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HtrA2/Omi-immunoreactive intraneuronal inclusions in the anterior horn of patients with sporadic
and Cu/Zn superoxide dismutase {SOD1) mutant amyotrophic lateral sclerosis

Aims: HirA2/0mi is a mitochondrial serine protease that
promotes the apoptotic processes, but the relationship
between HtrA2/0Omi and amyotrophic lateral sclerosis
(ALS) is still unknown. The purpose of the present study
was to determine whether abnormal expression of HtrA2/
Omi occurs in patients with ALS. Methods: We prepared
autopsied spinal cord tissues from 7 control subjects, 11
patients with sporadic ALS (SALS) and 4 patients with
Cu/Zn superoxide dismutase (SOD1)-related familial ALS
{FALS). We then performed immunohistochemical studies
on HtrA2/0Omi using formalin-fixed, paraffin-embedded
sections from all of the cases. Results: In the control sub-
jects, the anterior horn cells were mildly to moderately
immunostained with HtrA2/0Omi. In the patients with

SALS, strong HirA2/0Omi immunoreactivity was found in
some skein-like inclusions and round hyaline inclusions as
well as many spheroids, but Bunina bodies were immu-
nonegative for HtrA2/0mi. In the patients with SOD1-
related FALS, Lewy body-like hyaline inclusions were
observed in three cases and conglomerate inclusions were
observed in the remaining case, and both types of inclu-
sions were intensely immunopositive for HitrA2/0Omi.
Conclusions: These results suggest that abnormal accu-
mulations of HirA2/0Omi may occur in several types of
motor neuronal inclusions in the anterior horn from SALS
and SOD1-linked FALS cases, and that HirA2/0mi may be
associated with the pathogenesis of both types of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a latal progressive
neurodegenerative disease that is characterized by
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degeneration of both upper and lower motor neurones.
Although most cases of ALS are sporadic, about 10% of
patients with ALS are familial forms [1]. Rosen and col-
leagues demonstrated that several missense mutations in
the gene encoding Cu/Zn superoxide dismutase {SOD1)
were associated with familial ALS (FALS) [2]. To date, over
120 different SOD1 mutations have been reported, and
approximately 20% of FALS is caused by mutations in the
S0D1 gene [1]. Lewy body-like hyaline inclusions (LBHIs),
which were initially described in the cytoplasm of remain-
ing anterior horn cells by Hirano and co-workers [3], are
strongly immunopositive for SOD1 [4], and motor neu-
ronal LBHIs are a hallmark of SOD1-related FALS. In addi-
tion, mutant SOD1 transgenic (mSOD1-Tg) mice replicate
the clinical and pathological features of human illness,
and are now well-established mouse meodels for FALS
[1.5].

Mitochondria play an important role in the process of
apoptotic cell death. During various apoptotic stimudi,
cytochrome cisreleased from the mitochendria, and binds
to apoptotic protease activating factor-1, thus resulting in
the activation of caspase-9 [6,7]. Activated caspase-9 sub-
sequently promotes the activation of caspase-3 and other
caspases, leading to apoptotic cell death [6,7]. The inhibi-
tor of apoptosis proteins (IAPs) have the ability to regulate
apoptosis, and some IAP family proteins, such as X
chromosome-linked IAP (XIAP), bind to and directly
inhibit selected caspases [8—10]. HirA2/Omi was identi-
fied as a mitochondrial serine protease that interacts with
[APs and contributes to the progression of apoptosis
[11-14]. HtrA2/Omi is released from the mitochondrial
intermembrane space into the cytosol upon receiving
various apoptotic stimuli, and this released HtrA2/0mi
induces apoptotic cell death by binding to IAPs, including
XIAP, and blocking their caspase-inhibitory activities
[11-16]. HtrA2/Omi also enhances caspase activation by
inducing permeabilization of the outer mitochondrial
membrane, which leads to the release of cytochrome ¢
[17].

Caspase-9 is activated in surviving spinal motor
neurones of mSOD1-Tg mice [18] and patients with spo-
radic ALS (SALS) {19], and XIAP is able to attenuate
disease progression of mSODI1-Tg mice by inhibiting
caspase-9 activity [19]. These data suggest that
caspase-9 may play a crucial role in the pathogenesis of
ALS. HtrA2/Omi is associated with the activation of
caspase-9, but the relationship between HtrA2/0mi and
ALS is still unknown. To elucidate the role of HirA2/0Omi

in patients with ALS, we performed immunochistochemi-
cal studies on HirA2/Omi using autopsied spinal cord
tissues from patients with ALS. We found strong HtrA2/
Omi immunoreactivity in several types of motor neu-
ronal inclusions in the anterior horn from both SALS
and FALS cases.

