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ABSTRACT

$100 protein is expressed primarily by astroglia in the brain, and accumulates in and around
the ischemiclesions. Arundic acid, a novel astroglia-modulating agent, is neuroprotective in
acute cerebral infarction, whereas the protective effects remain unknown during chronic
cerebral hypoperfusion. Rats undergoing chronic cerebral hypoperfusion were subjected to
a bilateral ligation of the common carotid arteries, and were allowed to survive for 3, 7 and
14 days. The animals received a daily intraperitoneal injection of 5.0, 10.0 or 20.0 mg/kg of
arundic acid, or vehicle, for 14 days. Alternatively, other groups of rats received a delayed
intraperitoneal injection of 20.0 mg/kg of arundic acid or vehicle, which started from 1,3 or 7
days after ligation and continued to 14 days. The degree of white matter (WM) lesions and
the numerical density of $100 protein-immunoreactive astroglia were estimated. In the WM
of rats with vehicle injections, the number of S100 protein-immunoreactive astroglia
increased significantly after chronic cerebral hypoperfusion as compared to the sham-
operation. A dosage of 10.0 and 20.0 mg/kg of arundic acid suppressed the numerical
increase in 5100 protein-immunoreactive astroglia and the WM lesions. These pathological
changes were suppressed with delayed treatment up to 7 days in terms of astroglial
activation, and up to 3 days in terms of the WM lesions. The protective effects of arundic acid
against WM lesions were demonstrated in a dose-dependent manner, and even after
postischemic treatments. These results suggest the potential usefulness of arundic adid in
the treatment of cerebrovascular WM lesions.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

lacunar cerebral infarction, and non-occlusive arteriopathy
causes chronic cerebral hypoperfusion and WM lesions

Ischemic white matter (WM) lesions are frequently observed (Pantoni and Garcia, 1997). Indeed, WM lesions can be induced
in human cerebrovascular diseases (CVD), and are believed to by a ligation of the bilateral common carotid arteries (CCAs) in
be responsible for cognitive impairments in the elderly. It is rats, which leads to a 50-70% decrease in normal cerebral
believed that the occlusion of the small vessels results in blood flow (CBF) over an extended period of time (Tsuchiya
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et al,, 1992; Wakita et al., 1994). The myelins become rarefied
with a proliferation of the astroglia and an activaton of
microglia, plus oligodendroglial cell death with DNA frag-
mentation in the WM (Tomimoto et al., 2003).

8100 is a 20-kDa Ca-binding protein composed of and
subunits, and is primarily expressed by astroglia in the brain.
This protein may play a dual role in the regulation of cell
function, being beneficial to cells at low doses but detrimental
at high doses (Hu et al, 1996). In human CVD, a significant
correlation has been reported between the plasma concentra-
tion of S$100 protein and the volume of the cerebral infarct
{Aurell et al,, 1991). Although low concentrations of $100 protein
protect cultured neurons from glutamate-induced excitotoxic
damage, a high concentration of this protein upregulates the
expression of inducible nitric oxide synthase (INOS) in cultured
astroglia with the subsequent production of NO and death of
astroglia and neurons (Hu et al.,, 1996, 1997; Murphy, 2000).

Indeed, arundic acid, an agent that inhibits the astrocytic
synthesis of $100 (Asano et al.,, 2005), has been shown to be
neuroprotective in a rat model of acute cerebral infarction
(Tateishi et al,, 2002). Arundic acid may interfere with the
intricate pathways of astrocytic activation upstream to the
mRNA expression of various proteins, and is considered to be
a modulator of the gene expression and functions of astroglia
{(Asano et al., 2005; Shinagawa et al., 1999).

In the present study, we examined the protective effects of
arundic acid on WM lesions during chronic cerebral hypoper-
fusion, and also investigated its therapeutic window for
delayed treatment. Our results support the potential use of
arundic acid as a therapeutic intervention in human cerebro-
vascular WM lesions with cognitive impairment.

2, Results
2.1.  Mortality rates and laboratory data

In the first series of experiments, 1 out of 7 arundic acid-
treated rats died at a dosage of 5.0 mg/kg (14.3%), and none
died at dosages of 10.0 and 20.0 mg/kg (0.0%). The laboratory
data (erythrocyte count, leukocyte count, GOT, GPT, BUN and
creatinine levels) and rectal temperature were not significant-
ly different between the vehicle-treated and arundic acid-
treated rats (Table 1).

2.2.  Dose-dependent effect of arundic acid on S100 protein
expression

In the WM of the sham-operated animals, only a few astroglia
showed positive immunostaining for the S100 protein. From 3 to
14 days after the operation, the brains of the vehicle-treated
animals showed a numerical increase in astroglia, which were
immunoreactive for $100 protein in various WM regions such as
the optic nerve, optic tract, corpus callosum, and internal
capsule (Figs. 1A-D). These S100 protein-immunoreactive astro-
glia increased in number after BCAO as compared to the sham-
operated control group in these WM regions (Fig. 1E, Table 2).
In the 10.0 and 20.0 mg/kg arundic acid-treated rats, S100
protein-immunoreactive astroglia appeared to be less numer-
ous in the WM regions as compared to the vehicle-treated
animals for 14 days. In the semi-quantitative analysis, the
number of S100 protein-immunoreactive astroglia was re-
duced in both 10.0 and 20.0 mg/kg arundic acid-treated groups
as compared to the vehicle-treated group (p<0.001; Figs. 2A~
D). The number of astroglia decreased in the 5.0, 10.0 and
20.0 mg/kg arundic acid-treated groups compared to the
vehicle-treated group. The number was also reduced in the
20.0 mg/kg arundic acid-treated animals as compared to the
10.0 mg/kg arundic acid-treated animals (p<0.05), indicating
a dose-dependent effect for arundic acid (Fig. 2E, Table 2).

2.3.  Dose-dependent effect of arundic acid on WM lesions’

This dose-related protective effect was similarly observed with
respect to the WM lesions. In the 10.0 and 20.0 mg/kg arundic
acid-treated groups, the scores were lower as compared to the
vehicle-treated group (two-factor factorial ANOVA; p<0.001).
There were no significant differences in grading scores between
the 5.0 mg/kg arundic acid-treated group and vehicle-treated
group. However, the 20.0 mg/kg arundic acid-treated animals
showed a significant reduction (p<0.05) as compared to the
10.0 mg/kg arundic acid-treated animals (Fig. 2F, Table 2).

2.4.  Effects of delayed treatment

In the delayed-treatment group, which started from 1, 3, or 7
days after the operation, the number of $100 protein-
immunoreactive astroglia showed a significant decrease in
the WM regions as compared to the vehicle-treated animals
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Fig. 1 - Photomicrographs of the immunohistochemical staining for S100 protein in the corpus callosum. The rats were
subjected to a sham operation (A), or bilateral ligation of the carotid arteries for 3 days (B), 7 days (C) or 14 days (D). An insetin (D)
indicates that S100 protein is intensely expressed in astroglial foot processes around the blood vessel. Bars indicate 100 m.
E: Histograms of the numerical densities of $100 protein-immunoreactive astroglia in the WM of the rats after a bilateral
common carotid artery occlusion. Six animals were used in each group. The asterisks indicate statistical significance at p<0.01
by Mann-Whitey U test when compared with the sham-operated controls. cc, corpus callosum,; ic, internal capsule.

for 14 days (Figs. 3A-E, Table 2). The WM lesions were less
severe (two-factor factorial ANOVA; p<0.001) as compared to
the vehicle-treated group in the groups starting at 1 day and
3 days after the operation (Fig. 3F, Table 2), but there were no
significant changes in the group starting at 7 days.

3. Discussion

In the present study, we demonstrated a protective effect for
arundic acid against astroglial activation and WM lesions
during chronic cerebral hypoperfusion. Arundic acid sup-
pressed both the activation of the astroglia and the WM
lesions in a dose-dependent manner. Both the astroglial
activation and WM lesions were suppressed at dosages over
10 mg/kg, whereas the dosage of 5.0 mg/kg suppressed the
astroglial activation exclusively. Therefore, it is unlikely that
the activation of the astroglia was secondary to the WM

damage, but rather seems to be related to the causative
mechanism.

Microglia and astroglia are activated in the WM aberrantly
after chronic cerebral hypoperfusion (Wakita et al., 1994). This
activation occurs in a manner that predicts the extent and
severity of the subsequent WM damage, suggesting an
important role of glial activation in the pathogenesis of WM
lesions. In the susceptible WM, apoptosis of the oligodendrog-
lia is induced with an upregulation of inflammatory cytokines
including tumor necrosis factor alpha (TNF ), and free radicals
released from activated microglia and astroglia {Tomimoto et
al., 2003). In addition, the compromised BBB (Ueno et al., 2002)
may allow the entry of macromolecules and other blood
constituents such as proteases, immunoglobulins, comple-
ments, and cytokines into the perivascular WM tissues.

In studies using a neuronal and astroglia co-culture
system, a high concentration of S100 protein upregulated NO
release from the astroglia, which was shown to be neurotoxic
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Fig. 2 - Photomicrographs of the immunohistochemical staining for $100 protein in the corpus callosum. The animals received
an intraperitoneal injection of vehicle (A) or 5.0 mg/kg (B), 10.0 mg/kg (C) and 20.0 mg/kg (D) of arundic acid for 14 days.

