocyte progenitors, and subsequently had a negative impact on
the differentiation of these cells (Shen et al., 2005; also reviewed
in Yu et al., 2010; Jacob et al., 2011). This negative effect was
lacking in already differentiated oligodendrocytes. Of note, spe-
cific HDACs isoforms can have opposing effects on distinct CNS cell
types such as neurons, lymphocytes and glia cells (e.g. oligoden-
drocytes) (Dietz and Casaccia, 2010). It is suggested that this may
underlie reported disparity in functional responses to treatment
with broad spectrum inhibitors, such as VPA, which ranges from
neuroprotective in some cases to detrimental in others (Nalivaeva
et al., 2009; Chuang et al., 2009; Dietz and Casaccia, 2010; Fischer
et al., 2010).

In this review we  systematically revisit some of the past and
more recent evidence that implies that the human CNS myelination
process, unlike that of non-human primates commonly used in the
experimental models, is an intricate heterochronous process that
continues well into adult life and which probably underlies later
life neurocognitive changes and plasticity (Rakic, 2002; Kennedy
and Raz, 2009; Bartzokis, 2011; Kochunov et al., 2012). It has
been suggested that in human brain, structurally more complex
later-differentiating oligodendrocytes and their myelin are par-
ticularly vulnerable during both developmental and degenerative
phases (Bartzokis, 2011). We propose that clinical and research data
collectively taken endorse hitherto overlooked additional effects
of VPA on the continuing process of myelination/remyelination
in the human brain. Specifically, its projected impact is argued
and potential reverberations for the brain plasticity, neuropsychi-
atric disorders and cognition discussed. Finally, we  reason that its
proposed use as a speculated neuroprotector in a variety of CNS
diseases should be further cautiously investigated and its effects
on myelination always considered (Rosenberg, 2007; Monti et al.,
2009; Nalivaeva et al., 2009).
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2. Spatiotemporal myelination of the human brain and
possible implication for cognition

Early brain developmental processes such as neurogenesis,
synaptic pruning and cell shrinkage occur primarily during the
intrauterine period, and/or after birth. These reductionist pro-
cesses that are commonly completed by puberty or adolescence
are thought to affect several childhood disorders (Huttenlocher and
Dabholkar, 1997; Rakic, 2002; Bartzokis, 2005). It has been previ-
ously argued that the regressive or pruning processes occur in order
to provide the required volume, space and possibly other resources
necessary to support the crucial process of myelination (Bartzokis
et al., 2001; Bartzokis, 2004, 2005, 2011). In humans, the regressive
processes occur in a heterochronous pattern occurring in primary
unimodal process areas (motor, sensory) before multimodal asso-
ciation areas (frontal, temporal, and parietal lobes) (Huttenlocher
and Dabholkar, 1997). Petanjek et al. (2011) recently showed that
human developmental remodeling, including substantial elimina-
tion of synaptic spines, continues in the prefrontal cortex beyond
adolescence and throughout the third decade of life before sta-
bilizing at the adult level. In nonhuman primates, on the other
hand, these processes occur simultaneously in all cortical regions
(Rakic, 2002). At the turn of the last century, Fleschsig hypoth-
esized that white matter (WM)  tract changes provide the basis
for later life brain development and improved cognitive efficiency
(Flechsig, 1901). In his seminal study, Fleschsig proposed a spa-
tiotemporal discourse and showed that myelination of the human
brain continues well into middle age. Of late, a few unrelated lines
of investigations converged in support of this early paradigm and
a seminal insight into the time of peak of human cerebral matura-
tion was realized (Bartzokis et al., 2004; Gao et al., 2009; Salthouse,
2009; Deoni et al., 2011; Kochunov et al., 2012).

