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Abstract Histone deacetylase (HDAC) inhibitors represent
a promising new avenue of therapeutic options for a range
of neurological disorders. Within any particular neurolog-
ical disorder, neuronal damage or death is not widespread,
rather, particular brain regions are preferentially affected.
Different disorders exhibit distinct focal pathologies.
Hence, understanding the region-specific effects of HDAC
inhibitors is essential for targeting appropriate brain areas
and reducing toxicity in unaffected areas. The outcome of
HDAC inhibition depends on several factors, including the
diversity in the central nervous system expression of
HDAC enzymes, selectivity of a given HDAC inhibitor
for different HDAC enzymes, and the presence or absence
of cofactors necessary for enzyme function. This review
will summarize brain regions associated with various
neurological disorders and factors affecting the consequen-
ces of HDAC inhibition.
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Introduction

Central nervous system (CNS) disorders comprise a
diversity of pathologies. Vulnerabilities for developing
neurological and psychiatric disorders are associated with
complex genetic, as well as environmental, factors. Even in
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the cases where a single causative mutation is known, e.g.,
Huntington’s disease (HD), other unknown factors contrib-
ute to clinical variation in disease onset, progression, and
severity. Alterations in gene expression are apparent in
most CNS disorders, ranging from dysregulated expression
of disease genes themselves to pathology-induced activa-
tion of immediate early genes and delayed secondary
effects on transcription. Studies have also suggested that a
precise balance between histone acetylation and deacetyla-
tion is necessary for neuronal survival in normal conditions
and that altered homeostasis is a final common endpoint in
several neurodegenerative disorders [1]. At present, there
are few therapies for treating any of the wide range of
neurological diseases.

Despite the highly heterogeneous nature of neurological
disorders, therapeutic benefits for diverse CNS disorders
may be accomplished by targeting the process of gene
transcription. Novel treatment strategies for these disorders
have turned towards histone deacetyltransferase (HDAC)
inhibitors, which act to modify gene expression. This topic
has been reviewed previously [2—6]. The most commonly
used HDAC inhibitors target multiple subtypes and classes
of HDAC enzymes, hence likely have widespread effects
throughout the brain. However, not all neurons are affected
equally in any particular neurological disorder. Rather,
particular brain regions or neuronal groups are preferential-
ly susceptible to, or others preferentially protected from,
pathological insults. Therefore, targeting the appropriate
brain regions in different neurological disorders and
avoiding unaffected regions are essential criteria if such
compounds are to represent useful therapeutics. This review
will summarize the focal nature of selected neurological
disorders for which HDAC inhibitors have been suggested
for use and features surrounding the efficacy of currently
used HDAC inhibitors.
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Subdivisions of the Brain

The brain is the most complex organ in the human body
providing the center for intelligence, interpretation of the
senses, control of movement, the neuronal basis for
behavior, and executive control over most homeostatic
processes. A wealth of information has emerged regarding
the different neuronal and glial cell types present in the
brain, and the enormous complexity of brain circuitry and
networks, which together coordinate diverse functional
activities. The brain consists of anatomically distinct and
well-defined regions, and each is preferentially associated
with particular functions. For example, the striatum
functions primarily in the regulation of movement and
organization of motor behavior [7, 8]. This region, consist-
ing of the caudate nucleus, putamen, and nucleus accum-
bens, is the major receptive component of the basal ganglia,
a group of subcortical nuclei that include the substantia
nigra, globus pallidus, and the subthalamic nucleus. It is
also critically involved in the generation of directed motor
activity, stereotyped behaviors, and the establishment of
habits [9]. The ventral striatum, also known as nucleus
accumbens, is critically involved in reward behavior. A
wide variety of reward-related behaviors have now been
shown to be mediated by a complex neural circuit involving
the nucleus accumbens and its dopamine innervation from
the ventral tegmental area [10]. Another brain region
associated with movement is the cerebellum, which is
foremost associated with coordination of muscle activity
and fine motor control.

Other defined regions include the cortex and hippocam-
pus. In particular, the prefrontal cortex is a primary region
associated with complex cognitive behavior and executive
function. These involve decision making and the expression
of personality and appropriate social behavior. This region
is one of the largest cortical subregions making up the anterior
part of the frontal lobes of the brain sub-divided. It can be sub-
divided into basic areas including the dorsolateral, orbito-
frontal, and ventromedial prefrontal areas. A central brain
region involved in learning and memory formation and
storage is the hippocampus. Memory is a complex
phenomenon with specific types including the formation
of new memory, declarative memory, and memory
retention, all of which are associated with hippocampal
function [11, 12]. Evidence also indicates that the hippo-
campus is used in storing and processing spatial informa-
tion [13]. Additional brain regions with distinct
functionalities include the thalamus, which acts as a filter
to screen out unimportant neuronal signals and organize
and redirect those requiring further action, and the
hypothalamus, which is an important regulator of appetite,
arousal, and various homeostatic functions. Different CNS
disorders are associated with dysfunction or degeneration of
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neurons in particular regions, which give rise to, or can
account for, the ensuing disease phenotypes and behavioral
symptoms (Table 1).

Focal Pathologies in Neurological Disorders

One of the major challenges in the study of neurodegen-
erative disorders is explaining why mutations in ubiqui-
tously expressed proteins have selective effects on certain
neuronal populations or brain regions. This phenomenon is
commonly observed in polyglutamine disorders. In other
diseases, the basis of dysfunction can be predicted based on
mapping of neurotransmitters systems, as in disorders
involving the dopaminergic system, such as Parkinson's
disease and addiction. Such disorders represent candidate
neurological diseases for HDAC inhibitor therapeutics.

Polyglutamine Disorders

The polyglutamine disorders are a group of inherited
neurodegenerative disorders that are caused by expansion
above a particular threshold of a CAG repeat region within
a protein-encoding exon (reviewed in [14]). It is widely
accepted that the resulting glutamine expansion confers a
toxic gain-of-function on the particular disease protein. A
major enigma in the field is that, although the disease-
causing proteins are ubiquitously expressed, only particular
neuronal populations are affected by the mutant disease
protein, resulting in distinct focal patterns of pathology and
associated clinical symptoms. This is especially true for
HD, spinal bulbar muscular atrophy (SBMA) and denta-
torubral—pallidoluysian atrophy (DRPLA), which are dis-
cussed briefly below in the context of their central
pathologies.

In HD, the CAG repeat region is located in exon 1 of the
HTT gene, resulting in an expanded polyglutamine tract
near the N terminus of the encoded huntingtin protein [15].
Disease onset is correlated with CAG repeat length
(threshold ~39 repeats; longer expansions result in earlier
onsets) [16], although other disease modifiers are thought to
affect age of onset, which is typically in 40s [17]. Mutant
huntingtin protein causes selective dysfunction and neuro-
degeneration of medium spiny neurons in the striatum,
despite widespread expression of the huntingtin protein
throughout the brain. Because the striatum is responsible
for the control of movement and motor function, dysfunc-
tion in this region accounts for the severe motor abnormal-
ities that are the primary manifestation in this disease. In
fact, it has been shown that the severity of striatal pathology
is correlated with the degree of motor impairments [18, 19],
suggesting that striatal degeneration plays a central role in
HD. Other symptoms include mood changes and cognitive
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Table 1 Brain regions associated with various neurological disorders and HDAC inhibitors tested in rodent models of these disorders

Disease Brain regions affected

HDAC inhibitor Tested

Reference

Huntington's disease Striatum, cortex

Striatum

Spinal cord
Cerebellum, cortex, GP
Cerebellum, spinal cord

Huntington's disease (3-NP)
Spinal bulbar muscular atropy
DRPLA

Friedreich's Ataxia

Spinal muscular atrophy Brain stem, spinal cord

Amyotrophic Lateral Sclerosis Brain stem, spinal cord

Ischemia Hippocampus, cortex

Parkinson's disease (MPTP)

Learning memory

Striatum, substantia nigra
Hippocampus

Addiction (alcohol) Ventral striatum
Addiction (cocaine) Ventral striatum
Schizophrenia Prefrontal cortex

Cognitive function Frontal cortex

SAHA
Phenylbutyrate
Sodium butyrate
4b

Sodium butyrate
Sodium butyrate
Sodium butyrate
106

TSA
SAHA/M344
Phenylbutyrate
Sodium butyrate
VPA

TSA

Sodium butyrate
DMA-PB
SAHA
Phenylbutyrate
TSA

Sodium butyrate
TSA

Sodium butyrate
Phenylbutyrate
VPA

Sodium butyrate
TSA

Hockly et al. [93]

