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Abstract Peroxiredoxin-1l (Prxll) and glutathione per-
oxidase-1 (GPxl) are regulators of the redox system that is
one of the most crucial supporting systems in neurons.
This system Is an antioxidant enzyme defense system and
is synchronously linked to other important cell support-
ing systems. To clarify the common self-survival mech-
anism of the residual motor neurons affected by
amyotrophic lateral sclerosis (ALS), we examined motor
neurons from 40 patients with sporadic ALS (SALS) and
5 patients with superoxide dismutase 1 (SOD1)-mutated
familial ALS (FALS) from two different families (frame-
shift 126 mutation and A4 V) as well as four different
strains of the SOD1-mutated ALS models (H46R/G93A

S. Kato (B<)) - E. Ohama

Department of Neuropathology, Institute of Neurological
Sciences, Faculty of Medicine, Tottori University,
Nishi-cho 36-1, 683-8504 Yonago, Japan

E-mail: kato@grape.med.tottori-u.ac.jp

Tel.: +81-859-348034

Fax: +81-859-348289

M. Kato
Division of Pathology, Tottori University Hospital,
Yonago, Japan

Y. Abe - T. Matsumura - T. Nishino
Department of Biochemistry and Molecular Biology,
Nippon Medical School, Tokyo, Japan

M. Aoki - Y. Itoyama
Department of Neuroscience, Division of Neurology,
Tohoku University Graduate School of Medicine, Sendai, Japan

K. Asayama
Department of Pediatrics, University of Occupational and
Environmental Health, Kitakyushu, Japan

A. Awaya
Japan Science and Technology Agency, Tachikawa, Japan

A. Hirano
Division of Neuropathology, Department of Pathology,
Montefiore Medical Center, Bronx, New York, USA

rats and GIH/G1L-G93A mice). We investigated the
immunohistochemical expression of Prxll/GPxl in motor
neurons from the viewpoint of the redox system. In
normal subjects, Prxll/GPx] immunoreactivity in the
anterior horns of the normal spinal cords of humans, rats
and mice was primarily identified in the neurons: cyto-
plasmic staining was observed in almost all of the motor
neurons. Histologically, the number of spinal motor
neurons in ALS decreased with disease progression. Im-
munohistochemically, the number of neurons negative
for Prxll/GPxl increased with ALS disease progression.
Some residual motor neurons coexpressing Prxll/GPxl
were, however, observed throughout the clinical courses
in some cases of SALS patients, SOD1-mutated FALS
patients, and ALS animal models. In particular, motor
neurons overexpressing Prxll/GPxl, i.e., neurons showing
redox system up-regulation, were commonly evident
during the clinical courses in ALS. For patients with
SALS, motor neurons overexpressing Prxll/GPx] were
present mainly within approximately 3 years after disease
onset, and these overexpressing neurons thereafter de-
creased in number dramatically as the disease progressed.
For SODI1-mutated FALS patients, like in SALS pa-
tients, certain residual motor neurons without inclusions
also overexpressed Prxll/GPxl in the short-term-surviv-
ing FALS patients. In the ALS animal models, as in the
buman diseases, certain residual motor neurons showed
overexpression of Prxll/GPxl during their clinical cour-
ses. At the terminal stage of ALS, however, a disruption
of this common Prxll/GPxl-overexpression mechanism in
neurons was observed. These findings lead us to the
conclusion that the residual ALS neurons showing redox
system up-regulation would be less susceptible to ALS
stress and protect themselves from ALS neuronal death,
whereas the breakdown of this redox system at the ad-
vanced disease stage accelerates neuronal degeneration
and/or the process of neuronal death.
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Introduction

Amyotrophic lateral sclerosis (ALS), first described by
Charcot and Joffroy in 1869 [11], is a fatal and age-
associated neurodegenerative disorder that primarily
involves both the upper and lower motor neurons [23].
This disease has been recognized as a distinct clinico-
pathological entity of unknown etiology for over
130 years.

During physiological processes and in response to
external stimuli such as ultraviolet radiation, cells pro-
duce reactive oxygen species (ROSs). To protect itself
from these potentially destructive ROSs, each cell of the
living organs has developed a sophisticated antioxidant
system. In such systems, there are two groups of the
enzymes: those constituting the first group convert
superoxide radicals into hydrogen peroxide (H,0,), and
those of the second convert H,O5 into harmless water
and oxygen. The neuronal cytoplasmic isoform of the
first enzyme group is superoxide dismutase 1 (SODI)
[13]. In the second enzyme group, there are the perox-
iredoxin (Prx) and glutathione peroxidase (GPx) fami-
lies, as well as catalase localized within peroxisomes.
Unlike in SOD1 and catalase, enzymes of the Prx and
GPx families require secondary enzymes and cofactors
to function at high efficiency [7]. The enzymes of the Prx
and GPx families are considered to play important roles
in the direct control of the redox system. In general, the
redox system regulates versatile control mechanisms in
signal transduction and gene expression [35]. In mam-
malian cells, this redox signal transduction is synchro-
nously linked to important systems such as cellular
differentiation, immune response, growth control,
apoptosis, and tumor growth [4, 9, 19, 26, 31, 34]. In the
mammalian central nervous system (CNS), the members
of Prx and GPx families regulating the neuronal cyto-
plasmic redox system are Prxll and GPxl, which directly
control the redox system in neurons [6, 7, 8, 12, 17, 24,
27, 29, 30]. In the in vivo milieu where mutant SODI
exists, Prxll/GPxl co-aggregates with SOD1 as neuronal
Lewy body-like hyaline inclusions (LBHIs): neuronal

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

LBHIs immunohistochemically positive for three pro-
teins of SOD1, Prxll and GPxl are observed in the mu-
tant SODI1-related familial ALS (FALS) patients and
transgenic rats expressing human SOD1 with H46R and
G93A mutations [24]. Although some motor neurons
with SOD1 gene mutation form inclusions that are po-
sitive for these three proteins, other SODI1-mutated
motor neurons progress to cell death without forming
the inclusions.

On the other hand, an essential histopathological
feature of ALS is loss of the large anterior horn cells
throughout the spinal cord, with the surviving motor
neurons of the spinal cord exhibiting shrinkage. Among
these residual large anterior horn cells, some appear to be
normal. These surviving motor neurons in ALS patients
are thought to possess some form of self-preservation
mechanism. To gain new insight into the survival
mechanism of these residual motor neurons, we focused
on the redox system. In the study presented here, we
performed immunohistochemical analyses of the spinal
cord, not only from FALS patients with SOD1 gene
mutations and SODI-mutated ALS animal models, but
also from patients with sporadic ALS (SALS), and
analyzed the expression of Prxll/GPxl (redox system) in
the residual motor neurons.

Materials and methods
Autopsy specimens

Histochemical and immunohistochemical studies were
performed on archival, buffered 10% formalin-fixed,
paraffin-embedded spinal cord tissues obtained at au-
topsy from 40 SALS patients and 5 FALS patients,
who were members of two different families. The main
clinical characteristics of the SALS patients are sum-
marized in Fig. 2. The clinicopathological characteris-
tics of the FALS patients are summarized in Table 1
and have been reported previously [20, 21, 25, 28, 33,
36, 38]. SODI analysis revealed that the members of
the Japanese Oki family had a two-base pair deletion at
codon 126 (frameshift 126 mutation) [20] and that the
members of the American C family had an Ala to Val
substitution at codon 4 (A4V) [36]. As controls for
human samples, we examined autopsy specimens of the
spinal cord from 20 neurclogically and neuropatho-

column involvement type, -+ detected, N¥D not determined, As
asphyxia, IH intraperitoneal hemorrhage, RD respiratory distress,
Pn pneumonia)

Case Age Sex Cause of death FALS duration

SOD1 mutation

FALS subtype Neuronal 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 & months A4V PCI -
5 66 M Pn 1 year ND PCI




logically normal individuals (11 males, 9 females; aged
37-75 years).

