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Abstract

Although protein phosphorylation has been characterized more extensively, modulation of the acetylation
state of signaling molecules is now being recognized as a key means of signal transduction. The enzymes
responsible for mediating these changes include histone acetyl transferases and histone deacetylases (HDACs).
Members of the HDAC family of enzymes have been identified as potential therapeutic targets for diseases
ranging from cancer to ischemia and neurodegeneration. We initiated a project to conduct comprehensive
gene expression mapping of the 11 HDAC isoforms (HDAC1–11) (classes I, II, and IV) throughout the rat
brain using high-resolution in situ hybridization (ISH) and imaging technology. Internal and external data
bases were employed to identify the appropriate rat sequence information for probe selection. In addition,
immunohistochemistry was performed on these samples to separately examine HDAC expression in neurons,
astrocytes, oligodendrocytes, and endothelial cells in the CNS. This double-labeling approach enabled the
identification of specific cell types in which the individual HDACs were expressed. The signals obtained by
ISH were compared to radiolabeled standards and thereby enabled semiquantitative analysis of individual
HDAC isoforms and defined relative levels of gene expression in >50 brain regions. This project produced
an extensive atlas of 11 HDAC isoforms throughout the rat brain, including cell type localization, providing a
valuable resource for examining the roles of specific HDACs in the brain and the development of future
modulators of HDAC activity.
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Introduction

Chromatin remodeling by modulation of histone
acetylation states is carried out by histone deacetylases
(HDACs) and histone acetyl transferases (HATs) in
association with multiprotein complexes (for review,
see Marks et al., 2003; Shabbeer and Carducci, 2005).
In addition to regulating transcription through modi-
fying the acetylation state of histones, acetylation is
being recognized as an important post-translational
modification for many nonhistone proteins
(Bereshchenko et al., 2002; Haggarty et al., 2003;
Vaghefi and Neet, 2004). The critical roles of the HDAC
and HAT family members in transcription and signal
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transduction are quickly emerging. In a similar
manner, the contribution of aberrant acetylation
in a host of disease states is being recognized. The
role of HDACs and their increased or decreased acti-
vities have been implicated in multiple indications,
including cancer (Choi et al., 2001; Richon et al., 2001;
Johnstone, 2002), cardiovascular disease (Ito et al.,
2005; Lin, 2005), asthma (Ito et al., 2002; Choi et al.,
2005), and other disease states (Chiurazzi et al., 1999;
Alarcon et al., 2004). By far, the most attention has
been focused on the use of HDAC modulators for
cancer, with several late-stage clinical trials ongoing
(for review, see Marks et al., 2004; Acharya et al., 2005;
Kelly et al., 2005; Moradei et al., 2005). The application
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expression patterns through >50 brain regions and
demonstrating that although HDACs are expressed
primarily in neurons, a subset is also found in oligo-
dendrocytes. In addition to the biological significance
of this expression atlas, these data serve as a valuable
tool for the development of HDAC therapeutics for
CNS diseases.

Materials and Methods
Tissue Preparation

Male rats (n = 3) were anesthetized with approx
300 mg/kg avertin (Sigma, St. Louis, MO) and
perfused transcardially with 15 mLof saline at room
temperature (RT), followed by 100 mLof 4% parafor-
maldehyde (PFA) at 4°C. Brains were then dissected,
postfixed in 4% PFA for 1 h. at 4°C, transferred to
15% sucrose at 4°C overnight, transferred to 30%
sucrose overnight at 4°C, frozen on dry ice, and stored
at –80°C. Coronal brain sections (20 μm thick) were
cut by cryostat, thaw mounted onto poly-L-lysine-
coated slides, and stored at –80°C until use. A1-in-100
series of sections was used for each animal per gene.
All procedures on these animals were in accordance
with established guidelines and were reviewed and
approved by the Institutional Animal Care and Use
Committee (IACUC).

