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Abstract Living cells produce reactive oxygen species
(ROSs). To protect themselves from these ROSs, the cells
have developed both an antioxidant system containing su-
peroxide dismutase 1 (SODI) and a redox system including
peroxiredoxin2 (Prx2, thioredoxin peroxidase) and glu-
tathione peroxidasel (GPx1): SOD1 converts superoxide
radicals into hydrogen peroxide (H,O,), and H,O, is then
converted into harmless water (H,0) and oxygen (O,) by
Prx2 and GPx] that directly regulate the redox system. To
clarify the biological significance of the interaction of the
redox system (Prx2/GPx1} with SOD1 in SODI-mutated
motor neurons in vivo, we produced an affinity-purified
rabbit antibody against Prx2 and investigated the immu-
nohistochemical localization of Prx2 and GPx1 in neuronal
Lewy body-like hyaline inclusions (LBHIs) in the spinal
cords of familial amyotrophic lateral sclerosis (FALS) pa-
tients with a two-base pair deletion at codon 126 and an
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Ala—Val substitution at codon 4 in the SOD1 gene, as
well as in transgenic rats expressing human SOD1 with
H46R and G93A mutations. The LBHIs in motor neurons
from the SOD1-mutated FALS patients and transgenic rats
showed identical immunoreactivities for Prx2 and GPx1:
the reaction product deposits with the antibodies against
Prx2 and GPx1 were localized in the LBHIs. In addition,
the localizations of the immunoreactivities for SOD! and
Prx2/GPx1 were similar in the inclusions: the co-aggrega-
tion of Prx2/GPx1 with SODI in neuronal LBHIs in mu-
tant SOD1-related FALS patients and transgenic rats was
evident. Based on the fact that Prx2/GPx1 directly regu-
lates the redox system, such co-aggregation of Prx2/GPx1
with SOD1 in neuronal LBHIs may lead to the breakdown
of the redox system itself, thereby amplifying the mutant
SODI1-mediated toxicity in mutant SODI1-linked FALS
patients and transgenic rats expressing human mutant
3CD1.

Keywords Peroxiredoxin 2 - Glutathione peroxidase I -
Redox system - Superoxide dismutase 1 - Familial
amyotrophic lateral sclerosis

Introduction

Living cells produce reactive oxygen species (ROSs) dur-
ing physiological processes and in response to external
stimuli such as ultraviolet radiation. To protect itself from
potentially destructive ROSs, each cell of living organisms
has developed a sophisticated antioxidant enzyme defense
system. In this system, there are two groups of enzymes:
the enzymes of the first group convert superoxide radicals
into hydrogen peroxide (H,0,), and the enzymes of the
second group convert H,0, into harmless water (H,0) and
oxygen (O,). For the first antioxidant enzyme group, three
isoforms of superoxide dismutase (SOD) [EC 1.15.1.1]
have been identified: SOD1, SOD2, and SOD3 [9]. In the
second enzyme group, the peroxiredoxin {Prx) and glu-
tathione peroxidase (GPx) families, as well as catalase lo-
calized within peroxisomes have been identified. Unlike
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SOD and catalase, enzymes of the Prx and GPx families
require secondary enzymes and cofactors to function at
high efficiency. In particular, the enzymes of the Prx- and
GPx-families are considered to play a role in directly con-
wrolling the redox system. In general, the redox system
regulates versatile control mechanisms in signal transduc-
tion and gene expression [29]. In mammalian cells, this re-
dox signal transduction is linked to systems such as cellu-
lar differentiation, immune response, growth control, and
apoptosis [10].

Peroxiredoxin2 (Prx2) ts a nove] organ-specific antiox-
jdative enzyme that is mainly expressed in marmmalian
brain [23]. This protein is a member of Prx family, whose
members possess reactive cysteine residues [23]. Prx2 re-
quires thioredoxin reductase (TR} as a secondary enzyme
as well as thioredoxin and NADPH as cofactors to func-
tion at high efficiency; the activity of Prx2 in the thiore-
doxin/TR/NADPH system is over five times higher than
that of Prx2 by itself [5]. In this milieu, Prx2 is also called
thioredoxin peroxidase 1 (thioredoxin-dependent peroxide
reductase 1) or thiol-specific antioxidant [4, 5, 6]. In addi-
tion to controlling the intracellular content of H,O,, Prx2
directly regulates the redox signals of the thioredoxin/
TR/NADPH system, because alone the secondary enzyme
and cofactors (i.e., thioredoxin/TR/NADPH) can not di-
rectly regulate the redox system and can not act on H,0,.
Cytosolic GPx [EC 1.11.1.9], a classical selenium-depen-
dent isoform (also assigned as GPx1), was first described as
an enzyme that protects hemoglobin from oxidative degra-
dation in red blood cells [25]). The GPx family is composed
of at least four GPx isoforms in mammals [7]. Among
them, GPx1 is considered as the major enzyme responsi-
ble for removing intracytoplasmic H;0;. Like Prx2, GPx1
needs glutathione reductase (GR) as a secondary enzyme
as well as glutathione and NADPH as cofactors to work at
high efficiency, and this process is also one of the redox
signals in living cells [21, 24]. Therefore, Prx2 and GPx1
directly control the redox system.

Approximately 20% of the cases of familial amyo-
trophic lateral sclerosis (FALS) are caused by a mutant
SODI1 {15, 17, 18]. SODI is thought to be an essential
component of neuronal Lewy body-like hyaline inclusions
(LBHIs): neuronal LBHIs in affected anterior horn cells
are morphological hallmarks of SOD1-mutated motor neu-
rons of FALS patients (3, 11, 12,13, 14,15, 16, 17, 18, 30].
To cope with destructive ROSs, even SOD1-mutated mo-
tor neurons induce mutant and wild-type SODI as well as
Prx2 and GPx1. Considering that Prx2 and GPx1 interact
not only with wild-type SOD1 but also with mutant SOD1,
the interaction of Prx2/GPx1 with SODI has been sug-
gested to contribute to mutant SOD1 aggregation toxicity:
Prx2/GPx1 possibly aggregate as LBHIs in SOD1-mutated
motor peurons. Furthermore, the aggregation of Prx2/GPx]
might affect the intracytoplasmic redox regulation and am-
plify mutant SOD1-mediated toxicity. To clarify the bio-
logical significance of the interaction of Prx2/GPx1 (redox
system) with SOD1 in SOD1-mutated motor neurons in
vivo, we first produced an antibody against Prx2, and an-
alyzed the characteristic expressions of both Prx2 and GPx1

in neuronal LBHIs in SOD1-mutated motor neurons of
hurnans and animal models.

Materials and methods

Preparation of polyclonal antibody against Prx2

A synthetic peptide corresponding to the C-terminal region of Prx2
(amino acids 184-198: NH,-KPNVDDSKEYFSKHN-COCH) with
or without conjugation to human serum albumin (HSA) at the car-
boxyl end was supplied by Peptide Institute (Osaka, Japan). This
amino acid sequence is homologous with those of the C-terminal
region of the human, rat or mouse Prx2. The polyclonal antibody
preparation was carried out according to the method of Kato et al.
[16]). To prepare immunogen, 6 mg synthesized Prx2 peplide was
conjugated wilh 6 mg keyhole limpet hemocyanin (KLH) in the
presence of 50mM l-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide-HCl (Pierce Chemical Co., Rockford, IL} and 2.5 mM N-hy-
droxysulfosuccinimide (Pierce} in 3 ml phosphate-buffered saline
(PBS) pH 7.4 for 1h at room temperature. The reaction was termi-
nated by adding 2-mercaptoethanol to the concentration of 20mM
and dialyzed against PBS for 24 h. To raise polyclonal antibodies,
500 g of the immunogen in 50% Freund's complete adjuvant was
inoculated intradermally into a rabbit at 20 skin sites; four booster
inoculations of 500 g immunogen in 50% Freund’s incomplete
adjuvant were given at 10, 17, 24 and 31 days after the first inoc-
ulation. The serum was taken 10days after the final immuniza-
tion. The IgG fraction in the antiserum against the immunogen, the
hapten-conjugated KLH, was purified by abscrption on a protein
G-Sepharose gel column (Pharmacia Biotech, Uppsala, Sweden).
Subsequenily, the antibodies were further purified on an affinity
column of immobilized KLH conjugated with the synthetic Prx2
peptide, as described previously [16).