Gardian et al. [95]

Ferrante et al. [94]

Thomas et al. [91]

Ryu et al. [39], Ferrante et al. [94]
Minamiyama et al. [98]

Ying et al. [99]

Rai et al. [100]

Avila et al. [97]

Hahnen et al. [96]

Petri et al. [101]

Ryu et al. [102]

Ren et al. [112], Kim et al. [110]
Kim et al. [110]

Kim et al. [110]

Zhang et al. [113]

Ren et al. [112], Faraco et al. [111]
Gardian et al. [103]

Fontan-lozano et al. [106]
Fontan-lozano et al. [106]

Romieu et al. [105], Pandey et al. [104]
Kumar et al. [54]

Romieu et al. [105]

Tremolizzo et al. [109]
Fontan-lozano et al. [106]

DRPLA, dentatorubral pallidoluysian atrophy; 3-NP, 3-nitropropionic acid; GP, globus pallidus; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

deficits. Although clinical symptoms of HD have generally
been attributed to the striatum, which undergoes the most
significant pathological changes, neuronal degeneration in
the cerebral cortex has also been well documented and
occurs within the temporal and frontal lobes [20]. Mutant
huntingtin also affects other structures, such as cerebellum,
which is particularly affected in juvenile-onset HD [20-25].

SBMA (Kennedy's disease) is an X-linked disorder
affecting males, with adult onset. Unlike the huntingtin
protein, the disease protein in SBMA is well-characterized,;
pathology is triggered by a polyglutamine expansion in the
N-terminal activation domain of the androgen receptor [26].
The androgen receptor is a broadly expressed member of a
family of nuclear receptors, which act as transcription
factors that alternate between active and inactive states by
binding to specific ligands. In this disease, the cells most
susceptible to degeneration are motor neurons located in the
anterior horns and bulbar regions of the spinal cord.
Pathology in these neurons results in muscle atrophy,
weakness, and muscle fasciculations.

The protein atrophin-1 contains a polyglutamine tract,

expansion of which is responsible for DRPLA [27, 28].
Atrophin-1, exhibits widespread expression in both brain
and peripheral tissues and is found throughout the cyto-
plasm and nucleus in cells of both unaffected and affected
individuals [29]. In DRPLA, neurodegeneration is detected
primarily in the cerebellum, subthalamic nucleus, cerebellar
cortex, and globus pallidus [30, 31]. Juvenile DRPLA cases
have more widespread cerebellar neuronal loss than the
more common adult onset form, including specific degen-
eration of Purkinje cells, in addition to the neurons of the
dentate nucleus [30]. Symptoms of DRPLA include ataxia,
involuntary movements, mental and emotional problems,
and dementia, although these differ in adult vs. juvenile
forms of the disease [30]. Degeneration of cerebellar
Purkinje and dentate neurons is also a principal feature of
the hereditary ataxias linked to expansion of CAG repeats,
including the spinocerebellar ataxis (SCAs) 1, 2, 3, 6, 7,
and 17 [32, 33]. Friedreich's ataxia, a disease caused by a
GAA repeat expansion in non-coding region also exhibits
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preferential loss of neurons in the cerebellum, spinal cord,
and brainstem [34].

Unifying mechanisms of transcriptional dysregulation
have been implicated in the pathogenesis of polyglutamine-
dependent neurodegenerative diseases [35, 36]. Expanded
polyglutamine tracts can disrupt transcription by multiple
mechanisms, including altering the acetylation status of
histones [37—40], interfering with the core transcriptional
machinery [41, 42], and disrupting the binding activities of
transcription factors [43], but it is unclear which mecha-
nisms are most important to pathology. These finding have
led to the suggestion that compounds that alter gene
expression, such as HDAC inhibitors, might be of thera-
peutic value.

Dopamine System-Based CNS Disorders

The pathology in some CNS disorders is governed by the
innervation patterns of neurotransmitter systems and sites
of neurotransmitter receptor expression in the brain (see
Table 1). This is especially true for the dopaminergic
system. Dopamine serves many functions in the brain,
including important roles in behavior and cognition, motor
activity, motivation and reward, inhibition of prolactin
production, mood, attention, and learning [44]. Its patterns
of innervation explain the multiple effects of activating this
system. Clinically, the three most important dopaminergic
projections are the mesostriatal, mesocortical, and meso-
limbic pathways [44], and each of these is associated with
distinct neurological problems, as described briefly below.

The mesostriatal (also known as nigrostriatal) pathway
transmits dopamine from the substantia nigra to the
striatum. This is one of the most dominant pathways
associated with motor control [44]. Degeneration of these
dopaminergic neurons causes Parkinson's disease, a pro-
gressive neurodegenerative disorder characterized by rest-
ing tremor, difficulty in initiating movement, slowness of
movement (bradykinesia), and dysarthria. Evidence also
suggests that medium spiny neurons of the striatum, the
targets of these projections, are also affected [45]. The
mesocortical pathway transmits dopamine from the ventral
tegmental area (VTA) to the frontal cortex. Dopamine
transmission via this connection is essential for cognitive
function [44]. Malfunctions of this pathway are associated
with the devastating psychiatric disorder, schizophrenia,
although neuronal degeneration is not observed in this
disorder [46]. The mesolimbic dopamine system that
projects from the VTA to the nucleus accumbens has been
implicated in the rewarding effects of drugs of abuse [47].
Drug addiction/dependence is defined as a chronically
relapsing disorder that is characterized by compulsive drug
use, inability to control drug intake, and extreme drug
cravings. Although drugs of abuse possess different
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neuropharmacological properties, activation of the dopami-
nergic system in the nucleus accumbens represents a
common pathway by which these drugs mediate their
reinforcing effects [48].

Pharmacological therapeutics targeting the dopamine
neurotransmitter system have been employed, such as
dopamine replacement therapy (L-DOPA) for Parkinson's
disease and dopamine-blocking agents for psychiatric
disorders; however, improved drug treatments are war-
ranted. Several microarray studies have reported dramatic
alterations in gene expression in Parkinson's disease ([49]
and references therein), schizophrenia reviewed in [50, 51],
and cocaine- or amphetamine-induced addiction reviewed
in [52]. Previous studies have demonstrated that
dopaminergic-mediated signaling can alter histone modifi-
cations in the striatum both on a global scale [53], as well
as at specific gene promoters, such as c-fos [54] and fosB
[55]. These studies have demonstrated that chromatin
remodeling is an important regulatory mechanism underly-
ing dopamine-associated effects on gene expression and
ensuing behavior. Recent evidence suggests that HDAC
inhibitors, by altering expression of important dopamine-
associated genes, might represent useful therapeutics for
these disorders (see Table 1).

Other Disorders Characterized by Selective Neuronal Loss

Amyotropic lateral sclerosis (ALS; Lou Gehrig's disease)
and spinal muscular atrophy (SMA) are both characterized
by neurodegeneration of motor neurons in the cerebral
cortex and/or brainstem and spinal cord resulting in fatal
paralysis [56]. Both upper and lower motor neurons are
affected in ALS, while only lower motor neurons are
affected in SMA. Upper motor neurons originating in the
cerebral cortex direct the lower motor neurons in the
brainstem and spinal cord to produce movements such as
walking or chewing. The lower motor neurons alone
control movement in the arms, legs, chest, face, throat,
and tongue. Most cases of ALS occur sporadically,
however, familial forms of ALS result from mutation of
the superoxide dismutase 1 gene, or SODI [57], which
encodes a ubiquitously expressed protein. About 20-25%
of all familial ALS are caused by mutations in SOD/; more
than 125 mutations have been identified, spanning all five
exons of this gene with 114 causing disease [57]. In
transgenic rodents with SOD1-mediated ALS and in some
human ALS cases, mutant SOD1 protein forms insoluble
aggregates in the spinal cord [58]. SMA, an autosomal
recessive disorder, has various forms, with different ages of
onset, patterns of inheritance, and severity and progression
of symptoms [59]. Despite this range of disease pheno-
types, SMA is caused by mutations in a single gene, the
Survival of Motor Neuron gene, which exists in two copies,
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SMN1 and SMN2 [59]. The SMN protein is ubiquitously
expressed, although particularly high levels are detected in
motor neurons of the spinal cord, the most affected region
in SMA patients. Individuals lacking a functional SMNI
gene express vastly reduced levels of the protein, which is
correlated with the degree of disease symptom [59].

