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Abstract. The present study examined the localization of hepatocyte growth factor in rat skeletal muscle,
and investigated whether levels of hepatocyte growth factor differ between skeletal muscles. Levels of
hepatocyte growth factor in soleus and tibialis anterior muscles were measured using enzyme-linked
immunosorbent assay. Localization of hepatocyte growth factor and proliferating cell nuclear antigen in
the soleus muscle was visualized using immunofluorescence analysis. Level of hepatocyte growth factor
was 3.2 £ 1.4 ng/g tissue in the soleus muscle and 3.4 £ 0.4 ng/g tissue in the tibialis anterior muscle. No
significant differences were identified between muscles with differential contractile characteristics.
Existence of hepatocyte growth factor was observed in cytoplasm of small cells conterminous to muscle
fibers. Cells in a similar position displayed reactivity to proliferating cell nuclear antigen, suggesting that
they represented activated skeletal muscle satellite cells. Hepatocyte growth factor is produced in normal

rat skeletal muscle by activated skeletal muscle sateflite cells.

Key words: Skeletal muscle, HGF, PCNA
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INTRODUCTION

Skeletal muscle cells play important roles in
muscle regeneration and hyperplasial). Skeletal
muscle satellite cells are usually present in a
quiescent state between the plasma membrane and
basal lamina?’, but become activated following
muscular injury or mechanical stretch®>). Activated
satellite cells enter into a cycle of proliferation and
division, and differentiate into myoblasts® 7. These
myoblasts undergo coalescence and maturation,
finishing with repair and hyperplasia. Growth
factors such as hepatocyte growth factor (HGF)”,

fibroblast growth factor® ) and insulin-like growth
factor I'9 are associated with the proliferation and
differentiation of satellite cells. However, each
factor plays a different role. While HGF can cause
precocious entry into the cell cycle for satellite cells,
the actions of HGF in skeletal muscle in vivo remain
unclear. Although the contractile function of
skeletal muscles differs between specific muscles,
relationships between the contractile properties of
skeletal muscle and concentrations of HGF are
unknown. Clarification of these mechanisms could
prove very useful in determining physical therapy to
achieve hypertrophy or hyperplasia. Furthermore,
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repair reactions of specific skeletal muscles may
differ with function. The present study investigated
associations between production of HGF and
contractile properties in rat skeletal muscle.

METHODS

Animals and materials

The present study used 6 female, 11-week-old
Wistar rats (body weight, 196-220 g). Deep
anesthesia was induced in all animals by
intraperitoneal injection of pentobarbital sodium (5
mg/100 g body weight). For quantitative analysis of
HGF levels in tissue, 5 of the rats were
exsanguinated. The right soleus and tibialis anterior
(TA) muscles were then excised and quick-frozen in
liquid nitrogen. For immunofluorescence analysis,
right soleus muscle was excised from the other
normal rat and oriented for cross-section in
embedding medium (Tissue Tek OCT compound,
Miles, Elkhart, IN, USA), then quick-frozen in
1sopentane chilled with liquid nitrogen. Samples
were stored at —70°C until use. At the end of the
study, all animals were sacrificed. All procedures
for animal care and treatment were performed in
accordance with the Guidelines for the Care and Use
of Laboratory Animals at Kanazawa University.

Enzyme-linked immunosorbent assay for hepatocyte
growth factor

For detection of HGF levels, tissues were
completely homogenized in lysis buffer (pH 7.5).
Samples containing HGF were separated by
centrifugation for 60 min at 16,100 x g and 4°C.
Measurement of HGF levels was performed using
an enzyme-linked immunosorbent assay (ELISA)
kit (Institute of Immunology, Tokyo, Japan).

Histological analysis

Sections (10 um thick) were cut on a cryostat,
then dried for 1 h at room temperature. For
morphological observation, cross sections were
stained using hematoxylin and eosin.

Immunofluorescence staining for hepatocyte growth
Jactor and proliferating cell nuclear antigen
Sections (6 um thick) were cut using a cryostat,
and dried for 1 h at room temperature. For detection
of HGF, sections were fixed in methanol for 5 min
. at4°C. For detection of HGF and proliferating cell
nuclear antigen (PCNA; Dako Cytomation Japan,

Fig. 1.

