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Abstract. Neurodegenerative disease strikes millions
worldwide and there is mounting evidence suggesting
that underlying the onset and progression of these
debilitating diseases is inappropriate neuronal apop-
tosis. Recent reports have implicated a family of
proteins known as histone deacetylases (HDACsS) in
various neuronal processes including the neuronal
death program. Initial headway in this field has been
made largely through the use of broad-spectrum
HDAC inhibitors. In fact, pharmacological inhibition
of HDAC activity has been shown to protect neurons

in several models of neurodegeneration. The obser-
vation that HDAC inhibitors can have opposing
effects in different paradigms of neurodegeneration
suggests that individual members of the HDAC
protein family may play distinct roles that could
depend on the specific cell type under study. The
purpose of this review is to detail work involving the
use of HDAC inhibitors within the context of neuro-
degeneration and examine the roles of individual
HDAC members in the nervous system with specific
focus on neuronal cell death.
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Introduction

Neurodegenerative disorders have a devastating im-
pact on patients’ lives and the healthcare system as a
whole. It is therefore important to attain a better
understanding of neuronal function and identify
potential therapeutic targets relevant to disease.
Recently, a family of proteins known as histone
deacetylases (HDACs) has emerged as promising
targets in the treatment of these neurodegenerative
diseases [1, 2]. The objective of this review is to
highlight what is currently known about the role of
HDACs within the nervous system and particularly
the brain.

The first mammalian HDAC was isolated and char-
acterized by Taunton and colleagues in 1996 [3]. Since
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that time there has been a great deal of interest placed
on HDAC:s and their involvement in various cellular
processes. HDACs have been implicated in transcrip-
tional repression [4, 5], cell cycle progression [6],
differentiation [7], and DNA replication [8] as well as
response to DNA damage [9, 10]. It is perhaps not
surprising that this class of proteins can elicit such a
diverse set of effects given that HDACs possess the
ability to alter global gene transcription through the
deacetylation of chromatin [11].

Eukaryotic transcription is dependent upon DNA
packaging [11]. DNA within cells is highly ordered
and packaged into chromatin. The smallest organiza-
tional subunit of chromatin is the nucleosome, which is
composed of 146 bp of DNA wound around a histone
protein octamer [11, 12]. The ability of transcription
factors to access nucleosome-bound DNA is control-
led largely by DNA packaging at this level. Strong
association between DNA and histones restricts
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access by transcription factors and therefore represses
gene transcription [12]. Modification of histones and/
or DNA can alter the strength of their association and
thus can modulate transcriptional activity. Covalent
addition of methyl, phosphate, or acetyl moieties has
been shown to alter the nucleosome state and
consequently effect transcription. Acetylation is the
most characterized form of histone modification and
results from the addition of an acetyl moiety to the -
amino group of conserved N-terminal lysine residues
on histones. Addition of acetyl groups to histones
reduces the attractive force between positively charg-
ed histone proteins and the negatively charged DNA
phosphate backbone, resulting in a more relaxed and
accessible chromatin structure. It is widely accepted
that there is a direct correlation between histone
acetylation and observed transcriptional activity for a
given segment of chromatin. Histone acetyl-trans-
ferases (HATS) facilitate histone acetylation and are
thus believed to be transcriptional activators. Con-
versely, HDACsS serve to remove acetyl groups from
histones and thereby repress transcription [2, 13].
Thus, it is the interplay between HAT and HDAC
activity that primarily governs local chromatin struc-
ture and gene expression. It should be noted that
HDACs do not directly bind DNA sequence and
require additional factors for target gene recognition
[2, 14].

HDAC function is not relegated solely to the deace-
tylation of histones. HDACs are also known to
deacetylate several non-histone proteins such as the
tumor suppressor, pS3, and the transcription factors,
E2F and Spl [6, 15, 16]. Furthermore, our lab has
reported that an isoform of HDACY that lacks a
deacetylase domain, histone deacteylase-related pro-
tein (HDRP), interacts with and inhibits the neuronal
apoptosis-inducing MAP kinase, c-Jun N-terminal
kinase (JNK) [17, 18]. Taken together, these findings
suggest a more complex role for HDACs and that
deacetylase function may not be required for HDAC-
mediated activity.

This report is intended to give an overview of the
complex nature of HDACs in the nervous system.
Current studies of class I and II HDAC: are discussed in
detail whereas class III HDACs (also known as nicoti-
namide adenine dinucleotide-dependent HDACs) are
not covered in this review as they appear to be
phylogenically and functionally distinct.

