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Histone deacetylase 6 (HDAC6) is a multifunctional cytoplasmic protein that plays an especially critical
role in the formation of aggresomes, where aggregates of excess protein are deposited. Previous immu-
nohistochemical studies have shown that HDAC6 accumulates in Lewy bodies in Parkinson’s disease and
dementia with Lewy bodies (DLB) as well as in glial cytoplasmic inclusions in multiple system atrophy

KeyWQTdS-‘ ) (MSA). However, it is uncertain whether the level and activity of HDAC6 are altered in the brains of
nghﬂtmlers disease patients with neurodegenerative dementia. In the present study, we demonstrated that the level of
eacetylase

HDAC6 was not altered in the temporal cortex of patients with Alzheimer’s disease and DLB in compar-
ison with controls. In contrast, the level of HDAC6 was significantly increased in the temporal cortex of
patients with frontotemporal lobar degeneration with TDP-43 inclusions (FTLD-TDP) and in the cerebel-
lar white matter of patients with MSA. However, the level of acetylated a-tubulin, one of the substrates of
HDAC6, was not altered in FTLD-TDP and MSA relative to controls. These findings suggest that the
induced level of HDACG in the brain is insufficient for manifestation of its activity in FTLD-TDP and MSA.
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1. Introduction

Histone acetylation is a reversible post-translational modifica-
tion that plays an important role in gene expression [1]. Recent
large-scale analyses have revealed that numerous acetylated sub-
strates exist in cells [2-4] and are involved in diverse biological
functions such as metabolic regulation, the cell cycle, and the
immune response [5-8]. Histone deacetylase 6 (HDAC6), a member
of the HDAC family, has 18 isoforms in mammals and is present
mainly in the cytoplasm, where it deacetylates o-tubulin and
colocalizes with microtubules and dynein motor complexes
[9,10]. HDACS also binds to polyubiquitinated proteins and recruits
them to aggresomes through dynein motor-based transportation
[10,11]. Furthermore, HDAC6 controls the fusion of autophago-
somes and lysosomes through actin remodeling machinery [12].
Thus, one of the major functions of HDACG is probably the elimina-
tion or sequestration of abnormal molecules and aggregates
such as huntingtin in Huntington’s disease and o-synuclein in
Parkinson’s disease (PD) [13,14]. Accordingly, HDAC6 immunore-
activity is observed in Lewy bodies (LBs) in PD and dementia with
LBs (DLB) as well as in glial cytoplasmic inclusions in multiple
system atrophy (MSA) [10,15,16]. However, it is unclear whether
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the level and activity of HDAC6 in the brain are altered in
neurodegenerative dementia. In this study, we assessed the level
of HDAC6 expression and found that it was increased in the
temporal cortex of patients with frontotemporal lobar degenera-
tion with TDP-43 inclusions (FTLD-TDP), but not in patients with
Alzheimer’s disease (AD) or DLB, relative to controls. The level of
HDAC6 was also increased in the cerebellar white matter of
patients with MSA. Immunohistochemical analysis showed that
HDAC6 immunoreactivity in the neuronal cytoplasm was increased
in the temporal cortex of patients with FTLD-TDP and that glial
cytoplasmic inclusions in the cerebellar white matter of patients
with MSA were exclusively immunopositive for HDAC6. However,
further analysis showed that the level of acetylated a-tubulin, one
of the substrates of HDAC6, was not altered in the brains of
patients with FTLD-TDP and MSA. These results suggest that the
induced level of HDAC6 in the brain is insufficient for manifesta-
tion of its activity in FTLD-TDP and MSA.

2. Materials and methods
2.1. Antibodies
Rabbit polyclonal antibodies against HDAC6 (Santa Cruz

Biotechnology, Santa Cruz, CA), B-actin (Sigma, Saint Louis, MO)
and acetylated histone (Millipore, Bedford, MA), and mouse
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monoclonal antibodies against a-tubulin (Active motif, Carlsbad,
CA; Gene Tex Inc., Irvine, CA) and acetylated a-tubulin (Sigma)
were used in this study.