Soleus muscle. Hematoxylin and eosin, % 200.
Scale bar: 50 pm.

Kyoto, Japan), sections were treated with
phosphate-buffered saline (PBS) containing 0.1%
TritonX-100 (pH 7.4) for 5 min at room
temperature. Non-specific binding sites were
blocked using normal swine serum and bovine
serum albumin (BSA) in PBS for 10 min. Sections
were incubated with each primary antibody,
polyclonal anti-rat HGF antibody (Institute of
Immunology) diluted 1:10 in PBS and monoclonal
anti-mouse PCNA antibody (Dako Cytomation
Japan), each for 90 min at 37°C then 30 min at room
temperature. Sections were covered with secondary
antibody for 20 min at 37°C, using goat anti-rabbit
Alexa Fluor 488 (Molecular Probes, Fugene, OR,
USA) diluted 1:300 in PBS and goat anti-mouse
Alexa Fluor 546 (Molecular Probes) diluted 1:500
in PBS. All nuclei were counterstained using 4°,6-
diamidino-2-phenylindole dihydrochloride (DAPI,;
Molecular Probes). Negative controls were
incubated with each rabbit serum and mouse IgG.
Fluorescein signals in sections were observed and
photographed using a fluorescence microscope
(Olympus, Tokyo, Japan).

Statistical analysis

Student’s t-test was used for comparisons between
HGF levels in soleus and TA muscles. Values of
P<0.05 were considered statistically significant.

RESULTS

Tissue HGF level was 3.2 + 1.4 ng/g of tissue in
the soleus muscle and 3.4 £ 0.4 ng/g of tissue in the
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Negative control

Negative control

Immunofluorescence staining for HGF and nuclei in solens muscle. Many nuclei were observed in

general sections (A, C, E, G). HGF was observed in cytoplasm of small cells conterminous to muscle
fibers (F). Background in the negative control section was much lower (D, H). Scale bar: A-D, 50

um;, E-H, 10 um. Magnification x 200.

TA muscle, with no significant differences noted
between muscles.

HGF-positive cells were identified as small cells
conterminous to muscle fibers (Fig. 2C, G), and
HGF signals were localized to the cytoplasm of
these small cells (Fig. 2B, C, F, G). Nuclei

Immunofluorescence staining for PCNA and nuclei in soleus
muscle. Many nuclei are apparent in general sections, but
few PCNA-labeled cells are present (A-C). PCNA-labeled
cells are present conterminous to muscle fibers (B, C).
Background in the negative control section was much lower
(D). Scale bar: 20 um. Magnification x 200.

displayed no positive staining for HGF. Negative
control sections displayed lower background levels
of normal rabbit serum (Fig. 2D, H). Some cells in
a similar position to HGF-positive cells disptayed
positive reactivity for PCNA (Fig. 3B, C).
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DISCUSSION

C-Met is an HGF receptor, which is expressed in
normal adult rat TA muscle satellite cells, and HGF
is released from satellite cells by mechanical stretch
in vivo> 'V, Expression of slow myosin heavy
chains represents 78% of total myosin heavy chain
isoforms expressed in the rat soleus, compared to
5% in TA'?). The number of satellite cells
proliferating in the soleus muscle is elevated after
functional loading!®. Thus, in the soleus muscles,
which act as “antigravity” postural muscles, HGF
concentrations might be assumed to be higher than
in TA muscles. However, no significant differences
were identified for HGF levels in soleus and TA
muscles in the present study. This result suggests
that HGF levels in soleus and TA muscles under
stationary conditions are around 3.2-3.4 ng/g tissue,
with no real difference between muscles displaying
differing contractile characteristics.

HGF acted as an activator of quiescent satellite
cells in vivo!®. Cells labeled with PCNA, which
can be used to detect entry into the cell cycle, were
usable as markers for satellite cell activation!®. We
therefore assumed that HGF and PCNA were
present in activated satellite cells. In the present
study, HGF- and PCNA-positive cells were
observed in the same region of the soleus muscle.
This indicates that HGF is expressed and activated
satellite cells are present in normal rat soleus
muscles.