Global ischemia can result from cerebrovascular trauma,
cardiac arrest, near-drowning, or carbon monoxide poison-
ing. Brief ischemic insults cause selective, delayed death of
hippocampal CA1 neurons [60]. This delay between trauma
and cell death is consistent with a role for transcriptional
changes in ischemic pathology, and accordingly, studies
have demonstrated alterations in gene expression occurs
after ischemic insult in rodents [61]. Manipulation of
transcription is thought to be of therapeutic relevance to
stroke therapy [62]. In particular, an increase in the
expression of genes related to processes of brain injury,
repair, and recovery may prove useful to reduce neuro-
degeneration in the hippocampus resulting from ischemic
insult.

Gene Expression Regulation: Chromatin, HATS,
and HDACs

Studies of chromatin remodeling have expanded our knowl-
edge regarding the manner in which genes are regulated. Gene
expression is ultimately dependent on factors that alter
chromatin structure. The basic unit of chromatin is the
nucleosome, which consists of 147 base pairs of DNA
wrapped 1.6 times around an octamer of core histone proteins
H2A, H2B, H3, and H4 [63]. The amino-terminal tails of
these core histones contain amino acid residues that are sites
for acetylation, methylation, phosphorylation, and ubiquiti-
nation; these posttranslational modifications alter histone
interactions with DNA and nuclear proteins, resulting in
changes in gene transcription [64]. Particular patterns of
histone modifications correspond to various states of remod-
eled chromatin and to the activation or repression of distinct
sets of genes. This is referred to as the “histone code” [65]. In
particular, histone acetylation and deacetylation of histones

are modulated by the interplay between histone acetyltrans-
ferases (HATs) and HDACs [64, 65]. Typically, increases in
HAT activity lead to increased gene transcription by creating
a more open conformation of chromatin, whereas HDAC
activity leads to repression of gene expression through
condensation of chromatin structure (Fig. 1). However, the
precise mechanisms of transcriptional regulation are likely to
be more complex.

HATs makes up a diverse family of proteins, including
GenS-related N-acetyltransferase superfamily members,
MYST proteins, global coactivators p300 and CREB-
binding protein, nuclear receptor coactivators, TATA-binding
protein-associated factor TAF(I)250 and its homologs, and
subunits of RNA polymerase III general factor TFIIIC [66].
A review of this family of enzymes has been summarized
elsewhere [67]. In contrast, HDAC enzymes comprise a more
related family of proteins with structural similarities. Each
exhibits a distinct brain expression pattern, which will be
reviewed below.

HDAC Enzymes

The HDAC enzymes comprise a large family of proteins:
18 HDAC enzymes have currently been identified in
humans [68]. These enzymes have been divided into
distinct groups. Class I HDACs consists of HDACs 1, 2,
3, and 8. Class Il HDAC:s are further distinguished into two
groups: class Ila, consisting of HDACs 4, 5, 7, and 9, and
class IIb, consisting of HDACs 6 and 10 [68]. Class II
enzymes share significant sequence and structural homol-
ogy and, like class I HDACs, require Zn for catalytic
activity. Members of a third class of HDACsS, called the
“sirtuins,” are distinct from classes I and II and require
NAD" for their enzymatic activity [69]. Class IV is
represented by a single member, HDACI11 [70], and while
sharing similar characteristics to HDACs in classes I and II,
this HDAC is thought to have distinct physiological roles
[70, 71]. HDACS exist in large multiprotein complexes, and
there is evidence that most, if not all, HDAC isoforms
require interaction with other HDACs or proteins for

Transcriptional Alterations
Increased expression

mmm> of disease genes

Effects on expression
mm> ¢ jisease-modifying
genes

mmm)> Neuroprotective

effects

Fig. 1 Schematic depiction of the possible effects of HDAC inhibitors on histone acetylation and gene transcription
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optimal enzymatic activity [72, 73]. The diversity of these
multiprotein complexes and the fact that many cofactors
have yet to be identified makes it difficult to interpret the
potential contributions of these cofactors to brain region-
specific effects.

Diverse CNS Expression Patterns of HDACs

Previous studies have used global analyses, i.e. Northern
blotting, polymerase chain reaction, to demonstrate expres-
sion of certain HDAC subtypes in the brain and other
peripheral tissues [70, 74, 75]. An analysis of the
developmental expression of HDACI11 has also been
reported using similar techniques [76]. Recently, CNS-
wide expression patterns for 11 different HDACs (classes I,
II, and IV) were mapped using high-resolution in situ
hybridization and imaging technology [77]. Ten 40-mer
oligonucleotide probes for each isoform were designed, and
in situ hybridization signals from each HDAC were
compared to radiolabeled standards in order to demonstrate
relative levels of expression in >50 regions of rat brain.
This study revealed overlapping yet distinct expression
patterns for various HDACs throughout the rat brain as
outlined below; a simplified summary of these results is
also shown in Table 2. Overall, HDACs 3, 5, and 11
exhibited the most abundant hybridization signals, exhibit-
ing high levels of expression in several regions, including
the cortex, striatum, thalamus, hippocampus, and cerebel-
lum, whereas HDACs 7, 9, and 10 showed the lowest
overall expression levels in the brain [77]. Additionally,
distinct differences were observed in key regions important
to several neurological disorders, including cerebellum,
striatum, spinal cord, and hippocampus. It is possible that
targeting the primary isotypes in each brain region may

Table 2 CNS expression patterns of HDAC enzymes

provide the most specific and relevant effects on gene
transcription.

Cerebellum

The genes encoding class I enzymes, HDACs 1, 2, and 3,
and class [Ta members HDAC4 and HDACS, exhibited high
levels of messenger RNA (mRNA) expression in cerebellar
granule neurons. In particular, HDAC1 showed almost a
twofold higher level of expression in cerebellum compared
to any other region ([77] and Table 2). The class IV HDAC,
HDACI11, also exhibited high levels of mRNA expression in
granule neurons as well as in Purkinje cells. A separate study
detected abundant expression of HDAC6 protein in Purkinje
cells, as determined by immunohistochemistry [78], although
the mRNA for this isotype was found at low levels [77]. The
HDAC:Ss expressed in the cerebellum, especially in Purkinje
neurons, might be especially relevant to diseases associated
with this region, such as DRPLA, Friedreich's ataxia, and the
SCAs; hence, targeting these isoforms with novel com-
pounds might be most appropriate for these disorders.

Striatum

Of the class I HDACs, HDAC3 showed the highest
expression levels of mRNA in striatum, followed by
HDAC2 ([77] and Table 2). HDAC1 showed low levels
of expression in striatum, with HDACS not being detected
at all [77]. HDACS of the class Ila group also exhibited
high levels of expression in striatum, similar to HDAC3,
whereas other members of this class showed very low
mRNA levels. As a comparison, class IIb HDACs were
almost undetectable in this region [77]. The mRNA levels
for all HDACs were equal throughout the striatum, with no
differences being detected between dorsal and ventral

Brain region HDAC1 HDAC2 HDAC3 HDAC4 HDAC5 HDAC6 HDAC7 HDACS8 HDAC9 HDACI0 HDACII
OlIf. bulb 2 2 4 4 4 1 0.5 0.5 0 0 0
Cortex 2 3 35 3.5 3.5 1 0.5 0 0.5 0.5 4
Striatum 0.5 2 3 1 3 0.5 0.5 0 0 0 4
Amygdala 2.5 3 3.5 3 3 1 1 1 0.5 0.5 4.5
Hippocampus 2.5 4.5 5 4.5 5 2 1 2 1 1 5
Hypothalamus 1.5 2 3.5 2.5 3.5 1 0.5 1 0 0 5
Cerebellum 4 4 5 5 5 1.5 1.5 2 0.5 0 4
Spinal cord 1 2 2.5 2 2.5 0.5 0.5 0.5 0 0 3.5
Choroid plexus 2 0 3 0 2 0 0 0 0 0 0

Data summarized from Broide et al. [77]

Expresson numbers reflect relative abundance of each isoform: 0, not detected; 1-2, low expression; 3, moderate expression; 4, high expression;

5, very high expression
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striatum (nucleus accumbens). Consistent with the mRNA
findings in mouse, immunohistochemistry studies have
demonstrated abundant HDACS protein levels in human
striatum, with much lower levels of HDAC1 [79]. Dys-
function of the striatum is associated with several move-
ment disorders, especially Huntington's and Parkinson's
disease, while the nucleus accumbens is ultimately associ-
ated with reward and addiction, as discussed above. Based
on the expression patterns, inhibition of HDACs 3 and 5
might demonstrate the strongest effects for these disorders.