Animal models

Histochemical and immunohistochemical studies were
also carried out on specimens from ALS animal models:
transgenic rats and mice carrying the overexpressed
human mutant SOD1 genes. 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 endogenous rat SOD1 [32]. The G93A rats
were a transgenic line (G93A-39) in which the level of
human SOD1 with the G93A mutation was 2.5 times the
level of endogenous rat SOD1 [32]. The G93A mice used
in this study represented two lines of transgenic mice
carrying the overexpressed human G93A mutant SOD1
gene: high copy G93A mice [B6SJL-TgN(SODI1-
G93A)1Gur, JR2726; GIH-G93A] and low copy G93A
mice [B6SIL-TgN(SODI1-G93A)1Gur?, JR2300; G1L-
G93A] (Jackson Laboratory, Bar Harbor, ME). The
H46R rats were killed at 110 (n=1), 135 (n=1), 160
(n=1), 170 (n=1), and over 180 (n=13) days after birth.
The G93A rats were killed at 70 (n=1), 90 (n=1), 110
(n=1), 130 (n=1), 150 (n=1), and over 180 (n=3) days
after birth. The detailed clinical signs and pathological
characteristics of the H46R and G93A rats have been
demonstrated previously [32]. As rat controls, we
investigated the spinal cord specimens of each of eight
age-matched littermates of the H46R and G93A rats.
The G1H-G93A mice were examined at 90 (n=2), 100
(n=2),110 (n=23), and 120 (n=3) days of age. The G1L-
G93A mice were examined at 90 (n=1), 100 (n=1), 120
(n=1), 150 (n=1), 180 (n=1), 190 (n=1), 215 (n=1),
230 (n=1), and over 250 (n=2) days of age. As mouse
controls, we also examined the spinal cord specimens of
each of ten age-matched littermates of the GI1H-G93A
and G1L-G93A mice. Rats and mice were anesthetized
with sodium pentobarbital (0.1 mi/100 g body weight).
After perfusion of the animals via the aorta with phys-
iological 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. This study was approved
by the Institutional Animal Care and Use Committee of
Tottori University (Permission no. 03-S-18).

Histochemistry and immunohistochemistry

After fixation, the specimens were embedded in paraf-
fin, cut into 6-um-thick sections and examined by light
microscopy. Spinal cord sections were stained by the
following histochemical methods: hematoxylin and eo-
sin (HE), Kliver-Barrera, Holzer, phosphotungstic
acid-hematoxylin, periodic acid-Schiff, alcian blue,
Masson’s trichrome, Mallory azan, and Gallyas-Braak
stains.
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Rat PrxII, which contained a 6-His-tagged sequence
at the N-terminal region, was overexpressed using
Escherichia coli strain BL21 (DE3) cells harboring the
expression plasmid pET30a (Novagen, Darmstadt,
Germany) -PrxIl, according to the modified method by
Hirotsu et al. [15]. The His-tagged PrxII induced with
0.1 mM isopropyl-B-p-thiogalactoside (IPTG) was
purified by a Ni*"-nitrilotriacetate column (Qiagen,
Hilden, Germany) and then digested with enterokinase.
Finally, the purified PrxIl was passed through an
Erapture Agarose column for removal of enterokinase
(Novagen). The PrxII gene was prepared from a rat liver
cDNA library (Takara Biomedicals, Otsu, Japan) by
PCR using the primers, 5-TTCCATGGCCTCCGG-
CAACGCGCACAT-3" and -TTGGATCCATCTCA-
GTTGTGTTTGGAG-3. Utilizing this  purified
recombinant rat Prxll protein (amino acids 1-198), we
produced a rabbit polyclonal antibody against rat PrxII
according to the method previously described by Kato
et al. [24].

Representative paraffin  sections were used for
immunohistochemical assays. The following primary
antibodies were used: a rabbit polyclonal antibody
against rat Prxll (amino acids 1-198) [diluted 1:2,000 in
1% bovine serum albumin-containing phosphate-buf-
fered saline (BSA-PBS), pH 7.4}; an affinity-purified
rabbit antibody against a synthetic peptide correspond-
ing to the C-terminal region of Prxll (amino acids 184—
198; this amino acid sequence is homologous with those
of the C-terminal regions of the human, rat or mouse
Prxil.) (concentration: 1 pg/ml) [24]; a polyclonal anti-
body to GPxl [diluted 1:2,000 in 1% BSA-PBS, pH 7.4]
[3]; a polyclonal antibody to human SODI1 (diluted
1:10,000 in 1% BSA-PBS, pH 7.4) [2]; and a monoclonal
antibody to human SODI1 (concentration: 3 pg/ml;
MBL, Nagoya, Japan). Sections were deparaffinized,
and endogenous peroxidase activity was quenched by
incubation for 30 min with 0.3% H,0,. The sections
were then washed in PBS. Normal sera homologous with
the secondary antibodies were used as a blocking re-
agent. Tissue sections were incubated with the primary
antibodies for 18 h at 4°C. PBS-exposed sections served
as controls. As a further control, some sections were
incubated with the polyclonal antibody against rat Prxll
that had been preabsorbed with an excess amount of the
recombinant rat Prxll protein. Bound antibodies were
visualized by the avidin-biotin-immunoperoxidase com-
plex (ABC) method using the appropriate Vectastain
ABC kits (Vector Laboratories, Burlingame, CA) and
3,3’-diaminobenzidine tetrahydrochloride (DAB; Dako,
Glostrup, Denmark) as chromogen.

Western blot analysis

This analysis was carried out on three fresh autopsy
specimens from spinal cord cervical segments obtained
from two SALS cases [2.5 years after onset (case 19 in
Fig. 2: age 63 years) and 11 years 5 months after onset
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(case 40 in Fig. 2: age 51 years)] and one normal indi-
vidual (age 68 years). In brief, specimens were homoge-
nized in Laemmli sample buffer (Bio-Rad, Hercules, CA)
containing 2% sodium dodecyl sulfate (SDS), 25%
glycerol, 10% 2-mercaptoethanol, 0.01% bromophenol
blue, and 62.5 mM TRIS-HCI (pH 6.8). The samples
were heated at 100°C for 5 min. Soluble protein extracts
(20 pg) from the samples were separated on SDS-poly-
acrylamide gels (4-20% gradient, Bio-Rad) and trans-
ferred by electroblotting to Immobilon PVDF (Millipore,
Bedford, MA). After blocking with 5% nonfat milk for
30 min at room temperature, the blots were incubated

Fig. 1 Detection of PrxII and
GPxI in serial sections of the
normal anterior horn cells of
the spinal cord in humans
(A-C) and rats (D-F). A, D HE
staining. B, E Immunoreactive
for PrxIl: immunostaining with
the antibody against synthetic
peptide corresponding to the
C-terminal region of Prxll (B)
and immunostaining with the
antibody to rat PrxIT (E).
Immunoreactivity is identified
in most of the anterior horn
cells. C, F Immunostaining for
GPxI. Almost all of the anterior
horn cells in the spinal cord
coexpress both PrxII (B, E) and
GPxI (C, F) in comparison with
HE-stained serial sections

(A, D), although their staining
intensities in neurons vary.