HDAC inhibitors and neurodegenerative diseases
The widespread use of small molecule HDAC inhib-

itors (HDACI) in numerous studies has led to the
generation of valuable information regarding their
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potential as therapeutic agents for the treatment of
various neurodegenerative disorders. Thus, a detailed
discussion of HDAC action in the nervous system is
warranted.

HDACi have been categorized in different classes
based on their chemical structures [2]. The various
classes of HDACI include hydroxamates, short chain
fatty acids, cyclic peptides and benzamides. Trichostatin
A (TSA), suberoyl anilide bishydroxamide (SAHA),
scriptaid, pyroxamide and oxamflatin are well-cited
examples of hydroxamates (reviewed in [2]). Among
hydroxamates, TSA was the first to be characterized
nearly 16 years ago [19]. Due to the high potency of this
compound as an HDACGi (effective in nanomolar
concentrations), TSA has been used as the core
chemical structure for the synthesis of new HDAC!.
Crystal structure studies of hydroxamates, such as TSA
and SAHA have revealed that these inhibitors work by
binding to the zinc ion in the HDAC active site and
abolishing the deacetylase activity [20]. Whether or not
other structural classes of HDACi work through direct
binding to the substrate binding site remains to be
identified. Amongst the short chain fatty acid class of
HDAUCI, butyrate [21-24], phenyl butyrate [25-27] and
valproic acid (VPA) [28, 29] have been widely used in
laboratories. In comparison with hydroxamic acids,
short chain fatty acids are much less potent as they are
effective at millimolar concentrations. Apicidine, tra-
poxin, depsipeptide, depudesin and chlamydoccin are
examples of the third class of HDAC:i referred to as
cyclic peptides (reviewed in [2]). Depsipeptide, a
bicyclic pentapeptide, has been characterized for its
potency to arrest cancer cell growth [30, 31]. This
compound has been used to complete two Phase I
clinical trials. Favorable aspects of depsipeptide, such as
its tolerability and long half-life, makes this HDACi a
suitable candidate for further clinical studies (reviewed
in [32]). Moreover, benzamides such as CI-994 (N-
acetyldinaline) and MS-275 are currently in clinical
trials for their ability to arrest tumor cell growth [33,
34]. Aberrant activities of HDACs and HATSs have
been observed in a number of central nervous system
tumors [35, 36] and neurological disorders (reviewed in
[37]), providing support for chemical manipulation of
these enzymes as a treatment for such conditions.
HDAC: have been studied in a wide range of neuro-
degenerative cell culture and animal models such as
polyglutamine-expansion diseases, ischemia, neuro-
nal oxidative toxicity and spinal muscular atrophy.

Polyglutmaine-expansion diseases

Neurodegenerative diseases caused by mutated pro-
teins containing expanded polyglutamine repeats
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have been studied for potential treatment by
HDACI. Huntington’s disease (HD) is an example
in which a mutant expanded polyglutamine stretch in
Huntingtin protein (Htt) is responsible for a pro-
found deleterious neuropathology. Mutant Htt and
other polyglutamine-expansion-containing proteins
are known to interact with and sequester transcrip-
tion factors including HATSs such as CBP and P300-
associated factor (P/CAF) [38-40]. This sequestra-
tion results in inhibition of HAT activity of CBP [38].
In addition, overexpression of mutant Htt protein
causes reduction in histone acetylation, and this
reduction in acetylation has been demonstrated to be
suppressed by administrating HDACi [41]. When
tested in vivo using Drosophila models of polyglut-
amine pathogenesis, both pharmacological and ge-
netic inhibition of the deacetylation process were
shown to reduce degeneration of photoreceptor
neurons and lethality [41]. HDACIi was also used in
a mouse models of HD. SAHA and sodium butyrate
were used to treat an R6/2 transgenic mouse model of
HD and were shown to ameliorate motor impair-
ments, extend survival, improve body weight and
motor performance, and delay the neuropathological
effects [42, 43].

Sodium butyrate appears to be a potential therapeutic
agent for another polyglutamine-expansion disease,
spinal and bulbar muscular atrophy (SBMA). SBMA
is caused by expanded polyglutamine stretch in the
androgen receptor and is characterized by loss of
motor neurons and sensory neurons. This loss of
neurons leads to clinical symptoms of muscular
atrophy and weakness [44]. Administration of sodium
butyrate in the drinking water of transgenic SBMA
mice, increased histone acetylation in spinal cord
tissue and improved the motor deficiencies caused by
SBMA [45].

