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Abstract
Epigenetic chromatin remodeling and modifications of DNA represent central mechanisms for
regulation of gene expression during brain development and in memory formation. Emerging
evidence implicates epigenetic modifications in disorders of synaptic plasticity and cognition. This
review focuses on recent findings that HDAC inhibitors can ameliorate deficits in synaptic plasticity,
cognition and stress-related behaviors in a wide range of neurologic and psychiatric disorders
including Huntington’s disease, Parkinson’s disease, anxiety and mood disorders, Rubinstein-Taybi
syndrome and Rett syndrome. These agents may prove useful in the clinic for the treatment of the
cognitive impairments that are central elements of many neurodevelopmental, neurological and
psychiatric disorders.

Introduction
Recent findings implicate epigenetic modifications in the etiology of neurodegenerative and
psychiatric disorders. Covalent epigenetic modifications of conserved lysine residues in the
amino-terminal tails of histone proteins and methylation of DNA at CpG dinucleotides control
accessibility of chromatin to the core transcriptional machinery and play an essential role in
determining the activation state of genes. An array of post-translational histone modifications
are known and these include acetylation, methylation, ubiquitination, phosphorylation and
SUMOlyation, all of which can serve as epigenetic tags (for review, see [1–3]). These
modifications alter chromatin structure and make specific regions of the genome more or less
accessible to the transcriptional machinery. Epigenetic remodeling is crucial to cellular
differentiation, development and behavior, including learning and memory [1,4,5]. The
epigenome is responsive to synaptic activity and provides a link between experience, genetic
predisposition, and changes in neural function. Chromatin modifications are not static but
dynamically change in a cell-specific manner during development and in response to external
stimuli including neuronal insults. Epigenetic dysregulation is a common theme in disorders
of synaptic plasticity and cognition including neurodegenerative disorders (Huntington’s
disease, Parkinson’s disease and ischemia), mood disorders (depression and anxiety) and
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neurodevelopmental disorders (Rubinstein-Taybi syndrome, Rett syndrome and Fragile X
syndrome). This article reviews new insight into the molecular mechanisms underlying
activity-dependent remodeling of the epigenome under physiological and pathological
conditions and highlights the importance of epigenetic modifications in developing new
therapeutic approaches for psychiatric and neurological disorders.

Histone modifications and transcriptional regulation
Histone modifications regulate gene expression in three mechanistic ways [1–3]. First, they
regulate chromatin structure, making genetic loci more or less accessible to the transcriptional
machinery. Second, they serve a signaling role by integrating responses to multiple biochemical
signaling cascades and recruit or repel the transcriptional machinery and chromatin remodeling
complexes. Third, and perhaps most interestingly, histone modifications mediate epigenetic
changes in gene expression that provide a mechanism by which neural function and behavior
are stably altered for long periods of time in response to transient experience or neuronal insult.
An emerging concept is that acetylated and methylated histone residues function as a complex
epigenetic surface that is interpreted by a rapidly expanding family of proteins that are
epigenetic “readers” [2,6]. There is also an interaction between histone modifications and the
methylation of CpG dinucleotides at distinct genomic locations, and DNA methylation can
“cement” changes in gene expression initially driven by histone modifications. Methylated
DNA is read by proteins like methyl-CpG binding protein 2 (MeCP2), a protein that
functionally links DNA methylation to gene silencing [1–3].

Histone acetyltransferases
Histone acetylation has received much attention in the nervous system in part because of our
knowledge of the enzymatic machinery and signal transduction mechanisms that regulate this
post-translational modification. Acetylation of core histones is catalyzed by transcriptional
coactivators such as CREB-binding protein (CBP), which possess histone acetyltransferase
(HAT) activity [1,6]. Histone acetylation remodels chromatin structure, thereby modulating
transcription [1,6]. Specificity of gene regulation is achieved by the recruitment of HATs by
transcription factors to specific genetic loci, where they locally modify histones. Importantly,
HATs interact with a large number of transcription factors and thus serve as critical hubs,
integrating the activity of multiple signaling cascades. Acetylation is rapidly and reversibly
induced in an experience-dependent manner, but can be long-lived. HATs are evolutionarily
conserved from yeast to humans and are categorized in three main families, GNAT, MYST
and CBP/p300, according to the structure of the catalytic domains [1,6]. In addition to their
catalytic domains, HATs and other chromatin-associated proteins contain bromodomains,
evolutionarily conserved domains that bind to acetylated residues [6]. Acetylated histones
serve as epigenetic markers or ‘tags’, which recruit HATs and other bromodomain-containing
proteins.