Hippocampus

All HDACs showed appreciable mRNA expression in the
hippocampus but with interesting differential expression
among subregions (Table 2). HDACs 1 and 8 showed
greater mRNA expression in the dentate gyrus, compared to
CAI1-3, whereas HDACI11 exhibited abundant mRNA
expression in CA1, with lower amounts in CA3 and dentate
gyrus [77]. Another study demonstrated abundant HDAC11
protein levels in hippocampus by immunohistochemistry
[76]. High levels of mRNA expression were also detected
for HDACs 2, 4, and 5. For HDAC?2, this region showed
the highest level of expression compared to any other [77].
This suggests differential roles for HDAC subtypes,
particularly HDAC2, in learning and memory.

Spinal cord

Divergent patterns of HDAC mRNA expression are also
observed in the spinal cord but at much lower levels than
those observed in other brain regions (Table 2). mRNAs for
HDACs 3, 5, and 11 were expressed at the highest levels in
this region, followed by HDACs 2 and 4 [77]. HDACI11
protein expression was detected in a separate study in the
brainstem [76], which lies just rostral from the spinal cord.
HDACs 9 and 10 mRNAs were not detected at all with the
other members showing only low levels [77]. This is
particularly interesting in light of the several disorders caused
by motor neuron dysfunction/degeneration in this region.

Isotype Selective Effects of HDACs in the Nervous
System

A growing body of evidence suggests that HDAC selectiv-
ity is an important issue in neurodegeneration, as it has
become clear that distinct HDACs have very different
cellular functions. This further highlights the need for, and
relevance of, isotype-selective compounds. Studies in cell
culture, Drosophila and Caenorhabditis elegans models
have shed light on isotype-specific effects of HDAC
enzymes in the nervous system.

Pandey and colleagues have found that inhibition of the
class IIb enzyme HDAC6 may be detrimental to neuro-
degeneration in flies [80]. In that study, HDAC6 RNAi
knockdown in a fly model of SBMA showed that depletion
of HDACG6 protein levels enhanced degeneration [80].
Conversely, overexpression of HDAC6 in transgenic flies
was found to be protective against neurodegeneration [80].
It has been suggested that a possible mechanism for this
effect is a role for HDAC6 in the management of misfolded
protein-induced stress [81]. A protective mechanism for
HDACS6 has also been demonstrated in cell culture models
of HD, whereby HDACG6 activity was required for
autophagic degradation of huntingtin protein in HeLa cells
[82]. Results from another study in flies have suggested
beneficial effects of HDACs 1 and 2. Genetic knockdown
of rpd3 (the fly orthologue of HDAC1/2), as well as Sirtl
and Sirt 2 orthologues, showed neuroprotective properties
in a Drosophila model of HD that expresses mutant human
Htt exon 1 protein in all neurons [83].

Studies on C. elegans have also provided evidence for
HDAC isotype-specific effects related to the CNS. A report
by Bates et al. [84] has shown that HDA-3 and HDA-1
(two different worm HDACs both representing orthologues
of HDACI1/2) modulate polyglutamine toxicity in C.
elegans neurons expressing a human huntingtin fragment
with an expanded polyglutamine sequence [84]. Further-
more, these authors found that HDA-3 and HDA-1 had
different targets with opposing effects on toxicity [84].

HDAC Inhibitors: The Development of Isotype-Selective
Compounds

A large number of structurally diverse HDAC inhibitors
have been purified from natural sources or synthetically
developed, and at least 14 have progressed to clinical
development [68, 85]. These inhibitors prevent deacetyla-
tion of histones, resulting in a more open chromatin
conformation, which favors active gene transcription (see
Fig. 1). Chemically, the HDAC inhibitors can be classified
into four general chemical structure groups, including the
following: (1) the small carboxylates, such as sodium
butyrate, valproic acid, and sodium phenylbutyrate; (2)
the hydroxamic acids, such as trichostatin A (TSA),
suberoylanilide hydroxamic acid (SAHA), and their deriv-
atives; (3) the benzamides, such as MS-275; and (4) the
cyclic peptides, including apicidin and depsipeptide [86].
Examples of these are shown in Table 3. Most of these
compounds, such as TSA, are broad-spectrum inhibitors,
targeting both class I and II HDAC enzymes. In vitro
studies using recombinant human HDAC enzymes in
deacetylation assays have further elucidated the specificity
of previously identified HDAC inhibitors [87]. Pan-specific
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Table 3 Different specificities of HDAC inhibitor classes

HDAC target Reference

HDAC inhibitor class Compound

Hydroxamate Suberoylanilide hydroxamic acid
(SAHA; vorinostat)

Hydroxamate Trichostatin a (TSA)

Small carboxylate Sodium butyrate

Small carboxylate Phenylbutyrate
Small carboxylate Valproic acid (VPA)
Cyclic peptide Depsipeptide

Cyclic peptide Apicidin
Benzamide MS-275

Benzamide (pimelic diphenylamide) 4b
Benzamide (pimelic diphenylamide) 106

Classes I, II, TV Khan et al. [87], Xu et al. [68]

Classes I, 1T

Classes I, Ila

Classes I, Ila

Class 1

Class 1

HDAC?2/3 » HDAC1/8
HDACs1>9>2, 3
HDAC3 » HDACI,2
HDAC3 » HDACI,2

Bolden et al. [85], Khan et al. [87]
Bolden et al. [85]

Bolden et al. [85]

Khan et al. [87]

Bolden et al. [85]

Khan et al. [87]

Bolden et al. [85]; Khan et al. [87]
Chou et al. [89]

Chou et al. [89]

inhibitors include the widely used inhibitors, SAHA and
TSA; however, their potencies at inhibiting class I HDACs
are much lower compared to their effects on class I
enzymes. TSA is the most potent inhibitor with effective
concentrations in the single-digit nanamolar range [87].
VPA, although much lower in potency, exhibits specificity
for class I enzymes. Other compounds show some isotype-
selectivity with MS-275 preferentially inhibiting HDACI
and HDACY9, and demonstrating no activity at class II
HDAC:s, and apicidin showing selectivity toward HDACs 2
and 3 ([87] and Table 3). The reported potencies of
common HDAC inhibitors against different HDAC sub-
strates vary considerably in vitro. This apparent discrepancy
is largely due to differences in the sources of the enzymes
(natural vs. recombinant), substrates used in the assays, and
assay conditions. A further caveat is that not all HDAC
isoforms have been tested with the reported inhibitors.

Recent progress has been made towards the identifica-
tion of novel isoform-selective HDAC inhibitors [88, 89].
Attempts to improve selectivity have focused on modifying
the capping group, linker region, and metal binding
moieties of pan-specific inhibitors, such as TSA and
SAHA. These efforts have resulted in the development of
HDACI1- and HDACS-selective compounds of the class I
group and HDAC4 and HDACG6 of the class Il group
(reviewed in [88]). Additionally, a family of pimelic
diphenylamide HDAC inhibitors of the benzamide type
has been generated by Gottesfeld and colleagues [90].
These compounds show class I specificity, demonstrating
no activity against class Il HDACs [89]. Furthermore, these
authors demonstrated that members of this class of
compounds exhibit a 15-fold selectivity for the HDAC3
isoform over HDACI, with lower activity at HDACs 2 and
8 ([89] and Table 3). Several challenges in this area remain,
including the design of new compounds based on structural
information, improved screening technologies and simulta-
neous testing of all 11 HDAC:s.
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While the advantages of selective inhibitors over pan-
specific inhibitors remains to be determined, such com-
pounds will help elucidate the roles of individual HDAC
isoforms in basic biological processes and pathology of
disease, as well as in the side effects associated with these
compounds. For example, we found that one of the
HDAC3-preferring compound, HDACi 4b, demonstrated
beneficial effects in a mouse model of HD, including
delaying weight loss, ameliorating motor deficits, and
showing neuroprotective effects on brain atrophy [91]. We
further found that HDACi 4b showed no cell-cidal or
apoptotic effects at concentrations <50 puM, which are
tenfold higher than that previously reported for SAHA [92]
and 50-fold higher than its expected therapeutic effects
[91]. This suggests the effects of HDAC inhibitors to induce
apoptosis and cell-cycle arrest are not mediated via HDAC3.