Only three of the HDACI currently available have
been tested for their potential to treat polyglutamine-
expansion diseases. Sodium butyrate [46], phenyl
butyrate [47] and SAHA [43] have been tested on
transgenic models of HD, and they ameliorated motor
deficit phenotypes in transgenic mice models tested.
Amongst these three HDACI, sodium butyrate is the
only HDAC: that has been used in two other polyglut-
amine-expansion diseases, SBMA [45] and dentatoru-
bral-pallidoluysian atrophy (DRPLA) [48]. Expand-
ed polyglutamine repeats in the atrophin 1 protein
causes DRPLA, which is accompanied by reduced
acetylation of histone H3 in the brain tissue from
DRPLA mice [48]. A mutated form of atrophin 1
represses transcription at least partially via recruit-
ment of N-CoR/mSIN3a/HDAC complex (reviewed
in [37]).

HDAC: in the nervous system

Sodium butyrate, SAHA and phenyl butyrate were
effective when administered only in a short range of
doses, and toxicity was readily apparent at higher
doses. Given that only limited number of inhibitors
has been so far tested in animal models of polyglut-
amine-expansion disease, more thorough studies of
the effects of other HDACi are needed to find
inhibitors that are effective in a broader therapeutic
range and have less toxicity.

Oxidative stress induced neurodegenerative diseases

Oxidative stress has long been linked to the neuronal
cell death that is associated with several neurodege-
nerative conditions such as Alzheimer’s (AD) and
Parkinson’s disease (PD). Additionally, oxidative
stress appears to underlie AD progression. In AD,
accumulation of free radicals leads to excessive lipid
peroxidation and neuronal degeneration [49, 50].
Oxidative stress also contributes to neurodegenera-
tion in PD. Impaired electron transport chain function
and activity and build up of reactive oxygen species
have been observed in PD postmortem tissue as well
as in animal models of the disease (reviewed in [51]).
In addition, both VPA and TSA have been shown to
possess an anti-inflammatory effect in PD models
using primary neuronal cultures [52, 53].

HDACI have shown promising results in conferring
resistance to neuronal oxidative stress. Transcription
of several neuroprotective genes is regulated in
response to oxidative stress. Ryu et al. [42] showed
that the transcription factor Spl is acetylated in
response to oxidative stress in neurons. HDACi have
been shown to increase Sp1 acetylation and Spl DNA
binding, which protects neurons against oxidative
stress-induced death in vitro and in vivo. This study
showed that Spl activation is necessary for the
protective effects of HDAC inhibitors. Not surpris-
ingly, Sp1 has been reported as an oxidative stress-
induced transcription factor in cortical neurons and its
forced expression has been shown to be neuroprotec-
tive in vitro against oxidative stress-induced cell death
[54].

3-Nitropropionic acid (3-NP) is a mitochondrial com-
plex II inhibitor and causes selective striatal degener-
ation via oxidative stress activated mechanisms when
injected into rodents [55-57]. This treatment mimics
an HD phenotype. Sodium butyrate treatments of
mice injected with 3-NP have been demonstrated to
reduce striatal lesions and confer protection against 3-
NP toxicity [42, 46]. This further supports HDACi
intervention to treat oxidative stress-induced neuro-
degenerative conditions.
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Ischemia

Several different HDACi such as VPA, TSA, sodium
phenyl butyrate and SAHA have been shown to be
protective against focal cerebral ischemia. VPA
reduces brain damage induced by transient focal
cerebral ischemia in rats. Subcutaneous injection of
VPA immediately after ischemia followed by repeated
injections, was found to decrease infarct size and
reduce ischemia-induced neurological deficit scores
[58]. In addition, sodium 4-phenylbutyrate (4-PBA)
has been demonstrated to have neuroprotective
effects on cerebral ischemic injury. Treatment with
4-PBA attenuated infarction volume, hemispheric
swelling, and apoptosis and enhanced neurological
response in a mouse model of hypoxia-ischemia stroke
[59].

SAHA is another HDAC I tested for its ability to
ameliorate conditions in ischemic brain disease.
Histone H3 acetylation levels are drastically de-
creased in the ischemic brain tissue subjected to
middle cerebral artery occlusion [58]. This suggests
that altered acetylation status of histones might be an
underlying mechanism in this neurological disorder.
Treatment with SAHA was shown to increase histone
H3 acetylation within the normal brain and prevent
histone deacetylation in the ischemic brain. SAHA
treatment also resulted in smaller infract size [60]. In
this study, SAHA treatments not only caused altered
histone acetylation levels but also caused higher
expression of the neuroprotective proteins Hsp70
and Bcl-2 in both control and ischemic brain tissue
after insult, suggesting that HDAC: affect regulation
of neuroprotective proteins and this altered gene
expression may contribute to the resulting neuro-
protection.