Enzyme-linked immunosorbent assay

Noncompetitive ELISA was carried out according to the method
described by Kato et al. [16). Each well of a 96-well microtiter
plate was coated with 100 pl of S ptg/ml immunogen in 5 mM sodium
carbonate buffer (pH 9.6) and incubated for 60min. This was fol-
lowed by triplicate washing with PBS containing 0.05% Tween 20
(buffer A). Each well was blocked with 0.5% gelatin for 60 min and
then washed three times with buffer A. Antibody solutions (100 ul)
at the concentrations indicated in Fig. 1 (horizontal line) were added
to each well and incubated for 60 min. The wells were then washed
three times with buffer A. The binding of the horseradish peroxi-
dase-conjugated secondary antibody (Wako Pure Chemical Indus-
tries, Osaka, Japan) to the primary antibody was visualized with 2,
2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonate)-(NHs),. The re-
action was terminated with 1 M sulfuric acid, and the absorbance
at 415 nm was read on a micro-ELISA plate reader (Tecan, Hom-
brechtikon, Switzerland).

Tissue collection

Histochemical and bmmunohistochemical studies were performed
on archival, buffered 10% formalin-fixed, paraffin-embedded tis-
sues obtained at autopsy from five FALS patients who were mem-
bers of two different families. The main clinicopathological char-
acteristics of the FALS patients are summarized in Table ], and
have been reported previously [12, 13, 20, 22, 28, 30, 31}. SOD]
analysis revealed that the members of the Japanese OKi family had
a two-base pair deletion at codon 126 (frame-shift 126 mutation)
[12] and the American C family members had an Ala—Val substi-
tution at codon 4 (A4V) [30]. As human controls, we examined
autopsy specimens of the spinal cord from 20 neurologically and
neuropathalogically normal individuals (11 male, 9 females; aged
37-75 years).
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Fig.1 Specificity of antibody against Prx2. The immunoreactivity
of the antibody to HSA-conjugated Prx2 peptide (solid circles) and
native HSA (open circles) was determined by noncompetitive
ELISA. The anti-Prx2 antibody recognizes the HSA-conjugated
Prx2 peptide, but does not react with HAS (Pra2 peroxiredoxin2,
ELISA enzyme-linked immunosorbent assay, HAS human serum
albumin)

Histochemical and immunohistochemical studies were also
carried out on specimens from transgenic rats with the H46R and
G93A types of mutations (three rats of each type). The H46R rats
used in this study were a transgenic line (H46R-4) in which the
level of human SOD1 with the H46R mutation was 6 times the level
of that of endogenous rat SOD1 [27]. The G93A rats were a trans-
genic line (G93A-39) in which the level of human SOD1 with the
G93A mutation was 2.5 times the level of endogenous rat SOD1
[27}. These rats were killed at an age of over 180 days; an age cor-
responding to an advanced stage of disease in these strains. The
detailed clinical signs and pathological characteristics of the neu-
ronal LBHIs of the H46R and G93A rats have been demonstrated
previously [27]. As rat controls, we investigated the spinal cord
specimens of three age-matched littermates of H46R and G93A
rats and five age-matched normal Sprague-Dawley rats. Rats were
anesthetized with sodium pentobarbital (0.1 ml/100 g body weight).
After perfusion of the rats via the aorta with physiclogical saline at
37°C, they were fixed by perfusion with 4% paraformaldehyde in
0.1 M cacodylate buffer (pH 7.3). The spinal cords were removed
and then postfixed in the same solution.

Table1 Characteristics of five FALS cases (FALS familial amyo-
trophic lateral sclerosis, SOD superoxide dismutase, LBHI Lewy
body-like hyaline inclusion, 2-bp two-base pair, PCI posterior col-

151
Histochemistry and immunohistochemistry

After fixation, the specimens were embedded in paraffin, cut into
6-um-thick sections, and examined by light microscopy. Spinal
cord sections were stained by the following histochemical meth-
ods: hematoxylin and eosin (HE), Kliiver-Barrera, Holzer, phos-
photungstic acid-hematoxylin, periodic acid-Schiff, alcian blue,
Masseon’s trichrome, Mallory azan and Gallyas-Braak stains. Rep-
resentative paraffin sections were used for immunohistochemical
assays. The following primary antibodies were utilized: an affin-
ity-purified rabbit antibody against Prx2 (concentration: 1 ug/ml},
a polyclonal antibody to GPx1 [diluted 1:2,000 in 1% bovine serum
albumin-containing phosphate-buffered saline (BSA-PBS), pH 7.4]
{2], and a polyclonal antibody to human SOD1 (diluted 1:10,000 in
1% BSA-PBS, pH 7.4} [1]. Sections were deparaffinized, and en-
dogenous peroxidase activity was quenched by incubation for 30 min
with 0.3% H,O,. The sections were then washed in PBS. Normal
sera homologous with secondary antibody was used as a blocking
reagent. Tissue sections were incubated with the primary antibod-
ies for 18 h at 4°C. PBS-exposed sections served as controls, As a
preabsorption test, some sections were incubated with the anti-Prx2
antibody that had been preabsorbed with an excess amount of the
synthetic Prx2 peptide. Bound antibodies were visualized by the
avidin-biotin-immunoperoxidase complex (ABC) method using the
appropriate Vectastain ABC Kit (Vector Laboratories, Burlingame,
CA) and 3,3'-diaminobenziding tetrahydrochloride (DAB; Dako,
Glostrup, Denmark) as chromogen,

Results

We successfully produced an affinity-purified rabbit anti-
body against Prx2 peptide (amino acids 184-198; although
this amino acid sequence is homologous with that of each
C-terminal region of the human, rat, mouse, Chinese ham-
ster or Bos Taurus Prx2, this peptide does not share ho-
mology with other members of the Prx family or any other
peptide sequence in GenomeNet), and applied it to stain
of paraffin sections from both humans and rats. This anti-
Prx2 antibody recognized the HSA-conjugated Prx2 pep-
tide, but did not react with HSA (Fig. 1).

Analysis of the essential changes of five cases of FALS
revealed a subtype of FALS with posterior column in-
volvement (PCI). This subtype is characterized by the de-
generation of the middle root zones of the posterior col-
umn, Clarke nuclei, and the posterior spinocerebellar tracts,
in addition to spinal cord motor neuron lesions. A long-
term surviving patient with a clinical course of 11 years

umn involvement type, + detected, ND not determined, As as-
phyxia, IH intraperitoneal hemorrhage, RD respiratory distress,
Pn pneumonia)

Case Age Sex Cause FALS SO0D1 mutation FALS subtype Neuronal
(years) of Death  Duration LBHI
Japanese Oki family
1 46 F As 18 months 2-bp deletion (126) PCI +
2 65 M IH 11 years 2-bp deletion (126} PCI and degeneration +
of other systems
American C family
3 39 M RD 7 months A4V PCI +
4 46 M Pn 8 months A4V PCI +
5 66 M Pn 1 year ND PCI +
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< Fig.2 Serial transverse sections through the lumbar segments of
the normal human spinal cords. A Light microscopic preparation
stained with HE. B, C Immunostaining for GPx1 (B) and Prx2 (C).
GPx1 and Prx2 immunoreactivities are found diffusely in the neu-
ropil with considerably less intensity (arrowheads). No countet-
staining (HE hematoxylin and eosin, GPx/! glutathione peroxi-
dasel, Prx2 peroxiredoxin2). Bar A (also for B, C) 2mm

Fig.3 Detection of Prx2 and GPx1 in the normal motor neurons
of the human spinal cord. A-D Serial sections. A Staining with HE.
B Immunostaining with the antibody against GPx1, showing GPx1-
positive neurons. C Immunostaining with the antibody to Prx2. Im-
munoreactivity is identified in most of the neurons. Thus, most of
the normal motor neurons in the spinal cord co-express both GPx1
(B) and Prx2 (C), although their staining intensities in neurons
vary. D Immunostaining with anti-Prx2 antibody pretreated with
an excess of the synthetic Prx2 peptide. No immunoreaction prod-
ucts are observed in the motor neurons and neuropil. E GPx1 im-
munostaining of the neuronal cytoplasm and proximal dendrites is
observed, but no intranuclear localization is seen. F Prx2 immuno-
staining of the neuronal cytoplasm and proximal dendrites is ob-
served, and a nucleus of the neuron is also immunostained by the
anti-Prx2 antibody. B-F No counterstaining (f{E hematoxylin and
eosin, GPx/ glutathione peroxidasel, Prx2 peroxiredoxin2). Bars
A (also for B=D) [00um; E, F 50pm

(case 2 in Table !) showed multisystem degeneration in
addition to the features of FALS with PCI. Neuronal Lewy
body-like hyaline inclusions (LBHIs) were present in all
five FALS cases. As observed in HE preparations, the neu-
ronal LBHIs in the FALS patients were essentially identi-
cal to those in the H46R and G93 A transgenic rats; the in-
clusions were round eosinophilic or paler inclusions and
often showed eosinophilic cores with pale peripheral ha-
los. In mutant SOD1-linked FALS patients, the neuronal
LBHIs were generally composed of eosinophilic cores with
pale peripheral halos and sometimes showed ill-defined
forms that consisted of obscure eosinophilic materials. In
H46R and G93A transgenic rats, the intracytoplasmic
LBHIs with cores and halos were less frequently observed
and round or sausage-like LBHIs, which were though to
be intradendritic LBHIs, were often seen in the neuropil,
although these round or sausage-like LBHIs in the neu-
ropil were not remarkable in the human FALS patients.
Histochemically, most of the neuronal LBHIs in the H46R
and G93A transgenic rats were argyrophilic in Gallyas-
Braak stain, and they were generally blue to violet after
Masson's trichrome or Mallory azan staining, similar to
the histochemical findings of the neuronal LBHIs of the
human FALS patients. The spinal cords of normal indi-
viduals in both humans and rats did not exhibit any distinct
histopathological alterations.