Materials and metheds

Tissue preparation

We studied spinal cords from 7 patients with other neu-
rological or non-neurological disorders without spinal
cord involvement (age range, 36—75 years; mean, 59.1
years; 4 men and 3 women), 11 patients with SALS (age
range, 50-82 years; mean, 63.5 years; 7 men and 4
women), and 4 patients with FALS (age range, 43-64
years; mean, 49.3 years: 3 men and 1 woman). The
clinical profiles from all cases are summarized in Table 1.
Paraffin-embedded blocks were obtained from the
formalin-fixed spinal cords of all cases, and these blocks
were cut info 6-um-thick sections on a microtome.
Paraffin-embedded sections were deparaffinized in
xylene, followed by rehydration in a decreasing concen-
tration of ethanol solutions. For routine pathological
examination, the deparaffinized sections from all blocks
were stained with haematoxylin and eosin, Kliiver-
Barrera and modified Bielschowsky methods. Neuronal
degeneration was restricted to the upper and lower motor
neuronal systems in the 10 patients with SALS, and the
remaining SALS patient, whose survival was prolonged
with an artificial respirator. showed the neuronal loss
and marked astrogliosis in various regions, including the
cerebral neocortex, hippocampus, basal ganglia, thala-
mus, substantia nigra and spinal anterior horn. Bunina
bodies were found in all the SALS cases. All of the
patients with FALS were confirmed to have an abnormal-
ity in the gene encoding SOD1, and LBHIs were observed
in the three cases (Ala4Val, lle112Thr and a 2-base pair
deletion at codon 126) and conglomerate inclusions (Cls)
were observed in the remaining case (Ile1137Thr).
Because the patients with non-ALS showed no clinical
symptoms or signs of spinal cord lesions, and no histo-
logical abnormalities were detected in any of the spinal
cord sections from the non-ALS cases, these cases served -
as normal controls. The use of human materials was
in agreement with the ethical guideline set by Kyoto
University.
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Table 1. Clinical profiles of all cases
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Age Duration of illness (month)/post
Case (year)/sex Diagnosis mortem delay (it)
Control 1 52/M Cerebral infarction NA/UD
Control 2 S1/F Epilepsy NA/11.5
Control 3 53/F Myotonic dystrophy NA/4.0
Control 4 74/F Cerebral infarction NA/UD
Control 5 73/M Cerebral infarction NA/2.3
Control 6 36/M Hepatic encephalopathy NA/2.7
Control 7 75/M Chronic lymphocytic leukaemia NA/2.5
SALS 1 68/M SALS 48/1.0
SALS 2 50/M SALS 84/3.7
SALS 3 63/M SALS 21/1.5
SALS 4 6O/F SALS 40/2.5
SALS 5 56/F SALS 20/10.5
SALS 6 58/F SALS 42/3.5
SALS 7 64/M SALS 26/3.0
SALS 8 71/F SALS 19/3.3
SALS 9 62/M SALS 26/1.3
SALS 10 82/M SALS 15/1.4
SALS 11 65/M SALS with respirator support. 132/5.0
FALS 1 46/M FALS {Ala4Val) 8/UD
FALS 2 43/M FALS (lle112Thr) 17/2.7
FALS 3 44/¥ FALS (2bp del 126) 24/5.0
FALS 4 64/M FALS (1le113Thr) 6/5.0
M, male; F, female; NA, not applicable; UD, undetermined; SALS, sporadic amyotrophic lateral sclerosis; FALS, familial amyotrophic lateral
sclerosis.
Patients with FALS immunolabelled with SOD1 using a different anti-SOD1

Familial ALS 1 is a member of the American ‘C’ family
with an Ala4Val mutation in the SOD1 gene, and showed
pathological upper and lower motor neuronal degenera-
tion with posterior column and spinocerebellar fract
involvement [ 3]. In addition, neuronal cytoplasmic LBHIs
and cord-like swollen neurites were observed in the ante-
rior horn [3]. and these structures were demonstrated to
be intensely immunostained with SOD1 [4].

Familial ALS 2 is a case with an Ile112Thr mutation in
the SOD1 gene. Its neuropathological findings were
similar to those of FALS 1, and neuronal degeneration was
observed in the posterior column and spinocerebellar
tracts as well as the upper and lower motor neurones.
Many LBHIs were found in the somata and processes of
the remaining anterior horn cells, and these LBHIs were
strongly immunopositive for SOD1 (data not published).

Familial ALS 3 is a case with a 2-base pair deletion in
exon 5 of the SOD1 gene (TTG —» **G at Leu'*) [20].
Although “the posterior column was spared, many
LBHIs were observed in the surviving spinal motor neu-
rones {20]. These LBHIs were initially reported to be
immunonegative for SOD1 [20], but were verified to be

antibody [21].

Familial ALS 4 is a case with an ile113Thr mutation in
the SOD1 gene. In accordance with other FALS patients
with an Ile113Thr mutation in the SOD1 gene [22~24],
this patient showed marked neurofilamentous pathology,
and many CIs were found in the remaining anterior horn
cells (data not published).

Immunchistochemistry

To examine the immunohistochemical localization of
HirA2/0mi in normal and diseased spinal cords, we used
an anti-HtrA2/0mi antiserum raised by immunizing
rabbits with Escherichia coli expressing the C-terminal
His6-tagged mature form of human HirA2/0Omi protein
[11}. We have already confirmed that the antiserum could
specifically recognize the mature form of HtrA2/0Omi in
human brains in the previous manuscript [25]. Deparaf-
finized sections were pretreated with 0.3% hydrogen
peroxide “(Santoku, Tokyo, Japan) in 0.1’ M phosphate-
buftered saline (PBS) for 30 min at room temperature to
inhibit endogenous peroxidase activity. After washing
with 0.1 M PRBS, the sections were blocked with 0.1 M PBS
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with 3% skim milk for 2 h at room temperature. After
rinsing with 0.1 M PBS, the anti-HtrA2/0Omi antiserum
diluted in 0.1 M PBS (1:200) was applied onto the sec-
tions, and the sections were incubated overnight at room
temperature or at 4°C in a humidified chamber. After
washing with 0.1 M PBS, the sections were reacted with a
biotinylated anti-rabbit IgG (Vector Laboratories, Burlin-
game, CA, USA) diluted in 0.1 M PBS (1:200) for 1 h at
room temperature, followed by incubation with an
avidin-biotin-peroxidase complex kit (Vector Laboratories)
diluted in 0.1 M PBS (1:400) for 1 h at room temperature.
After rinsing with 0.1 M PBS and then 0.05 M Tris-HCl
(pH 7.6), the sections were developed in a colorizing solu-
tion containing 0.02% diaminobenzidine tetrahydrochlo-
ride (Dojin, Kumamoto, Japan), 0.6% ammonium nickel
(11) sulphate (Wako, Osaka, Japan) and 0.005% hydrogen
peroxide in 0.05 M Tris-HCI (pH 7.6) for 10 min at room
temperature.

To investigate the relationship between HirA2/Omi and
several fypes of motor neuronal inclusions in the anterior
horn from the SALS and FALS cases, some haematoxylin
and eosin stained sections with motor neuronal inclusions
were photographed, decolorized with 70% ethanol, and
then immunostained with the anti-HtrA2/Omi antiserum
using the avidin-biotin-peroxidase complex method
described above.