In the arundic acid-treated animals, astroglia immunoreactive for $100 protein were less numerous as compared with the
vehicle-treated animals. Bars indicate 100 m. The histograms show the numerical densities of $100 protein-immunoreactive
astroglia (E), and the grading scores for the WM lesions (F) in rats receiving either vehicle or arundic acid for 14 days.
*p<0.05; **p<0.01 by Fisher’s protected least significant difference procedure, as compared to the vehicle-treated animals.
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Fig. 3 - Photomicrographs of the immunochistochemical staining for $100 protein in the corpus callosum. The animals received
an intraperitoneal injection of 20.0 mg/kg of arundic acid from 1 day (B), 3 days (C) or 7 days (D) after the operation, until

14 days. The control animals (A) received a daily injection of vehicle 1 day before the operation until 14 days. In the delayed
treatment with arundic acid, the number of $100 protein-immunoreactive astroglia was significantly reduced as compared with
the control animals. Bars indicate 100 m. The histograms show the numerical density of $100 protein-immunoreactive
astroglia (E) and the grading scores for the WM lesions (F) in rats receiving either vehicle or arundic acid from 1 day, 3 days or
7 days after the operation until 14 days. *p<0.05; **p<0.01 by Fisher’s protected least significant difference procedure, as
compared to the vehicle-treated animals.
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(Hu et al, 1997; Nawashiro et al, 2000). Although the
mechanism of responsible for this astroglial activation by a
low concentration of S100 protein remains unclear, this
protein is believed to be further activated by a positive
feedback loop (Guo et al., 2001; Murphy, 2000). It is postulated
that these excessively activated astroglia may cause second-
ary tissue damage by the production of cytotoxic cytokines
such as TNF , and cyclooxygenase 2 (COX2) and iNOS (Lam et
al.,, 2001; Sharp et al., 2000). Indeed, the delayed expansion of
the cerebral infarction was accompanied by astroglial activa-
tion as well as by an increased tissue level of $100 protein in
the peri-infarct area. Thus, the astroglial overexpression of
S100 protein is considered to play a pivotal role in infarct
expansion by causing alterations in the activities of multiple
intracellular signaling pathways and the expression of various
downstream proteins (Asano et al., 2005; Matsui et al., 2002).

Several in vitro and in vivo studies have determined the
pharmacological actions of arundic acid on astroglia. Arundic
acid acts selectively on astroglia and modulates their
activation, or prevents excessive activaton that may be
harmful to neighboring neurons. It does not act on neuronal
cultures directly, but suppresses the changes induced in the
co-cultured astroglia, such as an increase in 5100 content,
the secretion of nerve growth factor, a reduction in glutamate
transporter (GLT-1 and GLAST) expression and the disap-
pearance of GABAA receptors, in a dose-dependent manner,
without affecting GFAP expression (Asano et al, 2005;
Himeda et al, 2006; Katsumata et al, 1999; Matsui et al,,
2002). In addition, arundic acid inhibits the expression of
cyclooxygenase-2 or inducible nitric oxide synthase mRNA
induced by lipopolysaccharide in cultured astroglia (Shimoda
et al,, 1998).

The dosage ranging from 5 to 20 mg/kg in the present
study was comparable to that used in clinical application
(8 mg/kg/h in acute stroke patients) (Pettigrew et al., in press).
Furthermore, arundic acid was effective in delayed treatment
starting from 7 days in terms of astroglial activation, and
3 days in terms of the WM lesions. This broad therapeutic
time window is of clinical relevance, because the patients
with subcortical vascular dementia, a form of vascular
dementia characterized by diffuse WM lesions, frequently
undergo a latent deterioration and hospitalization delay
(Roman, 2005).

4, Experimental procedures
41.  Animals

Chronic cerebral hypoperfusion was induced in male Wistar
rats {150 to 200 g; Shimizu Laboratory Supplies Co. Ltd., Kyoto,
Japan) as previously described (Wakita et al., 1994). The ani-
mals were anesthetized with sodium pentobarbital (25 mg/kg,
i. p.) and were allowed spontaneous respiration throughout
the surgical procedure. Through a midline cervical incision,
both CCAs were exposed and double-ligated with silk sutures.
Their rectal temperature was monitored and maintained
between 36.0 and 37.0 °C during the surgical procedure, and
the rats were kept in animal quarters with standard rodent
chow and tap water ad libitum after the operation.

4.2, Treatment with arundic acid

The rats with vehicle (saline) treatment were sacrificed at 3,7
and 14 days (body weight, 300 g; n=6, for each group) to study
the temporal profile of the S100 protein-immunoractive
astroglia and the WM lesions. In the first series of experiments
with arundic acid, the animals received a daily intraperitoneal
injection of 5.0, 10.0 or 20.0 mg/kg of arundic acid, or vehicle,
from 1 day before the operation to 14 days afterwards (n=6 for
each group). At 14 days after ligation, the animals were
sacrificed and subjected to the experiments detailed below.
The sham-operated animals were treated similarly to the
operated ones, except the CCAs were not occluded. In the
second series with a delayed-treatment, the animals received
a daily intraperitoneal injection of 20.0 mg/kg of arundic acid
orvehicle from 1 day, 3 days or 7 days after the operation until
14 days (n=6 for each group). At 14 days after ligation, the
animals were sacrificed and subjected to the experiments
detailed below. The control animals received a daily injection
of vehicle 1 day after the operation until 14 days.

4.3.  Standard histological and immunohistochemical
study

After the operation, the animals were deeply anesthetized
with sodium pentobarbital and were perfused transcardially
with 0.01 mol/L phosphate-buffered saline (PBS), and then
with a fixative containing 4% paraformaldehyde and 0.2%
picric acid in 0.1 mol/L PB (pH 7.4). The brains were then stored
in 20% sucrose in 0.1 mol/L PBS {pH 7.4). These specimens were
embedded in paraffin and sliced into 2 m-thick coronal
sections. Kliiver-Barrera (KB) staining was used to observe any
histological changes. The severity of the WM lesions was
graded as normal (grade 0), disarrangement of the nerve fibers
(grade 1), formation of vacuoles (grade 2) and loss of
myelinated fibers {(grade 3) by two independent investigators
blinded to the type of treatment, as described elsewhere
(Wakita et al,, 1994). For the immunohistochemistry, poly-
clonal antibodies directed against the S100 protein (diluted
1:1000; Dakopatts, 4.5 mg/L) were used in the present study.
After incubation with the primary antibodies, the sections
were treated with a biotinylated anti-rabbit antibody (IgG)
(diluted 1:200; Vector Laboratories), and an avidin biotin
complex (diluted 1:200; Vector Laboratories) in 20 mmol/L
PBS containing 0.3% Triton-X. The sections were finally
incubated in 0.01% diaminobenzidine tetrahydrochloride and
0.005% H,0, in 50 mmol/L Tris HCl (pH 7.6). To test the
specificity of the immunohistochemical reaction, coronal
sections were treated with normal mouse IgG instead of the
primary antibodies. The number of nuclei with $100 protein-
immunoreactive cytoplasm was counted against a square test
grid in 20 representative fields (per 0.3 mm? of the corpus
callosum and internal capsule (n=6) by two independent
investigators blinded to the type of treatments as described
previously (Tomimoto et al., 1996).

4.4.  Statistical analysis

The data were expressed as means+SD. Differences in rectal
temperature between the groups were determined by a
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repeated-measure ANOVA, Differences in terms of laboratory
blood data were determined by a one-factor ANOVA between
each group. Differences in the grading scores were determined
by a two-factor factorial ANOVA followed by Fischer'’s
protected least significant difference procedure between
each group. The Kruskal-Wallis test followed by post-hoc
test was used to compare the ischemic group with the sham-
operated control group in the semiquantification for $100
protein-immunoreactive astroglia. A p value 0f<0.05 was
considered to be statistically significant.
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Heat shock proteins (HSPs) are molecular chaperones which can be induced by several kinds
of stresses, and Hsc70 and Hsp70 are two major members of the family of 70 kDa HSPs. A
major component of Lewy bodies (LBs) is -synuclein, and Hsp70 has been observed in the
LBs of brains with Parkinson’s disease. Hsp70 has also been demonstrated to have the ability

Keywords: to suppress -synuclein toxicity in vitro and in vive. To investigate the precise role of Hsc70

-Synuclein and Hsp70 in patients with multiple system atrophy (MSA), which is another -synuclein-
Glial cytoplasmic inclusion related disease, we performed immunohistochemical studies on Hsc70 and Hsp70 using
Hsc70 autopsied brains from 7 normal subjects and 15 patients with MSA. In the normal human
Hsp70 brains, both neurons and glial cells, including oligodendrocytes, showed only weak Hsc70