When control and representative paraffin sections were
incubated with PBS alone (i.e., no primary antibody), no
staining was detected. Prx2 immunoreactivity in normal
spinal cords was identified in almost all neurons. In addi-
tion, Prx2-immunostaining was found throughout the neu-
ropil with considerably lower intensity (Fig.2A, C). With
respect to the intracellular localization of Prx2, immuno-
staining of the neuronal cytoplasm and proximal dendrites
was specifically observed (Fig. 3A, C). Additionally, the
nuclei of some neurons were immunostained by the anti-
Prx2 antibody, albeit the staining of positively stained nu-
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Fig.4A-C Serial sections of a typical LBH! with a core and halo
in neurons from the spinal cord of an FALS patient with a two-
base pair deletion in the SOD1 gene. A Immunostaining for SOD1:
immunoreactivity is mostly restricted to the halo. B Immunostain-
ing for GPxl: immunoreactivity is located in the SOD1-positive
pertion of the LBHI. C Immunareactivity for Prx2. Co-localization
of the three proteins SOD1, GPx1 and Prx2 in the LBHI is evident.
D-F Serial sections of a core and halo-type LBHI in a transgenic
rat expressing human SOD1 with an H46R mutation. Immunostain-
ing for SOD1 (D), GPx1 (E) and Prx2 (F). Similar stainability and
immunolocalization of SOD1, GPx1 and Prx2 in the LBHI are ob-
served (LBHI Lewy body-like hyaline inclusion, FALS familial
amyotrophic lateral sclerosis, SOD/ superoxide dismutase |, GPx/
glutathione peroxidasel, Prx2 peroxiredoxin2). A-F No counter-
staining, Bars A (also for B, C), D (also for E, F} 25 um

clei varied (Fig. 3F). Incubation of sections with anti-Prx2
antibody that had been pretreated with an excess of the
synthetic Prx2 produced no staining (Fig.3D).

A neuropil staining pattern similar to that for Prx2 was
observed with GPxl; weak GPx] immunoreactivity was
diffusely seen in the neuropil in transverse sections of the

—138—



134

Fig.5A~C Serial sections of an LBHI in an FALS patient with an
A4V mutation in SOD1 gene. Immunostaining for SOD1 (A),
GPx1 (B) and Prx2 {C). Co-localization of the three proteins in the
LBHI is mainly observed in the core (A—C). D-F Serial sections of
an LBHI in an FALS patient with a two-base pair deletion in the
SOD1 gene. Immunostaining for SODI (D), GPx1 (E} and Prx2
(F). Immunostaining GPx1 (E) and Prx2 (F) are observed in only
part of the SOD1-positive LBHI. The precise intra-inclusional im-
munolocalizations of these three proteins differ from each other in
this LBHI (LBHT Lewy body-like hyaline inclusion, FALS familial
amyotrophic lateral sclerosis, SOD1 superoxide dismutase 1, GPx/
glutathione peroxidasel, Pra2 peroxiredoxin2). Bars A {(also for B,
C),D(alsoforE, F) 25um

spinal cords (Fig.2A, B). GPx1 immunostaining was ob-
served in the cytoplasm with cell bodies and proximal
dendrites being essentially identified (Fig. 3A, B, E), but
no intranuclear staining was observed (Fig. 3B, E). The
stainability and intensity of Prx2 and GPx1 in the normal
anterior horn cells of the spinal cords in humans were iden-
tical to those in rats, Therefore, almost all of the normal
motor neurons in the spinal cords co-expressed both Prx2

and GPx1 (Fig. 3A-C), although the staining intensities of
positively stained neurons varied.

Corroborating recent findings {12, 13, 16, 19, 27, 30],
almost all of the neuronal LBHIs in both the FALS pa-
tients from two different families and races (Japanese Oki
family and American C family) and the transgenic rats ex-
pressing two different human SOD1 mutations (H46R and
G93A) were intensely immunostained by the antibody
against human SOD1 (Figs. 4A, D; 5A; D; 6A; 7A). Most
neuronal LBHIs were also immunoreactive for Prx2,
although the intensity of Prx2 immunoreactivity in the
1 BHIs varied (Figs.4C, F; 5C, F; 6B). The LBHIs in the
neurons of the FALS patients and transgenic rats (H46R
and G93A) showed a similar immunoreactivity for Prx2.
The Prx2 immunoclocalization in many intracytoplasmic
and intraneuritic LBHIs was similar to that of SODI in
both diseases. In core and halo-type LBHIs, the reaction
product deposits of the antibody against Prx2 were gener-
ally restricted to the periphery (Fig. 4C, F}, and were some-
times localized in the cores alone (Fig. 5C). In ill-defined
LBHIs, Prx2 immunostaining was distributed throughout
each inclusion. In some inclusions, however, expression of
Prx2 was observed in only part of the inclusion (Fig. 5F).
With respect to the GPx1 immunostaining in the neuronal
LBHIs, similar stainability and immunolocalization to Prx2
were confirmed in the core and halo types as well as the
ill-defined forms; most LBHIs in neurons were immunos-
tained by the anti-GPx1 antibody with various intensities
(Figs. 4B, E; 5B, E; 7B). The immunoreactivity for GPx1
in the FALS patients was similar to that in the transgenic
rats (H46R and G93A). Like Prx2, the immunolocaliza-
tion of GPx1 was similar to that of SOD1 in both diseases.
GPx1-immunoreactive products in many core and halo-
type inclusions were mainly localized in the periphery por-
tions (Fig. 4B, E), but sometimes in the core portions alone
(Fig. 5B). In some inclusions, the reaction products were
confined to certain regions of each inclusion (Fig. 5E).

Noticeably, the co-localization of the three proteins
SOD1, Prx2 and GPx1 in neuronal LBHIs in SODI1-mu-
tated FALS patients and transgenic rats (H46R and G93A)
was evident (Figs. 4, 5, 6, 7), although all three immunore-
active intensities varied, With respect to the intra-inclu-
sional localization, many inclusions showed similar co-lo-
calizations of these three proteins (Figs.4, SA-C). In
some LBHIs, the precise intra-inclusional immunolocal-
izations of the three proteins differed: Prx2 (Fig. 5D, F)
and GPx1 (Fig. 5D, E) immunostaining was cbserved in
only some areas of the SOD!1-positive LBHIs.

Discussion

Under normal physiclogical conditions, Prx2 and GPxI
immunoreactivities in the spinal cord anterior horns in hu-
mans and rats are primarily identified in the neurons: cy-
toplasmic staining with both antibodies is observed in al-
most all of the anterior horn cells. Like Prx1 [26, 33], in-
tranuclear localization in some neurons is also observed in
Prx2 immunostaining. Considering that endogenous Prx2
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Fig. 6 Serial sections of the
spinal anterior horn in a trans-
genic rat expressing human
50D1 with an H46R mutation
immunostained with antibodies
against SOD1 (A) and Prx2
{B). Round and sausage-like
LBH]Is in the neuropil are posi-
tive for both SOD1 and Prx2
(arrows) (SODI superoxide
dismutasel, LBHI Lewy body-
like hyaline inclusion, Prx2
peroxiredoxin2). Bar A {(also
for B) 50pum

and GPx1 within the neuronal cytoplasm are extremely ef-
fective regulators of the redox system, our immunohisto-
chemical finding that almost all of the normal spinal mo-
tor neurons co-expressed both Prx2 and GPx! confirms
that these motor neurons maintain themselves using the
intracellular Prx2/GPx1 system, that is, the redox system.