B, C, E, F No counterstaining.
(HE hematoxylin and eosin,
PrxII peroxiredoxin-I1, GPxI
glutathione peroxidase-I). Bars
A (also for B, C), D (also for
E, F) 100 pm

overnight at 4°C with the antibodies against Prxll and
GPxl. Binding to Prxll and GPxl was visualized with the
Vectastain ABC Kit and DAB. Appropriate molecular
weight markers (Bio-Rad) were included in each run.

Resuits

Histopathology

An mportant histopathological finding in the spinal
cord in SALS was loss of motor neurons throughout the




course of the disease. In the specimens we examined,
neuronal loss was most easily recognized in the cervical
and lumbar enlargements. The surviving motor neurons
showed shrinkage, and lipofuscin granule-filled neurons
stood out. Among the residual motor neurons, some
appeared to be normal. Bunina bodies were observed in
the residual motor neurons. The number of motor
neurons decreased with SALS disease progression.
Reactive astrocytosis and gliosis were also observed in
the affected areas. In the affected antero-lateral columns
that were most pronounced in the crossed and uncrossed
corticospinal tracts, there was a loss of large myelinated
fibers in association with variable degrees of astrocytic
gliosis. Fiber destruction was associated with the
appearance of lipid-laden macrophages. Analysis of the
essential changes in the five cases of SODI-mutated
FALS revealed a subtype of FALS with posterior col-
umn involvement (PCI). This subtype is characterized by
degeneration of the middle root zones of the posterior
column, Clarke nuclei, and the posterior spinocerebellar
tracts, in addition to spinal cord motor neuron lesions.
A patient who had survived for a long period, with a
clinical course of 11 years (case 2 in Table 1), showed
multi-system degeneration in addition to the features of
FALS with PCI. Neuronal LBHIs were present in all five
FALS cases with SODI1 gene mutations. The spinal
cords of normal human individuals did not exhibit any
distinct histopathological alterations.

Case] Age | Sex | Cause of { Duration of

No. Death |Disease O 1y 28y 3y 4y By 6y 7y 8y 9y 10y i}y 12y
1|es{M| ARD | 6mo v

2|78 F RD 10mo —

3a|eaiM| RD {1lmo

4 |7} F As 1ylma —
6(8|F| RD |lemo |f——
6|74|M| RD | lv@mo [t

7|68/ F| ARD | 1y4mo ——
8|70|F| RO |1yBma p—

9 |74 F RO 1yBma o
w|wlF| RO | 1wyIme b

1|86 | M| RO | Wmo [f——

1271 M Pn 1yBmo p—

13160 | M RD 1yBmo =

14148 M| RD | WiOmo [t
16|43} F RD iylimo et
6|69 M| RD oy et
17(66) F | AD | 2yimo bt
8|60 M| RD |28m0 f————
19631 M RO 2yBmo Eaa——
20(6)|M| RD |ayemo |
21|72 F{ Pn 2y8mo  ———Y—
2278 | F =1s] 2y8mo EERE—
23|68 | F| RD |[2ylim
24|77 F | RD |3y et
26(57|M| RD |3y e
26 (80| M| RD |3y —
27|83 F | RD |3y e
28|84 (M| RD | 8y8mo |FT—m—
20183 | M Me 3ydmo ——
a0l60| M| AD |8smo ——F—
31|68|F | Pn ayémo ————%
32|83 F RD 4ylmo e
3 44 M| Pn | ayEmo

34|76 F | DIC | 5yBma 3

35|46 M| Pn | 6yBmo

36|48 | M| RD | eyamo

37|45 | F{ RD | 7y4mo

38|74 | M| sD |syemo X

39|71 | F| sp |soyemo ¥
40|51 M| Dic | 1ivEmo Al

Fig. 2 Characteristics of 40 SALS cases, including patient’s age,
sex, cause of death, and duration of disease. The horizontal lines
each show the duration of disease. Arrowheads indicate the time
point at which the patients were placed on respirators (ALS
amyotrophic lateral sclerosis, SALS sporadic ALS, RD respiratory
distress, As asphyxia, Pn pneumonia, SD sudden death, AMe
melena, DIC disseminated intravascular coagulation, y years, mo
months)
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The clinical courses and histopathological findings of
H46R and G93A transgenic rats have been reported
previously by Nagai et al. [32]. As expected, the H46R
rats developed motor deficits at approximately 145 days
of age, and G93A rats showed the clinical signs at
around 125 days of age. When we focused on the ante-
rior horn cells, the number of the anterior horn celis of
the H46R rat at 110 days of age was not significantly
decreased as compared with that of the age-matched
littermate. There were slightly decreased numbers of
anterior horn cells with inclusions in the H46R rat at
135 days of age. At 160, 170 and over 180 days of age,
the number of the anterior horn cells in the H46R rats
was decreased markedly, and many inclusions including
neuronal LBHIs were observed as inclusion pathology.
For G93A rats, the number of the anterior horn cells at
70, 90 and 110 days of age was almost the same as that
of their age-matched littermates, although at 90 and
110 days of age these rats showed vacuolation pathology
including neuropil vacuoles. In G93A rats at 130, 150
and over 180 days of age, there was marked loss of the
anterior horn cells, with both inclusion and vacuolation
pathologies being involved. In the transgenic mice from
the Jackson Laboratory, the clinical onset of the G1H-
G93A mice was, as expected, about 100 days after birth,
and that of G1L-G93A mice was approximately
185 days after birth. The number of the anterior horn
cells of the G1H-GI93A mice examined at 90 days after
birth was not significantly decreased as compared with
that of their age-matched littermates, whereas neuropil
vacuolation was observed. The number of anterior horn
cells of the GIH-G93A mice at 100 days of age was
slightly decreased, and they had abundant vacuoles and
a few inclusions. The GIH-G93A mice examined at 110
and 120 days of age revealed severe loss of the anterior
horn cells and both inclusion and vacuolation patholo-
gies. In the G1L-G93A mice examined at 90, 100, 120,
150 and 180 days after birth, the number of the anterior
horn cells was not significantly changed compared to
that of their age-matched littermates, although the G1L-
G93A mice at 90, 100, 120, 150 and 180 days of age
showed vacuolation pathology and, at 180 days of age, a
few inclusions. In G1L-G93A mice at 190, 215, 230 and
over 250 days of age, there were significant losses of
anterior horn cells, with both inclusion and vacuolation
pathologies being present. The spinal cords of the lit-
termates of these animal models did not exhibit any
distinct histopathological changes.

Immunohistochemistry

In the present study, we produced a rabbit polyclonal
antibody against rat Prxll (amino acids 1-198), in
addition to the affinity-purified rabbit antibody against a
synthetic peptide corresponding to the C-terminal region
of Prxll previously reported by Kato et al. [24]. This
newly produced rabbit polyclonal antibody against rat
Prxll was successfully applied to stain paraffin sections
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from rats (Fig. 1E). Additionally, we were able to use
this rabbit polyclonal antibody against rat Prxll to stain
paraffin sections from humans and mice. Both anti-Prxll
antibodies had the same ability to immunostain paraffin
sections from humans, rats and mice, as well as in
immunoblotting of tissue homogenate of the human
spinal cord. When control and representative paraffin
sections were incubated with PBS alone (i.e., no primary
antibody), no staining was detected. Incubation of
sections with anti-rat Prxll antibody that had been

|

Fig. 3 Serial sections of the spinal anterior horn cells in a patient
with SALS after a clinical course of 2.5 years (case 19 in Fig. 2). A
Light microscopic preparation stained with HE. Top right inset
shows the higher magnification of a neuron (indicated by
arrowhead with b in A), in which Bunina bodies (arrowheads in
top right inset) are observed. B PrxIl immunoreactivity of the
section consecutive to that shown in A. C GPxI immunoreactivity
of the section consecutive to that shown in B. Residual neurons
overexpressing both PrxII and GPxI are evident (arrows). The
staining pattern is diffuse in the cytoplasm and dendrites. Other
neurons are either faintly stained by both antibodies, or unstained
(arrowheads). Observation of only the HE-stained section in A
reveals no difference between the neurons overexpressing PrxII/
GPxI and those almost negative for PrxII/GPxI. No correlation is
demonstrated between PrxII/GPxI expression and the presence of
Bunina bodies. B, C No counterstaining. Bar A (also for B, C)
100 wm, top right inset in A 20 pm

pretreated with an excess amount of the recombinant rat
Prxll protein (amino acids 1-198) produced no staining
in any of the sections.