Multiple system atrophy and Hsp70 immunoreactivities. In contrast, in the brains with MSA, numerous glial
cytoplasmic inclusions (GCls) were intensely immunostained with Hsc70, and strong Hsc70
immunoreactivity was also found in glial intranuclear inclusions (GNIs), neuronal
cytoplasmic inclusions (NCIs) and neuronal intranuclear inclusions (NNIs) as well as
dystrophic neurites. The immunolabeling pattern for Hsp70 in the MSA brains was slightly
different from that of Hsc70, and Hsp70 immunoreactivity was observed in many reactive
astrocytes as well as some glial and neuronal inclusions. Our results suggest that the
widespread accumulation of Hsc70 and Hsp70 may occur in brains with MSA, and that Hsc70
and Hsp70 may be associated with the pathogenesis of MSA.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction (Graham and Oppenheimer, 1969). MSA is characterized clini-

cally by varying degrees of autonomic failure, cerebellar ataxia,

Multiple system atrophy (MSA) is a single nosological entity
which encompasses olivopontocerebellar atrophy (OPCA), stria-
tonigral degeneration (SND) and Shy-Drager syndrome (SDS)

Corresponding author. Fax: +81 75 751 3265.
E-mail address: kawamoto@kuhp kyoto-u.acjp (Y. Kawamoto).

parkinsonism and pyramidal tract signs (Wenning et al,, 1994).
Recently, MSA has been divided into two groups: one group
contains those patients with predominant cerebellar features

Abbreviations: BCIP/NBT, 5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium; GCls, glial cytoplasmic inclusions; GNIs, glial
intranuclear inclusions; HSPs, heat shock proteins; LBs, Lewy bodies; MSA, multiple system atrophy; MSA-C, MSA of the cerebellar type;
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Fig. 1 - Western blot analysis of normal human brain
homogenates (a, d), recombinant Hsp70 protein (b, €) and
recombinant Hsc70 protein (c, f). Lanes a, b and ¢ were
incubated with the anti-Hsc70 antbody, and lanes d, e and {
were incubated with the anti-Hsp70 antibody.

(MSA-C), and the other represents patients with predominant
parkinsonian features (MSA-P) (Gilman et al, 1999). Specific
oligodendroglial cytoplasmic inclusions, which are also referred
to as glial cytoplasmic inclusions (GCIs), are the pathological
hallmark of MSA (Nakazato et al., 1990; Papp et al., 1989), and the
presence of GCls strongly supports the concept of MSA as a
single entity (Papp et al., 1989). GCIs are argyrophilic inclusions
that can be detected at high sensitivity by the Gallyas silver
staining technique {Papp et al,, 1989), and are ultrastructurally
composed of loosely packed filaments coated by granular
materials (Nakazato et al.,, 1990; Papp et al., 1989).
Human -synuclein is a presynaptic protein of 140 amino
acid residues (Jakes et al., 1994), and missense mutations in the
-synuclein gene have been linked to some cases of autosomal
dominant familial Parkinson’s disease (PD) (Kriiger et al., 1998;
Polymeropoulos et al,, 1997). Lewy bodies (LBs) are neuronal
inclusions characteristic for PD (Pollanen et al,, 1993), and -
synuclein is a major component of both LBs (Spillantini et al.,
1997; Wakabayashi et al., 1997, 1998b) and GClIs (Gai et al., 1998;
Wakabayashi et al., 1998a,b); therefore, -synuclein-related
disorders, including PD and MSA, are now collectively referred
to as “ -synucleinopathy”. In addition to GCIs, -synuclein-
immunopositive inclusions are also observed in the neuronal
cytoplasm and nuclei of neurons and oligodendrocytes, and
they are termed neuronal cytoplasmic inclusions (NCIs), neuro-
nal intranuclear inclusions (NNIs) and glial intranuclear inclu-
sions (GNIs), respectively (Lin et al.,, 2004; Wakabayashi et al.,
1998a,b). Furthermore, a reduction in the solubility of -
synuclein has been shown to occur in brains affected by MSA
{Dickson et al,, 1999; Tu et al., 1998). These data suggest that the
neuronal and oligodendroglial accumulation of insoluble -
synuclein may be closely related to the pathogenesis of MSA.
Heat shock proteins (HSPs) are molecular chaperones which
are induced in response to heat shock, ischemia and other
stresses (Ohtsuka and Suzuki, 2000; Sharp et al, 1999). The
family of 70 kDa HSPs has two major members: Hsp70, an
inducible form, and Hsc70, a constitutively expressed form
(Ohtsuka and Suzuki, 2000; Sharp et al,, 1999). The localization of

Hsp70 in LBs from brains with PD has been previously reported
(Auluck et al, 2002; Shin et al, 2005), and Hsp70 has been
demonstrated to have the ability to suppress -synuclein
toxicity in vitro (Dedmon et al,, 2005; Klucken et al., 2004) and in
vivo (Auluck et al,, 2002; Klucken et al., 2004). However, the data
regarding Hsc70 and Hsp70in patients with MSA are very limited
(Uryu et al,, 2006), and therefore, we performed immunohisto-
chemical studies on Hsc70 and Hsp70 using autopsied brains
from patients with MSA. We observed the enhanced immu-
noexpression of both chaperones in those brains affected by
MSA.

2. Results
2.1.  Western blot analysis

Asingle band at a molecular weight of approximately 70 kDa was
immunostained by the anti-Hsc70 antibody in the normal
human cerebellar homogenate {Fig. 1a), and the anti-Hsc70
antibody also recognized the recombinant Hsc70 protein (Fig. 1c),
but not the recombinant Hsp70 protein (Fig. 1b). On the other
hand, a single band of about 70 kDa was immunolabeled with the
ant-Hsp70 antbody in the normal human cerebellar homo-
genate (Fig. 1d), and the anti-Hsp70 antibody reacted with the
recombinant Hsp70 antibody (Fig. 1e), but not the recombinant
Hsc70 protein (Fig. 1f). Furthermore, both the antibodies detected
only a single band of the same molecular weight in the cerebellar
homogenate from the patient with MSA (Figs. 2a, b). These
results indicate that the anti-Hsc70 and anti-Hsp70 antibodies
were specific for human Hsc70 and Hsp70, respectively.

2.2.  Hsc70and Hsp70 immunoreactivities in normal brains

In the normal human brains, the neurons generally showed
weak Hsc70 immunoreactivity (Fig. 34), and faint Hsc70

Fig. 2 ~ Western blot analysis of brain homogenates from the
patient with multiple system atrophy. Lanes a and b were
incubated with the anti-Hsc70 and anti-Hsp70 antibodies,
respectively.
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immunoreactivity was observed in a few glial cells, including
oligodendrocytes (Fig. 3B).

The immunolabeling pattern of Hsp70 in the normal
human brains was similar to that of Hsc70, and both neurons
and glial cells were mildly immunoreactive for Hsp70 (Figs.
3¢, D).

2.3.  Hsc70 immunoreactivity in brains with MSA

In contrast to the weak Hsc70 immunoreactivity observed in
the oligodendrocytes from the normal brains, numerous GCIs
were intensely immunostained with Hsc70 in various lesions
of the MSA brains, including the pontine nucleus (Fig. 4A),
middle cerebellar peduncle (Fig. 4B) and cerebellar white
matter (Fig. 4C). In addition, Hsc70-immunopositive GNIs,
which consisted of a few filamentous structures, were found
in some oligodendrocytes (Fig. 4D).

Similar to the normal controls, the remaining neurons
were generally immunostained weakly in the brains with
MSA, but strong Hsc70 immunoreactivity was localized
throughout the cell bodies and proximal processes of some
neurons (Fig. 4E). In the pontine and inferior olivary nuclei
from the MSA cases, NCIs and NNIs in some surviving neurons
were intensely immunolabeled (Figs. 4F, G). The NCIs were
round or oval in shape (Fig. 4F), and the NNIs were wisps
containing several filamentous structures (Fig. 4G). Further-
more, some dystrophic neurites were also densely immunor-
eactive for Hsc70 (Fig. 4H).

No significant difference was detected in the immunola-
beling patterns of the neuronal and oligodendroglial inclu-
sions between the MSA-C and MSA-P cases.

2.4.  Hsp70 immunoreactivity in brains with MSA
Similar to Hsc70, the GCIs were intensely immunostained with

Hsp70 (Figs. SA, B), but serial sections immunostained
alternately with the antibodies against Hsc70 and Hsp70

showed that the proportion of Hsp70-immunopositive GCls
was less than that of Hsc70-positive GCIs. The remaining
neurons generally showed weak Hsp70 immunoreactivity (Fig.
5C), and some surviving neurons contained Hsp70-immuno-
positive NCIs (Fig. 5D). In comparison to Hsc70, the Hsp70-
immunolabeled GNIs, NNIs and dystrophic neurites were very
few. In addition to the oligodendrocytes, many reactive
astrocytes were also strongly immunoreactive for Hsp70 (Fig.
5E), and immunopositive reactive astrocytes were distributed
abundantly in the severely affected lesions, where the
neuronal loss and astrogliosis were conspicuous (Fig. SF).
Hsp70-immunopositive reactive astrocytes were also
observed in the areas where no -synuclein-positive inclu-
sions were found. No significant difference was detected in
the immunostaining patterns of the -synuclein-containing
inclusions and reactive astrocytes between the MSA-C and
MSA-P cases.