ISH
Ten 40-mer oligonucleotides were chosen

(Invitrogen, Carlsbad, CA) for each HDAC isoform
and were labeled by 3′ tailing with [35S]dATP
(>1000Ci/mmol) (Amersham Biosciences, Piscataway,
NJ) for radioactive ISH or DIG-dUTP (Roche) for
fluorescence ISH; ISH was performed as described
previously (Broide et al., 2004). Briefly, slide-mounted
brain sections were pretreated with 1 mg/mL pro-
teinase K, and incubated for 18 h at 42°C with
hybridization solution containing either [35S]dATP-
labeled or DIG-labeled oligoprobes. Adjacent sections
were incubated with the labeled oligoprobe plus
1000-fold excess concentration of unlabeled probe
to determine the nonspecific hybridization signal.
Following hybridization, sections were washed in
decreasing salinity (2.0–0.1 × SSC with 1 mM DTT)
for 30 min each at 42°C. For fluorescence ISH, sections
were blocked and then incubated with anti-DIG
primary antibody (Roche), followed by a biotiny-
lated secondary antibody (Vector labs), alkaline
phosphatase–conjugated strepavidin, and finally
with ELF 97 phosphatase substrate (Invitrogen) for
60 min. For radioactive ISH, brain sections were

of HDAC modulators for CNS indications has not
been investigated as heavily; however, indications
of HDAC dysregulation in disorders such as
Huntington’s disease (Hoshino et al., 2003; Gardian
et al., 2005), ischemia (Ren et al., 2004), Parkinson’s
disease (Kawaguchi et al., 2003), and roles in neuro-
genesis, neuroprotection, and neurodegeneration
have been described recently (Jeong et al., 2003; Hao
et al., 2004; Panteleeva et al., 2004; Langley et al.,
2005; Saha and Pahan, 2005; Yamaguchi et al., 2005).
Modulation of HDAC activity has been the focus
of much recent attention, along with the realization
that acetylation is a significant factor in regulating
transcriptional activity of genes involved in a
number of physiologic and pathological states.

The HDACs have been classified into four classes,
based on localization and amino acid sequence simi-
larities. Class-I HDACs (HDAC1, -2, -3, and -8) are
localized in the nucleus. Class-II HDACs (HDAC4–7,
-9, and -10) shuttle between the cytoplasm and
nucleus and, like class-I HDACs, require Zn for
catalytic activity. Class-III HDACs (SIRT1–7) are Zn-
independent and nicotinamide adenine dinucleotide
(NAD)-dependent enzymes similar to yeast Sir2
proteins. Histone deacetylase 11 (HDAC11) shares
characteristics of class-I and -II HDACs but is consi-
dered a class-IV HDAC based on potentially distinct
physiological roles (for review, see Roth et al., 2001;
Gregoretti et al., 2004; Shabbeer and Carducci, 2005).
Interestingly, although there is similarity in the catalytic
domains, recent experiments have shown that there
might be little functional overlap between the HDACs
(Robyr et al., 2002). Previous studies have described
general localization of some HDACs; however, a
detailed analysis of HDAC expression patterns in
the CNS has not been performed.

Given the large number of HDAC isoforms and
diversity of substrates, a better understanding of
the localization of HDACs is clearly warranted.
Previous information on HDACdistribution has been
limited to global analysis of tissues by Northern
blotting, RT-PCR, and some in situ hybridization
(ISH) of specific regions. The present study offers
the first comprehensive fine mapping of HDAC
mRNA expression throughout the brain. This
approach enabled direct comparison between HDAC
isoforms by including radiolabeled standards along
with each slide. By incorporating this information,
we were able to analyze the relative mRNAexpression
levels of HDAC isoforms to each other. This study
is the first extensive characterization of the 11 HDACs
in the CNS, showing the heterogeneity of HDAC
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dehydrated, dried in a stream of cold air, and exposed
to Biomax-MR film (Kodak) for 6–8 d, along with
14C-labeled calibration standards at 4°C. The
radioactive standards, comprising an 11-point scale,
were designed to encompass the sensitivity limits
of the film. Film was developed, and slides were
emulsion dipped (Kodak). Following 18–25 d of
exposure, slides were developed, and the slide-
mounted sections were counterstained with cresyl
violet and thionine, and coverslipped.