As a negative immunohistochemical control, some sec-
tions were incubated with a pre-immune rabbit serum,
and no specific immunopositive staining was detected in
the sections treated thus (data not shown).

Double immunofluorescence staining

To investigate the relationship between HtrA2/0Omi and
ubiquitin, TAR DNA-binding protein of 43 kDa (TDP-43),
or SOD1, we performed double-labelling immunohis-
tochemistry using the anti-HtrA2/0Omi antiserum and a
goat polyclonal anti-ubiquitin antibody (se-222, Santa
Cruz Biotechnology, Santa Cruz. CA, USA). a mouse
monoclonal  anti-phospholylated TDP-43  antibody
(Cosmo Bio, Tokyo, Japan} or a goat polyclonal anti-SOD1
antibody (sc-111, Santa Cruz Biotechnology). We applied
the combination of the anti-HirA2/0mi antiserum
(1:200) plus the anti-ubiquitin antibody (1:500) or the
anti-phospholylated TDP-43 antibody (1:2000) in some
sections from the SALS cases, and that of the anti-HtrA2/
Omi antiserum (1:200) plus the anti-SOD1 antibody
(1:100} in some sections from the FALS cases. After incu-

bation of the sections with the primary antibodies over-
night at room temperature or at 4°C, these sections were
washed with 0.01 M PBS, and then reacted with second-
ary antibodies consisting of a tetramethylrhodamine-
conjugated swine anti-rabbit IgG (DakoCytomation,
Glostrup, Denmark) and a fluorescein isothiocyanate-
conjugated swine anti-goat IgG (Biosource, Camarillo, CA,
USA) or a fluorescein isothiocyanate-conjugated goat
anti-mouse IgG (Bethyl Laboratories. Montgomery, TX,
USA). After rinsing with 0.01 M PBS, the slides were cov-
erslipped with Vectashield (Vector Laboratories), and were
then viewed using a fluorescence microscope system (BZ-
9000. Keyence, Osaka, Japan).

Semiquantitative assessment of
HitrA2/0Omi-immunopositive round hyaline
inclusions (RHIs) and LBHIs

To evaluate the proportions of HtrA2/Omi-
immunopositive RHIs and LBHIs, we prepared double-
immunostained sections with HtrA2/0mi and ubiquitin
from the 10 SALS cases (SALS 1-10) and those with
HirA2/0mi and SOD1 from three FALS cases (Ala4Val,
Hel12Thr and a 2-base pair deletion at codon 126).
After counting the ubiquitin-immunopositive RHIs and
SOD1-immunopositive LBHIs in the anterior horns, we
counted the double-immunolabelled RHIs and LBHIs in
the same areas, and then calculated the average percent-
ages of HirA2/Omi-immunoreactive RHIs and LBHIs,
respectively.

Characterization of the primary antiserum

The specificity of the anti-HtrA2/Omi antiserum was veri-
fied by Western blotting. Fresh tissues were obtained (rom
the lumbar spinal cords of an autopsied normal subject
{52-year-old man), an autopsied SALS case (60-year-old
woman) and an autopsied SOD1-related FALS case (43-
year-old man). These materials were homogenized in three
volumes of ice-cold 10 mM PES containing 1% Nonidet
P-40 (Nacalai Tesque, Kyoto, Japan), 0.5% sodium deoxy-
cholate (Difco, Detroit, MI, USA), 0.1% sodium dodecyl
sulphate (Nacalai Tesque), 0.01% phenylmethylsulfonyl
flaoride (Nacalai Tesque), 3% aprotinin (Sigma, St Louis,
MO, USA)and1 mM sodium orthovanadate (Sigma): The
homogenates were then centrifuged at 25 000¢g for
15 min at 4°C, and the supernatants were then mixed
with an equivalent volume of electrophoresis sample

© 2010 Blackwell Publishing Ltd, Newropathology and Applied Neurobiclogy, 36, 331344

— 172 —



bufler containing 10% glycerol (Nacalai Tesque), 2%
sodium dodecyl sulphate, 5% 2-mercaptoethanol (Nacalai
Tesque) and 0.00125% bromophenol blue (Nacalai
Tesque) in 62.5 mM Tris-HCI (pH 6.8). All of the samples
were heated for 3 min at 100°C, and then cooled to room
temperature. A 10-ul aliquot of the sample was loaded
onto each lane of Mini-Protean 11 Ready Gels J (Bio-Rad,
Hercules, CA, USA), electrophoresed at a constant voltage
of 200 V, and then transferred onto polyvinylidene difluo-
ride membranes (Bio-Rad) at a constant voltage of 100 V.
After blocking the non-specific reactions with 3% skim
milk plus normal goat serum in 25 mM Tris-buflered
saline (TBS), the membranes were incubated with the
anti-FtrA2/ Omi antiserum (1:2000) in 25 mM TRS
plus 3% skim milk for 4 h at room temperature. After
washing with 25 mM TBS containing 0.1% Tween-20
(Bio-Rad), the membranes were reacted with an alkaline
phosphatase-labelled anti-rabbit IgG (Vector Laboratories,
1:1000) in 25 mM TBS with 3% skim milk for 1 h at room
temperature. After rinsing with 25 mM TBS containing
0.1% Tween-20, the primary antibodies were visualized
using a 5-bromo-4-chloro-3-indolyl phosphate/nitroblue
tetrazolium kit (Nacalai Tesque).

For gquantitative Western blot analysis based on band
density, we performed double-immunoblotting using the
anti-HtrA2/0Omi antiserum and a mouse monoclonal
anti-B-actin (Sigma, Saint Louis, MO, USA). After incuba-
tion with the combination of the anti-HirA2/Omi
{1:2000) plus the anti-B-actin {1:2000) antibody, mem-
branes from the control, SALS and FALS cases were
reacted with both alkaline phosphatase-labelled anti-
rabbit IgG (1:1000) and anti-mouse IgG (Vector Labora-
tories, 1:1000). We measured the density of HirA2/0Omi-
immunopositive and -actin-immunopositive bands using
LAS-3000 (Fujifilm, Tokyo, Japan), and calculated the per-
centage of the density of HtrA2/Omi-positive band based
on the density of B-actin-positive band in each membrane.