Soleus muscle activity can increase to about 3-
fold higher than TA muscle activity during
exercise!®). Muscles of the rat hindlimb were
injured by downhill exercise on a treadmill, and the
percentage of morphologically altered fibers was 4—
8% in soleus muscles, and 1-2% in TA muscles!2 13,
The number of proliferating satellite cells was then
seen to increase within 2 days of injury'?. Running
exercise might thus account for up-regulation of
HGF in the soleus muscle.

The present results reveal that HGF levels in
normal rat soleus and TA muscles are 3.2-3.4 ng/ g
of tissue, with no significant differences between
muscles. Furthermore, HGF appears to be present
in the normal rat soleus muscle, produced by muscle
satellite cells. Further research is required to clarify
the mechanisms of hypertrophy, hyperplasia and
muscle remodeling.

ACKNOWLEDGMENTS

We would like to thank Mr. Masashi Miyazaki
from the Department of Physical Therapy at
Kagoshima University Hospital, for his assistance
in the present study.

REFERENCES

1) Allen RE, Rankin LL: Regulation of satellite cells
during skeletal muscle growth and development. Proc
Soc Exp Biol Med, 1990, 194: 81-86.

2) Schultz E, Gibson MC, Champion T: Satellite cell are
miitotically quiescent in mature mouse muscle: an EM
and radioautographic study. J Exp Zool, 1978, 206
451-456.

3) Anderson JE: A role for nitric oxide in muscle repair:
nitric oxide-mediated activation of muscle satellite
cells. Mol Biol Cell, 2000, 11: 1859-1874.

4) Sheehan SM, Tatsumi R, Temm-Grove CJ ,etal.: HGF
is an autocrine growth factor for skeletal muscle
satellite cells in vivo. Muscle Nerve, 2000, 23: 239-
245.

5) Tatsumi R, Anderson JE, Nevoret CJ ,etal.: HGF/SF is
present in normal adult skeletal muscle and is capable
of activating satellite cells. Dev Biol, 1998, 194: 114~
128.

6) Bischoff R: Proliferation of muscle satellite cells on
intact myofibers in culture. Dev Biol, 1986, 115: 129~
139, ‘

7) Bladt F, Riethmacher D, Isenmann S, et al.: Essential
role for the c-met receptor in the migration of
myogenic precursor cells into the limb bud. Nature,
1995, 376: 768~771.

8) Yablonka-Reuveni Z, Seger R, Rivera AJ: Fibroblas
growth factor promotes recruitment of skeletal muscle
satellite cells in young and old rats. J Histocherr
Cytochem, 1999, 47; 23-42.

9) Kastner S, Elias MC, Rivera AJ , et al. Gene
expression patterns of the fibroblast growth factors anc
their receptors during myogenesis of rat satellite cells
J Histochem Cytochem, 2000, 48: 1079-1096.

10) Chakravarthy MV, Davis BS, Booth FW: IGE-
restores satellite cell proliferative potential i1
immobilized old skeletal muscle. J Appl Physiol, 2000
89:1365-1379.

11) Tatsumi R, Sheehan SM, Iwasaki H, et al.: Mechanica
stretch induces activation of skeletal muscle satellit
cells in vitro. Exp Cell Res, 2001, 267: 107-114.

12) Smith HK, Maxwell L, Rodgers CD, et al.: Exercise
enhanced satellite cell proliferation and nes
myonuclear accretion in rat skeletal muscle. J Apr
Physiol, 2001, 90: 1407-1414.

13) Smith HK, Plyley MJ, Rodgers CD, et al.: Skelet:
muscle damage in the hindlimb following single «
repeated daily bouts of downhill exercise. Int J Spor
Med, 1997, 18: 94100,

— 220 —



14)

15)

Allen RE. Sheehan SM, Taylor RG, et al.: Hepatocyte
growth factor activates quiescent skeletal muscle 16)
satellite cells in vitro. J Cell Physiol, 1995, 165: 307~

312.

Johnson SE. Allen RE: Proliferating cell nuclear
antigen (PCNA) is expressed in activated rat skeletal

— 221 —

113

muscle satellite cells. J Cell Physiol. 1993, 154:39-43.
Canu MH, Falempin M: Effect of hindlimb unloading
on two hindlimb muscles during treadmill locomotion
in rats. Bur J Appl Physiol Occup Physiol, 1997, 75:
283--288.