Cognitive improvements in reasoning, spatial visualization and
speed of processing continue well into the 3rd and 4th decades
of life, after which point cognitive processing shows a rapid age-
related decline (Salthouse, 2009). Neurocognitive changes have
been associated with the lifetime changes in the integrity of asso-
ciative WM (Bartzokis, 2004; Bartzokis et al., 2003, 2004; Konrad
et al., 2009; Vernooij et al., 2009). In particular, fractional anisotropy
(FA) values assessed by diffusion tensor imaging (DTI) in associative
WM areas were correlated with performance on the neuropsy-
chological tests sensitive to processing speed (Bartzokis et al.,
2004; Konrad et al., 2009). DTI assessed FA describes the direc-
tional selectivity of the random diffusion of water molecules and
higher FA values are observed along heavily myelinated WM tracts
(Kochunov et al., 2012). Absolute FA values are sensitive to many
parameters. Changes in regional FA values during normal matura-
tion and aging are however thought to be predominantly due to
changes in myelination and can therefore be used as indirect mea-
surement of myelin level (Kochunov et al., 2012). Of note, another
novel neuroimaging technique called mcDESPOT (multicomponent
driven equilibrium single pulse observation of T1 and T2) was used
recently to provide quantitative visualization of brain myelination
in vivo in healthy human infancy (Fig. 2; Deoni et al., 2011). This
technique is shown to correlate strongly with histological estimates
of myelin content, and appears to be an even more apt marker
of myelin content compared with FA (as reviewed in Deoni et al.,
2011).

In a recent study, the white matter integrity was  systemati-
cally assessed across the lifespan using DTI in a large cohort of 831
healthy individuals, covering over 8 decades of human life span
(ages 11–90) (Kochunov et al., 2012). The changes in FA of water
diffusion for eleven major cerebral WM tracts were mapped and
it was shown that FA measurements for all but one major cortical
WM tract (namely CST) reached peaks between 23 and 39 years of
age. The maturation rates, prior to age-of-peak were significantly

correlated with the rates of decline, past age-of-peak. Regional
analysis of the corpus callosum (CC) showed that thinly myeli-
nated, densely packed fibers in the genu, that connect prefrontal
areas, maturated later and showed higher decline in aging than
the more thickly myelinated motor and sensory areas in the body
and splenium of the CC. Overall the study showed that associative,
cerebral WM tracts that reach their peak FA values later in life also
show progressively higher age-related decline than earlier matur-
ing motor and sensory tracts. Furthermore, the age-range where FA
values reached their maximum concurred with the age range dur-
ing which the performance on various cognitive measurements was
previously shown to peak (Salthouse, 2009). Interestingly, the lin-
ear rates of cerebral maturation were higher for men  than women,
although this difference did not reach significance. Equally, male
subjects showed a significantly higher rate of FA decline. In past the
neuroprotective properties of estrogen and environmental interac-
tions have all been proposed as putative mechanisms behind the
observed gender differences (Kochunov et al., 2012). The reduction
in density of glial cells and an apparent reduction in myelin lev-
els were shown to be associated with the decline in FA with age
(Kochunov et al., 2010). It was suggested that changes in essential
neurocognitive functions such as processing speed and executive
function across the lifespan were related to changes in the integrity
of thinly myelinated multimodal associative areas, likely reflecting
the changes in the propagation of speed of action potentials across
cortical networks (Bartzokis et al., 2004; Bartzokis, 2011; Kochunov
et al., 2010, 2012). Taken together these findings beget important
inferences for the clinical studies of neuropsychiatric disorders.

3. Neuropsychiatric disorders and brain myelination

The oligodendrocytes are the glial cell type most consistently
implicated in mood disorders (Price and Drevets, 2010). It is likely
that reduction in oligodendrocytes may  arise secondary to an effect
on myelin, either through demyelination, abnormal development,
or atrophy in the number of myelinated axons. Myelin staining
was reported to be decreased in the deep WM of the dorsolateral
prefrontal cortex in major depressive disorder (MDD) and bipolar
affective disorder (BD) subjects; whereas the WM volumes of the
genual and splenial portions of the corpus callosum were abnor-
mally reduced in MDD  and BD (Price and Drevets, 2010). Moreover,
the deficits in glia in the cerebral cortex were reported to be the
greatest in layers III, V, and VI (Vostrikov et al., 2007; Price and
Drevets, 2010). Since these layers contain the intracortical plexuses
of myelinated fibers (bands of Baillarger, layers III and V), or a
large component of myelinated fibers running between the gray
and white matter (e.g. layer VI) this further supports the supposi-
tion that myelinating oligodendrocyte function is reduced in MDD
(Price and Drevets, 2010).