HDAC Inhibitors as Therapeutics for Neurological
Disorders

During the past 5 years, several studies have identified
HDAC inhibitors as candidate drugs for the treatment of
neuropsychiatric and neurodegenerative disorders. This
topic has been the focus of several excellent reviews (see
[2-5, 35]). The consequences of HDAC inhibition may
restore transcriptional balance to disease or disease-
modifying genes, activate neuroprotective mechanisms or
correct pertubations in histone acetylation homeostasis
(Fig. 1). The major development in this area has been
made largely through the use of broad-spectrum HDAC
inhibitors. Initial findings demonstrated beneficial proper-
ties of these classical compounds in cell culture models;
however, in vivo studies in mice have provided the best
insight regarding the potential therapeutic effects of HDAC
inhibitors in neurodegenerative disorders. These studies
have demonstrated therapeutic benefits in a wide diversity
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of neurological disorders (Table 1). Studies have demon-
strated beneficial effects of SAHA [93], sodium butyrate
[94], phenylbutyrate [95], and 4b [91] in HD transgenic
mouse models; TSA, SAHA, and M344 in a mouse model
for SMA [96, 97]; sodium butyrate in a transgenic mouse
model of SBMA [98]; sodium butyrate in DRPLA
transgenic mice [99]; the 4b-related compound, 106, in a
Friedreich's ataxia mouse model [100]; phenylbutyrate and
sodium butyrate in ALS transgenic mice [101, 102]; and
phenylbutyrate in a Parkinson's disease lesion model [103].
On the addiction forefront, TSA was found to prevent the
development of alcohol withdrawal-related anxiety in rats
[104] and TSA and phenylbutyrate effective at inhibiting
cocaine self-administration [105]. Furthermore, sodium
butyrate and TSA reversed learning and memory impair-
ments in mouse models, suggesting their usefulness in
preventing learning and memory impairments in aging and
in neurodegenerative disorders [106]. HDAC inhibitors
have also been proven beneficial in psychiatric disorders
despite the vast heterogeneity of these disorders. Valproic
acid has long been used as a therapy for bipolar disorder
and in combination therapy for schizophrenia [107, 108]
and has also shown clinical benefit in a mouse model of
schizophrenia [109]. Several HDAC inhibitors have also
been shown to exhibit neuroprotective properties in brain
ischemia models, including VPA, TSA, sodium butyrate,
DMA-PB, and SAHA [110-113]. Such neuroprotective
mechanisms may suggest therapeutic benefit for other
disorders related to oxidative stress and inflammation.
Based on the promising in vitro and in vivo findings,
clinical trials have been initiated to evaluate the safety and
efficacy of HDAC inhibitors, including phenylbutyrate, for

Cerebellum
(n=965 genes)

Cortex
(n=206 genes)

Striatum
(n=127 genes)

Fig. 2 a Venn diagram depicting overlap of HDACi 4b-induced gene
expression changes in the cerebellum, cortex and striatum of normal
(wt) mice. The numbers in parentheses reflect the total number of
differentially expressed probesets at p<0.01 for each brain region. b
Examples of differential effects of HDACi4b treatment on ubiqui-

Expression change due to 4b

the treatment of HD, ALS, and SMA. The beneficial
properties of HDAC inhibitors in neurological disorders
may result from correcting the aberrant expression of a
disease gene (i.e., Friedreich's ataxia, ALS, and SMA),
altering expression of pathology-driven or disease-
modifying genes (polyglutamine disorders) or showing
neuroprotective effects (Parkinson's disease and ischemia;
Fig. 1). Determining the effects of these HDAC inhibitors
in different brain regions is essential for specific targeting
afflicted brain regions and advancing human therapies.

Brian Region-Specific Consequences of HDAC
Inhibition

Given the diversity of expression patterns of HDAC
enzymes in the brain and the emergence of HDAC
isotype-specific effects, one would expect HDAC inhibitors
to elicit different effects in different brain regions. Indeed,
recent studies have supported this notion. This suggests that
rational guidelines could be developed for predicting the
effects of HDAC inhibitors in particular brain regions.

Histone Acetylation

Simonini et al. [114] have reported differences in histone
acetylation between two widely used HDAC inhibitors, MS-
275 and valproic acid in different brain regions. These
authors reported that MS-275 increased levels of acetylated
histone H3 in the hippocampus and frontal cortex but failed
to increase acetylated H3 content in the striatum [114]. This
effect could be explained by considering the preferential

o

cortex EEE striatum

3 cerebellum

(Log2 ratio)

Gtl2

En1
EG665756
Rbp1

tously expressed genes in three different brain regions. Data are
expressed as the log2 ratios of the normalized expression values from
drug-treated vs. vehicle-treated wt mice. Data shown in a and b are
taken from the microarray datasets published in reference [91]. The
genes shown are indicated by their official UniGene gene symbols
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activity of MS-275 for HDACs 1 and 2 and the low
expression of these isoforms in the striatum compared to
hippocampus. In contrast, valproic acid was equally effective
at eliciting histone H3 hyperacetylation in striatum, hippo-
campus, and frontal cortex, which is consistent with its ability
to target all class I HDACs, with the inclusion of HDACS3,
which shows abundant expression in the striatum [77].

Gene Expression

Several studies have examined the effects of HDAC
inhibitors on gene expression, and results have indicated
that HDAC inhibitors tested do not show widespread
effects on transcription but rather cause alterations in only
subsets of genes, depending on the cellular context or tissue
type. Most of the studies using classical HDAC inhibitors
have been performed in cell culture. Early differential
display experiments with lymphoid cell lines cultured with
TSA showed that only 2% of 340 genes examined were
altered in their expression [115]. More recent studies using
microarray analysis have shown still that only a limited
number of genes are affected by the HDAC inhibitors TSA,
MS-275, valproic acid, and SAHA in cancer and hepatoma
cell lines and osteoblast cell cultures [116—-118].

More recent microarray studies performed in vivo not only
have provided insight into the complexities of brain gene
expression but also support the observations that HDAC
inhibition does not elicit global effects on gene transcription.
Studies have found that sodium butyrate and phenylbutyrate
exhibit a limited number of expression differences in the
cortex and striatum of HD transgenic mice (R6/2 and N171-
82Q mice), although the effect of drug on wild-type (wt)
mice was unclear [94, 95]. In the sodium butyrate report,
only three genes were found to be significantly altered in
their expression in both striatum and cortex of R6/2 mice
[94]. Our own microarray studies using HDACi 4b found
dramatically different effects of drug treatment in three
separate brain regions, cortex, striatum, and cerebellum of
both wt and HD transgenic mice (R6/2 mice) [91].
Nonetheless, in each brain region, HDACi 4b treatment
corrected the abnormalities in gene expression of ~85% of
the genes that were co-regulated by both disease and drug
treatment [91]. With this compound the biggest effect was
detected in the cerebellum; this may be expected based on the
HDAC3-preferring properties of HDACi 4b and the abundant
expression of HDACS3 in the cerebellum (Table 2).

Further scrutiny of our microarray dataset (see supple-
mentary data from [91]) revealed striking brain region-
governed differences in wt mice. A Venn diagram showing
the numbers of genes whose expression was significantly
altered by HDACi 4b treatment in each brain region of wt
mice reveals that there is very little overlap in genes
commonly regulated by HDACi 4b in different regions
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(Fig. 2), despite the fact that many of these genes are
ubiquitously expressed. Ubiquitous patterns of expression
for subsets of genes from each brain region were supported
by images in the Allen Brain Atlas, a comprehensive in situ
hybridization database providing basic expression patterns
for thousands of genes expressed in the mouse brain (http:/
www.allenbrainatlas.com). Furthermore, it was found that
58.5%, 26.6%, and 32.6% of expression changes elicited by
HDAC: 4b treatment in the cerebellum, cortex, and striatum,
respectively, exhibited brain region specificity for the expres-
sion change; that is, 32.6% of the genes, whose expression
was altered in striatum, showed only significant changes in
striatum and not in cortex or cerebellum. In addition, 6.2%,
25%, and 6.1% of expression changes in cerebellum, cortex,
and striatum, respectively, showed an opposite direction of
change in at least two different brain regions. Examples of
these genes, which are all ubiquitously expressed, and their
expression changes due to HDACi 4b treatment in these three
brain regions are shown in Fig. 2.