BARERAR 63 % H4TIE 8 (2005 4F 8 A 28 HF4T) BRI

IATEPH I3 - bR AL 5= B
%f%ﬁ?&ﬁ

—Z ORI E E S h—
(35 6 )

(4)

IX. FEAXE/ AR, B4 Mh4>, BHERF, ThH1o

R ifie85E R F (HGF)

RBEEX g F AR

— 222 —




116

IX Fozxa/4Fk, ¥4 bha>, BERF, 57EA11

A B85 R F (HGF)

Hepatocyte growth factor (HGF)

REER il #
A B —

(&WWMM:W%@@%@?,vMa,%EW%,m%

1. B A

I R 5 IR 1 (hepatocyte growth factor:
HGF) % 1984 4 40FFRE 0 Fhad 512 & ) FHili
WEREH 2 REIC Ty POM/MME L DR S
nY, 1989 42T v P b NIk F HGF 237 &
—Z AN FOREER, ) YTV A
£ V% 406t a BH(69kDa) &, L v 7T
7 —EHiEY b0 S (34kDa) A 5% B, il
Ha Hid—ARgo S afke LTmawdh, HGF
converting enzyme b L < (X HGF activator, u-

PA (urokinase —type plasminogen activator), t—
PA (tissue —type PA), matriptase 7z 12X ) o 84
& S O Arg—Val FRALTHIMT S L AGH HGF
& 7% 0T c-Met/HGF SEFAR & DS EIEHE
b2 (H1-a).

HGF O EYIENE YW 0 FH T BETE 14 0 I
T L, HHRLANS S 8o LRzilE, PR
Mfe, —dRoo M TR AR EM 2, I
B b, HifulEE, SREWE, BLTA b —
VA, MEHFEEREZ LI EPHLNE L
S>TETWVAY TOXHIEHLVER A
Z 72 HGF 3R 0 L TGO BN O
FrERTEZZOLNT WS,

INFETICHGE W, FlRE U, Bl i,
D, B s oo Zo ik A R IREREEE, IR
Mo A RBCH LT Y4 - I v 7
R HObL, —ATHGF T ¥ ¥ T2
A b & LUCHERET 5 NK4 (HGFe $5) 1, BOE
H, mE, MEFEOMEI L 2EENEH
EbhT I ENHIL RV TEHEBE SN T WA,
bR AECEUS UCAEMRIT HGE 2 it LIBEEZ

WEL LS &5 2 LTl HGF 2B 5 75,
ZOEEANTEYE HGF 05T 5 7 5 & 3wl Fisiik
WL BIRESERIE R BIEA S, KRTE, <
NS4 EEBIC L 5 HGF DI A E) % H.012
R L, B - mEETIBo—BhERhb L
BHBE LTWA.,

2. HEOENGE RESHG
FRIMIZVAIL % 8L, SRR 2 &2 179 .
WARDRAEIIE, B S L8R F LV
WF o0 —TFFy)ara— s LA AR
Fa—TERMEHL, 4ACT1LAM, 1AMMLD

Bix, —20CLITF CERAFET A, MR o U Rl
DY W UNTHET B

3. IEE—ELISA %ic & % HGF BEE™

N
=DEE

EH 5 O3 E CTIT > TV % human HGF
ELISA %13, [+ (ELISA plate) (2 L L 72HL
HGF 1 X¥UKICHIE TH 5 HGF 2 ffift s ¢, B
\ZEFF VAL HGE 2 X3k & s e, BEER
&% TR O PRS- T E A BT A
THbH, OFEICI Y MELBECEHKRE
(HGF # ik 5 0.1ng/ml) 22 O FHBEMEO B W
BB A% (e N, v b HGF ELISA kit: #
AR RIENTFERT ; Tel: 03-3814-4081).
%72, JEMES HGE O & & Ml 5 ELISA #:7¢
K SIZ & DA STV BY,