Double-Labeling Fluorescence ISH 
and Immunohistochemistry
For double-labeling studies to identify cell

phenotypes, mouse anti-NeuN (Chemicon, 1:100)
was used to label neurons, mouse anti-APC (Ab-7)
(Calbiochem, 1:100) was used to label mature oligo-
dendrocytes, rabbit anti-GFAP (DakoCytomation,
1:100) was used to label astrocytes, rabbit anti-Von
Willibrand factor (Chemicon, 1:50) was used to label
vessel endothelial cells, and mouse anti-CD11b/c
(BD Biosciences Pharmingen, 1:100) was used to label
microglia. After postfixation in 4% PFA, brain sections
were placed in blocking buffer for 1 h, followed by
incubation with the cell phenotype–specific primary
antibody (as above) overnight at RT. Slides were
then incubated with appropriate species-matched
secondary antibodies (goat anti-mouse or goat
anti-rabbit, 1:100) conjugated to Alexa Fluor 546
(Invitrogen, 20 μg/ml diluted 1:100). After washing,
sections were counterstained with DAPI, coverslipped
with Prolong Gold (Invitrogen), and stored at 4°C
in the dark.

Data Analysis
Qualitative analysis of relative hybridization signal

intensity for each HDAC isoform was performed on
autoradiographic images. More than 50 individual
brain regions were examined and scored on a scale
of low to high (0–5) intensity. For each brain region,
the signal intensity between the different isoforms
was compared in relation to the radioactive stan-
dards on each film. Global expression levels were
calculated as the sum of regional expression values,
and an overall rank order of expression was gener-
ated. Double-labeling ISH/immunohistochemical
analysis was performed for each HDAC isoform in
association with the different cell markers. Criteria
for positively double-labeled cells involved the
presence of specific ELF labeling (green), along with
cell type–specific labeling (red), and the presence of
a DAPI-labeled nucleus (blue).

Results
HDAC 1–11 Show Overlapping and Distinct

Regional and Cell Layer–Specific Expression
To examine the patterns of expression of the 11

HDAC isoforms throughout the brain, a project was
initiated using technology developed by Neurome
(Broide et al., 2004). Both internal and external data
base information was used to design multiple oligo-
nucleotide probes for each HDAC isoform (Fig. 1;
see below, Supplemental Methods: Data Analysis).
High-resolution ISH was performed using methods
described previously (Broide et al., 2004). Interestingly,
the HDAC isoforms showed both overlapping and
distinct patterns of expression throughout the rat
brain (Fig. 2). Relative levels of each HDAC transcript
could be determined, as internal labeling controls
were employed for each set of slides (Fig. 2). Repre-
sentative coronal sections at the level of bregma –3.1
are shown in Fig. 2, demonstrating the unique patterns
of expression and the varying intensities of each
HDAC isoform (Franklin and Paxinos, 1997). In these
sections it can be seen readily that HDAC11, -5, and
-3 are the most highly expressed isoforms globally,
particularly in the cortical regions.

For each HDAC isoform, sections were analyzed
throughout the brain and data were compiled from
at least three separate animals (Fig. 3). Adjacent
control sections showed background levels of
hybridization. As shown in Table 1, qualitative
analysis of signal intensity for each HDAC isoform
was performed for >50 brain regions and scored
from low to high (0–5) throughout the brain. Global
expression levels were calculated as the sum of
regional expression values, with the rank order of
expression listed below. The global rank order shows
that HDAC11, -3, and -5 are expressed most highly,
and HDAC10, -9, and -7 have the lowest expression
levels throughout the brain. The only regions with
substantial HDAC10 expression are the CA1, CA3,
and dentate gyrus. Representative images of
HDAC11 expression from 10 rostrocaudal sections
are presented in Fig. 3. At this level of resolution, the
regional expression patterns can be seen clearly and
the qualitative expression in >50 regions is listed
in Table 1. At higher magnification the expression
patterns of the individual HDACs can be viewed
at the level of subregions and cell layers. This is illus-
trated in Fig. 4, where the expressions of HDAC3 and
HDAC11 are compared in the same coronal brain
regions. In the top panels, expression in the cerebellar
regions is observed. At higher magnification (middle
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panels), HDAC3 is observed to be highly expressed
in cerebellar granule cells, whereas HDAC11 is
expressed not only in the granule cell layer but also
in the Purkinje cell layer. Of all HDAC genes exam-
ined, only HDAC11 was found to be expressed in the
Purkinje cell layer. The lower panel shows that both
HDAC3 and HDAC11 are expressed in the hippo-
campus, but the resolution of these images shows
clearly the unique expression of HDAC11 in CA1,
with lower expression in CA3 and dentate gyrus.
This is an expression pattern rarely observed in the
hippocampus. Similar analyses at high magnification
were performed for all 11 HDACs throughout the rat
brain, and the data are shown in Table 1.