In a continually dividing and differentiating cell line such as
oligodendrocytes, epigenetic modifications of gene expression can
be introduced in each subsequent generation of differentiating cells
and thus reflect environmental conditions at different stages of
the lifespan (Bartzokis, 2011). This susceptibility of the myelina-
tion process to genetic and environmental insults likely underlies
our brain’s unique vulnerability to developmental disorders such
as autism, learning disabilities, attention-deficit/hyperactivity dis-
order, schizophrenia (SZ), BD and addiction (Bartzokis, 2004,
2005; Ha et al., 2011). Equally, it has been argued the shared
deficits in inhibitory controls between all these disorders make the
high rates of comorbid addiction an expected functional epiphe-
nomenon (Bartzokis, 2005). Namely the quadratic relationship of
the inhibitory responses was shown to be similar to the quadratic
trajectory of myelination, in which peak myelination in the frontal
lobe is not achieved until middle age (for review, see Bartzokis,
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Fig. 2. Development of several major white matter (WM)  pathways during the first two  years of human life is depicted (A). In addition, comparison of derived myelin
development trajectories for different WM regions is shown (B). Curves on the left were reconstructed from the data obtained using the mcDESPOT neuroimaging technique,
which  noninvasively mapped myelin content in vivo. It is anticipated that following an initial period of rapid growth, the rate will slow and become more consistent with a
logarithmic trajectory.
(B) is adapted with permission from Deoni et al. (2011),  where further details of this new technique can be found.

2004; Kochunov et al., 2012). In the context of the model pro-
posed by Bartzokis (2005, 2011),  the late development of the
inhibitory functions suggests that they are especially vulnerable
to dysregulation from a variety of influences. On the other hand,
middle-aged adults have a markedly lower risk of addiction than
they did in adolescence and young adulthood, suggesting better
inhibitory controls in later life (Vega et al., 2002; Bartzokis, 2005).
This is explained by the overall gains in processing speed, and
reduced energy consumption provided by the continuing myeli-
nation (Bartzokis, 2004).

The later-differentiating oligodendrocytes that myelinate the
densely packed WM tracts connecting multimodal cortical areas are
thought to be among the most metabolically active cells in the adult
CNS, which probably renders them highly vulnerable to accumula-
tion of metabolic damage (Kochunov et al., 2010; Ha et al., 2011;
Bartzokis, 2011). Also, since myelination continues into middle age
and beyond, repeated episodes of diseases such as SZ, MDD  and
BD may  also have both immediate as well as delayed destructive
effects through epigenetic modifications of myelination and repair
(Bartzokis, 2011). It was  suggested that psychotic, affective, or illicit
drug use episodes could prematurely trigger epigenetic effects and
accelerate the decline in myelin repair efficiency, something that
is observed in old age (Shen et al., 2008). The potential subsequent
reduction in the intracortical myelin might also lead to treatment
resistance to various antipsychotic or antidepressant medication.

In the advent of new insights into such epigenetic processes, it is
hoped that in future they might be partially offset by the promyeli-
nating effects of certain medications, if they are initiated early in
the disease process. This would then arguably help prevent sever-
ity of subsequent episodes and the acceleration of the cognitive
decline. In line with this argument, there are reports that in SZ and
BD some antipsychotics may  increase white matter (as reviewed in
Bartzokis, 2011). VPA, as already mentioned, is known to be highly
effective for treatment of seizures and was shown to directly influ-
ence epigenetic modifications (Shen et al., 2008; Nalivaeva et al.,
2009, 2011; Bartzokis, 2011). It is hence conceivable that alter-
ations/reversal of epigenetic changes may  thus be possible through
its application.

Notwithstanding its use in epilepsy, VPA is also commonly used
in a variety of neuropsychiatric disorders, including in the pediatric
and adolescent bipolar disorder population where it is considered
an efficacious treatment for acute mania (Macritchie et al., 2003;
Azorin and Findling, 2007; Washburn et al., 2011). Controlled stud-
ies suggest that it may  be less effective as a continuation therapy or
for prevention of BD relapse (Washburn et al., 2011). The increase in
the diagnosis and treatment of pediatric neuropsychiatric disorders
has in some circles raised concerns of overdiagnosis of the disorders
among children and adolescents (Washburn et al., 2011). In strik-
ing contrast, surprisingly little is known about the cognitive effects
of VPA in this age group and majority of the data comes from older
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studies in pediatric epileptic patients where its use has been asso-
ciated with varied cognitive deficits (Goldberg and Burdick, 2001).
Evidence in the literature is equally sparse for its impact on cogni-
tive symptoms in neuropsychiatric disorders, such as for example
SZ, ADHD and BD, in all age groups (Schwarz et al., 2010; Washburn
et al., 2011; Larrison et al., 2011).