Histone deactylases
Histone deactylases (HDACs) remove acetyl groups from lysine/arginine residues in the
amino-terminal tails of core histones and other proteins, thus reversing the effects of the HATs
[1,6]. Deacetylation of histone proteins shifts the balance towards chromatin condensation and
thereby silences gene expression. Unlike HATs, HDACs have a rich structural diversity, which
confers diversity of function and renders HDACs promising targets for drug discovery and
therapeutic intervention. Many HDACs share a common zinc-dependent catalytic domain but
differ in accessory domains that confer specificity of targets and regulation. Altogether,
mammalian HDACs fall into four main classes, Class 1–4, with class 1 and class 2 HDACs
receiving the most attention in the nervous system [7]. Class 1 HDACs (HDACs 1, 2, 3 and 8)
are homologs of the yeast HDAC RPD3, are constitutively nuclear proteins and are widely
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expressed. Class 2 HDACs (HDACs 4, 5, 6, 7, 9 and 10) are homologs of yeast Hda1, are
expressed in a tissue- and cell-specific manner and are regulated, at least in part, by shuttling
between the nucleus and cytoplasm, where they are stabilized by interactions with 14-3-3
proteins. Sequence specificity of HDAC action is acquired by recruitment of HDACs to specific
genetic loci by repressors, co-repressors and methyl-DNA binding proteins.

HDAC inhibitors
Recent years have witnessed an explosion in the development of new HDAC inhibitors [7].
HDAC inhibitors can be classified into four main chemical families, the short-chain fatty acids
(e.g., sodium butyrate, phenylbutyrate and valproic acid), the hyroxamic acids (e.g., trichostatin
A and suberoylanilide hydroxamic acid (SAHA)), the epoxyketones (e.g., trapoxin) and the
benzamides. Of these, the most widely studied are sodium butyrate, phenylbutyrate, trichostatin
A and SAHA. The butyrates are known to cross the blood-brain barrier [7,8]. The initial interest
in these inhibitors came from studies linking HDACs to a wide variety of human cancers.
HDAC inhibitors arrest growth, induce differentiation and, in some cases, apoptosis and have
potent anit-cancer activities, with remarkable tumor specificity [7,8]. For this reason, inhibitors
of class 1 and 2 HDACs are in phase I/II clinical trials for cancer therapy and potentially cancer
prevention. In the nervous system, the anticonvulsant and mood-stabilizing drug valproic acid
was identified as an inhibitor of HDAC1, thereby linking its anti-epileptic effects to changes
in histone acetylation. As described below, more recent work has revealed that inhibitors of
class 1 and 2 HDACs represent novel therapeutic approaches to treat neurodegenerative
disorders, depression and anxiety and the cognitive deficits that accompany many
neurodevelopmental disorders.

HDAC inhibitors as potential therapeutics for neurodegenerative disorders
Huntington’s disease

