
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 (SOD1) and a redox system including
peroxiredoxin2 (Prx2, thioredoxin peroxidase) and glu-
tathione peroxidase1 (GPx1): SOD1 converts superoxide
radicals into hydrogen peroxide (H2O2), and H2O2 is then
converted into harmless water (H2O) and oxygen (O2) by
Prx2 and GPx1 that directly regulate the redox system. To
clarify the biological significance of the interaction of the
redox system (Prx2/GPx1) with SOD1 in SOD1-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

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 SOD1 and
Prx2/GPx1 were similar in the inclusions: the co-aggrega-
tion of Prx2/GPx1 with SOD1 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
SOD1-mediated toxicity in mutant SOD1-linked FALS
patients and transgenic rats expressing human mutant
SOD1.
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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 (H2O2), and the enzymes of the
second group convert H2O2 into harmless water (H2O) and
oxygen (O2). 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-
trolling 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) is a novel organ-specific antiox-
idative enzyme that is mainly expressed in mammalian
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 H2O2, 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 H2O2.
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 H2O2. 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
SOD1 [15, 17, 18]. SOD1 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 SOD1 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 SOD1 has been sug-
gested to contribute to mutant SOD1 aggregation toxicity:
Prx2/GPx1 possibly aggregate as LBHIs in SOD1-mutated
motor neurons. Furthermore, the aggregation of Prx2/GPx1
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
humans 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: NH2-KPNVDDSKEYFSKHN-COOH) 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 peptide was
conjugated with 6 mg keyhole limpet hemocyanin (KLH) in the
presence of 50 mM 1-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 1 h at room temperature. The reaction was termi-
nated by adding 2-mercaptoethanol to the concentration of 20 mM
and dialyzed against PBS for 24 h. To raise polyclonal antibodies,
500 µg of the immunogen in 50% Freund’s complete adjuvant was
inoculated intradermally into a rabbit at 20 skin sites; four booster
inoculations of 500 µg 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 10 days after the final immuniza-
tion. The IgG fraction in the antiserum against the immunogen, the
hapten-conjugated KLH, was purified by absorption on a protein 
G-Sepharose gel column (Pharmacia Biotech, Uppsala, Sweden).
Subsequently, 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 µl of 5 µg/ml immunogen in 5 mM sodium
carbonate buffer (pH 9.6) and incubated for 60 min. 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 µl)
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)-(NH3)2. 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 immunohistochemical 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 1, and
have been reported previously [12, 13, 20, 22, 28, 30, 31]. SOD1
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
neuropathologically normal individuals (11 male, 9 females; aged
37–75 years).
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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 physiological 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.

Histochemistry and immunohistochemistry

After fixation, the specimens were embedded in paraffin, cut into
6-µm-thick sections, and examined by light microscopy. Spinal
cord sections were stained by the following histochemical meth-
ods: hematoxylin and eosin (HE), Klüver-Barrera, Holzer, phos-
photungstic acid-hematoxylin, periodic acid-Schiff, alcian blue,
Masson’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 µg/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% H2O2. 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’-diaminobenzidine 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
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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 (Prx2 peroxiredoxin2,
ELISA enzyme-linked immunosorbent assay, HAS human serum
albumin)

Case Age Sex Cause FALS SOD1 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 +

Table 1 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-

umn involvement type, + detected, ND not determined, As as-
phyxia, IH intraperitoneal hemorrhage, RD respiratory distress,
Pn pneumonia)
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(case 2 in Table 1) 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 G93A 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-

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 GPx1; weak GPx1 immunoreactivity was
diffusely seen in the neuropil in transverse sections of the
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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 counter-
staining (HE hematoxylin and eosin, GPx1 glutathione peroxi-
dase1, Prx2 peroxiredoxin2). Bar A (also for B, C) 2 mm

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 (HE hematoxylin and
eosin, GPx1 glutathione peroxidase1, Prx2 peroxiredoxin2). Bars
A (also for B–D) 100 µm; E, F 50 µm

�

Fig. 4A–C Serial sections of a typical LBHI 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 GPx1: immunoreactivity is located in the SOD1-positive
portion of the LBHI. C Immunoreactivity 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, SOD1 superoxide dismutase 1, GPx1
glutathione peroxidase1, Prx2 peroxiredoxin2). A–F No counter-
staining. Bars A (also for B, C), D (also for E, F) 25 µm



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
LBHIs 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 immunolocalization in many intracytoplasmic
and intraneuritic LBHIs was similar to that of SOD1 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 SOD1-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, 5A–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 observed in
only some areas of the SOD1-positive LBHIs.

Discussion

Under normal physiological conditions, Prx2 and GPx1
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. 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 SOD1 (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 (LBHI Lewy body-like hyaline inclusion, FALS familial
amyotrophic lateral sclerosis, SOD1 superoxide dismutase 1, GPx1
glutathione peroxidase1, Prx2 peroxiredoxin2). Bars A (also for B,
C), D (also for E, F) 25 µm



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 GPx1 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
SOD1 gene mutations and transgenic rats expressing hu-
man SOD1 with H46R and G93A mutations. Intense co-
expression of SOD1, 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
SOD1 as an antioxidant system and Prx2/GPx1 as a redox

system. In this in vivo milieu where mutant SOD1 exists,
Prx2 and GPx1 would aberrantly interact with the mutant
SOD1, 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 SOD1, 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 SOD1 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
G85R transgenic mice has revealed that not only does mu-
tant SOD1 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. 6 Serial sections of the
spinal anterior horn in a trans-
genic rat expressing human
SOD1 with an H46R mutation
immunostained with antibodies
against SOD1 (A) and Prx2
(B). Round and sausage-like
LBHIs in the neuropil are posi-
tive for both SOD1 and Prx2
(arrows) (SOD1 superoxide
dismutase1, LBHI Lewy body-
like hyaline inclusion, Prx2
peroxiredoxin2). Bar A (also
for B) 50 µm



SOD1, 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 SOD1, 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
SOD (CCS) and SOD1 (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
NFP, 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 SOD1
with Prx2/GPx1 directly regulating a redox system, our
finding leads us to speculate that not only co-aggregation
of Prx2/GPx1 and SOD1 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 SOD1-mutated neurons, and this may be one of the
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Fig. 7 Serial sections of the
spinal anterior horn 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
SOD1 and GPx1 (arrows)
(SOD1 superoxide dismutase1,
LBHI Lewy body-like hyaline
inclusion, GPx1 glutathione
peroxidase1). Bar A (also for
B) 50 µm



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/GPx1 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
SOD1) 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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