2.5.  Double-labeling immunohistochemistry for
-synuclein and HSPs

The double-immunofluorescence staining sections showed
that -synuclein and Hsc70 were co-localized in most GCIs
{Figs. 6A-C), and the co-localization of -synuclein and Hsp70
was also observed in some GCIs {Figs. 6D-F). No significant
differences were detected in the co-localization of -synuclein
and Hsc70 or Hsp70 in the GCIs among the cerebellat white
matter, pontine base and putamen. The semiquantitative
analyses demonstrated that the average percentage of Hsc70-
or Hsp70-immunopositive GCIs in the -synuclein-immuno-
labeled GCIs was approximately 82.1% and 59.8%, respectively.

2.6.  Double-labeling immunohistochemistry for Hsc70 and
glial markers

The double-immunofluorescence staining sections revealed
that Hsc70-immunopositive glial cells were mainly transferrin-

Fig. 3 - Immunohistochemical staining with Hsc70 (A: Control 3; B: Control 5) and with Hsp70 (C: Control 3; D: Control 5) in the
normal pontine nucleus (A, C) and cerebellar white matter (B, D). Scale bars=50 m.
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Fig. 4 - Immunohistochemical staining with Hsc70 in the pontine nucleus (4, D-H), middle cerebellar peduncle (B) and
cerebellar white matter (C) from the patients with multiple system atrophy (A, G, H: MSA 2; B: MSA 3; D, F, G: MSA 11; E: MSA 14).
Note that strong Hsc70 immunoreactivity was observed in the glial cytoplasmic inclusions (GCls; A-C), glial intranuclear
inclusions (GNIs; D, arrow), neuronal cytoplasmic inclusions (NCis; F), neuronal intranuclear inclusions (NNis; G, arrow) and
dystrophic neurites (H). Scale bars=A~C,E50 m;D15 m;P-H25 m.

positive oligodendrocytes {Figs. 7A-C). In contrast, very few
Hsc70-immunopositive structures were located to glial fibrillary
acidic protein (GFAP)-positive astrocytes (Figs. 7D-F) and
leukocyte cornmon antigen (LCA)-positive microglia (Figs. 7G-1).

3. Discussion

The widespread distribution of GCIs in the central nervous
system is the main pathological feature of patients with MSA
(Papp and Lantos, 1994). In the present study, we performed
immunohistochemical studies on Hsc70 and Hsp70 using
autopsied brains from 7 normal subjects and 15 patients with

MSA, and then compared the immunostaining patterns
between the two groups. We found that a few glial cells,
including oligodendrocytes, showed weak Hse70 and Hsp70
immunoreactivities in the normal brains, but the GCIs were
strongly immunoreactive for Hsc70 and Hsp70 in the brains
with MSA. Our observations suggest that Hsc70 and Hsp70
may be expressed aberrantly in oligodendrocytes, and may be
associated with the formation of GCIs in those brains affected
by MSA.

Recently, Uryu et al. (2006) demonstrated that among the
various types of HSPs, Hsp90 was most prominently and
consistently co-localized with -synuclein in LBs and GCIs,
and in contrast to Hsp90, very few GCls were immunopositive
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Fig. 5 - Immunohistochemical staining with Hsp70 in the pontine nucleus (4, G, D), cerebellar whiie matter (B) and putamen
(E, F) from the patients with multiple system atrophy (A: MSA 2; B: MSA 3; G, E: MSA 11; D, F: MSA1). Some glial cytoplasmic
inclusions (GCIs; A, B) and neuronal cytoplasmic inclusions (NCIs; D) were intensely immunostained. In contrast to the strongly
immunopositive GCIs (C, arrows), the remaining neurons showed weak Hsp70 immunoreactivity (C). Reactive asirocytes as
well as GCIs were immunoreactive for Hsp70 (E), and immunopositive reactive asirocytes were abundant in the severely
affected areas (F). Scale bars=A~C,E,F50 m; D25 m.

Fig. 6 — Double-immunofluorescence staining for -synuclein (A, D; red) and Hsc70 (B; green) or Hsp70 (E; green) in the
cerebellar white matter from the patient with multiple system airophy (MSA 3). The merged images showed that -synuclein
and Hsc70 were co-localized in most glial cytoplasmic inclusions (GCis; C), and -synuclein and Hsp70 were co-localized in
some GCIs (F). Scale bar=F (also for A-E) 20 m.
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Fig. 7 - Double-immunofluorescence staining for Hsc70 (A, D, G; green) and transferrin (B; red), GFAP (E; red) or LCA (H; red) in
the pontine base from the patient with multiple system atrophy (MSA 5). The merged images showed that Hsc70-
immunopositive glial cells were mainly oligodendrocytes (C), and very few Hsc70-immunopositive structures were localized to

astrocytes (F) and microglia {I). Scale bar=I (also for A-H) 20 m.

for Hsc70 and Hsp70. Conversely, our present results showed
that numerous GCIs were strongly immunoreactive for Hsc70,
and to a lesser extent for Hsp70. Uryu et al. (2006) reported that
they used the anti-Hsc70 and anti-Hsp70 antibodies pur-
chased from W. Welsh. On the other hand, we selected the
anti-Hsc70 antibody from Stressgen and the anti-Hsp70 anti-
body from Santa Cruz Biotechnology, suggesting that the
different immunolabeling patterns for Hsc70 and Hsp70 in the
GCIs between Uryu’s results and our study may be partly due
to the properties of the different antibodies.

The accumulation of insoluble -synuclein occurs widely
in brains with MSA (Dickson et al., 1999; Tu et al., 1998), and -
synuclein immunoreactivity is localized not only to GCIs {(Gai
etal, 1998; Wakabayashi et al., 1998a,b), but also to GNIs, NClIs,
NNIs and dystrophic neurites (Lin et al., 2004; Wakabayashi et
al, 1998a,b). In the present study, we observed the same
immunolabeling patterns for neuronal and oligodendroglial
inclusions between -synuclein and Hsc70, and confirmed the
localization of Hsc70 immunoreactivity in GCIs, GNIs, NClIs,
NNIs and dystrophic neurites. According to the previous paper
(Uryu et al, 2006), co-immunoprecipitation analyses in
cultured cells showed that -synuclein interacted predomi-
nantly with Hsp90 and Hsc70. Furthermore, Western blot
analyses using brain homogenates from patients with -
synucleinopathies and -synuclein transgenic mice revealed
that Hsp90 and Hsc70 accumulated selectively in the deter-
gent insoluble fractions. These data suggest that both Hsp90
and Hsc70 may be closely related to the formation of these
neuronal and oligodendroglial inclusions through their inter-
actions with insoluble -synuclein in brains with MSA.

LBs have been reported to be immunostained with Hsp70
{Auluck et al., 2002; Shin et al,, 2005), and recent immunohis-
tochemical studies using anti-Hsc70 and anti-Hsp70 antibo-
dies showed that Hsc70 immunoreactivity in the LBs in nigral
neuromelanin-containing neurons from patients with PD was
detected more frequently than Hsp70 (Andringa et al., 2006).
Our immunohistochemical studies demonstrated that similar
to the LBs, Hsc70-immunopositive inclusions were observed
more frequently than Hsp70 in those brains with MSA. On the
other hand, our studies showed that many reactive astrocytes
were intensely immunolabeled with Hsp70 in the brains with
MSA, but only a few reactive astrocytes were immunopositive
for Hsc70 in the same areas. These results suggest that the
ligand of Hsp70 may be different from that of Hsc70, and that
there may be a difference between the significance of Hsp70
and Hsc70, and Hsc70 may make a greater contribution to the
formation of MSA-related neuronal and oligodendroglial
inclusions than Hsp70. Moreover, Hsp70 may be induced
more abundantly in reactive astrocytes than Hsc70 in the
affected brain areas of patients with MSA.

The aggregation of abnormally misfolded proteins, leading
to selective neuronal death, is generally thought to be a
common pathological feature of neurodegenerative diseases
(Agorogiannis et al., 2004). There are two major protective
mechanisms against abnormelly misfolded proteins: one is
the molecular chaperones which regenerate the misfolded
proteins, and the other is the ubiquitin-proteasome system
which targets misfolded proteins for degradation and pre-
vents their accumulation (Agorogiannis et al., 2004). GCIs are
usually ubiquitinated (Kato et al,, 1991; Murayama et al., 1992),
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and several chaperone proteins, including B-crystallin {Kato
etal,, 1991; Murayama et al., 1992), 14-3-3 proteins (Kawamoto
et al,, 2002; Komori et al., 2003) and Hsp90 (Uryu et al., 2006),
have been reported to be localized immunohistochemically to
GCIs. Our present results support the immunohistochemical
localization of Hsc70 and Hsp70 in GCIs. These results suggest
that these two major protective systems may be operating in
brains with MSA, and these molecular chaperones, including
Hsc70 and Hsp70, may be overexpressed in brains with MSA to
regenerate the abnormally misfolded proteins in GCIs, but that
these systems may not work well in terms of protein quality
control. Furthermore, the accumulation of molecular chaper-
ones in GCIs might cause a lack of these chaperones in
surviving neurons in brains with MSA, which may partially
contribute to the neuronal cell death. Taken together, further
research on the regulation of molecular chaperones, including
Hsc70 and Hsp70, will lead to the establishment of new
treatments for MSA.