Conclusions

Neurological disorders are dramatically different in their
etiologies, focal pathologies, and current treatment
approaches. Despite these diversities, HDAC inhibitors may
represent relevant options for improved treatments for
neurological disorders. Progress in this field has been
accelerated by the development of isoform-selective com-
pounds, although investigations with additional inhibitors are
needed to further test the clinical efficacy and side effects
associated with inhibition of individual HDAC enzymes. An
important goal is to coalesce particular HDAC targets with
distinct areas of pathology in order to achieve selective
expression alterations in only the relevant region(s) for a given
disorder. The data summarized herein provide information
regarding which isoforms might best be targeted for different
CNS disorders. Further examination of precise cell-type
specific expression of HDAC enzymes (both mRNA and
protein) is also warranted, which will allow in-depth inves-
tigations of neuronal vs. glial mechanisms related to HDAC
inhibitor therapy.

Acknowledgements The author wishes to thank J. Gregor Sutcliffe
for critical reading of the manuscript.

References

1. Saha RN, Pahan K (2006) HATs and HDACs in neurodegeneration:
a tale of disconcerted acetylation homeostasis. Cell Death Differ
13:539-550

2. Hahnen E, Hauke J, Trankle C, Eyupoglu 1Y, Wirth B, Blumcke I
(2008) Histone deacetylase inhibitors: possible implications for


http://www.allenbrainatlas.com
http://www.allenbrainatlas.com

Mol Neurobiol (2009) 40:33-45

43

11.

12.

13.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

neurodegenerative disorders. Expert Opin Investig Drugs 17:
169-184

. Abel T, Zukin RS (2008) Epigenetic targets of HDAC inhibition

in neurodegenerative and psychiatric disorders. Curr Opin
Pharmacol 8:57-64

. Morrison BE, Majdzadeh N, D'Mello SR (2007) Histone

deacetylases: focus on the nervous system. Cell Mol Life Sci
64:2258-2269

. Marsh JL, Lukacsovich T, Thompson LM (2009) Animal models

of polyglutamine diseases and therapeutic approaches. J Biol
Chem 284:7431-7435

. Kazantsev AG, Thompson LM (2008) Therapeutic application of

histone deacetylase inhibitors for central nervous system dis-
orders. Nat Rev Drug Discov 7:854-868

. Graybiel AM (1995) The basal ganglia. Trends Neurosci 18:60—62
. Graybiel AM (2005) The basal ganglia: learning new tricks and

loving it. Curr Opin Neurobiol 15:638-644

. Knowlton BJ, Mangels JA, Squire LR (1996) A neostriatal habit

learning system in humans. Science 273:1399-1402

. Carelli RM (2002) The nucleus accumbens and reward:

neurophysiological investigations in behaving animals. Behav
Cogn Neurosci Rev 1:281-296

Milner B, Squire LR, Kandel ER (1998) Cognitive neuroscience
and the study of memory. Neuron 20:445-468

Squire LR (2004) Memory systems of the brain: a brief history
and current perspective. Neurobiol Learn Mem 82:171-177
Morris RG, Garrud P, Rawlins JN, O'Keefe J (1982) Place
navigation impaired in rats with hippocampal lesions. Nature
297:681-683

. Zoghbi HY, Orr HT (2000) Glutamine repeats and neuro-

degeneration. Annu Rev Neurosci 23:217-247

. HsDCR G (1993) A novel gene containing a trinucleotide repeat

that is expanded and unstable on Huntington's disease chromo-
somes. The Huntington's Disease Collaborative Research Group.
Cell 72:971-983

. Andrew SE et al (1993) The relationship between trinucleotide

(CAG) repeat length and clinical features of Huntington's
disease. Nat Genet 4:398-403

Li JL et al (2006) Genome-wide significance for a modifier of
age at neurological onset in Huntington's disease at 6q23—24: the
HD MAPS study. BMC Med Genet 7:71

Rosenblatt A, Abbott MH, Gourley LM, Troncoso JC, Margolis RL,
Brandt J, Ross CA (2003) Predictors of neuropathological severity
in 100 patients with Huntington's disease. Ann Neurol 54:488-493
Bamford KA, Caine ED, Kido DK, Plassche WM, Shoulson I
(1989) Clinical—pathologic correlation in Huntington's disease: a
neuropsychological and computed tomography study. Neurology
39:796-801

Hedreen JC, Peyser CE, Folstein SE, Ross CA (1991) Neuronal
loss in layers V and VI of cerebral cortex in Huntington's disease.
Neurosci Lett 133:257-261

Rosas HD et al (2003) Evidence for more widespread cerebral
pathology in early HD: an MRI-based morphometric analysis.
Neurology 60:1615-1620

Fennema-Notestine C et al (2004) In vivo evidence of cerebellar
atrophy and cerebral white matter loss in Huntington disease.
Neurology 63:989-995

Jeste DV, Barban L, Parisi J (1984) Reduced Purkinje cell
density in Huntington's disease. Exp Neurol 85:78-86

Rodda RA (1981) Cerebellar atrophy in Huntington's disease. J
Neurol Sci 50:147-157

Byers RK, Dodge JA (1967) Huntington's chorea in children.
Report of four cases. Neurology 17:587-596

La Spada AR, Wilson EM, Lubahn DB, Harding AE, Fischbeck
KH (1991) Androgen receptor gene mutations in X-linked spinal
and bulbar muscular atrophy. Nature 352:77-79

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

. Nagafuchi S, Yanagisawa H, Ohsaki E, Shirayama T, Tadokoro K,

Inoue T, Yamada M (1994) Structure and expression of the gene
responsible for the triplet repeat disorder, dentatorubral and
pallidoluysian atrophy (DRPLA). Nat Genet 8:177-182

Koide R et al (1994) Unstable expansion of CAG repeat in
hereditary dentatorubral-pallidoluysian atrophy (DRPLA). Nat
Genet 6:9-13

Yazawa I, Nukina N, Hashida H, Goto J, Yamada M, Kanazawa I
(1995) Abnormal gene product identified in hereditary
dentatorubral-pallidoluysian atrophy (DRPLA) brain. Nat Genet
19:99-103

Ross CA, Becher MW, Colomer V, Engelender S, Wood JD,
Sharp AH (1997) Huntington's disease and dentatorubral-
pallidoluysian atrophy: proteins, pathogenesis and pathology.
Brain Pathol 7:1003-1016

Takahashi H, Ohama E, Naito H, Takeda S, Nakashima S,
Makifuchi T, Ikuta F (1988) Hereditary dentatorubral-
pallidoluysian atrophy: clinical and pathologic variants in a
family. Neurology 38:1065-1070

Riley BE, Orr HT (2006) Polyglutamine neurodegenerative
diseases and regulation of transcription: assembling the puzzle.
Genes Dev 20:2183-2192

Duenas AM, Goold R, Giunti P (2006) Molecular pathogenesis
of spinocerebellar ataxias. Brain 129:1357-1370

Campuzano V et al (1996) Friedreich's ataxia: autosomal
recessive disease caused by an intronic GAA triplet repeat
expansion. Science 271:1423-1427

Butler R, Bates GP (2006) Histone deacetylase inhibitors as
therapeutics for polyglutamine disorders. Nat Rev Neurosci
7:784-796

Helmlinger D, Tora L, Devys D (2006) Transcriptional alter-
ations and chromatin remodeling in polyglutamine diseases.
Trends Genet 22:562-570

Steffan JS et al (2001) Histone deacetylase inhibitors arrest
polyglutamine-dependent neurodegeneration in Drosophila. Na-
ture 413:739-743

Ferrante RJ et al (2004) Chemotherapy for the brain: the
antitumor antibiotic mithramycin prolongs survival in a mouse
model of Huntington's disease. J Neurosci 24:10335-10342
Ryu H, Lee J, Hagerty SW, Soh BY, McAlpin SE, Cormier KA,
Smith KM, Ferrante RJ (2006) ESET/SETDBI1 gene expression
and histone H3 (K9) trimethylation in Huntington's disease. Proc
Natl Acad Sci U S A 103:19176-19181