2.2. Subjects and immunoblot analysis

For immunoblot analysis, tissue samples from 41 autopsy
cases were obtained from the Department of Pathology, Brain
Research Institute, University of Niigata, Niigata, Japan. Written
informed consent for autopsy, collection of samples and subse-
quent analysis was obtained from the patients and the next of
kin of the deceased involved. This study was approved by the
Institutional Ethics Committee of Hirosaki University Graduate
School of Medicine, Hirosaki, Japan. Brain tissues were dissected
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out at autopsy and rapidly frozen at —70 °C. The middle temporal
cortex of patients with AD (n=7), neocortical type DLB [17]
(n=7), FTLD-TDP type B [18] (n=4) and normal controls (n=7),
and the cerebellar cortex and white matter of patients with
MSA-C [19] (cortex, n = 7; white matter, n = 5) and controls (cortex,
n=7; white matter, n=5) were used in this study. All the
diagnoses had been confirmed by neuropathological examinations
using immunohistochemistry for tau, B-amyloid, a-synuclein and
TDP-43. Each tissue was weighed and homogenized with a 20-fold
volume of loading buffer [75 mM Tris-HCl, pH 6.8, 4% sodium
dodecyl sulfate (SDS), 25% glycerol, 5% pB-mercaptoethanol].
Samples were subjected to SDS-polyacrylamide gel electropho-
resis (PAGE), and Western blot analysis was performed as
described previously [20]. Detection was performed according to
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Fig. 1. Comparison of the expression level of HDAC6 in the brains of patients with various neurodegenerative diseases and normal controls. (A, B) Rabbit anti-HDAC6
antibody detects HDAC6 protein with a molecular mass of approximately 160 kDa. Immunoblotting shows that the level of HDACG is not altered in the brains of patients with
AD or DLB relative to controls. (C) Inmunoblotting shows that the level of HDAC6 is significantly increased 2.1-fold in the brains of patients with FTLD-TDP relative to
controls (p = 0.033). (D) The level of HDAC6 is significantly increased 3.6-fold in the cerebellar white matter of patients with MSA relative to controls (p = 0.0342). Data are
normalized by the level of actin protein in each sample and indicated as mean + SEM. Actin is used as a loading control. The control value is defined as 100%. *p < 0.05.
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the protocol provided with the ECL or ECL plus detection 2.3. Statistical analysis
system (Amersham Pharmacia Biotech, Piscataway, NJ).

Horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG All values are presented as mean + standard error of the mean
(Santa Cruz Biotechnology) was used as a secondary antibody. (SEM). Statistical significance was evaluated using Student’s t test
Semi-quantitative analysis of protein was done by image analysis when comparing two conditions. Probability values of p <0.05
with the Image ] software package from NIH. were considered to be significant.
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Fig. 2. Comparison of the expression level of HDAC6 substrate, acetylated a-tubulin (Ac-o-tubulin), acetylated histone (Ac-histone) and a-tubulin in the brains of patients
with MSA and FTLD-TDP, and controls. (A) There is no significant difference in the amount of total and Ac-a-tubulin and Ac-histone in the middle temporal cortex between
FTLD-TDP and controls. (B) The levels of Ac-o-tubulin and Ac-histone are not altered in MSA and controls. Actin is used as a loading control. (C) Quantification of relative
levels of Ac-a-tubulin, Ac-histone and a-tubulin in the brains of patients with FTLD-TDP and MSA (closed bar) and controls (open bar). Data are normalized by the level of actin
protein in each sample and indicated as mean + SEM. The control value is defined as 100%.
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Fig. 3. HDAC6 immunoreactivity in the brains of control subjects (A, B) and patients with AD (C), DLB (D), FTLD-TDP (E) and MSA (F). (A, B) Weak HDAC6 immunoreactivity in
the neuronal cytoplasm in the temporal cortex (A) and glial cells in the cerebellar white matter (B). (C) Weak immunoreactivity in the neuronal cytoplasm. Reactive astrocytes
(arrows) are immunolabeled with anti-HDAC6. (D) Cortical LBs (arrowheads) are intensely immunolabeled with anti-HDAC6, whereas HDAC6 immunoreactivity in the
neuronal cytoplasm is weak. (E) In FTLD-TDP, the neuronal cytoplasm is moderately immunolabeled with anti-HDAC6 in a diffuse granular pattern. (F) Glial cytoplasmic
inclusions in the cerebellar white matter are exclusively immunopositive for HDAC6. Bars = 20 pum.