4, Experimental procedures
4.1.  Tissue preparation

We studied autopsied brains from 7 control subjects without
_any neurological abnormalities (age range 54-75 years, mean:
SD 67.0+7.1 years) and 15 patients with MSA (age range 52-
78 years, mean=SD 68.5+7.6 years). These materials were
selected from the brain bank at the Neuropathology Labora-
tories of Kyoto University and Medical University Vienna.
Among the 15 patients with MSA, 10 patients were classified
as MSA-C and the other 5 patients were MSA-P, and the
clinical profiles from all cases are summarized in Table 1. All
brains were fixed in 10% neutral formalin for 2 weeks at room
temperature. Several paraffin-embedded tissue blocks,
including the basal ganglia, brainstem and cerebellum, were
prepared and cut into 6- m-thick sections on a microtome.
The paraffin-embedded sections were deparaffinized in
xylene, followed by rehydration in a decreasing concentration
of ethanol solutions. For routine pathological evaluation, the
deparaffinized sections from all cases were stained with
hematoxylin and eosin, Kliiver-Barrera and modified
Bielschowsky stains. No histological abnormalities were
detected in the sections from all of the control cases, and
numerous GCIs were observed in the sections from all MSA
cases. The experiments were undertaken with the under-
standing and written consent of each subject.

4.2. Immunchistochemistry

To examine the immunohistochemical localization of Hsc70
and Hsp70 in normal and MSA human brains, we used a rat
anti-Hsc70 monoclonal antibody (SPA-815; Stressgen, Victoria,
BC, Canada, 5 g/ml) and a goat anti-Hsp70 polyclonal antibody
(K-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA, 2 g/ml).
The deparaffinized sections were pretreated with 0.3% hydro-
gen peroxide (Santoku, Tokyo, Japan) in 0.1 M phosphate-
buffered saline (PBS) for 30 min at room temperature to inhibit
the endogenous peroxidase activity. After washing with 0.1 M
PBS, the sections were blocked with 0.1 M PBS with 3% skimmed

Duration of illness/

Case Age Diagnosis
(years)/ Postmortem delay
Sex

Control 1 62/M Pancreatic NA/3.0 h
carcinoma

Control 2 68/M Rheumatoid NA/20 h
arthritis

Control 3 73/M Hepatocellular NA/4.5 h
carcinoma

Control 4 68/F Breast cancer NA/25 h

Control 5 75/M Pulmonary NA/2.0 h
emphysema

Control 6 69/M Lung cancer NA/UD

Control 7 54/M Pneumonia NA/20 h

MSA 1 78/M MSA-C 7 years/4.8 h

MSA 2 66/M MSA-C 4 years/35h

MSA 3 72/F MSA-C 5 years/2.0 h

MSA 4 7UF MSA-C 4 years/82 h

MSA 5 78/M MSA-C 3years/1.8 h

MSA 6 66/M MSA-C 7 years/14h

MSA 7 76/M MSA-C 8 years/UD

MSA 8 67/F MSA-C 2 years/UD

MSA 9 58/F MSA-C UD/UD

MSA 10 66/F MSA-C uD/UD

MSA 11 52/F MSA-P 3 years/25h

MSA 12 77/F MSA-P 5 years/1.4 h

MSA 13 69/F MSA-P 8 years/6.1 h

MSA 14 72/F MSA-P 12 years/1.2h

MSA 15 60/M MSA-P 6 years/3.5 h

F: fernale; M: male; MSA: multiple system atrophy; MSA-C: MSA of
the cerebellar type; MSA-P: MSA of the parkinsonian type; NA: not
applicable; UD: undetermined.

milk for 2 h at room temperature, After rinsing with 0.1 M PBS,
the anti-Hsc70 or anti-Hsp70 antibody diluted in 0.1 M PBS was
applied onto the sections, and the sections were incubated at
room temperature overnight in a humidified chamber. After
washing with 0.1 M PBS, the sections were reacted with a
biotinylated anti-rat or anti-goat IgG (Vector Laboratories,
Burlingame, CA, USA) diluted in 0.1 M PBS (1:200) for 1 h at
room temperature, followed by an 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-HCI (pH 7.6), the sections were
developed in a colorizing solution containing 0.02% diamino-
benzidine tetrahydrochloride (Dojin, Kumamoto, Japan), 0.6%
ammonium nickel (I} sulfate (Wako, Osaka, Japan) and 0.005%
hydrogen peroxidein 0.05 M Tris-HCl (pH 7.6) for 10 min at room
temperature. As negative immunohistochemical controls,
some sections were incubated with normal rat or goat serum,
and no specific immunopositive staining was detected in these
control sections {data not shown).

4.3.  Double immunofluorescence staining

To compare the anatomical distribution of immunopositive
GCIs containing -synuclein and Hsc70 or Hsp70, we per-
formed double-labeling immunochistochemistry using a
monoclonal mouse anti- -synuclein antibody (211; Santa
Cruz Biotechnology) plus the anti-Hsc70 or anti-Hsp70
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antibody. Some sections from the patients with MSA were
incubated with the antibodies against -synuclein (211;4 ¢/
ml) and Hsc70 (SPA-815; 5 g/ml) or Hsp70 (K-20; 2 g/ml) in
0.1 M PBS at room temperature overnight. After washing with
0.01 M PBS, the sections were reacted with secondary
antibodies consisting of a tetramethylrhodamine-conjugated
rabbit anti-mouse IgG (DakoCytomation, Glostrup, Denmark)
and a fluorescein isothiocyanate-conjugated rabbit anti-rat
IgG (DakoCytomation) or swine anti-goat IgG (Biosource,
Camarillo, CA, USA). After rinsing with 0.01 M PBS, the slides
were coverslipped with Vectashield (Vector Laboratories), and
viewed with the aid of a fluorescence microscope.

To estimate the proportion of GCIs which were immunor-
eactive for Hsc70 or Hsp70, we prepared double-immuno-
fluorescence staining sections of the cerebella, pontes and
basal ganglia from all patients with MSA. We randomly chose
one hundred -synuclein-immunopositive GCIs in the cere-
bellar white matter, pontine base or putamen of each section
from all MSA cases. We then counted the number of Hsc70- or
Hsp70-immunopositive GCIs in the one hundred -synuclein-
positive GCIs in each section from all MSA cases, and
calculated the averaged percentage of Hsc70- and Hsp70-
immunopositive GCIs, respectively.

To characterize Hsc70-immunopositive glial cells, we
performed double-labeling immunohistochemistry using a
mouse monoclonal anti-transferrin antibody (Hytest, Turku,
Finland) as a marker for oligodendrocytes, a mouse mono-
clonal anti-GFAP antibody (DAKO, Glostrup, Denmark) as a
marker for astrocytes, and a mouse monoclonal anti-LCA
antibody (DAKO) as a marker for microglia. Some sections
from the patients with MSA were incubated with the
antibodies against Hsc70 (SPA-815; 5 g/ml) and transferrin
(1:1000), GFAP (1:1000) or LCA (1:100) in 0.1 M PBS at room
temperature overnight. After washing with 0.01 M PBS, the
sections were double-immunostained using the same method
described above.

4.4.  Characterization of the primary antibodies

The specificity of the anti-Hsc70 and anti-Hsp70 antibodies
was verified by Western blotting using human brain homo-
genates. Fresh brain tissues were obtained from the cere-
bellum of an autopsied normal subject (68-year-old male)
and an autopsied patient with MSA (66-year-old female).
These materials were homogenized in 3 volumes of ice-cold
10 mM PBS containing 1% Nonidet P-40 (Nacalai Tesque,
Kyoto, Japan), 0.5% sodium deoxycholate (Difco, Detroit, M,
USA), 0.1% sodium dodecyl sulfate (SDS; Nacalal Tesque),
0.01% phenylmethylsulfonyl fluoride {Nacalai Tesque), 3%
aprotinin (Sigma, St Louis, MO, USA) and 1 mM sodium
orthovanadate (Sigma). The homogenates were then centri-
fuged at 15,000 rpm for 15 min at 4 °C, and the supernatants
were then mixed with an equivalent volume of electrophor-
esis sample buffer containing 10% glycerol (Nacalai Tesque),
2% SDS, 5% 2-mercaptoethanol (Nacalai Tesque) and
0.00125% bromophenol blue (Nacalai Tesque) in 62.5 mM
Tris-HCl (pH 6.8). Recombinant bovine Hsc70 protein (SPP-
751; Stressgen) and recombinant human Hsp70 protein (NSP-
555; Stressgen) were dissolved in the same electrophoresis
sample buffer to a concentration of 10 g/ml. All of the