A role for HDACs in neurodegenerative disorders was first hinted at by experiments that
showed that HDAC inhibitors ameliorate the cognitive and motor deficits characteristic of
Huntington’s disease (HD). HD is an inherited, late onset autosomal-dominant
neurodegenerative disorder characterized by progressive motor, psychiatric and cognitive
decline that affects one person per 10,000 people of Western European descent [9]. Marked
neuronal loss occurs in the cortex and striatum. HD is caused by a polyglutamine (CAG)
expansion in the 5’ coding region of the huntingtin (htt) gene [9,10]. Transcriptional
dysregulation is central to the pathogenesis of HD. Mutant huntingtin localizes primarily to
the nucleus where it forms aggregates of mutant polyQ protein, which bind and functionally
impair transcription factors and coactivators such as CBP [9,10]. Loss of accessible CBP leads
to dysregulation of CBP/CREB-mediated gene expression, histone deacetylation and
ultimately, neuronal death. Early studies demonstrated the ability of HDAC inhibitors to rescue
lethality and photoreceptor neurodegeneration in a Drosophila model of polyglutamine disease
[11]. These findings were extended to the mouse models of HD by several laboratories, who
showed that treatment with HDAC inhibitors such as sodium butyrate and phenylbutyrate
attenuate neuronal loss, increase motor function and extend survival in R6/2 mice [12–14].
These findings strengthen the idea that epigenetic dysregulation plays a critical role in the
pathogenesis of HD and suggest that therapeutics that correct alterations in epigenetic
modifications may be efficacious even after the onset of the disease process.

Parkinson’s disease
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects 1% of the
population over 65 [15]. Approximately six million people worldwide have PD. To date, no
treatment has been identified that halts the death of dopaminergic neurons that underlies PD.
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Although the etiology of PD is not well understood, familial PD can arise as a consequence of
deficiency in the neuronal protein α-synuclein. Recent studies indicate that HDAC inhibitors
may represent a promising therapeutic strategy to ameliorate the progressive
neurodegeneration associated with PD. The initial link between PD and epigenetic
dysregulation came from studies of Drosophila. Using a Drosophila model of PD, Feany and
colleagues demonstrated that nuclear targeting of α-synuclein promotes its toxicity and that
sequestration of α-synuclein to the cytoplasm is protective [16]. It was further shown that α-
synuclein binds directly to histones, reduces levels of acetylated histone H3 and inhibits HAT-
mediated acetyltransferase activity [16]. These findings implicate α-synuclein in the
degeneration associated with PD. Administration of HDAC inhibitors in vivo or in vitro rescued
α-synuclein- induced toxicity [16]. These findings underscore the potential of HDAC inhibitors
for therapeutic intervention in the neurodegeneration and cognitive impairments in PD. Future
studies to examine the efficacy of HDAC inhibitors in mouse models of PD are warranted.

Alzheimer’s disease
Another progressive neurodegenerative disorder characterized by aberrant CREB/CBP
signaling is Alzheimer’s disease (AD). AD is a neurodegenerative disorder that currently
affects nearly 2% of the population in industrialized countries; the risk of AD dramatically
increases in individuals beyond the age of 70 and it is predicted that the incidence of AD will
increase threefold within the next 50 years (http://www.alz.org). Hallmark neuropathological
features of AD include extracellular plaques and intracellular tangles [17]. Endoproteolytic
cleavage of the transmembrane amyloid precursor protein (APP) generates β-amyloid peptides,
which aggregate to form plaques. A common theme in neurodegenerative disorders (HD, PD
and AD) is the concept that intraneuronal aggregates such as plaques interfere with
transcription and cause deficits in plasticity and cognition [17].

Although not as clearly defined in AD as in other neurodegenerative disorders, intriguing
findings of Sudhof and colleagues suggest a possible role for transcriptional dysregulation in
AD. The α- and β-secretases initially cleave APP at defined extracellular sequences.
Subsequent cleavage of APP by γ-secretase generates not only the extracellular fragment β-
amyloid, but also an intracellular tail fragment. The tail fragment recruits the nuclear adaptor
protein Fe65 and the histone acetyltransferase Tip60; this complex potently stimulates
transcription, suggesting that release of the cytoplasmic tail of APP by γ-cleavage may function
in gene expression [18–20]. These findings suggest the intriguing notion that the
neuropathology associated with AD is due, at least in part, to epigenetic dysregulation.

Although no direct demonstration of amelioration of synaptic plasticity or cognitive
impairments have been documented for AD, recent studies from the laboratory of Tsai and
colleagues show that HDAC inhibitors restore histone acetylation status and learning and
memory in a mouse model of neurodegeneration [21]. This group conditionally and inducibly
expressed p25, a cell-cycle protein implicated in neurodegenerative disease, under the control
of the CaMKII promoter. The effect of HDAC inhibitors could be mimicked by exposure of
the mice to a combination of complex inanimate and social stimulation (environmental
enrichment), consistent with the notion that experience-dependent plasticity acts via epigenetic
remodeling to ameliorate plasticity and cognitive deficits.