As expected [12, 13, 16, 27, 30], SOD1 protein (prob-
ably the mutant form) was found to aggregate in the ante-
rior horn cells as neuronal LBHIs in FALS patients with
SOD! gene mutations and transgenic rats expressing hu-
man SOD1 with H46R and G93A mutations. Intense co-
expression of SODI, Prx2, and GPx1 in neuronal LBHIs
in both diseases was evident. To eliminate ROSs, SOD1-
mutated motor neurons in mutant SOD1-linked FALS and
transgenic rats (G46R and G93A) induce mutant/wild-type
S0D1 as an antioxidant system and Prx2/GPx1 as a redox

135

system. In this in vivo milieu where mutant SOD1 exists,
Prx2 and GPx1 would aberrantly interact with the mutant
S0OD1, which is assumed to aggregate easily by itself [8].
Among the multiple theories of how mutant SOD1 con-
tributes to motor neuron death in mutant SOD1-related
FALS and transgenic animal models expressing human
mutant SODI, the aggregation of mutant SOD1 in neu-
rons leads to part of the mutant SOD1-mediated toxicity
through the formation of advanced glycation endproduct-
modified SODI that is insoluble and cytotoxic [16]. Our
recent study of FALS patients with a two-base pair dele-
tion at codon 126 of the SOD1 gene (Oki family) and
G835R transgenic mice has revealed that not only does mu-
tant SOD! provoke inclusion formation, but that normal
SOD1 also co-aggregates in these inclusions [3]. Together
with the facts that there are neuronal LBHIs positive for
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Fig.7 Serial sections of the
spinal anterior hom in a trans-
genic rat expressing human
SOD1 with an H46R mutation
immunostained with antibodies
against SOD1 (A) and GPx1
(B). Round LBHIs in the neu-
ropil are positive for both
S0OD1 and GPx1 (arrows)
(SOD! superoxide dismutasel,
LBHI Lewy body-like hyaline
inclusion, GPxl glutathione
peroxidasel). Bar A (also for
B) 50um

SODI1, Prx2, and GPx1 in the milieu where mutant SOD1
exists but no LBHIs (no aggregations) exist under physio-
logical conditions, our study demonstrates an aberrant in-
teraction of Prx2/GPx1 with mutant SODI, the aggrega-
tion of which results in neuronal LBHIs. In addition, in-
tra-inclusional co-aggregation of Prx2/GPx1 with mutant
SOD1 causes the intracytoplasmic reduction of Prx2/GPx1,
thereby reducing the availability of the redox system. A
similar aberrant interaction of the copper chaperone for
S0D (CCS) and SOD] (probably CCS-mutant SOD1)
also occurs in the formation of the neuronal LBHIs in mu-
tant SOD1-linked FALS {19] and the mutant SOD1 trans-
genic mouse model [32]. Such sequestration into LBHIs
has also been observed for normal cytosolic constitutive

proteins including tubulin and tau protein, as well as neu-
ron-specific constitutive proteins containing phosphory-
lated neurofilament proteins (NFP), nonphosphorylated
NFPF, synaptophysin, and neuron-specific enolase [13, 17,
18]; this results in partial impairment of the maintenance
of cell metabolism [13, 17, 18]. Although we cannot readily
compare the sequestration of normal constitutive proteins
with the aberrant interaction of cytotoxic mutant SODI
with Prx2/GPx1 directly regulating a redox system, our
finding leads us to speculate that not only co-aggregation
of Prx2/GPx1 and SOD! into LBHIs, but also intracyto-
plasmic reduction of Prx2/GPx1 in both diseases may partly
contribute to the breakdown of the redox system itself in
these SODI-mutated neurons, and this may be one of the
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endogenous mechanisms that accelerate neuronal death.
This hypothesis would appear to be compatible with the
aggregation toxicity theory. It remains to be determined
whether this aberrant interaction of Prx2/GPx!1 with mu-
tant SOD1 is a direct or an indirect effect based on the
pathogenesis of SOD1-mutated FALS disease itself or
whether Prx2 and GPx1 play a primary or a secondary
role to mutant SOD1. Consequently, we would like to em-
phasize that the aberrant interaction and co-aggregation of
Prx2/GPx1 and SOD1 (probably Prx2/GPx1 and mutant
S0D1) in FALS patients with SOD1 gene mutations and
transgenic rats expressing human SOD1 mutations may
amplify a more marked mutant SOD1-mediated toxicity.
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Abstract

Mutations in a Cu, Zn-superoxide dismutase (SOD1} cause motor neuron death in human familial amyotrophic lateral sclerosis
(FALS) and its mouse model, suggesting that mutant SOD1 has a toxic effect on motor neurens. However, the question of how the
toxic function is gained has not been answered. Here, we report that the mutant SCD1s linked to FALS, but not wild-type SODI,
aggregated in association with the endoplasmic reticulum (ER) and induced ER stress in the cDNA-transfected COS7 cells. These
cells showed an aberrant intracellular localization of mitochondria and microtubules, which might lead to a functional disturbance
of the cells. Motor neurons of the spinal cord in transgenic mice with 2 FALS-linked mutant SOD1 also showed a marked increase
of GRP78/BiP, an ER-resident chaperone, just before the onset of motor symptoms, These data suggest that ER stress is involved in

the pathogenesis of FALS with an SOD1 mutation,
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Superoxide dismutase 1; Amyotrophic lateral sclerosis; Endoplasmic reticulum

Amyotrophic lateral sclerosis (ALS) is a neurode-
generative disease characterized by a selective loss of
motor neurons in the motor cortex, brainstem, and
spinal cord. Patients with ALS show progressive muscle
weakness, atroply, and, ultimately, death due to respi-
ratory failure, which usually occurs within 3-5 years of
the onset of the disease. In most cases, ALS occurs
sporadically; however, there is a family history of the
disease in 5-10% of the cases (familial ALS: FALS). It is
known that approximately 20% of FALS is caused by a
missense mutation of the Cu, Zn-superoxide dismutase

™ Abbreviations: ALS, amyotrophic lateral sclerosis; ER, endaplas-
mic reticulum; FALS, familial amyotrophic lateral sclerosis; PBS,
phosphate-buffered saline; SQDI, superoxide dismutase 1.

*Corresponding author. Fax: +81-23-628-5318.

E-mail address: tkato@med.id. yamagata-u.ac.jp (T. Kato).

(SOD1) gene [1,2]. FALS with an SOD1 mutation shows
an adult-onset, autosomal dominant form of ALS. Until
now, FALS-linked SOD1 mutations have been reported
to occur at about 60 sites of the amino acid sequence of
SOD1 (http://iwww.alsod.org) [3]. At first, a diminished
superoxide scavenging activity of SODI mutant and
subsequent oxidative stress were considered to be a
pathogenic mechanism of FALS with an SOD1 mutation
[1,2,4-6]. However, elimination of SODI in a knock-out
mouse mode] did not cause any neurological symptoms
or pathology [7]. Moreover, transgenic mice with a
FALS-linked mutated SODI1 gene developed motor
neuron symptoms and pathology irrespective of the de-
gree of enzymatic activity of SODI [8-11]. In FALS
patients, the age at the onset and the severity of the
disease have no relationship to the degree of enzymatic
activity of SODI [12-14]. Therefore, the functional loss

0006-2913/03/% - see front matter © 2003 Elsevier Science (USA). All rights reserved.
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of SOD! does not seem to be the pathogenesis of FALS
with an SODI| mutation [15]. Another hypothesis is a
possible toxic function of the mutant SODI, in which the
mutant obtains an aberrant catalytic ability. This in-
cludes the peroxynitrate and the peroxidase hypotheses
[16,17]. In the former, the mutation of SODI1 was spec-
ulated to disrupt the active-site pocket of the enzyme to
allow the copper to react with peroxynitrite, resulting in
the nitration of proteins [16]. In the latter, the FALS-
associated mutant SOI31 has been shown in vitro to
augment the catalytic oxidation of a model substrate by
hydrogen peroxide [17]. However, these hypotheses are
not supported by the observation that the elevation or
elimination of wild-type SOD! has no effect on the
symptoms or pathology of a transgenic mouse model
with FALS-linked mutant SOD1 [15].

It is known that misfolding of a protein after bio-
synthesis results in aggregation of the protein, which
causes damage of cells including neurons [18-20]. In a
transgenic mouse with mutated SODI, formation of
insoluble, high-molecular-weight complexes of mutated
SODI1 was observed several months before the onset of
the disease [21]. In this report, the FALS-linked mutant
SODI1 transfected to COS7 cells induces endoplasmic
reticulum (ER) stress by the accumulation of insoluble,
mutant SODI and a possible dysfunction of the intra-
cellular transport, which may explain how the mutant
SODI1 causes the disease. Similar changes of the ER are
also observed in transgenic mice with a mutant SODI.