4. VPA’s Midas touch: a direct inhibitor of HDACs with a
potent antiepileptic, mood stabilizer, and putative
neuroprotector effects

Since its original discovery in France in early 60s as an ana-
log of valeric acid, this wide-spectrum antiepileptic in the form
of sodium valproate has become known as one of the mainstays
for the treatment of different epileptic syndromes in adults and
children (Perucca, 2002). It is commonly considered a first-choice
drug for most forms of idiopathic and symptomatic generalized
epilepsies and it has been shown to be effective in multiple seizure
types, including tonic–clonic, myoclonic and absence seizures. In
some countries, intravenous preparations are increasingly used
in the treatment of convulsive and nonconvulsive status epilep-
ticus (Perucca, 2002). VPA is FDA approved as a mood stabilizer
for the treatment of manic episodes associated with BD; it is also
used for the prophylaxis of migraine headaches and post traumatic
epilepsy (Henry, 2003; D’Ambrosio and Perucca, 2004; Rosenberg,
2007; Nalivaeva et al., 2009). It is relatively free of side-effects
compared to other antiepileptics and is routinely used in epilep-
tic patients, such as in those with juvenile myoclonic epilepsy
(JME), in some cases successfully for decades (as reviewed in
Perucca, 2002; Henry, 2003). Despite its long-standing usage, its
multi-faceted mechanism of action is still matter of some scientific
controversy.

As reviewed by Perucca (2002),  there is by now substan-
tial evidence that VPA increases !-aminobutyric acid (GABA)
synthesis and release and hence potentiates GABAergic trans-
mission in specific brain regions. It also releases the excitatory
amino acid "-hydroxybutyric acid and attenuates neuronal exci-
tation mediated by activation of N-methyl-d-aspartate (NMDA)
glutamate receptors. Its direct action on excitable membranes
was also reported, including blockade of voltage-dependent
sodium channels. Additionally, VPA modulates dopaminergic and
serotoninergic transmission (Perucca, 2002). These putative mech-
anisms are speculated to be behind its efficacy in a number of
in vitro and animal models of neurological and neuropsychiatric
disorders such as SZ, stroke, motor neuron disease, Alzheimer’s
and Huntington’s disease, where its use has been recently pro-
gressively investigated (Nalivaeva et al., 2009). Moreover, VPA in
addition to highly active antiretroviral therapy showed a reduction
in latent HIV infection, suggesting a potential role in the treat-
ment of this illness as well (Lehrman et al., 2005). Furthermore,
the role for VPA in the treatment of systematic lupus erythemato-
sus, various cancers, and other therapeutic potential ranging from
anti-infective agents to treatments for hemoglobinopathies is cur-
rently been investigated (as reviewed in Nalivaeva et al., 2009).
VPA treatment produces marked alterations in the expression of
multiple genes, many of which are involved in transcription reg-
ulation, cell survival, ion homeostasis, cytoskeletal modifications
and signal transduction (Rosenberg, 2007). It is now by and large
reasoned that its action as a pan-inhibitor of HDACs is also under-
lying the majority of the above listed, speculated neuroprotective
and anti-cancer actions (Nalivaeva et al., 2009).

Class I (HDACs 1–3, 8) and Class IIa (HDACs 4, 5, 7, 9) isoforms
appear to be strongly inhibited by this antiepileptic (Chuang et al.,
2009). On the whole, many of Class I and Class IIa HDAC inhibitors
have been shown to restore histone acetylation status and improve