HDAC Isoforms Are Expressed Primarily 
in Neurons, with a Subset Also Found 
in Oligodendrocytes
Double labeling was performed to identify the

cell types in which the HDACs were expressed.
Sections were stained with labeled oligonucleotide
probes for the individual HDAC isoforms and by
immunohistochemistry for selected cell type markers.
Antibodies were used to identify neurons (anti-NeuN),

oligodendrocytes (anti-APC), astrocytes (anti-GFAP),
and vessel endothelial cells (anti-Von Willibrand
factor). Anti-CD11b/c was used to label microglia;
however, microglial labeling was not significantly
above background and double labeling was not
observed (data not shown). Sample images are
shown in Fig. 5, and a summary of the results is
presented in Table 2. Low signal from some HDAC
isoforms precluded cell type identification; however,
most HDACs were found to be expressed primarily
in neurons (Fig. 5; Table 2). A subset (HDAC2–5
and -11) was also expressed in oligodendrocytes. No
colocalization of HDACs was observed in astrocytes
or vessel endothelial cells (Fig. 5; Table 2). Overall,
these studies show that in the rat CNS the HDACs
are expressed primarily in neurons, with some
isoform-specific expression in oligodendrocytes.

Discussion
In the current study we generated a comprehensive

mRNA expression atlas of the 11 HDACs in rat brain
and identified which cell types expressed these
genes. Because of the resolution of the images and

Fig. 1. Oligonucleotide probes designed for ISH of HDAC1–11. Ten 40-mer oligonucleotides were selected for each
HDAC isoform. Rat HDAC sequence information was obtained from internal and public data bases and was used to
design the probes. Gray shading indicates regions of sequence homology between the HDACs, and black regions below
the sequences indicate the location of individual probes. The size of each transcript is shown on the x-axis (bp).
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the method in which the experiments was performed,
these data can be further analyzed quantitatively or
examined in greater detail to focus on more restricted
regions of interest. In addition, this information
might be used to assign previously unknown roles
to individual HDAC isoforms, given their anatomical
and cellular locations. For example, the presence
of HDAC2–5 and -11 in oligodendrocytes might
suggest a role in myelination or other processes that
could be better understood in the context of patho-
logical conditions such as multiple sclerosis. The
observation that only HDAC1 , -3, and -5 are
expressed in choroid plexus might suggest involve-
ment in developmental processes and cerebral spinal
fluid regulation (Emerich et al., 2005). One of the
most interesting findings was the distribution of
HDAC11. Recently identified as the only member of
the class-IV HDACs (Gao et al., 2002), HDAC11 has
not been characterized extensively beyond genomic
localization (Voelter-Mahlknecht et al., 2005). Histone

Fig. 2. ISH shows distinct expression differences between HDAC isoforms in the rat brain. Representative autoradio-
graphic images of the same brain region (Bregma –3.1) for the 11 HDAC isoforms are shown. Sections (20 μm) were
obtained, and a 1-in-100 series of sections was used for each animal per gene. At least three separate animals were
examined for each HDAC isoform. Adjacent control sections showed background levels of hybridization (data not shown).
The reference standards are shown in the lower right panel, enabling comparison of relative intensity between standards
and isoforms.

deacetylase 11 (HDAC11) activity has been linked to
cancers and shows an interesting response to HDAC
inhibitors in the context of acute myeloid leukemia
(Bradbury et al., 2005). The data generated from our
studies is a prime example of how this approach
could identify new roles for HDAC11. For example,
the unusual expression pattern of HDAC11 in hippo-
campus suggests a possible role in learning and
memory, whereas the high level of expression
selectively in the Purkinje cell layer might suggest
a role in locomotor activity and ataxic syndromes.