Ischemic stroke
Stroke is the third leading cause of death in the United States and the primary cause of
disabilities in adults [22]. Of the 600,000 new victims each year, 30% die and another nearly
30% become severely and permanently disabled. Most Stage III clinical trials conducted to
date have failed. It is thus critical that new molecular mechanistic information be revealed and
be brought into the translational arena with the goal of developing novel treatment strategies
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for neuroprotection, rescue and repair in order to ameliorate the deleterious consequences of
stroke. Global ischemia can arise as a consequence of cerebrovascular accidents, cardiac arrest,
cardiac surgery, profuse bleeding, near-drowning and carbon monoxide poisoning. Brief
ischemic insults cause selective, delayed death of hippocampal CA1 neurons and severe
cognitive deficits. The substantial delay between insult and cell death is consistent with a role
for transcriptional changes.

The transcriptional repressor RE1 silencing transcription factor (REST, also called NRSF) is
widely expressed during embryogenesis and plays a critical role in terminal neuronal
differentiation [23–25]. In neural progenitors and non-neural cells, REST actively represses a
large array of neural-specific genes important to synaptic plasticity including synaptic vesicle
proteins, structural proteins, voltage-gated channels and ligand-gated receptors, allowing non-
neuronal transcripts to be expressed [23–25]. As neurons differentiate, REST orchestrates a
set of epigenetic modifications that distinguish neuronal from non-neuronal cells. In global
ischemia, selectively vulnerable hippocampal neurons exhibit aberrant accumulation of REST/
NRSF in the nucleus and REST-dependent silencing of target genes essential for neuronal
function [26]. A fundamental mechanism by which REST silences target genes is by
recruitment of MeCP2 and corepressor complexes that promote histone H3 lysine 9 (H3K9)
deacetylation and methylation. Recent findings that REST recruits CoREST, G9a and MeCP2
to promoters of target genes and promotes epigenetic remodeling of target genes in selectively
vulnerable hippocampal neurons implicates REST-dependent epigenetic remodeling in the
pathogenesis of global ischemia [27]. Dysregulation of REST and its target genes is implicated
not only in global ischemia, but also in the pathogenesis of Down syndrome, Alzheimer’s
disease, Huntington’s disease, epilepsy and X-linked mental retardation [23–25].

Two recent studies demonstrate a role for HDAC inhibitors in amelioration of neuronal death
and cognitive deficits in postischemic neurons. In one study, Chiarugi and colleagues report
that the potent HDAC inhibitor SAHA administered intraperitoneally to mice at 0 and 6 h after
induction of ischemic stroke by middle cerebral artery occlusion (MCAO) prevented H3
deacetylation, promoted expression of neuroprotective proteins Bcl-2 and Hsp70 and reduced
infarct volume, indicating a neuroprotective action for SAHA [28]. In a second study,
Moskowitz, Dirnagl and colleagues observed aberrant DNA methylation in the brains of wild-
type mice subjected to mild ischemic brain injury by the MCAO model; administration of the
demethylating agent 5-aza-2’-deoxycytidine and the HDAC inhibitor trichostatin A conferred
stroke protection in wild-type mice subjected to mild, but not severe ischemic damage [29].
These findings underscore the therapeutic potential of HDAC inhibitors for therapeutic
intervention in the neurodegeneration associated with stroke.