As expected [24], almost all of the normal anterior
horn cells in the spinal cords of humans, rats and mice
coexpressed both Prxil and GPxl (Fig. 1), although their
staining intensities in positively stained neurons varied.
With respect to the intracellular localization of Prxli
using the two anti-Prxll antibodies, immunostaining of
the neuronal cytoplasm and proximal dendrites was
specifically observed (Fig. 1B, E). In addition, the nuclei
of some neurons were immunostained, albeit the stain-
ing intensity varied (Fig. 1E). GPxl immunostaining
showed a cytoplasmic staining pattern, with the cell
bodies and proximal dendrites being essentially identi-
fied (Fig. 1C, F), but no intranuclear staining was ob-
served (Fig. 1C, F).

In SALS patients, some residual neurons expressed
both Prxll and GPxl strongly within about 3 years after
disease onset (cases 1-27 in Fig. 2). Other neurons were
either faintly stained by both antibodies or unstained.
Around 2-3 years after disease onset in SALS patients
(cases 16-27 in Fig. 2), the intensity of Prxll and GPxl
immunoreactivities peaked in some residual neurons
that were positive for both proteins (Fig. 3). In SALS
patients with a clinical course of over 3 years (cases 28—
40 in Fig. 2), the number of residual neurons decreased
strikingly, and respiratory assistance became essential
for most patients. The residual neurons intensely
expressing both Prxll and GPxl decreased with disease
progression, while the number of residual neurons neg-
ative for both proteins increased dramatically (Fig. 4).
At 11 years 5 months after disease onset (case 40 in
Fig. 2), most of the neurons were atrophic and immu-
nonegative for both Prxil and GPxl. However, even in
this long-surviving patient, a few residual neurons
expressing both Prxll and GPxl were observed (Fig. 5).
Thus, residual motor neurons positive for both Prxll and
GPxl were always evident throughout the disease course
in every SALS patient, although after approximately
3 years of disease their number decreased dramatically.
Observation of only the HE-stained sections revealed no



Fig. 4 Serial sections of the
spinal anterior horn cells in a
patient with SALS after a
clinical course of 4 years

8 months (case 33). A In the HE
preparation, residual motor
neurons appear to be atrophic.
There is no distinction among
these atrophic neurons when
observed in the HE preparation
alone. B Immunostaining for
Prxll. The number of residual
neurons overexpressing Prxll
(arrow) is reduced in
comparison with that in the
SALS patient after a clinical
course of 2.5 years (Fig. 3). The
number of Prxli-negative
neurons is increased
(arrowheads).

C Immunostaining for GPxl.
Similarly to the Prxll
immunostaining, the number of
GPxl-overexpressing neurons is
diminished (@rrow). In contrast,
the number of GPxI-
immunonegative neurons is
increased (arrowheads). B, C No
counterstaining. Bar A (also for
B, C) 100 um

difference between the neurons positive for Prxll and
GPxl and those negative for both proteins (Figs. 3, 4, 5).

In the five FALS patients with SOD1 mutations, as
reported previously [24], neuronal LBHIs in the anterior
horn cells showed co-aggregation of PrxIl/GPxl with
SODI1. Although some SODI1-mutated anterior horn
cells in these patients formed neuronal LBHIs, others
did not. When we focused on these residual anterior
horn cells without inclusions, the stainability and
intensity of Prxll and GPxl staining in the residual cells
without inclusions in the five FALS patients with SOD1
gene mutations were identical to those of the SALS
patients. The numbers of residual anterior horn cells in
one member of the Japanese Oki family (case [, frame-
shift 126 mutation in SOD1 gene) and three members of
the American C family (cases 3—5, A4V substitution in
the SODI1 gene), observed within 2 years of the disease
onset, were similar, although the loss of the anterior
horn cells in the FALS patients was generally more se-
vere in contrast to that seen in the SALS patients with
the same disease duration. As in the SALS patients
within about 3 years of disease onset, some of the
residual anterior horn cells with no LBHIs overexpres-
sed Prxll/GPxl in the four short-term-surviving FALS
patients from the two different families and divergent
SODI gene mutations. In a long-term surviving patient
(case 2) with a clinical course of over 10 years, there
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were a few residual neurons, and most were immuno-
negative for Prxll/GPxl. However, rare residual neurons
expressing Prxll/GPxl were still evident. The findings for
the long-term-surviving FALS patient with SODI
mutation were the same as those of the long-term-sur-
viving SALS patients.

In the ALS animal models with human mutant
SODI, the inclusions exhibited co-aggregation of Prxli/
GPxl with SODI1 as reported previously [24]. Notice-
ably, the Prxll/GPxl-immunoreactive findings in the rat
(H46R and G93A rats) and mouse (G1H-G93A and
GIL-G93A mice) models were essentially the same
throughout the disease course for each ALS animal
model. In the preclinical stage, the Prxil/GPx! immu-
nostainability and immunointensity of the anterior horn
cells were identical to those in the anterior horn cells of
the normal littermates. Although the number of the
anterior horn cells in the ALS animal models was de-
creased after the clinical onset of disease, some of these
residual anterior horn cells showed overexpression of
Prxll/GPxl, i.e., up-regulation of the redox system. In
particular, this redox system up-regulation in the resid-
ual motor neurons was prominent at 160 days of age in
H46R rats (Fig. 6A, B), at 150 days of age in G93A rats,
at 110 days of age in G1H-G93A mice (Fig. 7) and at
215 days of age in G1L-G93A mice. At the end stage
of disease in the four different ALS animal models,
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Fig. 5 Serial sections of the spinal anterior horn cells in a patient
with SALS after a clinical course of 11 years 5 months (case 40).
A Light microscopic preparation stained with HE. Small and
atrophic motor neurons are seen. B Prxll immunoreactivity of the
section consecutive to that shown in A. Although the residual
neuron (arrow) appears to be atrophic in the HE preparation, this
residual neuron expresses Prxll. € GPxl immunoreactivity of the
section consecutive to that shown in B. The residual neuron that
appears to be atrophic in the HE preparation is stained by the anti-
GPxl antibody (arrow). Although there is no neuron overexpressing
Prxll/GPxl, a neuron expressing Prxll/GPxl can be observed
(arrow). By marked contrast, the number of neurons negative for
Prxll/GPxl is increased (arrowheads). Observation of the HE-
stained section in A shows no difference between the atrophic
neuron positive for Prxll/GPxl (arrow) and the atrophic neurons
negative for both proteins (wrrowheads). B, C No counterstaining.
Bar A (also for B, C) 100 um

however, almost all of the residual motor neurons were
negative for Prxll/GPxl, in marked contrast to the
inclusions positive for PrxIl/GPxI (Fig. 6C, D). As seen
for the human specimens, no difference between the
neurons positive for Prxll/GPxl and those negative for
both proteins were observed the HE-stained sections for
these animal models (Fig. 7).