Stack EC et al (2007) Modulation of nucleosome dynamics in
Huntington's disease. Hum Mol Genet 16:1164-1175

Freiman RN, Tjian R (2002) Neurodegeneration. A glutamine-
rich trail leads to transcription factors. Science 296:2149-2150
Zhai W, Jeong H, Cui L, Krainc D, Tjian R (2005) In vitro
analysis of huntingtin-mediated transcriptional repression reveals
multiple transcription factor targets. Cell 123:1241-1253

Benn CL, Sun T, Sadri-Vakili G, McFarland KN, DiRocco DP,
Yohrling GJ, Clark TW, Bouzou B, Cha JH (2008) Huntingtin
modulates transcription, occupies gene promoters in vivo, and
binds directly to DNA in a polyglutamine-dependent manner. J
Neurosci 28:10720-10733

Cooper JR, Bloom FE, Roth RH (1991) Dopamine. In: Cooper JR,
Bloom FE, Roth RH (eds) The biochemical basis of neurophar-
macology. Oxford University Press, Oxford, pp 285-337
Stephens B et al (2005) Evidence of a breakdown of cortico-
striatal connections in Parkinson's disease. Neuroscience 132:
741-754

Tamminga CA (2006) The neurobiology of cognition in
schizophrenia. J Clin Psychiatry 67:el1

Koob GF (1992) Drugs of abuse: anatomy, pharmacology and
function of reward pathways. Trends Pharmacol Sci 13:177—
184

M,
3« Humana Press



44

Mol Neurobiol (2009) 40:33—45

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Feltenstein MW, See RE (2008) The neurocircuitry of addiction:
an overview. Br J Pharmacol 154:261-274

Simunovic F, et al. (2008) Gene expression profiling of
substantia nigra dopamine neurons: further insights into Parkin-
son's disease pathology. Brain. doi:10.1093/brain/awn323
Mimics K, Levitt P, Lewis DA (2006) Critical appraisal of
DNA microarrays in psychiatric genomics. Biol Psychiatry
60:163-176

Thomas EA (2006) Molecular profiling of antipsychotic drug
function: convergent mechanisms in the pathology and treatment
of psychiatric disorders. Mol Neurobiol 34:109-128

Yuferov V, Nielsen D, Butelman E, Kreek MJ (2005) Microarray
studies of psychostimulant-induced changes in gene expression.
Addict Biol 10:101-118

Nicholas AP et al (2008) Striatal histone modifications in models
of levodopa-induced dyskinesia. J Neurochem 106:486-494
Kumar A et al (2005) Chromatin remodeling is a key mechanism
underlying cocaine-induced plasticity in striatum. Neuron
48:303-314

Levine AA, Guan Z, Barco A, Xu S, Kandel ER, Schwartz JH
(2005) CREB-binding protein controls response to cocaine by
acetylating histones at the fosB promoter in the mouse striatum.
Proc Natl Acad Sci U S A 102:19186-19191

Bruijn LI, Miller TM, Cleveland DW (2004) Unraveling the
mechanisms involved in motor neuron degeneration in ALS.
Annu Rev Neurosci 27:723-749

Pasinelli P, Brown RH (2006) Molecular biology of amyotrophic
lateral sclerosis: insights from genetics. Nat Rev Neurosci
7:710-723

Jonsson PA, Graffmo KS, Andersen PM, Brannstrom T,
Lindberg M, Oliveberg M, Marklund SL (2006) Disulphide-
reduced superoxide dismutase-1 in CNS of transgenic amyo-
trophic lateral sclerosis models. Brain 129:451-464

Monani UR (2005) Spinal muscular atrophy: a deficiency in a
ubiquitous protein; a motor neuron-specific disease. Neuron
48:885-896

Schmidt-Kastner R, Freund TF (1991) Selective vulnerability of
the hippocampus in brain ischemia. Neuroscience 40:599—636
Papadopoulos MC, Giftard RG, Bell BA (2000) An introduction
to the changes in gene expression that occur after cerebral
ischaemia. Br J Neurosurg 14:305-312

Read SJ et al (2001) Stroke genomics: approaches to identify,
validate, and understand ischemic stroke gene expression. J
Cereb Blood Flow Metab 21:755-778

Quina AS, Buschbeck M, Di Croce L (2006) Chromatin
structure and epigenetics. Biochem Pharmacol 72:1563-1569
Kornberg RD, Lorch Y (1999) Twenty-five years of the
nucleosome, fundamental particle of the eukaryote chromosome.
Cell 98:285-294

Strahl BD, Allis CD (2000) The language of covalent histone
modifications. Nature 403:41-45

Sterner DE, Berger SL (2000) Acetylation of histones and
transcription-related factors. Microbiol Mol Biol Rev 64:435-459
An W (2007) Histone acetylation and methylation: combinatorial
players for transcriptional regulation. Subcell Biochem 41:351—
369

Xu WS, Parmigiani RB, Marks PA (2007) Histone deacetylase
inhibitors: molecular mechanisms of action. Oncogene 26:5541—
5552

Blander G, Guarente L (2004) The Sir2 family of protein
deacetylases. Annu Rev Biochem 73:417—435

Gao L, Cueto MA, Asselbergs F, Atadja P (2002) Cloning and
functional characterization of HDACI11, a novel member of the
human histone deacetylase family. J Biol Chem 277:25748-25755
Roth SY, Denu JM, Allis CD (2001) Histone acetyltransferases.
Annu Rev Biochem 70:81-120

M,
3. Humana Press

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Hildmann C, Riester D, Schwienhorst A (2007) Histone
deacetylases—an important class of cellular regulators with a
variety of functions. Appl Microbiol Biotechnol 75:487—497
Adcock IM, Ford P, Ito K, Barnes PJ (2006) Epigenetics and
airways disease. Respir Res 7:21

Lucio-Eterovic AK et al (2008) Differential expression of 12
histone deacetylase (HDAC) genes in astrocytomas and normal
brain tissue: class II and IV are hypoexpressed in glioblastomas.
BMC Cancer 8:243

Zhou X, Marks PA, Rifkind RA, Richon VM (2001) Cloning
and characterization of a histone deacetylase, HDAC9. Proc Natl
Acad Sci U S A 98:10572-10577

Liu H, Hu Q, Kaufman A, D'Ercole AJ, Ye P (2008)
Developmental expression of histone deacetylase 11 in the
murine brain. J Neurosci Res 86:537-543

Broide RS, Redwine JM, Aftahi N, Young W, Bloom FE,
Winrow CJ (2007) Distribution of histone deacetylases 1-11 in
the rat brain. J] Mol Neurosci 31:47-58

Southwood CM, Peppi M, Dryden S, Tainsky MA, Gow A
(2007) Microtubule deacetylases, SirT2 and HDACS6, in the
nervous system. Neurochem Res 32:187-195

Hoshino M et al (2003) Histone deacetylase activity is retained
in primary neurons expressing mutant huntingtin protein. J
Neurochem 87:257-267

Pandey UB et al (2007) HDACG6 rescues neurodegeneration and
provides an essential link between autophagy and the UPS.
Nature 447:859-863

Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, Ito A, Yao TP
(2003) The deacetylase HDAC6 regulates aggresome formation
and cell viability in response to misfolded protein stress. Cell
115:727-738

Iwata A, Riley BE, Johnston JA, Kopito RR (2005) HDAC6 and
microtubules are required for autophagic degradation of aggre-
gated huntingtin. J Biol Chem 280:40282-40292

Pallos J, Bodai L, Lukacsovich T, Purcell JM, Steffan JS,
Thompson LM, Marsh JL (2008) Inhibition of specific HDACs
and sirtuins suppresses pathogenesis in a Drosophila model of
Huntington's disease. Hum Mol Genet 17:3767-3775

Bates EA, Victor M, Jones AK, Shi Y, Hart AC (2006)
Differential contributions of Caenorhabditis elegans histone
deacetylases to huntingtin polyglutamine toxicity. J Neurosci
26:2830-2838