Resuits

Western blot analysis

In the normal, SALS and FALS spinal cord homogenates,
the anti-HtrA2/0Omi antiserum immunostained a single
band ‘at -a molecular -weight of approxinrately -36 kDa
(Figure 1A), which corresponded to the molecular weight
of the mature form of human HirA2/Omi. Our previous
and present results indicated that the antiserum recog-
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nized the mature form of H{rA2/0Omi in human spinal
cords as well as human brains {25].

As shown in Figure 1B, HirA2/Omi-immunopositive
and f-actin-immunopositive bands were detected in the
double-immunostained membranes. The percentages of
the density of HirA2/Omi-positive band bases on the
density of B-actin-positive band in the control, SALS and
FALS spinal cord homogenates were 68.4%, 69.7% and
66.7%, respectively.

HtrA2/0mi immunoreactivity in normal and
SALS spinal cords

In the anterior horn from the control subjects, mild-to-
moderate HirA2/0mi immunoreactivity was observed in
the somata and proximal processes of the motor neurones
{(Figure 2A). A similar immunolabelling pattern was
found in most of the remaining anterior horn cells from
the patients with SALS (Figure 2B), but immunoreactive
products accumulated densely in some surviving spinal
motor neurones from the SALS cases (Pigure 2C). In
addition, in the anterior horn from the patients with
SALS, many spheroids were intensely immunostained
{Figure 2D), and some skein-like inclusions (SLIs) were
immunopositive for HtrA2/Omi (Figure 2E). The RHIs,
which were spherical eosinophilic structures (Figure 3A),
were also immunolabelled (Figures 2F,3B). but the
Bunina bodies, which were small eosinophilic structures
{(Figure 3C), were immunonegative for HtrA2/0Omi
(Figure 3D). HirA2/Omi-immunopositive intracytoplas-
mic inclusions were observed in some remaining neurones
in the globus pallidus and thalamus from the SALS case
(SALS 11, data not shown).

HirA2/0Omi immunoreactivity in FALS
spinal cords

Sirnilar to the SALS cases, most of the remaining anterior
horn cells were immunostained mildly to moderately in
the FALS cases. The most conspicuous finding in the
patients with FALS was the localization of HtrA2/Omi
immunoreactivity in the LBHIs and Cls in the remaining
anterior horn cells. In the patient with an Ala4Val muta-
tion in the SOD1 gene, neuronal intracytoplasmic LBHIs
(Figure 4A¥ and cord=tike swollen neurites (Figure 4B)
were intensely immunolabelled. In the patient with an
{le112Thr mutation in the SOD1 gene, neuronal intracy-
toplasmic LBHIs, which consisted of eosinophilic cores
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Figure 1. Western blot analysis of spinal cord homogenates from normal control (Aa, Ba), sporadic amyotrophic lateral sclerosis (Ab, Bb}
and familial amyotrophic lateral sclerosis cases (Ac, Be). Membranes were treated with the anti-HtrA2/0Omi antiseram, and molecular
weights are shown to the left in kDa (A). A single band at a molecular weight of approximately 36 kDa was detected in three types of
membranes (A). Membranes were treated with the combination of the anti-HtrA2/Omi antiserum plus the anti-B-actin antibody (B). Both
HirA2/0mi- and $-actin-immunopositive bands were detected in three types of membranes (B).

and pale halos (Figure 5A), were densely immunostained
(Figures 4C,5B). Strongly immunopositive LBHIs were
also observed in the neuronal processes of the same case
(Figure 4D). In the patient with a 2-base pair deletion at
codon 126 in the SOD1 gene, neuronal iniracytoplasmic
IBHIs were heavily immunoreactive for HtrA2/Omi
(Figure 4E). In the patient with an Ile113Thr mutation in
the SOD1 gene, many Cls, which were pale eosinophilic
structures (Figure 5C), were intensely immunostained
(Figures 4F,5D).

Double-labelling immunohistochemistry for
HirA2/0mi and ubiquitin, TDP-43 or SOD1

The double-immunostained sections showed that HirA2/
Omi and ubiquitin or TDP-43 were co-localized in some

RHis (Figure 6A~C) and SLis (Figure 6D-F)in the remain-
ing anterior horn cells from the patients with SALS. The
co-localization of HtrA2/0mi and SOD1 was also observed
in many LBHIs in the surviving spinal motor neurones
from the patients with FALS (Figure 6G-I). The average
percentages of HirA2/Omi-immunopositive RHIs and
LBHIs were 61.1% and 83.3%, respectively.

Discussion

In the present study, we performed immunohistochemical
studies on HtrA2/0Omi using autopsied human spinal
cords from normal subjects and patients with ALS. To the
best of our knowledge, this is the first report that demon-
strates the immunohistochemical localization of HirA2/

© 2010 Blackwell Publishing Ltd, Neuropaihology and Applied Neurobiology, 36, 331344
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Figure 2. Lumbar spinal cord sections immunostained with the anti-HtrA2/0mi antiserum from normal control subjects (A: control 3) and
patients with sporadic amyotrophic lateral sclerosis (SALS) (B: SALS 4; C,D: SALS 2; E: SALS 3; F: SALS 7). The anterior horn cells in the
control cases (A) and normal-appearing motor nenrones in the SALS cases (B) were mildly immunostained. Strong HtrA2/0mi
fmmanoreactivity was observed in the atrophic motor neurones (C), spheroids (D, arrows), skein-like inclusions (E, arrow) and round
hyaline inclusions (F, arrow) in the SALS cases. Scale bars = 20 pn.

Omi in several types of motor neuronal inclusions in the
anterior horn ffom SALS and FALS cases. In the patients
with SALS; we observed strong HtrA2/0mt immuryoreac-
tivity in some SLIs and RHIs as well as many spheroids. In
the patients with SOD]1-related FALS, we found that
LBHIs, cord-like swollen neurites and CIs were intensely

immunostained with HtrA2/0Omi. Our results suggest that
abnormal accumulatiofis of HtrA2/0mi may occur in the
remaining anterior horm cefls in both SALS amt FALS
cases.