2.4. Immunohistochemistry

For immunohistochemical analysis, tissue samples from 32
autopsy cases were obtained from the Department of Neuro-
pathology, Institute of Brain Science, Hirosaki University Graduate
School of Medicine, Hirosaki, and the Department of Pathology,
Brain Research Institute, University of Niigata, Niigata, Japan.
Patients with AD (n =7), neocortical type DLB (n=5), FTLD-TDP
type B (n=8), MSA-C (n=5) and normal controls (n=7) were
the subjects of this study. For routine histological investigations,
the brain was fixed with 10% buffered formalin for 3-4 weeks.
Blocks were cut from various cortical and subcortical regions,
and embedded in paraffin. In all cases except for AD, the
concomitant AD-related neurofibrillary changes were less than
stage IV [21].

Four-micrometer-thick sections were cut from the middle tem-
poral cortex and cerebellum of patients with AD, DLB, FTLD-TDP,
MSA and controls, and immunostained using the avidin-biotin-
peroxidase complex method with diaminobenzidine as the chro-
mogen. Rabbit polyclonal anti-HDAC6 (c11420; Santa Cruz Bio-
technology, 1:100) was used as a primary antibody. The sections
were pretreated in an autoclave for 10 min in 10 mM citrate buffer
(pH 6.0).

3. Results
3.1. Immunoblot analysis

We assessed the total level of HDAC6 in the temporal cortex
of patients with AD, DLB and FTLD-TDP by immunoblotting.
Immunoblot analysis showed that the level of HDAC6 was not
altered in AD and DLB relative to controls (Fig. 1A and B). In
contrast, the level of HDAC6 was significantly increased in
FTLD-TDP relative to controls (p = 0.033) (Fig. 1C). Since previous
immunohistochemical studies had demonstrated that HDAC6
was preferentially accumulated in neuronal and glial cytoplasmic
inclusions in a-synucleinopathy (PD, DLB and MSA) [15], we next
investigated whether the level of HDAC6 was altered in the
cerebellum of patients with MSA. Immunoblot analysis showed
that there was no significant difference in the level of HDAC6
in the cerebellar cortex between MSA and controls (data not
shown). We further used cerebellar white matter samples to

examine the level of HDACG6, because the occurrence of glial
cytoplasmic inclusions in the cerebellar white matter is a
pathological hallmark of MSA. Immunoblot analysis revealed that
the level of HDAC6 was significantly increased 3.6-fold in the
cerebellar white matter of MSA patients relative to controls
(p =0.0342) (Fig. 1D).

Acetylated a-tubulin is known to be one of the substrates of
HDACS. In order to determine whether the brain activity of HDAC6
is also increased in FTLD-TDP and MSA, we assessed the level
of acetylated a-tubulin. Immunoblot analysis showed that the
levels of acetylated o-tubulin were similar in the brains of
control, FTLD-TDP and MSA patients (Fig. 2). Similarly, the levels
of o-tubulin and acetylated histone were not altered in the
brains of FTLD-TDP and MSA patients compared with controls.
Based on these results, we calculated the activity of HDAC6 by
normalization with the level of HDAC6 protein in each sample
and concluded that the activity of HDAC6 was lower in the
brains of patients with FTLD-TDP and MSA relative to controls.

3.2. Immunohistochemical analysis

We examined immunohistochemically the brains of patients
with AD, DLB, FTLD-TDP, MSA and normal controls using anti-
HDAC6 antibody. In normal controls, the cytoplasm of neurons,
astrocytes and oligodendrocytes was barely immunostained with
anti-HDAC6 antibody (Fig. 3A and B), as reported previously
[15,22]. No significant difference of HDAC6 immunoreactivity
was noted in the neuronal cytoplasm between controls (Fig. 3A)
and AD (Fig. 3C) or DLB (Fig. 3D). However, cortical LBs observed
in DLB were intensely immunolabeled with anti-HDAC6 antibody
(Fig. 3D), as reported previously [15]. In FTLD-TDP, the neuronal
cytoplasm were moderately immunolabeled with anti-HDAC6 in
a diffuse granular pattern (Fig. 3E). In MSA, almost all glial cyto-
plasmic inclusions were exclusively immunopositive for HDAC6
(Fig. 3F). No HDAC6 immunoreactivity was found in neurofibrillary
tangles in AD or TDP-43-positive neuronal and glial inclusions in
FTLD-TDP.