Spinal muscular atrophy

HDACi, SAHA, VPA and the novel benzamide,
M344, have been studied for the treatment of spinal
muscular atrophy (SMA). SMA is a common autoso-
mal recessive neuromuscular disorder and is known to
be caused by insufficient survival motor neuron
(SMN) protein levels [61, 62]. SMNT1 gene loss causes
SMA, whereas SMN2 gene copy number determines
the severity of the disease [63-66]. It has been
reported that SAHA increases SMN2 levels in several
neuroectodermal tissues including rat hippocampal
brain slices and motor neuron rich-cell fractions [67].
The novel benzamide M344 also up-regulates SMN2
protein expression in fibroblast cells derived from
SMA patients [68]. Hahnen et al. [67] used a panel of
HDAC: belonging to different classes of inhibitors for
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potential treatment of SMA. They showed that SAHA
and M344 activate the human SMN2 gene in fibro-
blasts derived from patients with SMA. Amongst the
various classes of HDAC: tested, SAHA was reported
as the most promising therapeutic agent for treatment
of SMA due to its ability to substantially increase
SMN protein levels at low micromolar concentrations
and to completely inhibit HDAC activity at submi-
cromolar concentrations.

Friedreich’s ataxia (FRDA) is another neurodege-
nerative disease that has been investigated for
therapeutic HDAC: intervention. FRDA is an in-
herited neurodegenerative disease caused by hyper-
expansion of GAATTC triplet repeats in the first
intron of a nuclear gene that encodes the essential
mitochondrial protein frataxin [69]. Frataxin insuffi-
ciency causes progressive spinocerebellar neurode-
generation resulting in symptoms such as muscle
weakness, speech problems and heart disease. Hypo-
acetylation of histones H3 and H4 has been shown to
be involved in gene silencing at expanded frataxin
alleles [68]. Herman et al. [70] showed that different
classes of HDACI including TSA, suberoyl bishy-
droxamic acid (SBHA), SAHA, the benzamide-type
SAHA derivative BML-210 and VPA increase total
acetylated histones in the FRDA cell line when used
at their reported ICy,. HDAC: also increased frataxin
mRNA and protein level in the FRDA cell line
introducing HDACI treatment as a novel method to
target the cause of this disease, frataxin deficiency,
rather than strategies that only treat the symptoms.

Tissue-specific HDACi

Great efforts are currently being made toward the
design of more potent and less toxic candidates for the
treatment of various neurodegenerative diseases.
Along these lines, groups have tried to develop more
selective HDACi. Recently, Simonini et al. [71]
reported that N-(2-aminophenyl)-4-benzamide deriv-
ative (MS-275), a potent HDACiI in vitro, is a brain-
region selective inhibitor of HDAC:. In this study the
actions of MS-275 was compared with VPA for their
ability to increase the acetylated status of brain
nucleosomal histone tail domains. The authors re-
ported that MS-275 is 30- to 100-fold more potent than
VPA in increasing acetyl histone 3 (Ac-H3) in these
brain regions and that it induces an increase in the
content of Ac-H3 in the frontal cortex. However, in
contrast to VPA, MS-275 failed to increase Ac-H3
content in the striatum. The development of tissue-
specific HDACi like MS-275 is an important step
toward targeting afflicted brain regions and reducing
toxicity in unaffected regions.
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Contradicting results of HDAC inhibition

Studies that have used HDACI to ascertain HDAC
involvement in neuronal survival have provided con-
flicting results. For example, while inhibition of
HDACs has been shown to block neuronal loss in
Drosophila and a mouse model of HD [41, 43, 46],
there are reports showing that treatment of cerebellar
granule neurons (CGNs) with HDACi actively indu-
ces apoptosis [72-75]. One study in particular showed
that three distinct pharmacological inhibitors of
HDACs induce apoptosis against activity-induced
survival in CGNs [72]. In contrast, other studies in
CGNs have reported that VPA causes induction of a-
synuclein and confers neuroprotection against gluta-
mate excitotoxicity [76]. The opposing effects of
HDACI amongst various paradigms can be explained
by the tissue and stage-specific expression of different
classes of HDACs. Depending on the abundance of a
specific HDAC family member in different tissues and
their role in regulation of various cellular functions,
inhibiting HDAC:s could yield diverse results.