Lewy body-like hyaline inclusions in general have
eosinophilic cores surrounded by pale halos [3].
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Figure 3. Luwmbar spinal cord sections stained with haematoxylin and eosin (A: SALS 5; C: SALS 1) and immunostained with the
anti-HirA2/0Omi antiserum. (B: SALS 5; D: SALS 1). The round hyaline inclusion, which was identified by haematoxylin and eosin staining
(A, arrow), was immunopositive for HtxrA2/0Omi (B, arrow), and A and B were the same section. The Bunina bodies, which were present in a
cluster (C, arrow), were immunonegative for HtrA2/0Omi (D, arrow), and € and D were the same section. Scale bars = 20 ym. SALS, sporadic

amyotrophic lateral sclerosis.

Ultrastructurally, the core consists of granule-associated
filaments and the halo is composed of normal-looking
neurofilaments [26,27]. On the other hand, Cls are large
argyrophilic inclusions that are frequently observed in
FALS patients with an Ile113Thr mutation in the SOD1
gene [22-24]. On electron microscopy, Cls consist of
massive accumulations of redundant neurofilaments
[22,24]. Phosphorylated neurofilament immunoreactiv-
ity is mainly localized to the marginal zones of LBHIs [4],
but Cls are diffusely immunopositive for both phosphory-
lated and non-phosphorylated neurofilaments [22-24].
In contrast to the ubiquitination of LBHIs [4,27], Cls
generally show no or weak immunoreactivity for ubiq-
uitin  [23,24]. These data indicate that LBHIs are
different from CIs ultrastructurally and immunohis-
tochemically. In the present study, we detected strong
HitrA2/0mi immunoreactivity in LBHIs and CIs, and our
findings suggest that there may be a coramon process of

{formation between LBHIs and CIs, and that HtrA2/Omi
may make a pariial contribution to the {ormation of both
types of inclusions.

Mitochondrial abnormalities were reported in cultured
cell lines expressing mutant human SOD1 [28,29] and in
spinal cords from mSOD1-Tg mice [30,31}. These in vitro
and in vivo data suggest that mitochondrial dysfunction
may be assoclated with the pathogenesis of SOD1-related
FALS. Mitochondrial dysfunction can, in turn, trigger apo-
ptotic cell death. In fact, the release of cytochrome ¢ from
the mitochondria and the activation of several caspases.
including caspase-9, have been demonstrated in spinal
cords from mSOD1-Tg mice [18,32], suggesting that
mitochondria-dependent cell death pathways may play an

“importart role in motor neuronal degeneration in spinal

cords from mSOD1-Tg mice. In the present study, we
found intense HirA2/Omi immunoreactivity in LBHIs,
cord-like swollen neurites and CIs from four patients with
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Figure 4. Lumbar spinal cord sections immunostained with the anti-HirA2/0Omi from patients with familial amyotrophic lateral sclerosis
(A,B: FALS 1; C,D: FALS 2; E: FALS 3; I: FALS 4). In a patient with an Ala4Val mutation in the superoxide dismutase (SOD1) gene, strong
HtrA 2/Omi immunoreactivity was observed in irregularly shaped Lewy body-like hyaline inclusions (LBHIs) (A, arrows) and cord-like
swollen neurites (B). In a patient with an Ile112Thr mutation in the SOD1 mutation, LBHIs in the neuronal cell bodies (C, small arrow) and
processes (D) were intensely immunostained. Increased HtrA2/0mi immunoreactivity was found in the cytoplasm of LBHI-bearing motor
neurones (C, large arrow). In a patlent with a 2-base pair deletion at codon 126 in the SOD1 gene, neuronal intracytoplasmic LBHIs were
densely immunolabelled (E, arrow). In a patient with an lle113Thr mutation in the SOD1 gene, strongly immunoreactive conglomerate
inclustons were observed in the somata of the surviving spinal motor neurones (F). Scale bars = 20 pm.

SOD1-related PAES: Our results suggest that HtrA2/Omi  motor neuroual degeneration im -SODi-refated FAES
may accumulate in the abnormal structures characteris-  patients as well as mSOD1-Tg mice.

tic for SOD1-linked FALS, and that mitochondria- Spheroids, LBHIs, cord-like swollen neurites and Cls
dependent apoptotic processes may be involved in spinal are pathological structures that contain abundant
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Figure 5. Lurnbar spinal cord sections stained with haematoxylin and eosin {A: FALS 2; C: FALS 4) and imununostained with the
anti-HirA2/Omi antiserum (B: FALS 2; D: FALS 4). The Lewy body-like hyaline inclusion, which was identified by haematoxylin and eosin
staining (A, arrow), was intensely immunostained (B, arrow), and A and B were the same section. The conglomerate inclusions, which were
pale eosinophilic and multifocal large mclusions {C), were strongly immunopositive for HtrA2/0Omi (D), and C and D were the same section.

Scale bars = 20 pm. FALS, familial amyotrophic lateral sclerosis.