samples were heated for 3 min at 100 °C and then cooled to
room temperature. A 10 1 aliquot of the sample was then
loaded onto each lane of Mini-Protean II Ready Gels J (Bio-
Rad, Hercules, CA, USA), electrophoresed at a constant
voltage of 200 V and then transferred onto polyvinylidene
difluoride (PVDF) membranes (Bio-Rad) at a constant voltage
of 100 V. After blocking the non-specific reactions with 3%
skim milk in 25 mM Tris-buffered saline (TBS), the mem-
branes were incubated with the anti-Hsc70 (SPA-815; 5 g/ml)
or anti-Hsp70 antibody (K-20; 2 g/ml) in 25 mM TBS with 3%
skim milk for 4 h at room temperature. After washing with
25 mM TBS containing 0.1% Tween-20 (TBST), the mem-
branes were reacted with an alkaline phosphatase-labeled
anti-rat IgG (KPL, Gaithersburg, MD, USA, 0.2 g/ml) or anti-
goat IgG (Vector, 1:1000) in 25 mM TBS with 3% skim milk for
1h at room temperature. After rinsing with 25 mM TBST, the
primary antibodies were visualized using a 5-bromo-4-
chloro-3-indolyl-phosphate/nitroblue tetrazolium (BCIP/NBT)
kit (Nacalai Tesque).
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Formation of misfolded protein aggregates is a re-
markable hallmark of various neurodegenerative dis-
eases including Alzheimer disease, Parkinson disease,
Huntington disease, prion encephalopathies, and amyo-
trophic lateral sclerosis (ALS). Superoxide dismutase 1
(SOD1) immunoreactive inclusions have been found in
the spinal cord of ALS animal models and patients, im-
plicating the close involvement of SOD1 aggregates in
ALS pathogenesis. Here we examined the molecular
mechanism of aggregate formation of ALS-related SOD1
mutants in vitro. We found that long-chain unsaturated
fatty acids (FAs) promoted aggregate formation of SOD1
mutants in both dose- and time-dependent manners.
Metal-deficient SOD1s, wild-type, and mutants were
highly oligomerized compared with holo-SOD1s by incu-
bation in the presence of unsaturated FAs. Oligomeriza-
tion of SODI1 is closely associated with its structural
instability. Heat-treated holo-SOD1 mutants were
readily oligomerized by the addition of unsaturated
FAs, whereas wild-type SOD1 was not. The monounsat-
urated FA, oleic acid, directly bound to SOD1 and was
characterized by a solid-phase FA binding assay using
oleate-Sepharose. The FA binding characteristics were
closely correlated with the oligomerization propensity
of SOD1 proteins, which indicates that FA binding may
change SOD1 conformation in a way that favors the
formation of aggregates. High molecular mass aggre-
gates of SOD1 induced by FAs have a granular morphol-
ogy and show significant cytotoxicity. These findings
suggest that SOD1 mutants gain FA binding abilities
based on their structural instability and form cytotoxic
granular aggregates.

Amyotrophic lateral sclerosis (ALS)! is a progressive and
fatal neurodegenerative disorder that mainly affects motor

* This work was supported by research grants from RIKEN Brain
Science Institute and a grant-in-aid from the Ministry of Education,
Culture, Sports, and Technology of Japan. The costs of publication of
this article were defrayed in part by the payment of page chdrges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

| To whom correspondence should be addressed: Dept. of Neurology,
Kyoto University Graduate School of Medicine, 54 Kawahara-cho, Sho-
goin, Sakyo-ku, Kyoto 606-8507, Japan. Tel.: 81-75-751-3770; Fax: 81-
75-761-9780; E-mail: ryosuket@kuhp.kyoto-u.ac.jp.

1 The abbreviations used are: ALS, amyotrophic lateral sclerosis;
FALS, familial amyotrophic lateral sclerosis; SOD1, superoxide dis-
mutase 1; FA, fatty acid; AA, arachidonic acid; MTS, 3-(4,5-
dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium.

This paper is available on line at http://www.jbc.org

neurons in the brain stem and spinal cord. Approzimately 10%
of ALS patients are familial cases, with autosomal dominant
inheritance. More than 90 different mutations in the gene
coding for superoxide dismutase 1 (SOD1) have been identified
in about 20% of familial ALS (FALS) families (1, 2). Although
the molecular mechanisms of selective motor neuron degener-
ation by SOD1 mutants in FALS remain largely unknown,
common pathological features of conformational diseases, as
evidenced by SOD1 immunoreactive inclusions, are found in
the spinal cord of ALS patients and in the SOD1 mutant FALS
mouse model (3—8). The characteristics of FALS resemble those
of many other neurodegenerative diseases in which a causative
protein undergoes a conformational rearrangement, which en-
dows it with a tendency to aggregate and form deposits within
affected tissues.

SOD1 is a 32-kDa homodimeric enzyme that decreases the
intracellular concentration of superoxide radicals by catalyzing
their dismutation to O, and H,0,. ALS-linked mutations of
SOD1 are distributed throughout the primary and tertiary
structures, and most mutations appear unrelated to the dis-
mutase activity. Many biochemical and biophysical studies
have reported that SOD1 mutants are structurally unstable
compared with wild-type forms (10-13). These observations
suggest that the mutations primarily affect the structural sta-
bility of SOD1 rather than the enzyme activity.

The half-life of SOD1 mutants is shorter than that of wild-
type forms in cultured cells (14). SOD1 mutants form a complex
with Hsp70 and CHIP, which promotes degradation of SOD1
through the ubiquitin-proteasome system (15). Hsp70 directly
binds metal-deficient wild-type SOD1 as well as SOD1 mu-
tants, suggesting that destabilized SOD1 is targeted by the
molecular chaperone system (15, 16). These observations imply
that structural stability of SOD1 may also be strongly involved
in refolding by the chaperone or in degradation of SOD1 by the
ubiquitin-proteasome system. On the other hand, aggregates of
mutant SOD1 are observed to have aggresome-like morphology
when cells are treated with a proteasome inhibitor (14). This
aggresome-like morphology resembles pathological inclusions
of neurodegenerative diseases in affected tissues. These find-
ings suggest that in disease states, misfolded proteins over-
whelm the protein handling systems, including chaperones
and proteasomes. Therefore, the formation of cellular inclu-
sions may be required for other factors to act as modulators to
promote protein aggregates. In fact, lipid molecules, includ-
ing unsaturated fatty acids (FAs), phosphatidylserine, and
phosphatidylinositol, promote amyloidogenesis of amyloid
B-peptides, tau (17), and a-synuclein (18, 19) in vitro. These
molecules are biologically significant as mediators for signal-
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ing and inflammation during disease progression of
neurodegeneration.

Here we investigated in vitro SOD1 aggregation affected by
FAs to create an aggregation model system for FALS. We
demonstrated that unsaturated FAs promote self-assembly
and cytotoxic aggregate formation of SOD1. Aggregation by
FAs is strongly correlated with structural instability and FA
binding activity of SOD1, which may have significant implica-
tions in FALS.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Characterization of Recombinant
SOD1 Proteins—pcDNAS-SOD1 (20) was digested with EcoRV and
Xhol and subcloned into blunted Ncol and Xhol sites of pET-15(b)
(Novagen) to construct the expression plasmid. Expression of recombi-
nant SOD1 proteins was induced in BL21(DE3)pLysS by adding 1 mM
isopropyl 1-thio-B-D-galactopyranoside, 0.1 mM CuCl,, and 0.1 mM
ZnCl, until cells were grown to 0.6 absorbance unit at 600 nm, and then
bacterial cells were further cultured at 23 °C for 6 h. Cells were pelleted
and resuspended in TNE buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl,
and 0.1 mM EDTA) supplemented with protease inhibitor mixture
(Roche Applied Science). Cells were then disrupted by sonication. In-
soluble materials were removed by centrifugation at 10,000 X g for 30
min. Supernatant was collected for further purification. Purification
was performed according to Hayward et al. (11), with minor modifica-
tions. Briefly, ammonium sulfate powder was added to the supernatant
to 65% saturation with gentle stirring on ice. The supernatant, after
centrifugation at 10,000 X g for 30 min, was directly loaded for phenyl-
Sepharose (Amersham Biosciences) column chromatography. The col-
umn was thoroughly washed with TNE buffer containing 2 M ammo-
pnium sulfate. Proteins were eluted using a linearly decreasing salt
gradient. SOD1 activity measurement using a xanthine/santhine oxi-
dase-based method (21) identified fractions containing SOD1. Activity
fractions were desalted by ultrafiltration using a centricon filter (Mil-
lipore). SOD1 was re-metallated as described previously (22). The pro-
teins were then loaded onto a Q-Sepharose (Amersham Biosciences)
anion exchange column and eluted using a linearly increasing salt
gradient toward a buffer containing 200 mM NaCl and 10 mM Tris-HC],
pH 8.0. Fractions containing SOD1 were pooled and concentrated. Ho-
mogeneity of SOD1 was >95%, as verified by SDS-PAGE with Coomas-
sie Brilliant Blue staining. Specific activity of the purified enzymes was
assayed and calculated by bovine SOD1 (Cayman) or human SOD1
purified from erythrocytes (Sigma-Aldrich) as standards. Fully metal-
lated SOD1 was delipidated using hydroxyalkoxypropyl dextran type
111 (Sigma-Aldrich) as described previously (19) before de-metallation.
Metal-deficient apo-enzymes were prepared as described previously
(23), and loss of enzyme activity was confirmed after de-metallation.
The metal content of purified enzymes was estimated as descaribed
previously (22).