Western blot analysis

When the tissue homogenate of each fresh cervical seg-
ment of the human spinal cord was examined by
immunoblotting for Prxll, a single band corresponding
to approximately 23 kDa was observed, i.e., with the
same mobility as human Prxll (Fig. 8A). Immunoblot-
ting showed that the intensity of PrxIl immunoreactivity

in the SALS patient with a clinical course of 2.5 years
(case 19 in Fig. 2) appeared to be almost identical to that
in a normal subject. In the SALS patient with a clinical
course of 11 years 5 months (case 40 in Fig. 2), Prxll
expression was less than that in the normal subject. This
observation supported the results of Prxll immunohis-
tochemistry. Immunoblotting for GPxl revealed a single
band corresponding to about 22 kDa in two SALS cases
and a normal subject (Fig. 8B). This molecular mass was
compatible with that of human GPxl. In the SALS case
at 2.5 years after disease onset (case 19 in Fig. 2), GPxl
was expressed with almost the same intensity as that in
the normal subject. However, the level of GPxl expres-
sion in the SALS case at 11 years 5 months after onset
(case 40 in Fig. 2) decreased below that in the normal
subject. This finding reflected the GPxl immunohisto-
chemistry results.

Discussion

Prxll is a novel organ-specific anti-oxidative enzyme that
is mainly expressed in mammalian brain [24, 29]. It is a
member of the Prx family, the members of which directly
regulate the redox system [6, 7, 8, 17, 29 1. Prxll is a
homodimeric protein composed of two subunits, each
with a molecular mass of approximately 23 kDa [15, 16].
Like Prxll, GPxl, one of the major cytosolic isoforms of
the GPxl family, also directly controls the redox system
[12, 27, 30]. GPxl is a homotetramer consisting of
approximately 22-kDa subunits [3]. This is consistent
with the results of Western blot analyses, where use of



Fig. 6 Expression of Prxll and
GPxl detected by
immunohistochemistry in the
spinal anterior horn in the
transgenic rats expressing
human SOD1 with an H46R
mutation. A, B Serial sections
of spinal anterior horn cells at
160 days of age in H46R rat
immunostained with antibodies
against Prxll (A) and GPxl (B).
Residual neurons
overexpressing Prxll/GPxl, i.c.,
showing redox system up-
regulation, are observed
(arrows). An inclusion
(arrowhead with in) in the
neuropil is intensely positive for
Prxll/GPxl. The other neurons
are either faintly stained by
both antibodies, or unstained
(arrowheads). C, D Serial
sections of spinal anterior horn
cells at over 180 days of age in
H46R rat immunostained with
antibodies against Prxll (C) and
GPxl (D). Round and sausage-
like LBHIs are strongly positive
for Prxll/GPxl (arrows). By
marked contrast, the number of
neurons negative for Prxll/GPxl
18 increased (arrowheads). A—D
No counterstaining (SOD
superoxide dismutase, LBHT
Lewy body-like hyaline
inclusion). Bar A (also for B) : o

50 pm, C (also for D) 30 wm ; i

the normal human tissue homogenate yielded a single
band of approximately 23 kDa with the two anti-Prxll
antibodies and a single band of about 22 kDa with the
anti-GPx1 antibody.

As expected [24], Prxll/GPxl immunoreactivity in
anterior horns of the normal spinal cords of humans,
rats and mice was primarily identified in the neurons:
cytoplasmic staining was observed in almost all of the
anterior horn cells. Intranuclear localization in some
neurons was also observed with Prxll immunostaining
using the two anti-Prxll antibodies, as previously re-
ported [24]. Considering that endogenous Prxll and
GPx] within the neuronal cytoplasm are regulators of
the redox system, our finding that almost all of the
normal spinal motor neurons coexpressed Prxll/GPxI
confirms that these motor neurons maintain themselves
utilizing the intracellular Prx1l/GPxl system, that is, the
redox system.

Corroborating previous findings [24], neuronal
LBHIs positive for SODI1, Prxll, and GPxl were ob-
served in both the SODI1-mutated FALS patients and
the four transgenic ALS animal models expressing hu-
man mutant SOD1. A breakdown of the redox system
was seen in the SOD1-mutated motor neurons contain-
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ing inclusions. It is possible that the intra-inclusional
co-aggregation of Prxll/GPx! with SODI, or the
sequestration of Prxll/GPx! with SODI into the inclu-
sions causes the intracytoplasmic reduction of Prxll/
GPxl, thereby reducing the availability of the redox
system [24]. Although inclusions were seen in some
motor neurons with the SODI gene mutation, other
SOD1-mutated motor neurons progressed to the cell
death without forming the inclusions.

An interesting feature was the presence of certain
residual motor neurons coexpressing Prxll/GPx]
throughout the ALS disease course in SALS patients
and among SODI-mutated motor neurons without
inclusions. A particularly striking finding was that mo-
tor neurons overexpressing Prxll/GPxl, i.e., with redox
system up-regulation, were commonly evident during
the clinical courses in the divergent disease subtypes:
SALS patients, SOD1-mutated FALS patients, and ALS
animal models expressing human mutant SOD1.

For the SALS patients, although the number of the
residual SALS motor neurons decreased with the pro-
gression of the clinical disease, some motor neurons
overexpressing Prxll/GPxl were present usually up to
approximately 3 years after the onset, particularly in the
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Fig. 7 Expression of Prxll and GPxl detected by immunohisto-
chemistry in the spinal anterior horn in a G1H-G93A transgenic
mouse carrying the highly overexpressed human G93A mutant
SOD1 gene at 110 days of age. A Light microscopic preparation
stained with HE. A round LBHI in the neuropil can be seen
(arrowhead with in). B Prxll immunoreactivity of the section
consecutive to that shown in A. C GPxl immunoreactivity of the
section consecutive to that shown in B. Like in human ALS
(Figs. 3, 4) and H46R rat (Fig. 6), a residual neuron overexpressing
Prxll/GPxl, ie., showing redox system up-regulation, can be
observed (arrow). The other neurons are either faintly stained by
both antibodies, or unstained (arrowheads), which indicates the
breakdown of redox system. Round and sausage-like LBHIs in the
neuropil are strongly positive for Prxll/GPxl (arrowhead with in).
Observation of the HE-stained section in A reveals no difference
between the neuron showing the redox system up-regulation
(arrow) and the neurons exhibiting the redox system breakdown
(arrowheads). B, C No counterstaining. Bar A (also for B, C) 50 um

patients with no respiratory assistance. Thereafter, the
number of these overexpressing motor neurons decreased
dramatically as disease progressed. The immunohisto-
chemical features are consistent with the Western blot
findings that the levels of the Prxll/GPxl in the SALS
patient after a clinical course of 2.5 years were almost the
same levels as in normal cases in spite of loss of the motor
neurons, whereas the levels decreased in the SALS pa-
tient after a clinical course of 11 years 5 months.

In the SODI-mutated FALS patients, as in SALS
patients, certain residual motor neurons without LBHIs
also overexpressed Prxil/GPx! in the four short-term-
surviving patients within 18 months after onset. In the
ALS animal models, as in the human diseases, some
residual motor neurons showed overexpression of Prxll/
GPxl at 160 days of age in H46R rats, at 150 days of age
in G93A rats, at 110 days of age in G1H-G93A mice and
at 215 days of age in G1L-G93A mice. The presence of
this common Prxil/GPxl-overexpression mechanism
during the clinical course of ALS suggests that the redox
system up-regulation represents one of the endogenous
mechanisms that are activated by the ALS stress. At the
terminal stage of ALS, however, disruption of this
mechanism was observed. Although some residual ALS
neurons coexpressed both proteins, while many others
were negative, there was no apparent difference among
these neurons on HE preparations.