Experimental procedures

Plasmid construets. Total RNA was extracted from human while
blood cells by acid guanidinium thiocyanate—phenol-chloroform ex-
traction. First-strand ¢cDNA was prepared using the Ist-Strand cDNA
Synthesis kit for RT-PCR (AMV) (Roche Molecular Biochemicals,
Mannheim, Germany). A [ull-length wild-type SOD1 ¢DNA with
EeoR1 linker sequences was generated by polymerase chain reaction
{PCR) using a primer pair of a sense primer {5-CGGAATTCA
TGGCGACGAAGGCCGTGTG-Y) and an anti-sense primer {5'-GG
GAATTCTTATTGGGCGATCCCA-3) followed by subcloning into
the EcoRl-cleaved pcDNA3J with an epitope tag composed of eight
amino acids (FLAG marker peptide, Asp-Tyr-Lys-Asp-Asp-Asp—
Lys; Eastman Kodak) that was fused to wild-type SOD1 by cloning the
24 base pairs of the FLAG coding sequence upstream to the coding
region of wild-type SOD1 eDNA. PCR amplification was performed
by using Ex Tag DNA polymerase (Takara Shuzo Tokyo, Japan) ac-
cording to the (oftowing schedule: 94 °C for 305, 60°C for 30s, and
72°C for 90s for 30 cycles. Mutant SOD1 ¢DNAs were generated by
site-specific mulagenesis. Wild-type and mutant SODIs were also
subcloned with FLAG coding sequence into pEF-BOS, which ulilizes
the human polypeptide chain elongation factor la promoter (EF-14)
[22]. Rat diacylglyceroi kinase § {DGK ) cDNA [23] was subcloned
into pEGFP-C2 (Clontech, Palo Alto, CA, USA). These subcloned
c¢DNAs were sequenced by the Model 310 Aulosequencer (Applied
Biosystemns, Foster City, CA, USA).

Cell culrure and transfection. COS7 cells were cultured in Dul-
becco’s modified Eagle's medium with 10% fetal bovine serum and
transfected with 1 pg or co-transfected with 2pg (1 pg each) of plasmid
DNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)

according 1o the manufacturer’s instructions. Cultured cells were
harvested 48 h after transfection and lysed by sonication in u lysis
buffer containing 50 mM Tris-HCl (pH 7.6}, 150mM NaCl, 5mM
EDTA, [ mg/L leupeptin, and 50,000 U/L trasylol. After removal of
undisrupted cells by centrifugation {5000z, 7min, 4°C), the resultant
supernatanl was designated as the rotaf {psate. Prolein concentrations
were determined by the bicinchoninate method. Cytosol fraction wils
prepared according 1o the following method: the supernatant resulting
from the removal of nuclear fraction by centrifugation (14,000g,
10 min, 4°C) was ultracentrifuged (100,000g, 1 h, 4°C). The resultant
supernatant was designated as the cyrosol fraction. The pellet was re-
suspended in a lysis buffer that equaled the cytosol fraction in volume.

Immmoblorting. The total lysate from COS7 cells was prepared as
described above. Ten micrograms of total protein boiled for Smin in a
3% SDS sumple buffer (New Englund Biolubs, Beverly, MA, USA)
was subjected to 15% SDS-polyacrylamide gel electrophoresis. The
separated proteins were then electrophoretically transferred onto a
PolyScreen-PYDXF membrane (NEN TM Life Science Products, USA).
Aflter blocking non-specific binding sites in 5% skim milk (w/v) in
phosphate-buffercd saline (P83} with 0.01% Tween 20, the membrane
wits incubated for 1h at room temperature with the antibody against
FLAG or GRP78/BiP and then treated with peroxidase-conjugated
anti-mouse or anti-rabbit 1gG antibodies for | h. The immunoreactive
bands were detected using a chemi-luminescence detection kit (ECL
Western blotting kit, Amersham, Uppsala, Sweden). The cytosol and
pellet fractions were prepared as described above. Ten microliters each
ol both lractions and total lysate were subjected 1o immunoblotting
and the immunoreactive bands were detected using the same methods
as described zbove,

Imnumocytochemistry  of ¢DNA-transfected COS7  celfs. After
transfection and a 24-h incubation, cells were Rxed in 4% parafor-
maldehyde in a 0.1 M sodivm phosphate buffer (pH 7.2), followed by a
0.1% Triton X-100 permeabilization for 5min. After fixation, cells
were washed extensively in PBS and blocked with PBS containing 5%
normal goat serum (NGS) for 15min. The cells were incubated with
the following appropriate primary antibodies diluted in PBS contatin-
ing 5% NGS: mouse anti-FLAG (M2) antibody (1 pl/ml, Sigma-Al-
drich, St. Louis, MO, USA), rabbit anti-GRP78/BiP antibodies
(diluted 1:1000, Stressgen), rabbit anti-SOD2 antibodies (diluted
1:10,000, provided by Dr. K. Asayama, University of Occupational
and Environmental Health, Japan), and rabbit anti-lubulin antibodies
(diluted 1:10,000, provided by Dr. R. Kuwano, Niigata University,
Japan) for | h at room temperature. Cells were washed for 5 x Smin in
PBS and incubated with the following appropriate secondary anti-
bodies diluted in PBS containing 5% NGS: anti-mouse l1gG conjugated
1o Alexa 546 {diluted 1:250, Molecular Probes, Eugene, OR, USA) and
bictinylated anti-rabbit [gG (diluted 1:250, Vector Laboratories, Bur-
lingame, CA, USA) for 30min at room temperature. Cells incubated
with biotinylated anti-rabbit IgG antibodies were washed 5 x 5 tlimes
in PBS and incubated with streptavidin conjugated to Alexa 488
(10 pug/ml) for 30 min at room temperature. Cells were counterstained
with the following markers for organelle and cytoskeleton according to
the manufacturer’s instructions: ER-Tracker {(endoplasmic reticufum;
ER marker, Molecular Probes), BODIPY FL-C5 ceramide {Golgi
marker, Molecular Probes), and Alexa Fluor TM 568 phalloidin (Actin
marker, Molecular Probes). Transfected cells with SODIs in pcDNA3
were incubated with or without 10 uM lactacystin for 24 h. Stained
cells were observed using a laser scanning confocal microscope (LSM 5
PASCAL, Zeiss, Germany),

Inmunohistochemistry of transgenic mice with mutated SODJ,
Formalin-fixed, paraffin-embedded tissue sections of the spinal cord
were used from iwo lines of transgenic mice with SODI mutations,
L84V (M. Kato, et al. Transgenic mice with ALS-linked SOD1 mutant
L84V. Abstract of the 31st Annual Meeting of Society for Neurosci-
ence, San Diego, 2001) and H46R (M. Nagai, et al. Transgenic
mice with ALS-linked SOD1 mutant H46R. Abstract of the 30th
Annual Mecting of Society for Neuroscience, 2000) and age-matched
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non-transgenic mice. Deparafiinized sections were incubated with 1%
hydrogen peroxide for 15min, followed by 10% normal goal serum.
The sections were subsequently incubated with anti-GRP78/BiP anti-
bodies {(diluted 1:1000, Stressgen, Vicloria, BC, Canada) at 4°C for
48 h. Labeling was visualized by the method described previously [24}.

Results

An epitope tag composed of eight amino acids
(FLAG marker peptide, Asp-Tyr-Lys-Asp-Asp-Asp-
Lys) was fused upstream to the coding region of the
wild-type and mutated SOD1 ¢DNA. Each of the
cDNAs of the wild-type SODI and four mutant SODIs
linked to FALS (G37R, G85R, G93A, and S134N) was
subcloned into two different expression vectors,
pcDNA3 and pEF-BOS, and transfected into COS7
cells. After transfection and a 48-h culture, the cells were
processed for Western blot analysis and immunocyto-
chemistry.

The expression of wild-type and four FALS-linked
mutant SOD1s in COS7 cells was confirmed by Western
blot anlaysis of lysates using the anti-FLAG (M2)
monoclonal antibody (Fig. 1). The molecular size of
G85R was smaller than those of wild-type and the other
mutants (Figs. 1A and B). Both wild-type and mutant

A
WT_ G3I7R  GBSR GY93A S134N
(kDa)
37—
25— a——— awur  ouey PLFBOS
‘, : - 10pg/lane
15—
B WT G37R  GB5R G93A S134N
{kDa)
2= - v oty DCDNA3
R et ’ 1004 g/lane
15—

SOD1s were expressed at much higher levels using pEF-
BOS than pcDNAJ (Figs. 1A and B). The expression
level of wild-type SOD1 in pEF-BOS was about 8.8
tunes as high as that in pcDNA3, and the expression
levels of mutant SODIls in pEF-BOS were 2.0 to 8.3
times as high as those in pcDNA3 by densitometry.
Using pEF-BOS, the expression levels of mutant SOD1s
were about 16-49% of the wild-type SODI by densi-
tometry {Fig. 1A). On the other hand, such a marked
decrease in the expression of mutant SODls was not
apparent when pcDNAJ was employed (Fig. 1B). Using
pEF-BOS, although the wild-type SODI1 was almost
completely recovered in the cytosol fraction, a small
amount of the mutant SOD! protein remained in the
pellet (Fig. 1C). Mutant G93A SODI1 protein in the
pellet was about 30% of the total protein by densitom-
etry (Fig. 1D).