neuronal plasticity in the CNS; they appear to improve learning and
memory and to reverse spatial memory defects in animal models
(see Fig. 2; as reviewed in Chuang et al., 2009; Nalivaeva et al., 2009;
Dietz and Casaccia, 2010; Fischer et al., 2010). Notwithstanding this,
VPA may  through pan-inhibition also exhibit toxicity in various cell
types of the CNS (Fig. 2; Chuang et al., 2009; Dietz and Casaccia,
2010; Fischer et al., 2010). Hence, for any neurological or neu-
ropsychiatric disease it is important to take into account the effect
of HDACIs on all cell types in the CNS, namely neuronal, glial and
inflammatory cells and to clearly define their relative contribution
to the physiological/pathological process (Fig. 2; Dietz and Casaccia,
2010). It is conceivable that the opposing effects on distinct cell
types profoundly influence the overall therapeutic potential of
pan-HDAC inhibitors such as VPA itself. So hypothetically speak-
ing, in distinct neurobiological milieus, VPA via its biochemical,
molecular and epigenetic mechanisms may simultaneously act to
promote pro-neuronal survival and proliferation while also nega-
tively affecting differentiation of local oligodendrocyte progenitor
cell pools; in a given critical window of development for that dis-
tinct microcircuitry the net precis effect could prove functionally
caustic. Perhaps in line with this argument, although VPA has been
proposed as a possible therapeutical option in a variety of neurode-
generative diseases, inclusive of Alzheimer’s disease (Nalivaeva
et al., 2009; Monti et al., 2009), recently its role in the treatment
of this illness has been seriously questioned. Specifically, in group
of patients with mild to moderate Alzheimer’s disease the dival-
proex sodium formulation of VPA was  associated with accelerated
cognitive impairment and increased brain volume loss over 1 year
(Fleisher et al., 2011). It may  be, however, that selective HDAC
inhibitors have greater potential in treating late-onset neurode-
generative disease since different HDACs exhibit differing neuronal
actions. For example, HDAC1 inhibition is associated with neuro-
toxicity (Kim et al., 2008) whereas HDAC3 activity is selectively
toxic to neurons (Bardai and D’Mello, 2011).

5. Myelination, VPA and brain plasticity

Continual myelination of the human brain likely endorses plas-
ticity of neuronal networks and learning throughout life. It has been
previously contended that it may  increase the processing capacity
of the brain’s connectivity up to 3000-fold and thus progressively
enable development of advanced cognitive functions (Bartzokis,
2011). For this, an uninterrupted recruitment and differentiation of
later myelinating oligodendrocytes might prove a functional bot-
tleneck (Lamantia and Rakic, 1990; Bartzokis, 2011).

5.1. Epigenetic control of the oligodendrocyte identity

The neurobiology of previously described regional hete-
rochronicity is yet to be fully unraveled. However, microscopy
studies have shown that oligodendrocytes that myelinate primary
motor and sensory tracts are morphologically distinct from the later
differentiating ones that myelinate the associative tracts connect-
ing multimodal areas (Kochunov et al., 2012). The monomodal WM
tracts that mainly consist of large diameter axons are myelinated by
a single oligodendrocyte per myelin segment. In contrast, a single
oligodendrocyte serves up to 50 axons in multimodal areas, fur-
ther emphasizing the impact that any potential inhibition of this
later process may  cause (Lamantia and Rakic, 1990; Kochunov et al.,
2012). Oligodendrocyte differentiation and maturation (Fig. 1) in
various brain regions is likely orchestrated by highly interlinked
and distinct genetic and epigenetic programs. The full intricacies
of this process are far from clear with the majority of available
data stemming from animal models (Yu et al., 2010). Histone
modifications and HDACs were all suggested as vital parts of the
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involved epigenetic machinery and during the last decade a vari-
ety of chemicals were reported to possess an HDAC inhibitory
effect. Thus far the effects of VPA in chromatin remodeling have
been met  with much excitement and a number of proposed future
uses has been brought forward, all based on its beneficial effects
against epilepsy, malignancy and as a purported neuroprotec-
tor (Nalivaeva et al., 2009; Monti et al., 2009). Notwithstanding
this, it also became manifest that therapeutical levels of VPA, via
presumed inhibitory effects on Class 1 HDACs, interfere with pro-
gression of oligodendrocyte differentiation in animal models of
developmental myelination and remyelination (Fig. 1; Shen et al.,
2005, 2008). One could argue that any such dramatic covert effects
in humans are highly unlikely given its well characterized side
effects profile and wide usage for almost half a century. How-
ever, it was only recently that another, potentially related major
clinical concern of VPA use, has been brought to light. More specif-
ically, in utero exposure was associated with long term effects on
infants’ cognitive development (Adab et al., 2004; Meador et al.,
2009). No biological mechanisms have so far been put forward as
an explanation but yet another decade later and this time its use
in dementia has been questions due to reported detrimental cog-
nitive and white matter effects (Fleisher et al., 2011). Even that
caution needs to be exercised in interpreting these early results,
they do however come on the heels of numerous past findings and
reports about reversible cerebral atrophy and dementia associated
with VPA therapy in patients, even without hyperammonemia or
toxicity present. Osmotic changes, inhibition of neurofilament pro-
duction/neurite outgrowth, mitochondrial toxicity and increased
clearance of abnormally folded proteins were all at times postu-
lated as possible biological triggers (Guerrini et al., 1998; Fleisher
et al., 2011). Thus far the role for aberrant myelination in some of
these changes has not been considered.