In general, the redox system is one of the most crucial
life supporting systems in living cells, serving as an
antioxidant enzyme defense system that is synchro-
nously linked to important physiological functions such
as cellular differentiation, immune response, growth
control, apoptosis, and tumor growth [4, 9, 19, 26, 31,

ab ¢ a b ¢
| -
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8A

Fig. 8 Western blot analyses using the antibodies against Prxll (A)
and GPxl (B). A 20-pg sample of the soluble protein extract from
each sample was applied to each lane. Molecular mass markers: /
ovalbumin (45 kDa); 2 carbonic anhydrase (31 kDa); 3 trypsin
inhibitor (21.5 kDa). A Lane a: Normal control, lane b: an SALS
patient with a clinical course of 2.5 years (case 19). lane c: an SALS
patient with a clinical course of 11 years 5 months (case 40). A
single band at approximately 23 kDa is observed in all samples.
The intensity of Prxll immunoreactivity in lane b (ALS case 19)
appears to be almost identical to that in /ame « (normal). By
contrast, Prxll expression in Jane ¢ (ALS case 40) appears to be
lower than that in /ane a (normal). B A single band of about
22 kDa is detected in each sample. Expression of GPxl in lane b
(ALS case 19) shows almost the same intensity as that in lane a
(normal). However, the level of GPxl expression in lane ¢ (ALS case
40) is decreased below that seen in lane a (normal)




34]. Although we cannot exclude the possibility that the
cells die as a result of redox stress itself, the residual ALS
neurons expressing redox system up-regulation are
thought to maintain their viability by protecting them-
selves from potentially destructive ROSs and by con-
trolling the intraneuronal redox system [1, 5, 10, 14, 34,
39]. A similar up-regulation mechanism for hepatocyte
growth factor (HGF, a novel neurotrophic factor) and
its receptor (c-Met) also occurs in the SALS and SODI-
mutated FALS patients [22]. Considering that in the
animal experiment, overexpression of HGF attenuates
motor neuron death and prolongs the life span of G1L-
G93A mice [37], motor neurons showing up-regulation
of the HGF/c-Met cell-survival system, which is nor-
mally present in neurons, are thought to show enhanced
cell survival in the presence of ALS stress in humans
[22]. Although we cannot readily compare the neuro-
trophic factor with the redox system, our finding leads
us to the conclusion that the residual ALS neurons
showing redox system up-regulation would be less sus-
ceptible to ALS stress and can protect themselves from
ALS neuronal death. Taken together with the fact that
Prxll functions not only as a member of the redox system
but also as a molecular chaperone [18], the residual ALS
neurons overexpresing Prxll/GPxl might have developed
to possess simultaneously both the enhanced antioxidant
enzyme defense mechanism as a highly-evolved redox
system, and the amplified sophisticated system for cop-
ing with misfolded proteins, such as mutant SOD1 or
unknown pathogenetic proteins leading to SALS. Thus,
residual ALS neurons overexpressing redox system-re-
lated enzymes could protect themselves from ALS stress.
However, it is not thought possible for residual ALS
neurons under long-term ALS stress to keep on inducing
redox system-related enzymes. Therefore, as ALS pro-
gresses, the ability of residual neurons to up-regulate the
redox system diminishes, and finally they become even
unable to maintain the redox system itself. In other
words, ALS neurons showing redox system up-regula-
tion might show enhanced cell survival in the presence of
ALS stress. In contrast, breakdown of the redox system
in ALS motor neurons that are barely viable would re-
sult in cell death, and many residual motor neurons that
are unable to coexpress Prxil/GPxl would ultimately
become moribund.

Our data may lead to the development of a new therapy
based on redox system up-regulation for the treatment of
ALS, which for over 130 years has had an unknown eti-
ology. It remains to be determined whether this redox
system up-regulation is a direct or an indirect effect based
on the pathogenesis of ALS itself, or whether this redox
system up-regulation plays a primary or a secondary role
in attenuating ALS-related neuronal death.
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Workshop: Recent Advances in Motor Neuron Disease

Development of a rat model of amyotrophic lateral
sclerosis expressing a human SODI transgene
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Mutations in copper-zinc superoxide dismutase gene
(SODI) have been linked to some familial cases of ALS.
We report here that rats that express a human SOD] trans-
gene with two different ALS-associated mutations (G93A
and H46R) develop striking motor neuron degeneration
and paralysis. By comparing the two transgenic rats with
different SODI muiations, we demonstrate that the time
course in these rats was similar to human SODI-mediated
familial ALS. As in the human disease and transgenic ALS
mice, pathological analysis shows selective loss of motor
neurons in the spinal cords of these transgenic rats. In addi-
tion, typical neurenal Lewy body-like hyaline inclusions as
well as astrocytic hyaline inclusions identical to those in
human familial ALS are observed in the spinal cords. The
larger size of this rat model as compared with the ALS
mice will facilitate studies involving manipulations of
spinal fluid (implantation of intrathecal catheters for
chronic therapeutic studies; CSF sampling) and spinal coxd
(e.g., direct administration of viral- and cell-mediated
therapies).

Key words: astrocytic hyaline inclusions, amyotrophic lat-
eral sclerosis, Lewy body-like hyaline inclusions, mutation,
rat, SODI, transgenic.

INTRODUCTION

ALS is a fatal neurodegenerative disease caused by the
selective death of motor neurons.! Approximately 10% of
the cases of ALS are inherited, usually as an autosomal
dominant trait. In 25% of familial cases, the disease is
caused by mutations in the gene encoding cytosolic
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copper-zinc superoxide dismutase (SODI).>* Nearly 100
different mutations in the SOD/ gene have been identified
in familial ALS.* Why the mutations cause motor neuron
degeneration has not been fully elucidated.

In familial ALS kindred with mutations in the SODJ
gene, the age of onset of weakness varies greatly but the
duration of illness appears to be characteristic to each
mutation. For example, in patients with the L84V muta-
tion, the average life expectancy is less than 1.5 years after
the onset of symptoms;*® whereas patients harboring the
H46R mutation have an average life expectancy of 18 years
after the disease onset.>’ In view of the evidence support-
ing the idea that familial ALS variants of SODI enzymes
acquire toxic properties, the variations in the duration of
illness in different kindred might arise because each
mutation imparts different degrees of toxicity to the
mutant protein.®

To date, several SODI mutants of transgenic mice have
been generated.”* These mice exhibit the ALS-like clinical
features and have importantly advanced our understand-
ing of the pathogenesis of neuronal cell death induced by
mutant SOD1 protein. They have also facilitated therapeu-
tic trials. However, some types of experimental manipula-
tions have been difficult in the ALS mice because of their
innate size limitations. It has been almost impossible, for
example, to analyze CSF from the ALS mice, even at single
time points. It has also been very difficult to use therapies
that involve administration of compounds into the CSFE
There is only a single report of pump-mediated delivery of
therapies to the CSF of the ALS mice, and that approach
was intraventricular rather than intrathecal;” it is likely
that intrathecal administration will produce significantly
better therapeutic levels of compounds at the spinal cord
level than will the intraventricular approach. It has also
been difficult to obtain sufficient tissue to perform exten-
sive biochemical analyzes, such as investigations of post-
transcriptional modifications of proteins like SOD1 itself
during disease progression. For these reasons aund in order
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to reproduce the different degrees of toxicity to the mutant
protein by mutations, we have developed a rat model of
ALS by expressing a human SODI transgene with two
ALS-associated mutations: H46R and G93A.”