Using pcDNA3, wild-type and mutant SODls were
expressed and distributed diffusely throughout the cy-
toplasm of the transfected COS7 cells (Fig. 2). There
was no obvious difference in the distribution pattern
among them. Using pEF-BOS, the wild-type SODI also
located diffusely in the cytoplasm, a result similar to that
with the use of pcDNA3 (Fig. 2). On the other hand,
mutant SODI1 expression using pEF-BOS produced

¢ WT G93A
Sy &7

{(kDa)

15 —

D

100}~

75

25

Relative density
wn
(=]
I

o Cyt.  Pel Cyt.  Pel.
WT G93A

Fig. 1. Immunoblot analysis of wild-type {WT) and mutant (G37R, G85R, G93A, and S134N) SOD1s in total cell lysates derived from COS7 cells
48 h after transfection with SGD1 cDNA in pEF-BOS (A) or pcDNA3 (B). Tenmg (A) or 100 pg (B) of protein is applied to each lane. WT SOD1
expressed in COS7 cells is almost completely recovered in the eytosol fraction, whereas ~30% of mutant {G93A) SOD] is in the pellet (C, D). Cyt,
cylosot fraction; Pel, pellet. Expressed SOD1 is detected by anti-FLAG antibady (A-C), (D) Densitometry analysis (the density of wild-type SOD1 in

cylosol fraction = 100%).
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WT G37R

G93A S134N

G85R

Fig. 2. Fluorescent microscopy of COST cells expressing wild-type (WT) and mutant (G37R, G85R, G93A, and S134N) SODIs using pcDNAJ
(upper panels) or pEF-BOS (lower panels). WT and mutant SOD s expressed by pcDNA3 show a diffuse distribution in the cytoplasm. WT SOD1
expressed by pEF-BOS also shows a diffuse distribution, whereas mutant SOD1s by pEF-BOS produce an aggregate formation in the perinuclear
area ol the cytoplasm. Expressed SODI is detected by an anti-FLAG antibody.

aggregates of the mutant protein in the perinuclear re-
gion of the cytoplasm (Fig. 2). The cells containing these
aggregates comprised 5-20% of the total transfected
cells.

A

WT
pEF-BOS

GI3A
pEF-BOS

B BODIPY

WT
pEF-BOS

C pEF-BOS peDNA3
WT GI3A WwT G93A

Blot:
Anti-GRP78

EU IR Y L -GRP78

Blot: .
Anti-Actin " " * -Actin

Fig. 3. COS7 cells expressing WT {upper panels) or mutant {G93A)
SODI (lower panels) using pEF-BOS. (A) Double-staining with anti-
FLAG (red) and anti-GRP78 {green) antibodies. Perinuclear aggre-
gates of mutant SODI are colocalized with GRP78, an ER marker
{lower panels). The overexpression of GRP78 is also observed in a
mutani SOD|-expressing cefl (middle in lower panels). (B) Double-
labeling with anti-FLAG antibody (red) and BODIPY FL-C$ cera-
mide, a Golgi marker (green). (C) Immunoblot analysis showing that
GRP78 expression is increased in COS7 cells transfected with a mutant
(G93A) SODI ¢DNA in pEF-BOS.

The subcellular localization of the mutation-related
perinuclear aggregates was then examined. CQOS7 cells
expressing wild-type SOD! or mutant SODIs were
double-stained with the anti-FLAG (M2) antibody and
the ER markers (ER tracker and anti-GRP78/BiP an-
tibody) or the Golgi marker (BODIPY-C5 ceramide)
(Fig. 3). In the COS7 cells transfected with the wild-type
SODI cDNA in pcDNA3 or pEF-BOS, both the ER
(Fig. 3A) and Golgi apparatus (Fig. 3B) showed a
normal morphology in the juxta-nuclear position. In the
cells transfected with a mutant SQD1 ¢DNA in pEF-
BOS, on the other hand, perinuclear aggregates of mu-
tant SODI colocalized with the two ER markers (Fig,
3A), indicating accumulation of aggregated mutant
SODI in or on the ER. A volume expansion of the ER
in these cells was also observed. Western blot analysis
confirmed an increase in the expression of GRP78/BiP in
these cells (Fig. 3C). However, the aggregate of the
mutant SOD! was not colocalized with the Golgi mar-
ker (Fig. 3B), indicating that Golgi complex is not
involved.

GRP78

merge

WT-pcDNA3
lactacystin (+)

GA3A-pcDNA3
lactacystin (+)

Fig. 4. COS7 cells expressing WT (upper panels) or mutant (G93A)
SODI (lower panels} using pcDNA3 double-stained with anti-FLAG
{red} and anti-GRP78 (green) antibodies. The exposure to lactacystin,
a proteasome inhibitor, produces perinuclear aggregates of mutant
SODI. but not WT SODI1. Overexpression of GRP78 is also seenin a
cell with aggregaie formation of mutant SODI (middle in lower pan-
els),
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To examine the involvement of the proteasome
function in the formation of perinuclear aggregates. a
proteasome inhibitor, lactacystin, was used. When cells

A SOD1 actin

merge

WT

G93A

B SOD1 tubulin
" .

G93A

SOD1 merge

mitochondria

wT

o .

Fig. 5. COS7 cells expressing WT (upper panels) or mutant {G93A)
SODI (lower panels) using pEF-BOS, (A} Double-staining with anti-
FLAG antibody (red) and Alexa Fluor TM 568 phalioidin (green), an
actin marker, Actin stress fibers are decreased in number. but their
intracyloplasmic distribution secems unchanged in a cell with aggregate
formation of mutant SODI (middle in lower panels). (B) Double-
staining with anti-FLAG (red) and anti-tubulin {green) antibodies.
Tubulin is restricted 10 the perinuclear area and does not show a fi-
brous appearance in a cell with aggregate formation of mutant SODI
(middle in lower panels). {(C) Double-staining with anti-FLAG (red)
and anti-SOD2 (green) antibodies. SOD?2, a marker of mitochondria,
is restricted to the perinuclear area in a cell with aggregate formation
of mutant SODI1 (middle in Tower pancls).

expressing wild-type or mutant SOD]Is using pcDNA3J
were exposed to 10uM lactacystin for 24 h, perinuclear
aggregates of SOD! occurred in the cells expressing the
mutant, but not the wild-type, SODI (Fig. 4). Perinu-
clear aggregates were colocalized with the ER markers
and the ER was seen to be expanded (Fig. 4). These
changes were almost identical to those of the mutant
SODIs expressed by pEF-BOS. This suggests that mu-
tant SOD1s were degraded by proteasome and that the
suppression of proteasome activity by lactacystin caused
an accumuiation of mutant SODI in association with
the ER.

The influence of perinuclear aggregates of mutated
SOD1 on the cytoskeleton and mitochondria wus ex-
amined next. In the cells expressing wild-type SODI
using pEF-BOS. actin stress fibers visualized by phal-
loidin-Alexa 568 were abundant in number and dis-
tributed to both the perinuclear and peripheral areas of
the cytoplasm (Fig. 5A). In the cells expressing mutant
SODls using pEF-BOS, actin stress fibers were obvi-
ously decreased in number, but their organization and
distribution seemed unchanged (Fig. 5A). Microtubules
detected by the anti-tubulin antibodies were observed to
radiate to the periphery of the cytoplasm from the
centrosome in the cells expressing wild-type SOD] using
pEF-BOS (Fig. 5B). In the cells expressing mutant
SOD1s using pEF-BOS, however, the fiber formation of
tubulin was disrupted and the Jocation of tubulin was
restricted to the perinuclear area of the cytoplasm (Fig.
5B). Mitochondria detected by the anti-SOD2 antibod-
ies showed a normal morphology and distribution in the
cytoplasm of cells expressing wild-type SODI using
pEF-BOS (Fig. 5C). In cells expressing mutant SOD]
using pEF-BOS, however, mitochondria were confined
to the perinuclear area of the cytoplasm and showed a

SO0

Fig. 6. COST cells co-transfected with WT (upper panels) or mutant
(G93A) (lower panels) SODI (red) cDNA in pEF-BOS and diacyl-
glycerol kinase § (DGX ) (green} ¢<DNA in pEGFP-C2. Expressed
DGK . normally localized in the nucleus (middle in upper panels).
does not reach the nucleus in a cell with aggregate formation of mutant
S0D] (middle in lower panels).