HDAUC: present and future

HDAC i that are currently being used inhibit all
HDAC proteins effectively. Since it has been shown
that HDACS can have opposing effects it would stand
to reason that the use of broad spectrum HDAC: could
yield confusing results. Therefore, synthesis and
characterization of inhibitors that are selective against
individual members of the HDAC family is essential
for successful use of such inhibitors in scientific
research and disease treatment. Moreover, targets of
each individual HDACi need to be studied so that the
side effects conferred by HDAC inhibition can be
predicted and treatments of unwanted reactions can
be considered. It is also essential to target the
inhibitors to specific cell types that are affected in
the diseases being treated to reduce systemic drug
delivery. Taken together, synthesis of inhibitors
against specific HDAGs, identifying HDAC target
genes, and targeting the drugs to the affected cell types
should be the main focus of the future studies aiming
to use HDAC: as therapeutic agents to cure as yet non-
treatable neurodegenerative diseases.

Phylogeny of HDACs

Investigation of HDAC function in neurological
disease using HDACI has yielded conflicting results
seemingly dependent upon the cell type or species
under study [41, 43, 72, 77]. These findings along with

HDAC: in the nervous system

evidence reported from a group using a Caenorhab-
ditis elegans model of polyglutamine neuronal disease
suggests that individual HDAC members may have
distinct and sometimes opposing roles given the
cellular context [78]. We have therefore placed focus
upon the role of individual HDACs within the nervous
system.

HDAC:s were originally isolated and characterized in
yeast. The classification of mammalian HDACsS is
based upon similarity to their yeast homologs. Class I
HDACs share sequence homology with the yeast
Rpd3 gene, class I HDACs resemble yeast Hdal, and
class III nicotinamide adenine dinucleotide-depend-
ent HDACSs are most similar to the yeast Sir2 gene
(not discussed here) [79, 80]. Interestingly, HDACI11
does not clearly fall into any of these categories and
currently resides in class of its own [81].

Class I HDAC:s (yeast RPD3-like)

HDAG:s 1, 2, 3, and 8 comprise the class I HDAC
family. In general, these HDACs are expressed
ubiquitously with the exception of HDACS, which
shows a more restricted expression pattern with
highest expression in the liver [2, 82]. These HDACs
consist primarily of a deacetylase domain and almost
exclusively exhibit a nuclear localization [2].

HDAC1

HDACI1 contains a C-terminal nuclear localization
signal (NLS) but lacks a nuclear export signal (NES)
[83]. As a result, HDACI is found solely in the
nucleus. HDACI is somewhat unusual in that it can
interact with other HDAC family members including
HDAGC: 2, 9, and HDRP [2]. The impact of HDACI1
activity in the nervous system is uncertain, but there is
mounting evidence that this HDAC plays an impor-
tant role in neuronal development and differentiation.
It has been shown that expression of HDACT induces
differentiation in retinal progenitor cells as well as
motoneurons during zebrafish development and that
this differentiation involves repression of Wnt and
Notch signaling [84, 85]. HDACI1 involvement in
neuronal differentiation is further supported by
studies indicating that the cell cycle modulating
protein, retinoblastoma (Rb), mediates gene repres-
sion through recruitment of HDACT [86]. Our lab has
found that HDACT plays a role in cerebellar granule
neuron survival by inhibiting the expression of the
apoptosis-inducing transcription factor, c-Jun. We
reported that HDRP facilitates recruitment of
HDACI1 to the c-Jun promoter and that this recruit-
ment results in deacetylation resulting in decreased c-
Jun expression [17]. Similarly, Bates et al. [78] found
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that loss of HDA-1 (homologue of mammalian
HDACT1)in C. elegans potentiated neurodegeneration
in a Huntingtin polyglutamine toxicity model.

HDAC2

HDAC2 is very similar in structure to HDACI (82 %
sequence identity) and the two are often found in
complex together [2]. HDAC2, like HDACI, is
nuclear [83]. However, unlike HDAC1, HDAC?2 has
not been reported to associate with multiple HDACs.
It appears that HDAC?2 is also involved in neuronal
differentiation. Evidence indicates that HDAC2 may
participate in oligodendrocyte differentiation as the
potent inducer of oligodendrocyte fate, myelin tran-
scription factor 1, associates with HDAC2 [87].
Differentiation of the neuronal PC12 (pheochromo-
cytoma) cell line requires DNA methyltransferase 3b-
mediated recruitment of HDAC2 [88]. In addition,
PC12 cell differentiation requires RE1-silencing tran-
scription factor (REST) recruitment of HDAC2 [89,
90]. HDAC2 involvement in REST-mediated repres-
sion of neuronal phenotypes in non-neuronal cells
provides an interesting link between HDAC?2 activity
and neuronal fate determination.