4. Discussion

HDAC6 acts as a novel component of the compensatory
autophagic system when the ubiquitin—proteasome system is
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disrupted [23]. HDACG6 controls the fusion of autophagosomes and
lysosomes through actin remodeling machinery [12]. Indeed,
HDACE is localized in LBs in PD and DLB and glial cytoplasmic
inclusions in MSA [10,15,16]. Autophagosome-related proteins
are also present in these inclusions [24-29]. These observations
raise the question of whether the level and activity of HDAC6
are altered in the brains of patients with neurodegenerative
dementia. In this study, we assessed the level of HDAC6 in
neurodegenerative dementia and revealed that there were no
differences in the level of HDAC6 between controls and AD or
DLB patients. In contrast, Ding et al. [30] reported that the level
of HDAC6 was increased in the hippocampus of AD patients
relative to controls. Because we used the temporal neocortex as a
sample, the discrepancy between the results of Ding et al., and
ours may have been attributable to the choice of brain regions
examined.

Notably, we observed a significant increase in the level of
HDACG6 protein in the brains of patients with FTLD-TDP compared
with the controls. This result was supported by the immunohisto-
chemical finding that the neuronal cytoplasm in the temporal
neocortex of FTLD-TDP patients was more intensely immunola-
beled with anti-HDAC6 antibody relative to the controls. TDP-43
accumulates in ubiquitin-positive cytoplasmic inclusions and
is post-translationally modified in the brains of patients with
FTLD-TDP. Interestingly, TDP-43 regulates the transcription of
HDAC6 mRNA [31,32]. In addition, microarray data have indicated
that the level of HDAC6 mRNA is repressed 3.5-fold in embryonic
stem cells derived from TDP-43-knockout mice relative to controls
[33]. Based on these reports, we examined the level of TDP-43 in
the brains of patients with FTLD-TDP and found that there
was no difference between FTLD-TDP and controls (data not
shown). However, this result is not surprising, because various
experiments using TDP-43 gene-modified animal models have
shown that the level of TDP-43 protein is kept strictly constant
by an unknown mechanism [34,35]. Since TDP-43 is abnormally
phosphorylated and truncated in the brains of patients with
FTLD-TDP, it is possible that TDP-43 modification might affect
the brain level of HDACG6 in such patients.

MSA is one of the a-synucleinopathies characterized by
abnormal accumulation of a-synuclein. In order to assess the level
of HDAC6, we first sampled the cerebellar cortex and found
that there was no difference between MSA patients and controls.
Since HDACG is exclusively accumulated in the oligodendroglial
cytoplasm of the cerebellar white matter in MSA patients [15,16],
we next sampled the cerebellar white matter. Immunoblotting
demonstrated that the level of HDAC6 was increased 3.6-fold in
the cerebellar white matter of patients with MSA relative to
controls. This increase would be due to the accumulation of
HDAC6 protein in MSA oligodendrocytes. Using the same
samples, we further examined the expression level of acetylated
o-tubulin to assess the activity of HDAC6 and found that there
was no statistically significant difference between MSA patients
and controls. Similarly, there was no alteration in the level of
o~tubulin in the brains of patients with FTLD-TDP relative to
controls. These findings suggest that the increased level of
HDACS is not enough to exert its activity in the brains of patients
with FTLD-TDP and MSA. However, we cannot rule out the
possibility that the level of acetylated o-tubulin is kept strictly
constant, as is that of TDP-43 protein. Further studies will be
needed to verify the level of acetylated HSP90, another HDAC6
substrate, in the brains of these patients when a specific antibody
becomes available.

In conclusion, we have provided evidence that the level of
HDACEG is increased in the brains of patients with FTLD-TDP and
MSA compared with controls. In contrast, the activity of HDAC6
does not parallel the induced level of the protein.
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