HDAC inhibitors: Potential therapeutics for mood and anxiety disorders
Depression

One psychiatric disorder for which strong evidence exists to suggest that histone acetylation
represents a valid therapeutic target is depression [30]. Major depressive disorder is a very
common disorder, with a lifetime risk of 16.2% in the United States [31]. Thus, the development
of novel antidepressants with greater efficacy would serve a large potential patient market. One
drawback of current antidepressant medications, most of which act to increase synaptic levels
of serotonin or norepinephrine, is the slow onset of action, in many cases on the order of 2–4
weeks. This delay between the administration of an antidepressant and the appearance of
therapeutic effects suggests that the elevated synaptic levels of serotonin and norepinephrine
must alter other processes that then lead to therapeutic effects. Several target processes have
been identified, but a common thread is that elevated levels of neurotransmitters may alter the
expression of specific target genes, such as BDNF, whose products act to alter neural function
and behavior. Developing therapeutics to target processes downstream of neurotransmitter
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action is a promising avenue of research. Work from the laboratory of Eric Nestler suggests
that HDACs may be just such a target [32]. The tricyclic antidepressant imipramine increases
histone acetylation at specific promoters of the gene encoding BDNF, in part by reducing levels
of HDAC 5, a Class 2 HDAC, in the hippocampus. Chronic, but not acute, imipramine reversed
the downregulation and overcame hypermethylation of the BDNF locus in response to chronic
social defeat stress. Thus, increasing histone acetylation within the hippocampus may reverse
the social avoidance observed in mice subjected to chronic stress. This would suggest that
HDAC inhibitors might function as antidepressants, or effectively enhance the action of
existing antidepressants. Accordingly, the HDAC inhibitor sodium butyrate improves
performance in the tail suspension test, a mouse model of antidepressant efficacy, and enhances
the efficacy of the selective serotonin reuptake inhibitor fluoxetine [33].

Anxiety disorders
An interesting aspect of anxiety mediated behaviors as well as anxiety disorders is their
sensitivity to early life events. In rodents, maternal care stably alters the development of
behavioral and endocrine responses to stress in the offspring. Thus, early life experiences alter
adult behavior. Such long-lasting changes in behavior appear to be mediated by the epigenetic
programming of glucocorticoid receptor gene expression in the hippocampus. In particular,
the binding site for the NGFI-A transcription factor in the brain-specific promoter of the
glucocorticoid receptor gene promoter is subject to DNA methylation and acetylation. An
interesting recent study reveals that treatment of adult offspring with the HDAC inhibitor
trichostatin A reverses the effect of maternal care on anxiety related behaviors and differentially
affects gene expression of a subset of genes within the hippocampus [34,35]. This is a striking
example of the potential therapeutic use of HDAC inhibitors to reverse behavioral alterations
that are the result of epigenetic reprogramming during development.

Schizophrenia
Schizophrenia is a serious disorder of cognition with great medical and personal consequence
and affects approximately 1.1% of the US population aged 18 and older [36]. Diagnosis is
based on simultaneous presentation of a combination of “positive” symptoms (delusions,
hallucinations, bizarre thoughts) and negative symptoms (social withdrawal, poor motivation,
apathy). Sufferers are unable to function normally in social situations including everyday
cognitive tasks. Despite intense research, the molecular etiology of schizophrenia remains
enigmatic. Because the symptoms of schizophrenia do not arise until adolescence and persist,
in most cases, throughout life, it has been suggested that this disease may be a
neurodevelopmental disorder [36].

Two recent findings implicate epigenetic dysfunction in the etiology of schizophrenia. In one
study, analysis of postmortem brains from patients diagnosed with schizophrenia or bipolar
illness with psychosis showed deficiencies in the extracellular matrix protein reelin [37]. The
promoter of reelin contains several sites for DNA methylation and HDAC and DNA
methyltransferase inhibitors increase expression of reelin, indicating that epigenetic
mechanisms govern the expression of this protein [37]. In subsequent studies, increases in the
number of GABAergic mRNA transcripts including glutamic acid decarboxylase 1 (GAD1),
a key enzyme for GABA synthesis, were observed in the prefrontal cortex of humans diagnosed
with schizophrenia [38,39]. These increases were associated with chromatin remodeling in that
an increase in methylation of lysine 4 of histone 3 (H3K4) was observed at GABAergic gene
loci over this period of time [38,39]. Although it is as yet too early to know, these observations
are consistent with the notion that drugs that target the epigenome are viable therapies for
treating this serious mental disorder.
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HDAC inhibitors as potential therapeutics for neurodevelopmental disorders
Rubinstein-Taybi Syndrome

Early evidence for a role for epigenetic pathways in brain came from studies showing that the
developmental disorders associated with Rubinstein-Taybi Syndrome (RTS) result from
heterozygous mutations in the transcriptional coactivator CBP or its homolog p300 [40,41].
RTS is a well-defined inherited, autosomal-dominant disease that occurs once in 125,000 births
and accounts for one in 300 patients with mental retardation [42]. Physical traits associated
with RTS include altered facial abnormalities, broad digits/fingers and big toes, blunted growth
and mental retardation [42].