DGK £ /pEGFP

merge

pEF-BOS

G93A
pEF-BOS
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Fig. 7. Motor neurons ol the spinal cord in non-transgenic (A} and
transgenic mice with SODI mutation (L84V) (B}, immunostained with
anti-GRPT/BIP. {ntense immunoreactivity is seen in virtually alf
motor neurons in a mouse with L84V mutation of the SODI transgene
(B). although a few motor neurons (arrows) show a weak immuno-
staining in a non-transgenic mouse (A). The arrowheads indicate un-
stained motor neurons. Bar = 50pum.

coarse appearance suggesting a morphology of mito-
chondrial swelling (Fig. 5C).

To examine the influence of aggregate formation on
the localization of other proteins, a nuclear protein,
diacylglycerol kinase £ (DGK &) [23], was used. In co-
transfected cells with wild-type SODI in pEF-BOS and
rat DGK € in pEGFP, the expressed DGK { was lo-
calized in the nucleus {Fig. 6) as described previously
[23]. In co-transfected cells with mutant SOD1s in pEF-
BOS and DGK ¢ in pEGFP, on the other hand, most
DGK £ remained in the cytoplasm and colocalized with
the aggregates of mutant SOD1s, but did not reach the
nucleus (Fig. 6).

For the investigation of ER changes in the mouse
model of FALS, two lines of transgenic mice (L84V and
H46R) and age-matched non-transgenic niice were used.
These two transgenic mice showed an intense immuno-
staining of GRP78/BiP, an ER chaperone, in the cyto-
plasm of virtually all motor neurons of the spinal cord
just before the onset of motor symptoms, whereas the
non-transgenic mice showed a weak immunostaining in
a few motor neurons (Fig. 7).

Discussion

The present study demonstrates that the FALS-
linked mutation of SOD] leads to aggregate formation
in the ¢cDNA-transfected COS7 cells in the condition
that either drives gene expression at a high level (pEF-
BOS) or suppresses the proteasome activity by lactacy-
stin, The finding that FALS-linked mutant SOD1 was
aggregated in transfected cultured cells has been re-
ported by the previous studies [25,26]. Here we show for

the first time that the pathological process is clearly
dependent on the expression level of the mutants and the
activity level of protein degradation. It should also be
noted that the mutation-related aggregates are colocal-
ized with the expanded ER. The resuits strongly suggest
association of the aggregate with the ER.

The function of most proteins depends on the proper
three-dimensional conformation of their mature, folded
forms. Misfolding or unfolding of proteins after bio-
synthesis can be repaired through the quality-control
system of the ER [27]. An accumulation of misfolded or
unfolded proteins in the ER induces ER stress, in which
three different mechanisms are known to be activated:
transcriptional induction of ER-resident chaperones,
translational attenuation of the misfolded or unfolded
proteins, and their degradation through the ubiquitin-
proteasome system [27]. In the present study, the de-
creased solubility of mutant SODI proteins in the
cytosol (Fig. 1 D) suggests a conformational change of
the mutant proteins. This is in agreement with the report
that insoluble, high-molecular-weight complexes of
mutant SODI are detectable several months before the
onset of the disease in a mouse model with a FALS-
linked mutant SODI transgene [21]). Our observation
revealed not only colocalization of the aggregated mu-
tant proteins with the ER markers but also the up-reg-
ulation of GRP78/BiP expression in the transfected
COS7 cells (transcriptional induction). In the high-ex-
pression system (pEF-BOS), on the other hand, the
amount of mutant SOD! proteins in the transfected
COS7 cells was less than that in the wild-type SODI,
suggesting a translational attenuation or an increase in
the degradation of the mutants. The inhibition of pro-
teasome activity by lactacystin exposure produced an
aggregation of mutant SOD! in the lower-expression
system (pcDNA3), indicating that the proteasome
system is involved in the degradation of the mutant
proteins. All these results are compatible with the
quality-control system of the ER described above,
demonstrating that the mutant SODls linked to FALS
might induce ER stress in the transfected COS7 cells. In
such cells, tubulin and mitochondria did not reach their
proper intracellular locations, but were confined to the
perinuclear region. The fluorescent images of tubulin
and mitochondria were seen to be just surrounded by
the aggregates (Figs. 5B and C), suggesting that out-
growth of tubulin from the centrosome was spatially
blocked by the aggregates. The mitochondrial disloca-
tion may be due to a restricted tubulin outgrowth, be-
cause this organelle is transported throughout the
cytoplasm on microtubules, but not actin filament. A
nuclear protein, DGK {, which was co-transfected
with mutant SODI1 into COS7 cells, was also colocalized
with the aggregates of the mutant associated with the
ER. These data suggest that even non-mutated proteins
suffer from ER dysfunction and are trapped in the
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aggregates in an overexpression condition beyond a
physiological condition. Considering that the very early
change in transgenic mice with FALS-linked SODI
mutation is an impairment of axenal transport [28], it
seems that the FALS-linked mutant SOD1 also caused
an impairment of the intracellular transport system in
the transfected COS7 cells. '

With regard 1o the subcellular localization of SODI,
the previous studies have reported that SODI is pref-
erentially synthesized by free ribosomes in the in vitro
experiments [29] and is localized mainly in the cytoplasm
and the nucleus and partially in mitochondria [30-32].
In pathologic conditions such as hepatitis and cirrhosis,
however, SOD1 has been shown to localize in the ER,
vesicles, and Golgi complex in hepatocytes [33]. Little 1s
known about the mechanism how SOD!1 is transported
from the cytoplasm to the membranous organelles, al-
though it is reported that the mitochondrial accumula-
tion of SODI is strongly influenced by the copper
chaperone [34]. In the present study, although the ag-
gregated mutant SOD1 was closely associated with the
expanded ER, it remains unclear whether it is localized
within the cistern of the ER or outside.

In human FALS with an SODI] mutation, there are
two major mysteries: motor neuron selectivity and adult
onset, Although every cell has mutant SODI in FALS
patients, the motor neurons seem to degenerate selec-
tively. The answer to this mystery is that the functional
integrity of motor neurons is critically dependent on
vigorous intracellular transport, especially axonal
transport, because a motor neuron has an enormously
long axon (about 1m in length). The dysfunction of
intracellular transport, the degree of which does not
have an apparent effect on the function or survival of
non-motor neurcns or non-nerve cells, may do great
damage to motor neurons. The other mystery is the
adult onset of the disease in spite of the presence of
mutant SOD! even in newborns. In the present study, a
lower expression of the mutant SOD! by the pcDNA3
vector did not produce any aggregation of the mutant
protein or induce ER stress. However, the inhibition of
proteasome activity by exposure to lactacystin produced
an aggregation of the mutant protein and a dislocation
of tubulin, mitochondria, and DGK {. The proteasome
activity has been reported to decrease with aging in
animals [35]. A decrease in proteasome activity paired
with aging may allow the insoluble, high-molecular-
weight complexes of mutant SODI1 to be accumulated
beyond a non-compensable level in both patients and
transgenic mice with a FALS-linked SOD1 mutation,
resulting in the adult onset of the disease.

It has been shown that the knock-out of the SOD!
gene does not produce any neurological symptoms or
pathelogic changes in mice [7] and that the overexpres-
sion of wild-type SOD1 does not modulate the pathol-
ogy in transgenic mice with the FALS-linked mutant

SOD1 {15]. Thus, a decrease or increase in SODI ac-
tivity, as well as the formation of peroxynitrite and
subsequent tyrosine nitration of proteins, seems to be
unrelated to the pathogenesis of FALS with an SODI1
mutation. Recently, a conformational change of a cer-
tain protein and subsequent ER stress have been shown
to be an important step in the pathogenests of neuro-
degenerative diseases, such as Alzheimer’s disease,
Parkinson's disease, and Creutzfeldt-Jakob disease
[18-20,36,37]. The present study demonstrates that the
FALS-linked mutant SOD1 caused ER stress and a
possible disruption of the intracellular transport in the
transfected COS7 cells, which may explain how the
mutant SOD1 gaius a toxic function. In transgenic mice
with SOD1{ mutation, the overexpression of GRP78/BiP,
an ER-resident chaperone, was also observed in motor
neurons of the spinal cord before onset of the disease.
These data suggest that ER stress is involved in the
pathogenesis of FALS with an SODI mutation. It seems
that human FALS with an SODI mutation is also a
conformational disease of the SOD1 molecule.
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Endogenous neural stem/progenitor cells (NSPCs)
have recently been shown to differentiate exclusively
into astrocytes, the cells that are involved in glial scar
formation after spinal cord injury (SCI). The microen-
vironment of the spinal cord, especially the inflamma-
tory cytokines that dramatically increase in the acute
phase at the injury site, is considered to be an impor-
tant cause of inhibitory mechanism of neuronal differ-
entiation following SCI. Interleukin-6 (IL-6), which has
been demonstrated to induce NSPCs to undergo as-
trocytic differentiation selectively through the JAK/
STAT pathway in vitro, has also been demonstrated to
play a critical role as a proinflammatory cytokine and to
be associated with secondary tissue damage in SCl. In
this study, we assessed the efficacy of rat anti-mouse
IL-6 receptor monoclonal antibody (MR16-1) in the
treatment of acute SCl in mice. Immediately after con-
tusive SCI with a maodified NYU impactor, mice were
intraperitoneally injected with a single dose of MR16-1
(100 pg/g body weight), the lesions were assessed
histologically, and the functional recovery was evalu-
ated. MR16-1 not only suppressed the astrocytic
diffentiation-promoting effect of IL-6 signaling in vitro
but inhibited the development of astrogliosis after SCI
in vivo. MR16-1 alsc decreased the number of invading
inflammatory cells and the severity of connective tis-
sue scar formation. In addition, we observed signifi-
cant functional recovery in the mice treated with
MR16-1 compared with control mice. These findings
suggest that neutralization of IL-6 signaling in the
acute phase of SCI represents an attractive option for
the treatment of SCI. 2004 Wiley-Liss, Inc.