5.2. Autism and valproic acid

It is now recognized that prenatal exposure to VPA confers
an increased risk of neural tube defects (e.g. 1–2% incidence of
spina bifida aperta,  a closure defect of the posterior neural tube)
and some other minor dysmorphic features, the true incidence of
which remains controversial (Shorvon, 2004; Zhang et al., 2010).
Although various underlying pathomechanisms have been sug-
gested, including the interaction of VPA with embryonic folate
metabolism and HDACs-related events, the exact mechanism of
action at play is still far from clear (Zhang et al., 2010). Further-
more, human embryonic exposure to VPA during a strict time
window of 20–24 days post conception appears to be linked to
a seven-fold increased likelihood of developing autism (LeBlanc
and Fagiolini, 2011). Similarly, robust rodent VPA models of
autism have been developed by injecting a single dose of VPA
to a pregnant female at a time that is equivalent to the human
susceptibility time window (Arndt et al., 2005; Rinaldi et al.,
2008; LeBlanc and Fagiolini, 2011). In those animal models sim-
ilar gross abnormalities to those in human autism have been
reported inclusive of the medial prefrontal cortex, somatosen-
sory cortex and amygdala hyperconnectivity, hyperactivity and
hyperplasticity. The results were taken to suggest that increased
local pyramidal cells connectivity rendered cortical microcircuits
more sensitive to external stimulation so that once activated they
would become more autonomous, thus impairing the ability of
distal brain regions to effectively orchestrate neocortical activity
in the functional modules of the neocortex. Interestingly, it was
previously argued that the thick, strongly myelinated interlaminar
axon collaterals of some of the fast spiking inhibitory interneu-
rons play a pivotal role in coordinating electrical activity across
the cortical minicolumn. Depending on their diameters and myeli-
nation status, the axons providing intracortical connections may

represent crucial ‘delay lines’ with highly tuned latencies (Thomson
and Bannister, 2003).

5.3. Critical periods for brain plasticity

In the rodent VPA models of autism, the most affected corti-
cal areas share some common alternations. However, they also
show region-specific changes which likely reflect differences in
local network structures, homeostatic mechanisms strategies, in
a local functional role, or in their respective developmental time
courses. Interestingly, Gogolla et al. (2009) showed that prena-
tal exposure to VPA in mouse models induced postnatal changes
similar to those observed in other mouse models modeled based
on single-gene mutations previously identified in human patients
(e.g. NL-3, Neuroligin, etc.). Specifically, this group highlighted the
asymmetric reduction in parvalbumin (PV) positive fast spiking
inhibitory interneurons in a parietal region, although other brain
regions (e.g. frontal) were also significantly affected. These fast-
spiking interneurons have been implicated in initiation of a critical
period for cortical plasticity and in generation of gamma  oscilla-
tions in the neocortex (Gogolla et al., 2009). Thus arguably their
deficits, also noted in some animal models of SZ, could delay or
paradoxically accelerate, critical periods in specific brain regions.
Furthermore, a resultant dysregulation of oscillations could pre-
vent discrimination of intrinsic versus extrinsic signals as well as
interfere with attention, arousal, sensory processing and cognition
(Gogolla et al., 2009; Vukadinovic and Rosenzweig, 2012).

It is not clear whether HDAC inhibition lies behind the observed
VPA effects on the PV cells in utero, nor is it currently known
what effect, if indeed any, VPA may  have on those cells in later
stages of neurodevelopment. Furthermore, it is possible that some
observed alterations are not direct consequences of the VPA insult
but the homeostatic normalization mechanisms to the primary
alterations. However, given recent insights into the protracted
and heterochronous nature of the developmental trajectory of the
human brain circuitry, similar later-life VPA modulatory effects on
brain plasticity and connectivity across the life-span is anticipated.
The exciting recent results in adult animals go some way in support
of this premise; here VPA treatment reinstated critical periods and
was shown to promote the ocular dominant plasticity as well as to
permit visual acuity recovery consecutive to long-term monocular
deprivation (Putignano et al., 2007).