Several different mouse models of RTS have been created in which CBP or p300 function is
genetically altered and these mutant mice exhibit deficits in synaptic plasticity and memory.
Mice carrying a single null mutation in the CBP gene, a truncated form of CBP or transgenic
mice expressing a dominant negative form of CBP exhibit deficits in long-term memory
(LTM), but not in short-term memory (STM) [43–45]. Treatment with the HDAC inhibitors
SAHA or TSA ameliorated deficits in synaptic plasticity and cognition in several of the CBP
mutant mouse lines, suggesting that even developmental disorders may be amenable to
administration in adulthood of therapeutics that target histone acetylation [43,44]. Recent work
shows that HDAC inhibitors are only effective if some CREB or CBP function remains [46].
Thus, CBP and CREB appear to recruit HATs to the promoters of specific genes whose
expression is altered by HDAC inhibitors to give rise to amelioration of the synaptic and
behavioral deficits.

Rett Syndrome—Rett syndrome is also caused by mutations in genes encoding enzymes
that mediate chromatin remodeling and affect histone acetylation. Rett syndrome (RS) is a
progressive childhood neurodevelopmental disorder that is characterized by mental retardation
and stereotypies and arises as a consequence of loss-of-function mutations in the X-linked gene
encoding MeCP2 [47–49]. MeCP2 binds to methylated CpG dinucleotides, whereupon it
recruits HDACs and transcriptional repressors such as mSin3A. Ultimately, histones associated
with 5mCpG become hypoacetylated, promoting tight association between the DNA and the
histones and formation of a stable, transcriptionally-repressive chromatin complex [50]. Future
studies to explore pharmacological intervention by HDAC inhibitors in the devastating
consequences of Rett Syndrome are warranted.