Previous investigations of small subsets or
individual HDACs agree well with our studies. Work
by Shen et al. (2005) described a role for HDAC3
in myelination during rat CNS development, and
our data show that HDAC3 is one of the few iso-
forms expressed in oligodendrocytes. In a model of
Huntington’s disease, HDAC3 activity was observed
in striatum (Gardian et al., 2005), where we also noted
strong expression of HDAC3 mRNA. Histone
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deacetylase 4 (HDAC4) recently was found to be
involved in mediating neuronal apoptosis in cerebe-
llar granule neurons (Bolger and Yao, 2005), which is
the region where HDAC4 is expressed most highly in
our experiments. In studies of Huntington’s disease,
HDAC5 expression was localized to cortical neurons
(Hoshino et al., 2003), which is where we also
observed high levels of HDAC5 mRNA expression.

Most current HDAC inhibitors have broad
specificity, inhibiting multiple HDAC isoforms. This
might actually serve as a benefit for some of the
current indications, such as cancer in which inhibi-
tion of several HDACs could slow growth or promote
apoptosis (for review, see Dokmanovic and Marks,
2005). However, in many cases, the contribution of
individual HDACs is not known. Several studies
have also employed nonselective HDAC inhibitors
to demonstrate an effect in models of CNS diseases.
Trichostatin A is a broad HDAC inhibitor shown to
be efficacious in a mouse experimental allergic
encephalomyelitis model of multiple sclerosis
(Camelo et al., 2005). In an MPTPmodel of Parkinson’s

disease, phenylbutyrate demonstrated improvement
in outcome (Gardian et al., 2004). Trichostatin A was
also shown to affect acetylation and alter circadian-
regulated gene expression (Naruse et al., 2004). In
addition to applications for cancer, vorinostat
(suberoylanilide hydroxamic acid) and other HDAC
inhibitors are being evaluated for their ability to
benefit the transcriptional deficits in Huntington’s
disease (Richon et al., 2001; Kouraklis and Theocharis,
2002; Ferrante et al., 2003; Hockly et al., 2003; Alarcon
et al., 2004). Although targeting multiple HDAC
isoforms might be important for certain indications
and proof-of-concept studies, the development of
more selective compounds could prove beneficial
by reducing off-target activity and significantly
contributing to our understanding of the biological
roles of HDACs in the CNS. One goal of this type of
approach is the selective modulation of a particular
HDAC, or subset of HDACs, that is proposed to be
involved in the disease state. In this scenario, it is
important to understand where and in what cells
individual HDACs are expressed. This is particularly

Fig. 3. Distinct patterns of regional expression for HDAC11 throughout the rat brain. Representative autoradiographic
images showing the detailed localization of HDAC11 across 10 separate brain sections. The reference standards are
shown in the upper left panel enabling comparison of relative intensity between standards and isoforms.
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Table 1
Regional Expression of HDAC1–11 in Rat Brain

Qualitative analysis of signal intensity for each HDAC isoform was performed for the >50 brain regions listed and scored
from low to high (0–5). Global expression levels were calculated as the sum of regional expression values, with the rank
order of expression listed below. Data were compiled from at least three separate animals for each HDAC isoform.
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important for developing HDAC modulators for
neurological diseases. Toward this end, a better
understanding of HDAC expression in the CNS
clearly would be of use. The data that we have pre-
sented enables the identification of specific regional
expression patterns that indicate which isoforms
might be of most interest for targeting in CNS
indications. As described above, one of the major
hurdles faced by this field is the availability of sub-
type-selective HDAC inhibitors. It will be important
to further examine the roles of individual isoforms
as more selective HDAC inhibitors become available
and through the use of genetic models. Although

rapid advances are being made in this area, an
understanding of the localization of these isoforms
is critical in identifying potential indications for
HDAC modulators. Even in the absence of truly
selective compounds, the information from this
study could help the selection of appropriate agents
for testing in disease models. For example, the obser-
vation that HDAC11 is the only isoform expressed
in the Purkinje cell layer of the cerebellum might
suggest that studies of HDAC modulators for
ataxia should consider available compounds that
alter HDAC11 activity, even though they might
modulate other isoforms.