CONSTRUCTION OF TRANSGENIC MICE
EXPRESSING MUTANT HUMAN SODI

We elected to make transgenic rats with two mutations in
the SODI genes: histidine 46 to arginine (H46R) and
glycine 93 to alanine (G93A). In patients we have encoun-
tered with these mutations, the phenotypes are quite
different. For H46R patients, progression is extremely
slow?” whereas patients with the SOD1%%# mutation dem-
onstrate a more fulminant, classical clinical course.’® More-
over, the transgenic ALS mouse with this G93A mutation
has been widely distributed and studied throughout the
world.?

To generate the transgenic rats with the H46R and the
G93A mutations, we first obtained human genomic PAC
clones encompassing the entire human SODI gene; we
then subcloned this gene within an 11.5 kb EcoRI-BamHI
fragment. Site-directed mutagenesis was used to generate
clones with either the H46R or the G93A mutations. The
mutated 11.5 kb FcoRI-BamHI fragments were microin-
jected into fertilized eggs from Sprague Dawley (SD) rats
(Japan SLC, Hamamatsu, Japan). Twenty-five potential
transgenic H46R pups were obtained. From these, five
founders with the H46R mutant transgene were identified
using PCR and Southern blotting. Fifty-two potential
transgenic G93A pups were obtained. From these, seven
founders with the G93A mutant transgene were identified.
Levels of accumulated mutant SODI were measured for
almost all founders by quantitative protein immunoblot-
ting of spinal cord extracts using antibody against a peptide
sequence that is identical in human and rat SODI.

The transgenic rats expressing the higher levels of each
human SODI mutant (lines G93A-39 and H46R-4) have
developed motor neuron disease (Fig. 1). Clinically appar-
ent weakness, denoted by dragging of one hindlimb with-
out limb tremor, was evident somewhat later. The mean
age of onset of this clinical weakness for the G93A-39 line
was 122.9 days (n=14); for the H46R-4 line, the age of
onset was 171.7 days (n = 11) (Fig. 1). Simultaneously with
the onset of clinical weakness, the affected rats showed
prominent weight foss. Although the initial clinical mani-
festation of weakness was unilateral leg paralysis, this pro-
gressed and became bilateral in both lines of rats. In the
early stages of the illness, another distinctive abnormality
was increased tone in the tail musculature, resulting in an
elevated, segmentally spastic tail posture. As the disease
progressed, the rats exhibited marked muscle wasting in
the hindlimbs, typically dragging themselves about the
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Fig.1 Progression of mutant superoxide dismutase-
mediated disease. From the presymptomatic stage, the ante-
rior horns of the same rats revealed decreased numbers of
large, multipolar neuronal cells (motor neurons) with prolif-
eration of small non-neuronal cells with morphological char-
acteristics of astrocytes and microglia. The ages of onset and
death for the G93A-39 and H46R-4 rats are indicated.

Fig.2 An affected transgenic rat from the H46R-4 line dem-
onstrates hindlimb weakness and abnormal posturing with
segmental spasticity of the tail.

cage using the forelimbs (Fig. 2). Thereafter, the forelimbs
also became weak, in association with further weight loss.
At end-stage, the affected rats could not drink water and
died. The mean duration of the disease in the G93A-39 and
H46R-4 lines were 8.3 days (n = 14) and 37.2 days (n = 11),
respectively. All rats were handled according to approved
animal protocols in our institution.

HISTOPATHOLOGICAL AND
IMMUNOHISTOCHEMICAL ANALYZES

The H46R and G93A transgenic rats exihibit the same his-
topathological changes as those in human familial ALS
patients with SODI gene mutations. Therefore, at present,
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Fig.3 Histological and histopathological findings in H46R transgenic rats and littermate. (A) The anterior horn of the spinal cord
in littermate rat at the age of 160 days: approximately 15 normal anterior horn cells can be observed. (B) The anterior horn of the
spinal cord in H46R transgenic rat at the age of 160 days: approximately six anterior horn cells can be counted in the H46R trans-
genic rat of this age, that is, the number of the anterior horn cells is decreased with astrocytic gliosis, histopathologically, in com-
parison with the littermate at the same age in (A). A core and halo-type astrocytic hyaline inclusion (Ast-HI) is evident
(arrowhead). (C) The anterior horn of the spinal cord in the H46R transgenic rat at the age of 170 days: the histopathological find-
ing of this age reveals loss of the anterior horn cells and gliosis of the spinal cords. A core and halo-type Ast-HI can be observed
(arrowhead). (D) The anterior horn of the spinal cord in the H46R transgenic rat at the age of 200 days corresponding to the end-
stage: approximately two anterior horn cells can be recognized at this terminal stage; the H46R rats of the terminal stage show
severe loss of the anterior horn cells with gliosis of the spinal cords histopathologically compatible with those in ALS patients with
clinical courses of over 5 years. A core and halo-type Ast-HI can be seen (arrowhead). As in human ALS patients, small-sized
remaining anterior horn cells that appear to be normal are also observed throughout the disease courses in H46R transgenic rats
(B-D) ((A-D): HE; magnification: x400).

we think that the H46R and G93A transgenic rats are neu-
ropathologically most optimal as animal models of familial
ALS with the SODI mutations. An essential histopatho-
logical finding of the spinal cords in ALS patients is loss of
the anterior horn cells.”” When we focus on the anterior
horn cells of the spinal cords in both H46R and G93A
transgenic rats, the anterior horn cells of the H46R and
G93A transgenic rats are decreased before the develop-
ment of clinical motor deficits. At the level of cellular
pathology, the H46R and G93A transgenic rats develop
Lewy body-like hyaline inclusions (LBHI) in neurons and
astrocytes, which are morphological hallmarks of certain
human familial ALS patients with the SODI gene
mutations.!”%

With respect to the histopathological aspects of H46R
transgenic rats, the number of the anterior horn cells of the
160-day-old H46R rats that exhibit hind limb paresis is
decreased with astrocytic gliosis in the spinal cords in com-
parison with the littermates at the same age (Fig. 3A,B). At
170 days of age when the H46R rats indicate hindlimb
paraplegia sometimes associated with forelimb weakness,
the histopathological finding of this clinical stage reveals
more severe loss of the anterior horn cells and gliosis of the
spinal cords in comparison with that of 160 days of age
(Fig. 3B,C). At 200 days of age corresponding to the end-
stage when the H46R rats clinically display quadriplegia or
a moribund state, the H46R rats of this end-stage show
severe loss of the anterior horn cells with gliosis of the spi-
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Fig.4 Neuronal Lewy body-like hyaline inclusions (LBHI) in H46R transgenic rats. (A) A typical intracytoplasmic neuronal
LBHI with a core and halo is indicated by double arrows (HE; magnification: x820). (B) A neuronal ILBHI with a core and halo
is located from the cytoplasm to the dendrite (double arrows) (HE; magnification: x820). (C) An intracytoplasmic LBHI is positive
for SOD1; only the periphery of the neuronal LBHI is strongly immunostained (double arrows) (Immunostaining for SOD1; mag-
nification: x820). (D) An intracytoplasmic LBHI is diffusely immunostained (double arrows) (Immunostaining for SOD1; mag-
nification: x820). (Figure 4C is from Kato et al.'® and reproduced with permission from Acta Neuropathol).

nal cords histopathologically compatible with those in ALS
patients with clinical courses of over 5 years (Fig. 3D). As
in human ALS patients, small-sized remaining anterior
horn cells that appear to be normal in HE preparations are
also observed throughout the disease courses in H46R and
GI93A transgenic rats (Fig. 3A-D).