HDAC3

Comparison between HDAC3 and HDACs 1 and 2
reveals only a 68 % sequence identity [2]. It is perhaps
not surprising that HDAC3 differs considerably in
localization and interacting partners. HDAC3 con-
tains both an NLS and NES and has been observed in
both the cytoplasm and nucleus [91]. It is tempting to
speculate that this shuttling to and from the nucleus is
meant to modulate HDAC3 deacetylase activity but
one should keep in mind that HDAC3 might be
performing yet to be characterized functions in the
cytoplasm. HDACS3 is a rather promiscuous member
of the HDAC family when it comes to associating with
other HDACS. Previous studies have shown that
HDAC3 can associate with complexes containing
HDAG:s 4, 5, 7 and 9/HDRP [91-94]. HDACS3 has
been linked to neuronal survival and disease. The C.
elegans homologue of HDAC3, HDA-3, has been
reported to enhance polyglutamine expansion toxicity
in an HD model [78]. Conversely, HDAC3 appears to
participate in the transcriptional repression of the
well-characterized neuronal apoptosis-inducing fac-
tor E2F-1 [95]. Thus, more work is needed to ascertain
the roles of HDAC3 within neurons.

HDACS

HDACS shares the least sequence similarity to other
class I HDACs (only 34% identity compared to
HDAC3) [2]. While HDACS differs in sequence
identity, this class I HDAC is true to form in that it
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consists primarily of a deacetylase catalytic domain
[82, 96]. HDACS also contains an NLS that is likely
responsible for its nuclear localization. Currently,
there are no reports of HDACS expression within
normal central or peripheral nervous tissue. However,
HDACS has been detected by serial analysis of gene
expression (SAGE) in brain tumor tissue, which
indicates that this HDAC may still have a role in
neuronal function and/or tumorigenesis [2].

Class II HDAC:s (yeast HDA1-like)

Class I HDACs are made up of two subgroups: class
IIa HDACs 4, 5,7, and 9 as well as class IIb HDACs 6
and 10. Class I HDAC:s are considerably larger than
their class I counterparts. The additional non-catalytic
region of class II HDAG:s is believed to facilitate
protein interactions and therefore class [l HDACs are
thought to display a wider range of interacting
partners. All members of class II contain both an
NLS and NES and thus are observed in both the
cytoplasm and nucleus.

HDAC4

HDAC4 is closely related to both HDACS5 and
HDAC7 (70% and 58% sequence identity, respec-
tively) [2]. HDAC4 is highly expressed in the heart
and brain [2]. The localization of HDAC4 appears to
be dependent upon calcium calmodulin (CaM) kinase
and neuronal activity. Neuronal activity in cultured
hippocampal neurons (HN) and CGNs stimulate
cytoplasmic HDAC4 localization and this localization
requires CaM kinase activity [77, 97]. Treatment of
these cultures with CaM kinase inhibitor KN-62
induces nuclear translocation of HDAC4. Withdrawal
of trophic factors such as HK (CGNs) or BDNF (HN’s)
also induces shuttling of HDAC4 to the nucleus [77,
97]. One report cites evidence that nuclear local-
ization of HDAC4 has deleterious consequences for
cultured CGNs, as enforced expression of HDAC4
results in apoptosis [77]. Previous work performed in
cardiac myocytes has shown that HDACs 4, 5,7, and 9/
HDRP bind myocyte enhancement factor-2 (MEF2)
and inhibit MEF2-dependent transcription [98].
There is evidence that MEF2 plays a survival-promot-
ing role in CGNs and thus inhibition of MEF2 may be
a means of HDAC4-mediated apoptosis [77, 99].
However, our lab has observed that overexpression of
HDACH4 results in complete protection of CGNs from
low potassium-induced apoptosis (unpublished data).
Furthermore, mice lacking both copies of the HDAC4
gene develop a smaller brain and disrupted cerebellar
architecture (unpublished observation). These find-
ings appear to contradict the previous report by
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Bolger and Yao [77] regarding HDAC4 induction of
CGN apoptosis. Future work will be required to
resolve the apparent disagreement in findings.
HDAC4 may also play a role in PD. Early onset PD
involves the mutation of Parkin, which is an E3
ubiquitin ligase [100]. One substrate of Parkin is
RanBP2, an E3 SUMO ligase [101]. RanBP2 has been
shown to sumoylate HDAC4, increasing HDAC4-
mediated gene repression and deacteylase activity
[102]. It has been proposed that mutation of Parkin
leads to a buildup of RanBP2 and in turn increased
HDACH4 activity, which may contribute to the ad-
vancement of neurodegeneration in PD [101]. Addi-
tionally, HDAC4 has been identified as a major
component of ubiquitinated intranuclear inclusions
produced in neuronal intranuclear inclusion disease
(NIID), supporting the idea of HDAC4 involvement
in neurodegenerative disorders [103].