Fig. 4. High-resolution images show regional and cell-layer-specific expression differences between HDAC3 and
HDAC11. Top panels: At low magnification, expression of HDAC11 mRNA is clearly observed in the medulla (broken
arrow), compared with much lower expression of HDAC3 mRNA within the same regions. Middle panels: At higher
resolution, HDAC3 mRNA is highly expressed in the granule cell layer of the cerebellum (arrow), whereas HDAC11 is
expressed more highly in the Purkinje cell layer and to a lesser extent in the granule cell layer. Bottom panels: HDAC11
mRNA is expressed more highly in the CA1 region and less in the CA3 and dentate gyrus (DG) regions.
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The acetylation of nonhistone proteins recently
has been observed and suggests a more complex
role for the regulation of signal transduction by acety-
lation and deacetylation. In particular, the activity
of p53 (Vaghefi and Neet, 2004), Bcl-6 (Bereshchenko

et al., 2002), HSP90 (Yu et al., 2002), and tubulin
(Haggarty et al., 2003) are regulated by acetylation. A
better understanding of these interactions is clearly
important and will enable identification of additional
pathways regulated by HDACs. It will be vital to

Fig. 5. Double labeling highlights regional and cell type–specific expression of HDAC isoforms. Representative
photomicrographs showing double labeling for HDAC mRNA expression (green, by ISH) and cell type–specific markers
(red, by immunohistochemistry). The specific HDAC probes used are indicated on each image. Antibodies were used
to identify specific cells as follows: (A) Anti-NeuN was used to label neurons; (B) anti-APC (Ab7) was used to identify
mature oligodendrocytes; (C) anti-GFAP was used to label astrocytes; (D) anti-Von Willibrand factor was used to label
vessel endothelial cells. The mouse anti-CD11b/c was used to label microglia; however, the signal obtained was not
sufficiently above background levels for imaging (data not shown). As a control, Nogo receptor mRNA expression is
shown in vessel endothelial cells (NogoR). Qualitative analysis was performed on all images as described. Cell nuclei
are labeled by DAPI (blue).
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consider the role of HDAC activity in the context of
histone and nonhistone substrates in developing
HDAC modulators for the CNS.

Some data have pointed to a role of HDAC activity
in the activation of microglial cells in neurodegene-
ration as a response to stroke and traumatic brain
injury (Ajamian et al., 2003). Although we were
not able to detect HDAC expression in microglial
cells in this set of experiments and in preliminary
experiments examining models of stroke (data not
presented), this does not exclude the potential
involvement of acetylation in microglial activation.
This is clearly an area that merits further attention,
given recent links between acetylation and neuro-
degeneration (Ren et al., 2004; Saha and Pahan, 2005).
It will also be important to evaluate the potential
roles of class-III HDACs (SIRT1–7) in the CNS, given
recent evidence suggesting the role of SIRT1 in modu-
lating the neuroprotective effects of NAD in models
of axonal degeneration (Araki et al., 2004). These are
exciting future studies that should provide more
clear roles for class-III HDACs.

The data from this study can focus attention
toward regional and cell-specific roles for individual
HDAC isoforms in the CNS. The use of selective
modulators and genetic models will better establish
how individual HDACs are functioning in normal
and pathological states. This is particularly important
for the development of therapeutic agents outside
the realm of oncology, such as modulating neuro-
logical pathologies and processes. In summary, these
studies generated a high-resolution atlas of HDAC
mRNAexpression throughout the rat brain, showing
striking regional and subregional expression patterns.
Double labeling with cell-specific markers demons-
trated that HDAC isoforms detected in the brain are
expressed primarily in neurons, although some
localization of HDAC isoforms to oligodendrocytes
was observed. Taken together, these data provide a
valuable resource for future studies into the role of
HDAC biology and modulation in the mammalian

CNS. This analysis led to an unprecedented level
of detail in terms of HDAC expression and will
contribute to the rational development of the next
generation of HDAC modulators for neurological
indications.
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