Bolden JE, Peart MJ, Johnstone RW (2006) Anticancer activities
of histone deacetylase inhibitors. Nat Rev Drug Discov 5:769-784
Drummond DC, Noble CO, Kirpotin DB, Guo Z, Scott GK, Benz
CC (2005) Clinical development of histone deacetylase inhibitors
as anticancer agents. Annu Rev Pharmacol Toxicol 45:495-528
Khan N et al (2008) Determination of the class and isoform
selectivity of small-molecule histone deacetylase inhibitors.
Biochem J 409:581-589

Bieliauskas AV, Pflum MK (2008) Isoform-selective histone
deacetylase inhibitors. Chem Soc Rev 37:1402-1413

Chou CJ, Herman DM, Gottesfeld JM (2008) Pimelic dipheny-
lamide 106 is a slow, tight-binding inhibitor of class I histone
deacetylases. J Biol Chem 283:35402-35409

Herman D, Jenssen K, Burnett R, Soragni E, Perlman SL,
Gottesfeld JM (2006) Histone deacetylase inhibitors reverse gene
silencing in Friedreich's ataxia. Nat Chem Biol 2:551-558
Thomas EA et al (2008) The HDAC inhibitor, 4b, ameliorates
the disease phenotype and transcriptional abnormalities in
Huntington's disease transgenic mice. Proc Natl Acad Sci U S
A 105:15564-15569

Beckers T, Burkhardt C, Wieland H, Gimmnich P, Ciossek T,
Maier T, Sanders K (2007) Distinct pharmacological properties
of second generation HDAC inhibitors with the benzamide or
hydroxamate head group. Int J Cancer 121:1138-1148


http://dx.doi.org/10.1093/brain/awn323

Mol Neurobiol (2009) 40:33-45

45

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Hockly E et al (2003) Suberoylanilide hydroxamic acid, a
histone deacetylase inhibitor, ameliorates motor deficits in a
mouse model of Huntington's disease. Proc Natl Acad Sci U S A
100:2041-2046

Ferrante RJ et al (2003) Histone deacetylase inhibition by
sodium butyrate chemotherapy ameliorates the neurodegenera-
tive phenotype in Huntington's disease mice. J Neurosci
23:9418-9427

Gardian G et al (2005) Neuroprotective effects of phenylbutyrate
in the N171-82Q transgenic mouse model of Huntington's
disease. J Biol Chem 280:556-563

Hahnen E et al (2006) In vitro and ex vivo evaluation of second-
generation histone deacetylase inhibitors for the treatment of
spinal muscular atrophy. J Neurochem 98:193-202

Avila AM et al (2007) Trichostatin A increases SMN expression
and survival in a mouse model of spinal muscular atrophy. J Clin
Invest 117:659-671

Minamiyama M et al (2004) Sodium butyrate ameliorates
phenotypic expression in a transgenic mouse model of spinal
and bulbar muscular atrophy. Hum Mol Genet 13:1183-1192
Ying M, Xu R, Wu X, Zhu H, Zhuang Y, Han M, Xu T (2006)
Sodium butyrate ameliorates histone hypoacetylation and neuro-
degenerative phenotypes in a mouse model for DRPLA. J Biol
Chem 281:12580-12586

Rai M, Soragni E, Jenssen K, Burnett R, Herman D, Coppola G,
Geschwind DH, Gottesfeld JM, Pandolfo M (2008) Correction of
frataxin deficiency in a GAA repeat knock-in mouse model for
Friedreich ataxia by a specific histone deacetylase inhibitor.
PLoS ONE 3:e1958

Petri S, Kiaei M, Kipiani K, Chen J, Calingasan NY, Crow JP,
Beal MF (2006) Additive neuroprotective effects of a histone
deacetylase inhibitor and a catalytic antioxidant in a transgenic
mouse model of amyotrophic lateral sclerosis. Neurobiol Dis
22:40-49

Ryu H et al (2005) Sodium phenylbutyrate prolongs survival and
regulates expression of anti-apoptotic genes in transgenic
amyotrophic lateral sclerosis mice. ] Neurochem 93:1087-1098
Gardian G, Yang L, Cleren C, Calingasan NY, Klivenyi P, Beal
MF (2004) Neuroprotective effects of phenylbutyrate against
MPTP neurotoxicity. Neuromolecular Med 5:235-241

Pandey SC, Ugale R, Zhang H, Tang L, Prakash A (2008) Brain
chromatin remodeling: a novel mechanism of alcoholism. J
Neurosci 28:3729-3737

Romieu P, Host L, Gobaille S, Sandner G, Aunis D, Zwiller J
(2008) Histone deacetylase inhibitors decrease cocaine but not
sucrose self-administration in rats. J Neurosci 28:9342-9348
Fontan-Lozano A, Romero-Granados R, Troncoso J, Munera A,
Delgado-Garcia JM, Carrion AM (2008) Histone deacetylase
inhibitors improve learning consolidation in young and in KA-
induced-neurodegeneration and SAMP-8-mutant mice. Mol Cell
Neurosci 39:193-201

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Thomas P, Vieta E (2008) Amisulpride plus valproate vs
haloperidol plus valproate in the treatment of acute mania of
bipolar I patients: a multicenter, open-label, randomized,
comparative trial. Neuropsychiatr Dis Treat 4:675-686

Buckley PF (2008) Update on the treatment and management of
schizophrenia and bipolar disorder. CNS Spectr 13:1-10 quiz
11-12

Tremolizzo L et al (2005) Valproate corrects the schizophrenia-
like epigenetic behavioral modifications induced by methionine
in mice. Biol Psychiatry 57:500-509

Kim HJ, Rowe M, Ren M, Hong JS, Chen PS, Chuang DM
(2007) Histone deacetylase inhibitors exhibit anti-inflammatory
and neuroprotective effects in a rat permanent ischemic model of
stroke: multiple mechanisms of action. J Pharmacol Exp Ther
321:892-901

Faraco G, Pancani T, Formentini L, Mascagni P, Fossati G, Leoni F,
Moroni F, Chiarugi A (2006) Pharmacological inhibition of histone
deacetylases by suberoylanilide hydroxamic acid specifically alters
gene expression and reduces ischemic injury in the mouse brain.
Mol Pharmacol 70:1876-1884

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

Zhang B, West EJ, Van KC, Gurkoff GG, Zhou J, Zhang XM,
Kozikowski AP, Lyeth BG (2008) HDAC inhibitor increases
histone H3 acetylation and reduces microglia inflammatory
response following traumatic brain injury in rats. Brain Res
1226:181-191

Simonini MV, Camargo LM, Dong E, Maloku E, Veldic M,
Costa E, Guidotti A (2006) The benzamide MS-275 is a potent,
long-lasting brain region-selective inhibitor of histone deacety-
lases. Proc Natl Acad Sci U S A 103:1587-1592

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

Peart MJ, Smyth GK, van Laar RK, Bowtell DD, Richon VM,
Marks PA, Holloway AJ, Johnstone RW (2005) Identification
and functional significance of genes regulated by structurally
different histone deacetylase inhibitors. Proc Natl Acad Sci U S
A 102:3697-3702

Chiba T, Yokosuka O, Arai M, Tada M, Fukai K, Imazeki F,
Kato M, Seki N, Saisho H (2004) Identification of genes up-
regulated by histone deacetylase inhibition with cDNA micro-
array and exploration of epigenetic alterations on hepatoma cells.
J Hepatol 41:436—445

Schroeder TM, Nair AK, Staggs R, Lamblin AF, Westendorf JJ
(2007) Gene profile analysis of osteoblast genes differentially
regulated by histone deacetylase inhibitors. BMC Genomics
8:362

M,
3« Humana Press



	Focal Nature of Neurological Disorders Necessitates Isotype-Selective Histone Deacetylase (HDAC) Inhibitors
	Abstract
	Introduction
	Subdivisions of the Brain
	Focal Pathologies in Neurological Disorders
	Polyglutamine Disorders
	Dopamine System-Based CNS Disorders
	Other Disorders Characterized by Selective Neuronal Loss

	Gene Expression Regulation: Chromatin, HATs, and HDACs
	HDAC Enzymes
	Diverse CNS Expression Patterns of HDACs
	Cerebellum
	Striatum
	Hippocampus
	Spinal cord

	Isotype Selective Effects of HDACs in the Nervous System
	HDAC Inhibitors: The Development of Isotype-Selective Compounds
	HDAC Inhibitors as Therapeutics for Neurological Disorders
	Brian Region-Specific Consequences of HDAC Inhibition
	Histone Acetylation
	Gene Expression

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