HDACS

HDACS is most similar to HDAC4 (70 %) and shows
analogous localization except within HNs where
neuronal activity alone was not sufficient to cause
cytoplasmic export [2, 97]. However, the export of
HDACS to the cytoplasm did occur after activation of
calcium flux through L-type calcium channels or
synaptic N-methyl-D-aspartate receptors [97, 104].
Like HDAC4, HDACS cytoplasmic localization re-
quires CaM kinase activity and HDACS nuclear
localization is often observed following neuronal
apoptosis-inducing treatments [104]. HDACS shuttles
to the CGN nucleus following removal of depolarizing
(protective) medium [104]. Furthermore, overexpres-
sion of HDACS induces CGN apoptosis [104]. During
our analysis of HDACS null mice we found that these
mice have no readily observable neurological impair-
ment. Interestingly, evidence indicates that HDACS is
involved in repressing long-term memory integration
in Aplysia [105]. HDACS has also been linked to HD,
as nuclear accumulation of HDACS is substantially
greater in the brains of HD patients [106]. Thus,
HDACS appears to promote apoptosis of cultured
neurons and may play a role in HD.

HDAC6

The relationship between HDAC6 and other class 11
members is an unusual one. HDAC6 shares most
similarity with HDAC10; however, HDACS6 is unique
because, unlike any other HDAC, it possesses two
deacetylase domains. HDAC6 has been reported to
associate with HDACI11, although the functional
consequence of this association is unclear [81]. It has
been shown that HDACS6 is expressed in most neuro-
nal types examined thus far and is particularly high in
cerebellar Purkinje cells [107]. HDACS6 resides pri-

HDAC: in the nervous system

marily in the cytoplasm but has been observed in the
nucleus [2]. Cytoplasmic localization allows HDAC6
to function in tubulin deacetylation [108]. Deacety-
lated tubulin is abundant in dynamic regions including
neuronal growth cones [108]. HDAC6 has also been
shown to assist in the removal of aggregated Hitt
protein and may therefore also have relevance in
disease [109]. In addition, HDAC6 interacts with
spinocerebellar ataxia type 3 protein, Ataxin3, and is
thought to be involved in pre-aggresome and aggre-
some formation [110]. In fact, Kawaguchi and collea-
gues [111] have provided strong evidence suggesting
that HDACS6 can assist in the transport of misfolded
proteins to aggresomes through the ability of HDAC6
to bind both polyubiquitinated misfolded proteins as
well as dynein motors. Indeed, cells lacking HDAC6
are more sensitive to misfolded protein stress thereby
implicating HDAC6 function in an entire class of
neuronal diseases related to protein aggregation such
as AD and HD [111].

HDAC7

HDAGC: 4, 5, and 9 share the greatest homology to
HDACT7 [2]. HDACT localization has thus far proved
to be the same as HDAC4 [2]. HDACT7 also binds and
inhibits MEF2 [112]. There are currently no reports
citing the effect of HDAC7 on neuronal survival or
function, although study of T cell selection has
demonstrated that HDAC7 protects T cells from
TCR-mediated apoptosis [113]. An interesting link
between HDAC7, the mitochondria, and prostate
apoptosis were revealed by Bakin and Jung [114].
They showed that HDACT7 localizes to the mitochon-
drial inner membrane space of prostate epithelial cells
(HDACT7 contains a mitochondrial targeting prese-
quence) and during apoptosis HDAC?7 relocalizes to
the cytoplasm. Given the well-documented role of
mitochondria in apoptosis, it is alluring to hypothesize
that HDAC7 may be performing a survival-promoting
function in the mitochondria [115]. Investigation of
HDACT function in non-neuronal systems has yielded
insight into HDAC?7 function within mitochondria
that warrant more intense examination of HDAC7
function in neuronal processes.