Fragile X syndrome—Fragile X is the most common heritable disorder of mental
retardation. It involves a single gene (FMR1) that is transcriptionally silenced as a result of an
expanded repeat of CGG trinucleotides (>200) in the 5’-untranslated region (5’-UTR) of the
FMR1 gene [51]. The instability of the trinucleotide expansion during embryogenesis can lead
to mosaicism in nearly 15% of patients harboring at least 200 CGG repeats. F×S has a
prevalence of approximately 1:4000 males and 1:8000 in females. Patients with Fragile X
syndrome exhibit a wide-range of neurological deficits including cognitive impairment,
seizures, autism, peripheral neuropathy and autonomic dysfunction [51]. The product of the
gene, Fragile × Mental Retardation Protein (FMRP) regulates transport of mRNAs into
dendrites and local protein synthesis [51]. A pioneering study by Oostra and colleagues showed
the ability of the demethylating agent 5-azadeoxycytidine to reactivate FMR1 gene expression
in cells derived from patients with Fragile X [52]. Moreover, administration of the HDAC
inhibitors 4-phenylbutarate, sodium butyrate or trichostatin in conjunction with 5-
azadeoxycytidine was even more effective, indicating synergism between histone
hyperacetylation and DNA demethylation [53]. These observations underscore a major role
for epigenetic dysregulation in the etiology of Fragile X syndrome.
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Future directions and conclusions
Here, we have described a variety of neurodegenerative, psychiatric and neurobehavioral
disorde2rs that involve alterations in histone modifications and can be reversed, at least in part,
by treatment with HDAC inhibitors. Will HDAC inhibitors treat all ills or will specific classes
of HDAC inhibitors be identified to target specific disorders? A common theme that emerges
among the diverse neuropsychiatric disorders reviewed in this article is that many of these
disorders share a commonality of phenotype as, for example, cognitive deficits. These
fundamental clinical features may share common molecular mediators encoded by a subset of
interrelated genes. Reduced histone acetylation is a final common endpoint in many of these
disorders, but may arise via diverse means including reduced HAT activity, increased HDAC
activity or increased DNA methylation (Figure 1). This raises the possibility that new
therapeutic strategies used to treat one disorder such as Rubinstein-Taybi Syndrome may also
hold promise for treatment of other disorders such as schizophrenia and possibly even
neurodegenerative disorders such as Huntington’s disease and ischemia. In this light, “generic”
HDAC inhibitors that act throughout the brain might be useful in the amelioration of
neurobehavioral defects. Recent evidence reveals that such “generic” HDAC inhibitors have
specific effects on gene expression, upregulating a select set of target genes and reducing
expression of others [46,54]. These gene-specific effects may be governed by transcription
factors, which recognize specific promoter and enhancer motifs and confer target gene
specificity and thus sensitivity to HDAC inhibition [46]. From this perspective, then, HDAC
inhibitors might selectively reverse expression of only the subset of genes whose expression
is altered in a given disorder. An alternative theory posits that more selective HDAC inhibitors
might target specific brain regions and act in an isoform-selective and cell-specific manner to
reverse disorder-specific epigenetic dysregulation. To date, the HDAC inhibitors used to
effectively treat neurodegenerative and psychiatric disorders have been broad-spectrum
inhibitors of class I and 2 HDACs (Table 1). In the absence of evidence that the epigenetic
dysfunction of any one disorder is mediated by a specific HDAC, it is unclear whether a more
selective HDAC inhibitor would be more efficacious. What is clear is that HDAC inhibitors
represent a promising new avenue for therapeutic intervention for the cognitive impairments
associated with neurodegeneration, chronic stress and neurodevelopmental disorders. Drugs
targeted at epigenetic modifications hold the promise of reversing brain disorders once thought
to be irreversible.
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Figure 1. Scheme showing that neurological and psychiatric disorders involve epigenetic
modifications of key neuronal genes and intervention by HDAC inhibitors
Neurodegenerative diseases (Huntington’s disease, Parkinson’s disease and ischemia),
psychiatric disorders (depression, stress and anxiety) and neurodevelopmental disorders
(Rubinstein-Taybi syndrome and Fragile X syndrome) can involve aberrant acetylation and
methylation of histones and/or DNA methylation. These epigenetic modifications can be
influenced by experience and determine the transcriptional state of regulatory genes critical to
synaptic plasticity, cognition and mood. Histone deacetylase inhibitors such as valproic acid
(VPA) and trichostatin A (TSA) inhibit the activity of HDACs, shifting the balance toward
active transcription of neuronal genes and amelioration of plasticity and cognitive deficits.
Adapted from [55]. Inset adapted from [8].
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Table 1
Epigenetic basis of neurodegenerative and neuropsychiatric disorders.

Disorder Epigenetic Basis HDAC Inhibitors/ DNA
demethylating Agents

HDAC Class References

     
Huntington’s histone acetylation ↓ sodium butyrate, Class I/II [12–14]
disease transcriptional phenylbutyrate   
 dysregulation    
     
Mouse model of histone acetylation ↓ sodium butyrate, Class I/II [21]
neurodegeneration  trichostatin A   
     
Stroke histone acetylation ↓ SAHA, 5-aza-2’- Class I/II [28,29]
 DNA methylation ↑ deocycytidine   
     
Depression histone acetylation ↓ sodium butyrate Class I/II [32,33]
     
Schizophrenia H3K4 methylation ↑ 5-aza-2’-deoxycytidine?  [37–39]
 DNA methylation ↑    
     
Rubinstein-Taybi histone acetylation ↓ SAHA, trichostatin A Class I/II [43–46]
     
Syndrome     
     
Fragile X DNA methylation ↑ sodium butyrate or TSA Class I/II [52,53]
  + 5-aza-2’-deoxycytidine   
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