Oligomerization of SODI—A stock solution of 25 mM FAs was pre-
pared in 0.01 M NaOH containing 25 uM butylated hydroxytoluene.
SOD1 proteins were filtered through Microcon YM-100 (100-kDa cutoff)
filters (Millipore) to remove high molecular mass SOD1 before oli-
gomerization. FAs were added directly to preincubated SOD1 at 37 °C
in 50 mM phosphate buffer, pH 7.2, containing 150 mM NaCl and 0.1 mM
EDTA and further incubated at the same temperature.

SDS-PAGE and Western Blotting—For detection of SOD1 oligomers,
SDS-PAGE was performed under non-reducing conditions using 12.5%
polyacrylamide gels. After oligomerization of SOD1, protein samples
were prepared in SDS-PAGE loading buffer (62.5 mM Tris-HC], pH 6.8,
1% SDS, 5% glycerol, and 0.007% bromphenol blue) in the absence of
B-mercaptoethanol and then boiled at 95 °C for 3 min before loading.
Western blotting was performed as described previously (24). Briefly,
proteins were transferred to Hybond ECL nitrocellulose membranes
(Amersham Biosciences), followed by UV cross-linking, boiling mem-
branes in 2% SDS and 50 mM Tris, pH 7.6, for 10 min, and extensive
washing in Tris-buffered saline. For detection of SOD1, rabbit anti-
SOD1 antibody (Stressgen) was used.

Glycerol Density Gradient Centrifugation and Densitometric Analy-
sis—A glycerol linear gradient of 10—40% was prepared in a centrifuge
tube. Formation of the SOD1 oligomer was performed as described
above. Approximately 200 ul of incubated SOD1 was layered onto a
glycerol cushion and separated by centrifugation with a SW41Ti rotor
(Beckman) at 35,000 rpm for 15 h. In a parallel experiment, protein
standards (Amersham Biosciences) were separated simultaneously in
order to calibrate fractions. Fractions were subjected to SDS-PAGE

Oligomerization of SOD1 Mutants by Fatty Acids

under non-reducing conditions, and then Western blotting was per-
formed. Western blot images were analyzed using image analysis soft-
ware (Scion Image Beta 4.02; Scion Corp.).

Solid-phase Oleic Acid Binding—Sodium salt of oleic acid (Sigma-
Aldrich) was coupled to EAH-Sepharose (Amersham Biosciences) by
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (Pierce) to prepare
oleate-Sepharose according to Peters et al. (25). Oleic acid coupling was
verified by binding bovine serum albumin and recombinant a-synuclein
protein. Mock-Sepharose was prepared from EAH-Sepharose by block-
ing coupling ligand with 1 M acetic acid. For the binding assay, 200 ng
of Microcon-filtered protein was incubated with oleate-Sepharose or
mock-Sepharose in 400 ul of phosphate-buffered saline containing 0.1
mM EDTA at 37 °C for 30 min with agitation. Protein bound to Sepha-
rose was settled on a spun column and washed extensively with phos-
phate-buffered saline. The bound protein was then eluted with 50%
ethanol. Eluates were subjected to SDS-PAGE and Western blotting.

Transmission Electron Microscopy—SOD1 proteins (40 uM) were in-
cubated at 37 °C for 24 h in 50 mM phosphate buffer (pH 7.2) containing
150 mM NaCl and 0.1 mMm EDTA supplemented with 100 uM arachidonic
acid. The samples were absorbed to a glow-charged supporting mem-
brane on 400-mesh grids and fixed by floating on 2.5% glutaraldehyde
and 4% paraformaldehyde in 0.1 M phosphate buffer for 5 min. After
three washes with distilled water, samples were negatively stained by
2% sodium phosphotungstic acid and dried. Specimens were observed in
a LEO 912AB electron microscope (LEO Electron Microscopy), operated
at 100 kV.

Toxicity Assay—Cytotoxicity of protein aggregates was measured as
described previously (26, 27). In brief, neuro2a mouse neuroblastoma
cells were maintained in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum and 2 mM glutamine in 5% CO, at 37 °C. Cells were
differentiated in serum-free Dulbecco’s modified Eagle’s medium with
0.3 mM dibutylyl cAMP before use. Cells were plated at 30,000 cells/well
in 96-well plates and differentiated overnight. The medium was re-
moved, and prepared SOD1 aggregates were added in new medium
without phenol red. After incubation for 18 h at 37 °C, the cells were
assayed using an MTS reduction assay kit (Promega). Another plate
also treated as described above was stained for 1 min with trypan blue,
and stained cells were counted as dead cells.

RESULTS

Unsaturated Fatty Acids Promote Self-assembly of SOD1s—
We expressed and homogeneously purified recombinant human
SOD1s from the bacterial expression system (Fig. 14). The
purified wild-type and G93A enzymes showed comparable spe-
cific activity; however, A4V mutant showed ~56% activity com-
pared with that of wild-type enzyme (Fig. 1B). The zinc ion
content of the purified enzymes showed almost full occupancy;
however, copper ion content of A4V was 54.5% of the wild-type
level (Fig. 1C). Specific activity was correlated with copper ion
occupancy of purified enzyme, indicating proper metal loading
in the active site.

We next examined the effect of long-chain FAs on oligomer-
ization of SOD1 proteins. Wild-type and mutant (A4V and
G93A) SOD1 were incubated with various concentrations of
arachidonic acid (AA) as described under “Experimental Pro-
cedures.” After incubation, oligomerized SOD1 was subjected to
SDS-PAGE and then detected by Western blotting. Under re-
ducing conditions, mainly bands of ~16 and 38 kDa, corre-
sponding to monomer and dimmer sizes of SOD1, respectively,
were detected (Fig. 24). In contrast, under non-reducing con-
ditions, smeared patterns of >50 kDa in size were supposed to
be SOD1 oligomers (Fig. 24). These observations suggest that
disulfide bonds maintained SOD1 oligemers. Thus, non-reduc-
ing SDS-PAGE was thought to be an efficient method to detect
SOD1 oligomers and aggregates. Among the holo-enzymes,
wild-type and G93A were not oligomerized; instead, they seg-
regated as monomer and dimer size bands (Fig. 2B, top panel).
After incubation with >100 uM AA, holo-A4V showed a faint
smear pattern that was seen from 50 kDa to near the stacking
gel range beside monomer- and dimer-size bands (Fig. 2B, top
panel). In contrast, all metal-deficient enzymes, regardless of
mutations, were oligomerized in the presence of >30 um AA
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Fic. 1. Characterization of purified recombinant SOD1s. A, purified SOD1s were separated using SDS-PAGE and stained with Coomassie
Brilliant Blue. B, dismutase activity of the purified SOD1s was assayed by the xanthine/xanthine oxidase-based method. One unit of the activity
is defined as the amount of enzyme needed to exhibit 50% of dismutation of the superoxide radicals. C, metal content of the purified SOD1s was

measured using 4-pyridylazoresorcinol assay in 6 M guanidine-HCL
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inducing oligomers of SOD1 were separated using SDS-PAGE with or

without B-mercaptoethanol. B, apo-enzymes of SOD1 mutants (2.5 uM) were incubated at 37 °C in the presence of 100 uM AA. At each time point,
aliquots were placed on ice to stop the reaction. C, purified holo- or apo-SODI proteins (2.5 1M) were incubated at 37 °C for 90 min in the presence
of the indicated AA concentration. Incubated proteins were mized directly with SDS-PAGE treatment buffer without reducing agents and boiled.
SDS-PAGE was performed under non-reducing conditions. Proteins were detected by Western blotting as described under “Experimental

Procedures.” Arrows indicate the position of stacking gels.

(Fig. 2B, bottom panel). Apo-enzymes demonstrated higher oli-
gomerization propensity than holo-enzymes depending on AA
concentration (Fig. 2B). Thus, AA efficiently promoted oli-
gomerization of SOD1s.

Next, we performed a time-course analysis of SOD1 oli-
gomerization in the presence of AA. Metal-deficient G93A and
A4V were oligomerized in a time-dependent manner (Fig. 20).
Maximum oligomerization was reached within 60 min of incu-
bation in the presence of AA (Fig. 20).

We then examined the effect that various FAs, including
stearic acid, oleic acid, linoleic acid, and AA, have on SOD1
oligomerization. Unsaturated FAs, including oleic acid, linoleic
acid, and AA, promoted SOD1 oligomerization (Fig. 3). How-
ever, saturated FAs and stearic acid had little effect on SOD1
oligomerization (Fig. 3). SOD1 oligomerization induced by FAs
required at least monounsaturated FAs. This result may reflect
the difference of solubility between unsaturated and saturated
FAs in the buffer.