5.4. “Chicken and egg” problem: some as yet unanswered
questions in the story of VPA and juvenile myoclonic epilepsy?

Converging circumstantial human and animal data about puta-
tive effects of VPA on spatiotemporal myelination, brain plasticity,
behavior and cognition is abundant and repeatedly discussed in
previous sections of this review. However, a firm ‘naturalistic’
milieu substantiation of this proposed causal association is lack-
ing in humans, with some work pointing to a minimal, if any,
effect of VPA treatment on cognition (Hessen et al., 2006; Vollmar
et al., 2011). A group of patients that are historically commonly
prescribed a longer term VPA treatment are those with IGE, and
in particular men  with JME  are likely to get initiated on this
medication (Perucca, 2002). It has now been consistently shown
that patients with JME  scored significantly below age, education
and gender matched controls on neuropsychological measures of
attention, immediate verbal memory, mental flexibility, control
of inhibition, working memory, processing speed and verbal flu-
ency (Deppe et al., 2008). Similar parameters, namely attention,
reaction time, speed of information processing, mild to moderate
impairment of mental speed, psychomotor slowing, reduced visuo-
motor function and verbal memory were all shown to be specifically
affected by VPA treatment in number of studies (Hessen et al.,
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2006). In addition, some clinicians suggest that VPA withdrawal in
chronic patients can lead to improved ability to perform activities
that demanded rapid cognitive performance and complex motor
coordination (Ristić et al., 2006; Lossius et al., 2008; Farkas et al.,
2010). Of note are results of studies with recent onset pediatric
JME  patients (diagnosed within 12 months and predominantly on
divalproex monotherapy) that showed an asymmetric and deceler-
ated abnormal trajectory of fronto-thalamic growth in comparison
to controls. This was shown to have important cognitive implica-
tions and a similar trajectory was sustained over a 2-year interval
(Pulsipher et al., 2011). The authors argued against the possibility
that the chronic duration of seizures was the mechanism behind
the observed abnormalities but could not rule out the antiepilep-
tic contribution to the recorded volumetric and neuropsychological
executive effects.

By now a number of studies employing advanced imaging
techniques in JME  population confirmed abnormal brain connec-
tivity in frontal regions corresponding to the anterior and ventral
thalamic radiation (Deppe et al., 2008; Vulliemoz et al., 2011;
O’Muircheartaigh et al., 2011; Vollmar et al., 2011). In addition
to frontal lobe dysfunction, posterior brain regions abnormali-
ties inclusive of connections of posterior callosal and cingulum
connections to temporal cortex and posterior parietal regions
were also implicated (Deppe et al., 2008; Vulliemoz et al., 2011;
O’Muircheartaigh et al., 2011). An overall reduced supplementary
motor area (SMA) structural connectivity, inclusive of its prin-
cipal connections to the contralateral SMA, was  shown in the
tractography study of JME  patients. It was suggested that this
structural hypoconnectivity may  functionally relate to previously
noted impaired recruitment of motor cortical inhibition in JME
(Vulliemoz et al., 2011). Another elegant functional neuroimag-
ing study showed increasing coactivation of the primary motor
cortex and the SMA  region with increased cognitive demand in

JME  patients (Vollmar et al., 2011). Additionally, an increased func-
tional connectivity between the motor system and frontoparietal
cognitive networks was  demonstrated, perhaps suggesting the
mechanism for the particular phenotype of JME, the myoclonic
jerk and its facilitation through cognitive stressors. Variety of neu-
ropsychiatric diseases (inclusive of SZ) show impaired deactivation
of the default mode network during cognitive tasks and this was
also established in JME  patients (Vollmar et al., 2011). Although
presumably the majority of JME  patients in these studies were on
VPA monotherapy, commonly no finite observations were made
regarding its possible contribution to the noted changes in brain
connectivity and structure. In one study a post hoc analysis showed
a positive correlation between the daily VPA dose and the activity
of bilateral frontal and parietal working memory network (Vollmar
et al., 2011). It was  argued that this effect may  point to a ‘normal-
izing’ cognitive role for VPA in JME  patients. However, the study
design limitations did not allow for objective separation of drug
effects from subject effects. An alternative explanation for these
data could be that the same cognitive effort commands increased
regional recruitment of otherwise less efficient neuronal networks
possibly modulated by the higher doses of VPA. Previously argued
putative effects of VPA on regional myelination and its role in brain
plasticity may  indeed account for some aspects of this observation.