HDAC9

HDAC? is closely related to HDAC:s 4, 5, and 7 [2].
HDACY appears to be different from other HDACs in
the number of splice variants that have been reported
[116]. There are two major isoforms of HDACY, a full-
length isoform (HDACY9) and a smaller RNA splice
variant called histone deacetylase-related protein
(HDRP) [116]. Expression levels of HDAC9 and
HDREP are highest in the brain and heart [116]. Both
isoforms of HDACY9 exhibit the same localization
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pattern as HDAC4 and can be found in the cytoplasm
of CGNs in protective depolarizing medium [72].
HDAC9 and HDRP have been shown to associate
with HDAC1 and HDAC3 [117]. These interactions
would presumably allow HDRP to mediate deacety-
lation even though it lacks a deacetylase catalytic
domain of its own. HDAC9 and HDRP have also been
shown to bind and inhibit MEF2 but, in contrast to
HDACs 4 and 5, HDRP does not induce neuronal
apoptosis [72]. In fact, enforced expression of HDRP
protects CGNs from apoptosis. HDRP mediates this
neuroprotection by binding and inhibiting the apop-
tosis-inducing MAP kinase, INK [72]. Additionally,
HDRP inhibits the apoptotic marker c-Jun expression
by recruiting HDAC1 to the c-Jun promoter and
facilitating deacetylation and repression [72]. Anti-
sense knockdown of HDAC9 does not affect CGN
apoptosis, indicating that HDRP may be the more
relevant of the two with regard to neuroprotection
[72]. HDRP is the only member of the HDAC family
to have reported neuroprotective properties in a
mammalian system of neurodegeneration. HDAC9
has been shown to be an important repressor of
acetylcholine receptor expression in muscle cells upon
innervation [118]. HDAC9 has, therefore, been pro-
posed to be important in synapse formation. Together,
isoforms of HDAC9 have demonstrated the ability to
protect neurons from apoptosis and stabilize synapse
formation.

HDAC10

Sequence data reveal that HDAC10 is most compa-
rable to HDAC6 with 37% sequence identity [2].
Similar to HDAC6, HDACI10 contains two catalytic
domains; however, the second C-terminal catalytic
domain is non-functional [119]. HDACI10 contains
an NES but no NLS and can be found primarily in the
cytoplasm but, interestingly, can also be detected in
the nucleus [120]. HDACI0 associates with HDACs
1-5, and 7 suggesting that this HDAC10 may serve a
recruiter function [2]. This is supported by the
finding that HDAC10 can repress transcription with-
out the use of its deacetylase domain [119]. There are
two Rb binding domains in HDAC10, suggesting that
HDACI10 may play a role in the cell cycle [121].
HDACIO0 is the most recently documented member
of the class Il HDAC family and regrettably there is a
lack of reported research involving this HDAC.

HDACI11 - Non-classical HDAC

Least is known about this unusual member of the
HDAC family. Sequence analysis suggests that this
HDAC is not appreciably homologous to any other
HDAC [81]. It has been proposed that HDACI11
belongs in an HDAC subclass of its own [122].
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HDACI11 protein localizes mainly in the nucleus
where it is known to associate with HDAC6 [81].
Unfortunately, little else is known about this unique
HDAC.

Conclusions

In this review, research efforts have been presented
that reflect what is currently known about the
individual contributions of HDAC family members
as well as HDACI activity on neuronal function,
differentiation, and survival. Evidence cited in this
review reveals that members of this family can have
opposing actions as is the case for HDACS and 9/
HDRP in mammalian neuronal survival and
HDAC1 and 3 in C. elegans neuronal survival.
These findings may require reevaluation of the
therapeutic use of broad-spectrum HDAC: in dis-
ease. Such inhibition could conceivably result in
undesirable side effects. Therefore, investigation
into inhibitors of specific HDACs would most likely
be of added research and ultimately therapeutic
benefit. We have also seen that HDACs are more
than histone deacetylases and that these dynamic
proteins can elicit distinct functions through novel
interactions and deacetylation of non-histone pro-
teins. Interestingly, recruitment of HDACs by other
HDAC:s also appears to be a major theme that at this
time is not well understood. Hopefully, the rapid
growth of interest in HDAC function will result in
advancement of our knowledge with regard to this
neurologically important protein family and char-
acterization of its members will shed light on their
function. We believe that future research of HDACs
will impart knowledge that can be used to combat
neurodegenerative disease.
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