As for the cell-pathological and immunohistochemical
aspects, the rodent familial ALS model of these rats has the
other important cellular pathological finding compatible
with that in human familial ALS patients with the SODI
gene mutations; typical intracytoplasmic neuronal LBHI
are observed in the remaining anterior horn cells of the
spinal cords in the rat model of familial ALS. Cell-
pathologically, the intracytoplasmic neuronal LBHI in the
rat model of ALS are identical to those in human familial
ALS. In both the rat model and human familial ALS,
neuronal LBHI are formed not only in the cytoplasm but
also in dendrites (Fig. 4A,B). Immunohistochemically, as
in human mutant SODI-mediated familial ALS,"*% the

neuronal LBHI in the rat model of ALS with the H46R and
GI93A are positive for SOD1 (Fig. 4C,D). The reaction
product deposits of the antibody against SOD1 are gener-
ally restricted to the periphery of the LBHI that show
eosinophilic cores with palor peripheral halos in HE prep-
arations (Fig. 4C). The immunostaining in intracytoplasmic
and intradendtritic ill-defind LBHI is distributed through-
out each of the inclusions (Fig. 4D). The rat model of ALS
with the H46R and G93A also develops astrocytic hyaline
inclusions (Ast-HI) that are identical structures observed
in human long-term surviving familial ALS patients with
the SODI gene mutation.”® In HE preparations,
similarly in neuronal L.BHI, Ast-HI are eosinophilic
(Fig. SA) or slightly pale inclusions and sometimes show an
eosinophilic core with palor peripheral halos (Fig. 3B-D).
The Ast-HI are generally round to oval and sometimes
sausage-like in shape. As in neuronal LBHI, immunohis-
tochemically, Ast-HI are intensely immunostained by the
antibody against SOD1 (Fig. 5B).
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Fig.5 Astrocytic hyaline inclusions (Ast-HI) in H46R trans-
genic rats. (A) Typical eosinophilic Ast-HI can be seen
(arrow) (HE; magnification: x1200). (B) An Ast-HI is strongly
positive for SOD1 (arrow) (Immunostaining for SOD1; mag-
nification: x1200).

DISCUSSION

We have established lines of rats that express transgenes
for mutant SOD1 protein with two different ALS-
associated mutations: H46R and G93A. Rats with the high-
est transgene copy numbers and levels of expression of the
mutant protein develop a paralytic disorder characterized
by fulminant motor neuron death accompanied by astro-
gliosis and microgliosis. Particularly striking in our data is
not only the earlier onset of the G93A disease but also the
much more rapid course in the G93A-39 (8 days) as com-
pared to the H46R-4 (37 days) rats. We do not understand
the basis for this difference in rate of disease progression,
but we note those factors determining the time course in
these rats are likely to be relevant to human mutant SODI-
mediated familial ALS. The human H46R cases also
progress very slowly, with a mean survival of 16.8£6.8
years.”” By contrast, the mean survival of the G93A cases
in one report was 2.2 £ 1.5 years.'® Although it is tempting
to speculate that this shorter disease duration is a conse-
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quence of the higher retained dismutation activity in the
G93A-39 line, we cannot firmly conclude this.

A transgenic rat model of human ALS will offer several
advantages with respect to the existing transgenic mouse
ALS models.# Given its larger size, it will facilitate all
studies that entail CSF analysis and, in particular, those
that entail multiple, serial manipulations of CSF in the
same animal. Thus, it will be possible in this model to
obtain adequate CSF for conventional biochemical studies
as well as analyzes of small molecules and even DNA/RNA
species that ‘may distinguish the ALS from the wild-type
CSF. Moreover, this model should be ideal for administra-
tion of therapies via chronic intrathecal pumps, a strategy
that has been employed recently in human ALS clinical tri-
als” Another advantage of the ALS rats is that they can
tolerate some forms of immunosuppressive therapy that
are problematic in mice, such as cyclosporine A. This point
arises in the context of an emerging interest in possible
strategies to use implanted neural stem cells as therapy in
ALS. Tt should now be possible to achieve appropriate
immunosuppression in the ALS rats to allow survival of
implanted cells and hence determine the efficacy of this
approach. As a corollary, we also note that the larger size of
the rat spinal cord will facilitate delivery of cells to the tar-
get spinal cord regions.

CONCLUSIONS

We have established lines of rats that express transgenes
for mutant SOD1 protein with two different ALS-
associated mutations: H46R and G93A. As in the human
disease and transgenic ALS mice, pathological analysis
demonstrates selective loss of motor neurons in the spinal
cords of these transgenic rats. In addition, typical neuronal
LBHI as well as Ast-HI identical to those in human familial
ALS are observed in the spinal cords of the rats. Therefore,
at present, we think that the H46R and G93A transgenic
rats are neuropathologically most optimal as animal mod-
els of familial ALS with the SODI-mutations.
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Motoneuron Degeneration After Facial
Nerve Avulsion Is Exacerbated in
Presymptomatic Transgenic Rats
Expressing Human Mutant Cu/Zn

Superoxide Dismutase
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We investigated motoneuron degeneration after proxi-
mal nerve injury in presymptomatic transgenic (tg) rats
expressing human mutant Cu/Zn superoxide dismutase
(SOD1). The right facial nerves of presymptomatic tg
rats expressing human H46R or G93A SOD1 and their
non-tg littermates were avulsed, and facial nuclei were
examined at 2 weeks postoperation. Nissl-stained cell
counts revealed that facial motoneuron loss after avul-
sion was exacerbated in H46R- and G93A-tg rats com-
pared with their non-ig littermates. The loss of moto-
neurons in G93A-tg rats after avulsion was significantly
greater than that in H46R-tg rats. Intense cytoplasmic
immunolabeling for SOD1 in injured motoneurons after
avulsion was demonstrated in H46R- and G93A-ig rats
but not in their littermates. Facial axotomy did not
induce significant motoneuron loss nor enhance SODT
immunoreactivity in these tg rats and non-tg littermates
at 2 weeks postoperation, although both axotomy and
avulsion elicited intense immunolabeling for activating
transcription factor-3, phosphorylated c-Jun, and phos-
phorylated heat shock protein 27 in injured motoneu-
rons of all these animals. The present data indicate
the increased vulnerability of injured motoneurons after
avulsion in the presymptomatic mutant SOD1-tg
rats. © 2005 Wiley-Liss, Inc.

Key words: axotomy; facial nerve; amyoctrophic lateral
sclerosis; ALS; mutant Cu/Zn superoxide dismutase;
SOD1; transgenic rat

Since the discovery of the mutation of Cu/Zn
superoxide dismutase (SOD1) in patients with familial
amyotrophic lateral sclerosis (ALS) and the development
of transgenic (tg) mice and rats expressing human mutant
SOD1 that show clinicopathological characteristics com-

© 2005 Wiley-Liss, Inc.

parable to human familial ALS, the mutant SOD1-tg
animals have been the most widely used experimental
models for elucidating the pathomechanism of and the
therapeutic approach for familial ALS as well as sporadic
ALS (Cleveland and Rothstein, 2001). Although the
precise mechanism of motoneuron degeneration in
mutant SOD1-tg animals 1s largely unknown, the mutant
SOD1 is thought to have a gain of toxic function
(Cleveland and Rothstein, 2001). In another animal
model of motoneuron degeneration, peripheral nerve
avulsion exhibits extensive loss of motoneurons in adult

rats (Sereide, 1981; Wu, 1993; Koliatsos et al.;, 1994;
Watabe et al., 2000; Sakamoto et al., 2000, 2003a,b;
Ikeda et al,, 2003; Moran and Graeber, 2004). The

mechanism of motoneuron degeneration after avulsion
also remains unclear, but peroxinitrite-mediated oxida-
tive damage and perikaryal accumulation of phosphory-
lated neurofilaments have been demonstrated in injured
motoneurons after avulsion (Martin et al., 1999). Both
of these pathological features have also been shown in
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