neurofilaments in patients with ALS. Proximal axonal
enlargements are called ‘spheroids’, and many spheroids
are often observed in the anterior horn from patients with
ALS [33]. Our immunohistochemical study demonstrated
that strong HtrA2/Omi immunoreactivity was localized to
spheroids, LBHIs, cord-like swollen neurites and Cls, sug-
gesting that HtrA 2/0mi may be associated with abnormal
accumulations of neurofilaments in the anterior horn
from patients with ALS. Ultrastructurally. spheroids,
LBHIs and dystrophic neurites contain some mitochon-
dria as well as abundant neurofilaments [26,27,34]. In
particular, CIs are closely related to neurofilamentous
accumulations, and electron microscopic examinations
have revealed that most intracellular organelles were dis-
placed by large conglomerates ‘of ‘neurofitaments in the
cytoplasm of Cls-containing upper and lower motor neu-
rones [22,24,34]. Because Cls contain no or very few
mitochondria, diffuse and robust HirA2/0mi immunola-

belling patterns of ClIs suggest that CIs may contain
HirA2/Omi released from the mitochondria, and that
extramitochondrial HirA2/0Omi may play an important
role in abnormal accumulations of neurofilaments.
Ubiquitin-positive neuronal cytoplasmic inclusions are
a pathological hallmark of ALS [35-37]. TDP-43 was
identified as a component of ubiquitinated inclusions in
SALS and frontotemporal lobar degeneration [38,39], and
these diseases are now collectively referred to as ‘TDP-43
proteinopathy’ [40]. SLIs and RHIs are intensely immun-
ostained with TDP-43 in patients with SALS [38,39.41].
but LBHIs are immunonegative for TDP-43 in patients
with SOD1-related FALS [41]. On the other hand, RHIs,
which are similar to LBHIs in morphology, are not immu-
nolabelled with SOD1 [42]. These data indicate-that the
pathogenesis of SALS is different from that of SOD1-
related FALS. In the present study, we observed that some
SLis and RHIs as well as many spheroids were densely
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Figure 6. Double immunofluorescence staining of lumbar spinal cords for HirA2/0mi (A: SALS 7; D: SALS 6; G: FALS 1), ubiquitin

(B: SALS 7), TDP-43 (E: SALS 6) and SOD1 (H: FALS 1). The merged images (C: SALS 7; F: SALS 6; E: ALS 1) showed that HirA 2/Omi were
localized in the ubiquitin-positive round hyaline inclusion (A-C, arrows), TDP-43-positive skein-like inclusions (D-F. arrows) and Lewy
body-like hyaline inchusion (G-I, arrows). Scale bars = 20 jun. SALS, sporadic amyotrophic lateral sclerosis; FALS, familial arnyotrophic
lateral sclerosis; SOD1, Cu/Zn superoxide dismutase.

immunoreactive for HirA2/Omi in patients with SALS.
Furthermore, the translocation of cytochrome ¢ and the
activation of caspase-9 were immunohistochemically
confirmed to occur in the anterior horn from patients with
SALS [18,19]. These results suggest that mitochondria-
dependent apoptotic processes may be involved not only in
FALS, but also in SALS. On the other hand, several data
have suggested the involvement of endoplasmic reticulum
(ER) stress in sporadic [43—45] and 8OD1-related FALS
[45-47]. Because of the partial localization of HtrA2/0mi
in the ER membranes [48], there is a possibility that
HirA2/Omi may be associated with ER stress in both types
of ALS.

In conclusion, we found the enhanced immunoexpres-
sion of HirA2/0Omi in the anterior horn from SALS and
SOD1-related FALS cases, suggesting that HirA2/Omi
may be associated with the pathogenesis of both types of

ALS. The close relationship between HtrA2/0Omi and Par-
kinson’s disease has been supported by several findings
[49-52], and HtrA2/0mi is now designated as ‘PARK13’
[51,52]. Recently, we reported the immunohistochemical
localization of HtrA2/0Omi in alpha-synuclein-containing
inclusions in Parkinson’s disease, dementia with Lewy
bodies, and multiple system atrophy [25]. These data
suggest that HtrA2/0Omi may play an important role in
the pathogenesis of various types of neurodegenerative
diseases, and that HtrA2/0Omi may be one of the key
proteins, which help us to understand the underlying
mechanisms for mitochondria-related apoptosis in ALS
and other neurodegenerative disorders. Of course, we
cannot exclude- a-possibility that™ cytosoliv release of
HtrA2/0mi may simply reflect a common final pathway
of cell death in several neurodegenerative disorders,
including ALS and Parkinson’s disease.
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Nonhypotensive Dose of Telmisartan Attenuates Cognitive
Impairment Partially Due to Peroxisome
Proliferator-Activated Receptor-y Activation in Mice With
Chronic Cerebral Hypoperfusion

Kazuo Washida, MD; Masafumi Ihara, MD; Keiko Nishio, MD; Youshi Fujita, MD;
Takakuni Maki, MD; Mahito Yamada, MD; Jun Takahashi, MD; Xiaofeng Wu, MS;
Takeshi Kihara, MD; Hidefumi Ito, MD; Hidekazu Tomimoto, MD; Ryosuke Takahashi, MD

Background and Purpose—The effect of telmisartan, an angiotensin II Type 1 receptor blocker with peroxisome
proliferator-activated receptor-y-modulating activity, was investigated against spatial working memory disturbances in
mice subjected to chronic cerebral hypoperfusion.

Methods—Adult C57BL/6J male mice were subjected to bilateral common carotid artery stenosis using external
microcoils. Mice received a daily oral administration of low-dose telmisartan (1 mg/kg per day), high-dose telmisartan
(10 mg/kg per day), or vehicle with or without peroxisome proliferator-activated receptor-y antagonist GW9662
(1 mg/kg per day) for all treatments for 30 days after bilateral common carotid artery stenosis. Cerebral mRNA
expression of monocyte chemoattractant protein-1 and tumor necrosis factor-a was measured 30 days after bilateral
common carotid artery stenosis, and postmortem brains were analyzed for demyelinating change with Kliiver-Barrera
staining and immunostained for glial, oxidative stress, and vascular endothelial cell markers. Spatial working memory
was assessed by the Y-maze test.

Results—WMean systolic blood pressure and cerebral blood flow did not decrease with low-dose telmisartan but significantly
decreased with high-dose telmisartan. Low-dose telmisartan significantly attenuated, but high-dose telmisartan
provoked, spatial working memory impairment with glial activation, oligodendrocyte loss, and demyelinating change in
the white matier. Such positive effects of low-dose tehmisartan were partially offset by cotreatment with GW9662.
Consistent with this, low-dose telmisartan reduced the degree of oxidative stress of vascular endothelial cells and the
mRNA levels of monocyte chemoattractant protein-1 and tumor necrosis factor-a compared with vehicle.