Key words: spinal cord injury; iL-6; glial scar; inflamma-
tion; neural stem/progenitor cells

© 2004 Wiley-Liss, Inc.

Recent studies have shown the existence of neural
stem/progenitor cells (NSPCs) in adult mammalian spinal
cord and have raised the possibility that the spinal cord has
latent capacity for self-repair in response to injury or
disease through the use of endogenous NSPCs (Horner et
al., 2000; Bjorklund and Lindvall, 2000). After a spinal
cord injury (SCI}, however, these cells proliferate and
migrate to the lesion site, where they differentiate exclu-
sively into astrocytes, never into neurons, and are even-
tually associated with glial scar formation (Johansson et al.,
1999; Takahashi et al., 2003). Glial scar tissue is considered
a physical barrier and prevents axonal regeneration by
producing axonal growth inhibitors, such as chondroitin
sulfate proteoglycans (David and Lacroix, 2003). The ma-
jor causes of this inhibitory mechanism of neuronal dif-
ferentiation include the microenvironmental factors that
dramatically change immediately following SCI. The in-
terleukin (IL)-6 family of cytokines has been shown to
play especially important roles in regulating the various
biological responses through multichain receptor
complexes-mediated signaling (for review see Taga and
Kishimoto, 1997). The multichain receptor complexes,
which include the ligand binging receptor (e.g., IL-6-
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receptor) and nonligand binding membrane glycoprotein
gpl30 (Taga et al, 1989), have been shown to play
essential roles in signal transduction of the IL-6 family of
cytokines. Many lines of evidences suggest that this family
of cytokines plays important roles in regulating the im-
mune response {Taga and Kishimoto, 1997), inflamma-
tion, and central nervous system (CINS) development and
significantly increases in the spinal cord after it is injured
(Pan et al., 2002; Nakamura et al, 2003), and gp130-
mediated signaling has been demonstrated to induce as-
trocytic differentiation of NSPCs through the JAK/STAT
pathway in vitro (Bonni et al, 1997; Nakashima et al,,
1999}, suggesting the possibility that blockade of IL-6
trans-signaling after SCI may diminish the reactive astro-
gliosis and ameliorate functional recovery. Moreover, the
IL-6 released during the acute phase of SCI promotes the
inflammatory cell chemotaxis and is involved in the sec-
ondary injury cascade that is mediated by active inflam-
matory cell and molecular processes. A recent study has
shown that excess activation of gp130 signaling by hyper-
IL-6 (a bioactive [L-6/sIL-6R fusion protein) following
SCI is associated with a robust inflammatory and glial
response that appears to reduce axonal outgrowth in the
adult mammalian CNS (Lacroix et al., 2003).

In this study, we used a murine SCI model to in-
vestigate the effects of blockade of IL-6 signaling with a
monoclonal antibody against the IL-6 receptor (MR 16-1,
a rat monoclonal antibody that is known to bind to the
mouse IL-6-receptor and block the II-6-mediated cellular
responses; Tamura et al.,, 1993; Takagi et al., 1998; Ka-
tsume et al., 2002; Okazaki et al., 2002). We examined
whether MR 16-1 treatment would offer the promise of a
new therapeutic strategy for treating SCI. The results
showed that MR 16-1 suppressed not only the glial differ-
entiation of NSPCs caused by IL-6 signaling in vitro but
also the astroglicsis after SCI in vivo. MR 16-1 also de-
creased infiltration by inflammatory cells and scar tissue
formation at the lesion site. In addition, the MR 16-1-
treated mice showed significantly better functional recov-
ery than the nontreated mice.

MATERIALS AND METHODS

Animals

In total, 74 adule female C57BL/6] mice {18-22 g, 8—10
weeks of age) were used for this study. The ethics committee of
our institution approved all surgical interventions and animal
care procedures, which were in accordance with the Laboratory
Animal Welfare Act, the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health), and the Guidelines and
Policies for Antmal Surgery provided by the Animal Study
Comittees of the Central Institute for Experimental Animals and
of Keio Universiry,

Rat Anti-Mouse IL-6 Receptor Monoclonal Antibody
(MR16-1)

The rat anti-mouse IL-6 receptor monoclonal antibody,
MR16-1, was prepared as described previously (Tamura et al.,
1993). The isotype of this anubody was Ig-G1. MR 16-1 was

shown to bind to the soluble IL-6 receptor of the mouse and
suppress IL-6-induced cellular responses in a dose-dependent
fashion (Okazaki et al., 2002). Other basic characterizations of
this antibody have been described in previously published re-
ports {Tamura et al., 1993; Okazaki et al,, 2002).

Primary Cultures and Passaging Procedures

Spinal cord tissue was dissected from adult mice and
transferred into Hank's balanced salt solution {(HBSS) containing
trypsin {(1.33 mg/ml), hyaluronidase (0.67 mg/ml), and
kynurenic acid (0.2 mg/ml; all from $igma, $t. Louis, MO) and
then minced. After digestion for 4 min at 37°C, the tissue was
transferred to HBSS containing trypsin inhibitor (0.7 mg/ml;
Roche Diagnostics, Mannheim, Germany) and DNase
{0.01 mg/ml; Boehringer Mannheim, Indianapolis, IN). Cells
and tissue fragments were washed once with DMEM containing
10% fetal bovine serum (FBS; Hyclone, Logan, UT) and disso-
ciated with a 5-ml pipette. Whole digested tissue was washed
again and suspended in DMEM-10% FBS, filtered through
sterile 100-mm nylon mesh, and thoroughly mixed with an
equal volume of Percoll solution. The cell suspension was frac-
tionated by centrifugation for 30 min, 18°C at 12,300 rpm. Cell
fractions were harvested and washed free of Percoll by three
rinses in DMEM/10% FBS. After a final centrifugation, the cell
suspension was harvested in standard neurosphere culture me-
dium and propagated as described previously (Reynolds and
Weiss, 1992; Shimazaki et al., 2001). After the neurosphere-like
cell masses had grown to near-confluence, they were passaged
and replated at a density of 2 X 10° cells/ml. For differentiation
assay, spheres passaged five or six times were dissociated into
single cells and plated onto Eoly—L-omithine {PO)-coated cov-
erslips ar a density of 5 X 107 cells/ml. To investigate the effects
of IL-6 signaling on the neural progenitors, we added both IL-6
and soluble IL-6 receptor to the culture medium. As reviewed
by Van Wagoner and Benveniste (1999}, unlike most soluble
receptors that act as antagonists to their respective ligands, the
soluble receptor of IL-6 has been shown to function as an
agonist of the IL-6-mediated cellular responses by binding to the
nonligand binding glycoprotein gp130 (Taga et al, 1989),
which acts as a signal transducer of the IL-6 family of cytokines
(Taga and Kishimoto, 1997). In the present study, the dissoci-
ated adult mouse spinal cord-derived neural precursor cells that
had been prepared as described above, were allowed to differ-
entiate for 3 days in the presence of IL-6 (20 ng/ml) and soluble
IL-6 receptor-a¢ (sIL-6R; 20 ng/ml), with or w/o MR16-1
{25 pg/ml).

Spinal Cord Injury Model

Female C57BL/6] mice were anesthetized with an intra-
peritoneal injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg). After laminectomy at the T9 level, the dorsal
surface of dura matter was exposed. The vertebral column was
stabilized with fine forceps and clamps at the T7 and T10
spinous processes and ligament, and the animal’s body was then
lifted. SCI was induced with a modified NYU impactor
{Gruner, 1992; Kuhn and Wrathall, 1998; Jakeman et al., 2000},
A 3-g weight (1.2-mm-diameter tip) was allowed to drop from
a height of 25 mm onto the dorsal surface of the dura matter.
The muscles and the incision were then closed in layers, and the
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