We verified the formation of SOD1 oligomers using a 10—
40% glycerol density gradient centrifugation because presum-
able artifacts after detection of SOD1 oligomers using non-
reducing SDS-PAGE may have remained. After fractionation,
we could not observe high molecular mass SOD1 oligomers

vvvvv & ¥

Fic. 3. Unsaturated fatty acids affect oligomerization of SOD1.
Apo-enzymes of SOD1 mutants were incubated at 37 °C for 90 min in
the presence of FAs at concentrations of 100 uM: 18:0, stearic acid; 18:1,
oleic acid; 18:2, linoleic acid; and 20:4, arachidonic acid. Arrows indicate
the position of stacking gels.

from the incubated sample in the absence of AA; fractions were
<67 kDa and potentially represented monomer and dimer
states (Fig. 44, top panel). In contrast, we detected high mo-
lecular mass oligomers in fractions of >440 kDa from the
incubated sample in the presence of AA (Fig. 44, bottom panel).
Under these conditions, SOD1 with molecular mass of <67 kDa
was dramatically decreased compared with the sample incu-
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Fic. 4. Glycerol density gradient centrifugation and densito-
metric analysis of SOD1 oligomers. A, apo-A4V (2.5 uM) was incu-
bated at 37 °C for 90 min in the absence or presence of 100 uM AA before
loading on the glycerol cushion. After centrifugation, fractions were
collected from the bottom of the tubes and then subjected to SDS-PAGE
under non-reducing conditions. SOD1 proteins were detected by West-
ern blotting. B, for densitometric analysis, we measured mean density
per lane after background subtraction. Total mean density was similar
under each condition, by calculating the mean density of visible lanes
(lanes 1-8 for oligomers and lanes 21-25 for dimer or monomer). Arrows
indicate the position of stacking gels.

bated in the absence of AA (Fig. 44, bottom panel). Although
oligomers of >440 kDa were fractionated by the glycerol den-
sity gradient centrifugation, these were detected as monomer,
dimer, and smeared high molecular mass bands that reached
stacking gels under non-reducing SDS-PAGE (Fig. 44, bottom
panel). This indicates oligomers are partly disrupted during the
boiling of the SDS-PAGE loading buffer. We next performed
densitometric analysis from Western blotting images to esti-
mate the amount of oligomerized SOD1 (Fig. 4B). The resulting
image analysis found that immunoreactivity for oligomers was
~80% of the total immunoreactivity.

Structural Instability of SODI Is Correlated to Oligomeriza-
tion Propensity and FA Binding—We showed the FA-induced
oligomerization propensity of apo-SOD1s was higher than that
of holo-SOD1. This implies that protein stability might be
strongly associated with FA-induced oligomerization propen-
sity. Among the holo-enzymes, wild-type and G93A were not
oligomerized under our experimental conditions (Fig. 2B, fop
panel). To examine the correlation between oligomerization
propensity and protein stability of holo-enzymes, holo-SOD1
was heated and then oligomerized by AA. In the absence of AA,
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Fic. 5. Thermally destabilized SOD1 mutants show a high oli-
gomerization propensity. Holo-enzymes were heat-treated at the
indicated temperatures for 30 min before addition of 100 uM AA and
then further incubated at 37 °C for 1 h. SDS-PAGE was performed
under non-reducing conditions. Proteins were detected by Western blot-
ting as described under “Experimental Procedures.” Arrows indicate
the position of stacking gels.

only heat-treated A4V was oligomerized (Fig. 5, left panel). In
the presence of AA, heat-treated G93A and A4V were highly
aggregated, but under the same conditions, wild-type SOD1
was not (Fig. 5, right panel). Oligomerization was observed
above 58 °C for G93A and above 48 °C for A4V (Fig. 5, right
panel). In the previous study, A4V was more unstable than
G93A for heat treatment analyzed by differential scanning
calorimetry (12). This result suggests that structural instabil-
ity is strongly correlated with oligomerization propensity in-
duced by FAs.

Although we showed that FAs promoted SOD1 oligomeriza-
tion, the mechanism is not perfectly understood. Similarly,
unsaturated FAs oligomerize a-synuclein and tau. In the case
of a-synuclein and tau, FAs were bound to proteins, which
suggested that oligomerization mechanisms underlie the FA
binding characteristics of protein. To examine whether SOD1
binds to FAs, we carried out a solid-phase oleic acid binding
assay. Among the holo-enzymes, very small amounts of holo-
A4V were bound to the oleate-Sepharose column, whereas wild-
type and G93A were not (Fig. 64). All of the apo-enzymes were
bound to oleate-Sepharose, regardless of their mutations (Fig.
64). In contrast, bound proteins were not observed in mock-
Sepharose (Fig. 64). Nearly all of the input amounts of metal-
deficient proteins were bound, which was estimated by 50%
input. This finding suggests that metal-deficient SOD1 pro-
teins strongly bind to FAs. We next examined whether heat-
treated holo-enzymes bind to FAs. Apo-enzymes were used as
control binding. Heat-treated SOD1 mutant (G93A) at 58 °C
and 68 °C was bound to FAs, whereas wild-type was not (Fig.
6B). The results of the FA binding assay were strongly corre-
lated with the oligomerization propensity of SOD1. These find-
ings suggest that FA binding alters the conformation of SOD1
to form oligomers.

FA-induced SOD1 Aggregates Result in Granular Morphol-
ogy and Are Cytotoxic—We analyzed the ultrastructure of
SOD1 aggregates by electron microscope. SOD1 proteins (~40
1) were incubated in the presence of 100 um AA at 37 °C for
24 h. Holo-enzymes were heated at 50 °C for 30 min before
incubation in the presence of AA. After incubation, granular
aggregates were observed in all of apo-enzymes and heat-
treated SOD1 mutants (Fig. 7A4). In contrast, no visible mate-
rials were found in wild-type holo-SOD1s, even though they
were heat-treated (Fig. 7A). The morphology of the aggregates
was round or amorphous large granules composed of clustered
small granules (Fig. 74). We could not observe any visible
protein aggregates in the samples incubated without AA, ex-
cept in apo-A4V, which revealed a fibril structure (data
not shown).

We next examined the effect of FA-induced aggregates on cell

2002 ‘21 [udy uo Auisiaaiun 0j0Ay| 1e Bioogl mmm woly pspeojumo(



P IXGy WAEART FIURE X COTROPROBGIROVRT WX FIud RAXSIYS

Oligomerization of SOD1 Mutants by Fatty Acids

viability of differentiated neuro2a cells. Aggregates of SOD1s
were formed using the same methods as described for observa-
tion under an electron microscope. Aliquots incubated in the
presence or absence of AA were diluted in the culture medium,

Oleate-Sepharose
: Mock-Sepharose
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Fic. 6. Solid-phase oleic acid binding assay shows apo-SOD1
or thermally destabilized SOD1 bound to oleate-Sepharose. A,
solid-phase binding assay was performed as described under “Experi-
mental Procedures.” Approximately 50% input (100 ng of proteins) was
electrophoresed to estimate the quantity of FA binding SOD1. B, holo-
SOD1s (wild-type and G93A) were thermally destabilized at the indi-
cated temperatures for 30 min and then directly loaded on oleate-
Sepharose. Apo-enzymes were used as positive controls for oleic acid
binding.
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which was directly added to differentiated neuro2a cells. After
incubation for 18 h, toxicity was assessed with MTS reduction
(Fig. 7B) and trypan blue staining (Fig. 7C). The presence of
the granular aggregates formed by AA from Apo-SOD1s and
heat-treated SOD1 mutants significantly reduced cell viability
(Fig. 7, B and C). In contrast, no significant decrease of viability
was detected when the cells were exposed either to incubated
proteins in the absence of AA or to the buffer solutions used to
form the aggregates in the absence of added protein (Fig. 7, B
and C). These findings suggest that FA-induced SOD1 aggre-
gates were highly toxic to the cells.

DISCUSSION

Numerous neurodegenerative diseases are accompanied by
highly insoluble inclusions of protein aggregates within char-
acteristic neuronal populations. In the case of FALS, the pro-
typical Lewy body-like hyaline inclusions, composed largely of
granule-coated fibrils of SOD1-insoluble filaments, have been
detected in the spinal cord of FALS patients with SOD1 gene
mutations (5, 28). Although there has been controversy about
whether such inclusions are a cause or a consequence of the
neuronal degeneration, accumulating evidence suggests that
aggregates formed via misfolded proteins, especially soluble
oligomeric assemblies, may cause cell injury (29-31). More-
over, cytotoxicity of protein aggregates may have common fea-
tures because granular aggregates form non-pathological pro-
teins that can also be toxic (26). These findings suggest the
avoidance of protein aggregation may be crucial for therapy of
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Fic. 7. SOD1 aggregates and their cytotoxicity for the differentiated neuro2a cells. Holo-SOD1s were pre-heated at 50 °C for 30 min
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before incubation with AA. SOD1 proteins (40 uM) were incubated in the presence of 100 uM AA at 37 °C for 24 h before observation under an
electron microscope (A). Differentiated neuro2a cells were directly exposed for 18 h in medium containing incubated aliquots of SOD1s wi th or
without arachidonic acid. The concentration of SOD1 in the culture medium was 4 #M. Buffer and AA carryover in the culture mediume was
controlled. Cytotoxicity was assessed using an MTS reduction assay (B) and trypan blue exclusion staining (C). The results were analyzed by
two-way analysis of variance. The values are the means + 8.D. (n = 6). * p < 0.05; **, p < 0.01; *** p < 0.001.