In conclusion, recent neuroimaging studies of JME  patients
significantly advanced our knowledge of potential mechanisms
behind the aberrant brain connectivity in this patient population
but did very little in delineating any potential contributory drug
effect. Many questions remain unanswered and some were addi-
tionally raised by these studies. Specifically, one of the important
clinical questions in this patient group is about the possible covert
modulatory effects of VPA treatment on the noted motor and cogni-
tive abnormalities. Its effects on the brain connectivity in JME  were
hitherto not directly addressed by any of those studies.

Fig. 3. Multicellular targets of HDACIs are depicted. They can induce apoptosis in cancer cells (A); anti or pro-inflammatory effects in microglial cells (B); survival or
apoptosis in neurons (C); inhibit the differentiation of oligodendrocyte progenitors (D); reduce inflammatory responses and induce protective effects of astrocytes (E);
reduce  inflammatory responses and induce immunosupression in lymphocytes (F). Furthermore, HDACIs may  affect axonal transport (upper right inset). Deacetylation of
tubulin inhibits both anterograde and retrograde transport; HDACIs are thus able to restore transport.
Reproduced with permission from Dietz and Casaccia (2010), where a detailed discussion of HDACIs actions can be found.
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6. Conclusion and future directions

Heightened heterochronous periods of brain plasticity are rec-
ognized as essential for the developmental fine tuning of brain
circuitry and various molecular and physical ‘brakes’, such as
myelin, act to ensure against further aberrant development after
an early sensitive period (Gogolla et al., 2009). The effects of
drugs like VPA, that alter the epigenome, may  under certain condi-
tions reactivate critical periods and thus profoundly impact adult
brain connectivity. Multimodal and later myelinating brain circuits
involved in attention, executive function and behavior regula-
tion are now thought to play a pivotal role in adult plasticity by
their ability to modulate the coding efficiency of lower order net-
works, such as sensory-motor structures, during the attentional
tasks (Gogolla et al., 2009; Bartzokis, 2011). Such top-down control
of adult plasticity may  allow fine-tuning of network connectivity
by the environmental clues while at the same time maintain the
overall circuit stability. Converging experimental and clinical data
suggests possible an epigenetic modulatory role for VPA in many
facets of this adult plasticity, many of which are beyond scope of
this review (please refer to Fig. 3; Chuang et al., 2009; Nalivaeva
et al., 2009; Dietz and Casaccia, 2010; Fischer et al., 2010).

The unique quality of human brain, which unlike that of any
other primate, continues to undergo an orchestrated myelination
process until late adulthood arguably lends itself to a theoreti-
cal construct where VPA epigenetic modulations should not be
easily discarded. The advent of several new imaging techniques,
inclusive of DTI and the myelin-specific MRI  technique, mcDESPOT
(Fig. 2B), provides a highly sophisticated platform through which
in vivo visualization of any such effects of VPA on human myelin
maturation can be attempted (Deoni et al., 2011). In order to com-
petitively assess the clinical consequence of chronic use of this
widely prescribed drug on connectivity, cognition, behavior and
fronto-thalamic developmental trajectory prospective studies of
age and gender matched JME  patients should be assessed at var-
ious developmental snapshots and compared to those on other
antiepileptics with negligent HDAC activity, such as Levetiracetam
(Eyal et al., 2004). It is hoped that such longitudinal tractography
sampling and assessment may  capture any accelerated or decel-
erated development of distinct and time locked regional circuitry,
possibly also allowing delineation of any later compensatory mech-
anisms from the original primary effect. Lastly, we  believe that
evidence assessed here also strongly argues for prudent chronic
use of this antiepileptic in neuropsychiatric disorders (e.g. in BD,
SZ). In pediatric and adolescent patient population, which may  be
particularly vulnerable to its accumulated prolonged effects, its use,
in our opinion, might be better reconsidered until more is known
of its effects, particularly where other evidence-based treatment
alternatives are readily available.
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