Conclusions—Anti-inflammatory and antioxidative effects of telmisartan that were exerted in part by peroxisome
proliferator-activated receptor-y activation, but not its blood pressure-lowering effect, have protective roles against
cognitive impairment and white matter damage after chronic cerebral hypoperfusion. (Stroke. 2010;41:1798-1806.)

Key Words: chronic cerebral hypoperfusion m oligovascular niche m oxidative stress @ PPAR-y m telmisartan

rugs that target the renin—angiotensin system seem to
; have particilar potential for prevention of dementias,
including Alzheimer discase and vascular dementia. The
Perindopril Protection Against Recurrent Stroke Study
(PROGRESS) has suggested a protective effect of angioten-
sin-copverting enzyme inhibitors on cognitive function in
patients with stroke.! Moreover, the Study on Cognition and
Prognosis in the Elderly (SCOPE) trial demonstrated a
positive effect of the angiotensin II Type 1 receptor blocker
(ARB), candesartan, in a subgroup of elderly hypertensive
patients with mild cognitive impairment.? Notably, a prospec-
tive cohort analysis of 819 491 participants suggested that

ARBs are associated with a significant reduction in the
incidence and progression of dementia, even compared with
angiotensin-converting enzyme inhibitors.?

No benefit was found in cognitive performance after
administration of the ARB, telmisartan, at the subacute stage
(within 15 days) after stroke in the Prevention Regimen for
Effectively Avoiding Second Strokes (PRoFESS) study.*
However, in vitro studies have suggested that telmisartan, the
strongest peroxisome proliferator-activated receptor-y
(PPAR-v) activator among ARBs,* may protect oligodendro-
cytes and neurons through a reduction of brain inflammation
through PPAR-vy activation and AT, receptor blockade.
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Telmisartan has structural similarities to the PPAR-y ligand
pioglitazone and thus could act as a partial agonist of
PPAR-v3 PPAR-v, one of the nuclear recepiors, plays a
critical role in a variety of biological processes, including
angiogenesis, inflamumation, oxidative stress, glucose metab-
olism, and adipogenesis.® Moreover, PPAR-y activation in
the brain has been suggested as a protective effect against
Alzheimer discase through its multifaceted effects, including
anti-inflammation and amyloid-f clearance.® Therefore, in
the PRoFESS study, cxcessive lowering of blood pressure
(BP) in the period with cercbrovascular autoregulatory dys-
function may have affected the cerebral circulation and
neuronal function, although other factors could also be
involved.

The present study is thercforc designed to explore the
multifaceted effects of telmisartan on cognitive disturbances
in a mouse model of vascular dementia by administering a
hypotensive or a nonhypotensive dose of telmisartan. This
model of chronic cerebral hypoperfusion, which is produced
by placing microcoils bilaterally on the common carotid
arteries, invariably exhibits glial activation, oxidative stress,
inflammation, demyelinating change, and axonal loss in the
white matter with resultant spatial working memory defi-
cits.”® This in vivo systemn will help determine whether
telmisartan affects vascular autorcgulatory function and
whether and how telmisartan exets its protective effect
against cognitive impairment related to white matter damage.

Materials and Methods

Experimental Protocol

The experimental protocol is shown in Figure 1. Nine-week-old male
C57B1/6] mice (weighing 24 to 29 g; CLEA, Tokyo, Japan) were
fed with the pelleted chow (MF) containing low-dose telmisartan (1
myg/kg per day), high-dose telmisartan (10 mg/kg per day), or vehicle
with or without PPAR~y antagonist GW9662 (1 mg/kg per day;
Sigma-Aldrich) for all treatments, beginning from 7 days before the
bilateral common carotid artery stenosis (BCAS) surgery until 30

days post-BCAS. Immediately after spatial working memory was
assessed by the Y-maze test, mice were euthanized for histological
and real-time reverse transcriptase-polymerase chain reaction exam-
ination 30 days post-BCAS.

Surgical Procedure of BCAS

Under anesthesia with halothane (2%}, both common carotid arteries
were exposed through a midline cervical incision, and a microcoil
with an inner diameter of 0.18 mm was applied to the bilateral
common carotid arteries. See Supplemental Method I for details
(available at http://stroke.ahajournals.org).”#

Systolic BP and Cerehral Blood

Flow Measurements

Various doses of telmisartan (0 to 100 mgfkg per day) were
administered and the BP measured for determining noshypotensive
and hypotensive doses of telmisartan. Then, in mice receiving the
predetermined nonhypotensive or hypotensive dose of telmisartan or
vehicle, systolic BP and cerebral blood flow (CBF) were monitored
at 7 days before BCAS (before starting telmisartan treatment),
immediately before BCAS, and 2 hours, 1 day, 3 days, 7 days, 14
days, and 30 days after BCAS. See Supplemental Method II for
details.

Histochemical Evaluation of White Matter

Lesions, Glial Activation, and Oxidative Stress

The mouse brains were analyzed for demyelinating change with
Klitver-Barrera staining and immunostained for glial fibrillary acidic
protein (a marker of astrocyte), ionized calcium binding adaptor
molecule-1 (Iba-1; microglia), glutathione S-transferase-7 (GST-7;
oligodendrocyte), 8-hydroxy-deoxyguanosine (8-OHdG; oxidative
stress), and CD31 (vascular endothelial cell). See Supplemental
Method III for details.”

Quantitative Real-Time Reverse
Transcriptase-Polymerase Chain Reaction

Cerebral mRNA levels of monocyie chemoatiractant protein-1
(MCP-1) and tumor necrosis factor-a (TNF-o) were assessed by
quantitative real-time reverse transcriptase-polymerase chain reac-
tion pre-BCAS and 30 days post-BCAS. Detailed procedures are
described in Supplemental Method 1V,
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Y-Maze Test for Spatial Werking

Memory Assessment

Spatial working memory was assessed by the Y-maze test. The detail
of the Y-maze test protocol is described in Supplemental Method V.

Blood Concentration of Telmisartan
See Supplemental Method VI for details.

Statistical Analysis

All values are expressed as means®SEM in the text and figures.
One-way analysis of variance was used to evaluate significant
differences among groups except when otherwise stated. When a
statistically significant effect was found, a post hoc Tukey test or
Tukey-Kramer test was performed to detect the difference between
the groups. Temporal profiles of systolic BP and CBF were analyzed
by 2-way repeated-measures analysis of variance followed by a post
hoc Tukey test. Differences with P<0.05 were considered statisti-
cally significant in all statistical analyses used.

Results

Systolic BP and CBF After
Tebmisartan Administration
Treatment with telmisartan, =1 mg/kg per day, did not result
in a significant reduction in BP, whereas treatment with
telmisartan =3 mg/kg per day resulted in a significant
reduction in BP (Figwe 2A). CBF was not sigpificantly
reduced =1 mg/kg per day but began to decrease at 3 mg/kg
per day (Figure 2B). A nonhypotensive dose of 1 mg/kg per
day or a hypotensive dose of 10 mg/keg per day was
subsequently admiristered. Temporal profiles of systolic BP
and CBF were not affected by administration of a nonhypo-
tensive dose of telmisartan or addition of GW9662 (Figure
2C-E). CBF gradually recovered after BCAS in mice with
vehicle or a nonhypotensive dose of telmisartan but not in
those with a hypotensive dose of telmisartan (Figure 2E).
The mortality rates were 10% at =1 mg/kg per day in the
telmisartan-treated group after BCAS surgery. The mortality
rate increased to 30% at 3 mg/kg per day in the telmisartan-
treated group and 50% at 10 mg/kg per day in the telmisartan-
treated group. Eighty percent at 50 or 100 mg/kg per day in
the telmisartan-treated group died within 3 days post-BCAS.

Effects of Telmisartan on Glial Activation,
Oligodendrocyte Restoration, and White Matter
Lesion in Mouse Brain With Chronic

Cerebral Hypoperfusion

Immunohistochemical analysis showed that in response to
ischemic insults, resting astrocytes and microglia appeared to
enter a reactive state due to apparent morphological changes
characterized by thick dendritic formation. Such morpholog-
ical changes, however, were attenuated by a nonhypotensive
dose of telmisartan (Figure 3; compare 3A and 3C and
compare 31 and 3K). Both the number of ghal fibrillary acidic
protein-positive astrocytes and Iba-1-positive microglia were
significantly reduced in both the corpus callosum and anterior
commissure from a nonhypotensive dose of telmisartan-
treated BCAS mice compared with the vehicle-treated BCAS
mice (Figure 3G-H, O-P). Such effects of low-dose telmis-
artan were partially offset by cotreatment with GW9662
(Figure 3; compare 3C and 3D and compare 3K and 31.).

Next, a hypotensive dose of telmisartan was examined to
assess whether it ameliorated glial activation in BCAS-treated
mice. In contrast to a nonhypotensive dose, a hypotensive dose
of telmisartan caused substantial glial activation in the white
matter (Figure 3; compare 3C and 3E and compare 3K and
3M). Cotrcatment with GW9662 did not lead to additional
glial changes in the white matter of mice with vehicle
(Figure 3; compare 3A and 3B and compare 31 and 3J) or
high-dose telmisartan (Figure 3; compare 3E and 3F and
compare 3M and 3N).

Kliiver-Barrera staining showed that white matter lesions
were significantly attenuated in the nonbypotensive group com-
pared with the vehicle group (Figure 4; compare 4A and 4C).
Although patterns in oligodendrocytes arrangement could not be
seen in the vehicle-treated mice (Figure 4A), alignment in a row
formation could be seen in the group given a nonhypotensive
dose of telmisartan (Figure 4C). Such effects of low-dose
telmisartan were also partially offset by GW9662 (Figure 4;
compare 4C and 4D} with significant differences (Figure 4G-1).
In contrast, high-dose telmisartan did not attenuate white matter
lesions (Figure 4; compare 4A and 4E). There were no signifi-
cant histological differences between vehicle and bigh-dose
telmisartan-treated mice with or without GW9662, In addition,
administration of GW9662 had no cffects on morphology of the
white matier in sham-operated mice (data not shown), vehicle-
treated, BCAS-operated mice (Figure 4; compare 4A and 4B),
and high-dose telmisartan-treated, BCAS-operated mice (Figure
4; compare 4E and 4F). White matter Iesion Grade 3 (disappear-
ance of myelinated fibers) was only partially (approximately
10% of the white matter) observed in mice with vehicle or
high-dose telmisartan,

In addition, the number of GST-w-positive oligodendro-
cytes of the vehicle-treated mice were significantly decreased
in the white matter compared with that of mice treated with a
nonhypotensive dose of telmisartan (Figure 41-K).

Telmisartan Attenuates mRNA Expression of
Inflammatory Cytokines in Mouse Brain With
Chronic Cerebral Hypoperfusion

Cerebral mRNA expression of inflammatory cytokines such
as MCP-1 and TNF-a was significantly increased after the
BCAS but significantly attenuated by a nonhypotensive dose
of telmisartan 30 days post-BCAS (Figure 41.-M).

Vascular Endothelial Oxidative Stress in Mouse
Brain With Chronic Cerebral Hypoperfusion Was
Ameliorated by Telmisartan

To further explore the antioxidative effect of telmisartan,
8-OHdG-positive vascular endothelial cells of the brain were
assessed. The number of CD31-positive vascular endothelial
cells positive for 8-OHAG was markedly reduced by a nonhy-
potensive dose of telmisartan (Figure 5; compare 5A and 5C).
The difference was statistically significant as assessed by
8-OHdG/CD31-positive area (%; the percentage of 8-OHdG-
positive area to CD31-positive arca; Figure 57). Such antioxida-
tive effects of low-dose telmisartan were partially offset by
cotreatment with GW9662 (Figure 5; compare 5C and 5D). By
contrast, high-dose telmisartan showed an attenuated antioxida-
tive effect in comparison to low-dose telmisartan (Figure 5;
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