4. HGF QI EhEE

SI-HGF BHIRIES 3 5t DM €, HGF
VI, RV R, IR, M, B, MECa

Walkana Ohya, Hiroshi Funakoshi, Toshikazu Nakamura: Division of Molecular Regenerative Medicine, Course

of Advanced Medicine, Osaka University Graduate School of Medicine

W R A AE T ALHFY 4 5

0047-1852/05/ %40/ 5 /JCLS

KBRS KRR E SRR ARERDRE

— 223 —



Nippon Rinsho Vol 63, Suppl 8, 2005 117

a | ik P | PRI — 4R HGF T
PARE S8 )
Kl K2 K3 Kd (mpkibgnf) &
Arg#ﬂ“) Y3l
S - Arg
AN al §
S
Ser A
B Ser Al

A 5

F oy rER— PR

X1 HGFO#EE & EEMBISRNERS FREOERR

a: HGF O & E (L. bl RSB~ OEEIL HGF O, BWBETIXHGEIZ ST 21) vt — k2 1)
YL o TRAMICEIE SN S, MOEBECEEGETE, EROBBICLIAT Y F7 ) Yzl 28857 hbR
. EIHBEMM TAEER HGF G R HGF ~NEM SN B, o BEDMEHE LTOc-Met DY ZF VA4 v
F. ERAMS T c-Met MIRELEBEHEMO L) V20 YB{EENTWA 2 ETHGRIZE A e-MetDF T vy D Y ¥
BALDPEESNTWAE (Y7 F IV OFF). —h T, BEHBTIEIOL ) Y 2SPP2AIC L o TRLY YL X T 5 7
DHGFIZEY c-MetDF 2 DY YRR ) ¥ 7 F ABEESND (22 F )V ON=c-Met jEHAL). D F
BEFENZ c-Met D) ) VEMLIZ X ) HGF I35 EMGERNIC c-Met 215103 2.

— 224 —



118 H Ak 63 % HET%5 8 (2005)

BT 5, —7, LIRS 57 1R ER 5 D5
AL A A= 2D RPN DA TH 5. Bt
Yk, FREZE S v MoBwTid, v b HGE &k
WL L &b 2REMISIER T v PO 105D
MiEe b HGF =05 R s s
MEFHDOHGE D2 ) 75 v ADHK) 70 %13 T
i (s, BIET 10% LLTF) Cithihis, Z 2Tl
c~Met &=/ L 72 NTEALEERE (= > M4 =
A)EE BT, AT VR L O EIT X A
MEZ V77 2AOWEPEESNTHS, I
GEER) 2 ¥y b HGE KRGO X 9
I HGE 2B ST 5 &, RS
1T % c-Met DFEBAME T UINAILEREE T &
H710T TV AMMET T 5., BHER 23RO
M HGFEOZFE W 2850, HGF #EA DM
W2z, c-Met OFRIET, FHREIROWANIZ
52079V ADKTHREEETEHEE
A bhbY,

5. HGF O %EYZE)

IERmE L AviE, Eli X BB Ed e w
2B TE—712% 0 Ukig4 b L, B
L THEZ I oW, LTSRS, T8
WO, A4, BELRWL, ARRIZE
CHEIRBRIZ R & ) RN - -8 b2 3
B, FIHEIREICIE, BRI A HGE iR 1T
RiE® & &SI ER L, MIRBIH Y -2 2R
TN LT, PP CEERPEICE—2 %
AL EETOHGF #EH SRR 2o & S BHEO
100 R5 & 72 ) g R, RS RRERIc S
TAZ LRI NEY(EL., TBWOL)
12, HGF % AT 2 Ml (IEHIG) oBIEaHELC
LB%EbLHEmT 5.

6. HGF D Z DMOEF(Z &L B EE

IL-18, ZvaavFaf Fip s kT,
WY HGF B R FHE, HH T A2 &
PWHESINTELY, Zhbon%512X 5 HGE
EEED BT S .

#1 HGFHEMBOEEHZED)

HGF (ng/m/)

MR 2otk S M
1048 0.36£0.16 0.352£0.25
20 f%, 0.392£0.25 0.37+0.22
301% 0.37£0.19 0.33+0.19
401 0.33+0.17 0.29+0.17
50 £ 0.2610.17 0.29+0.15
o/ S TR T R O ol L e
IR | 0.30 AT | 168

IR | 0.41£0.21 | 48323 | 0.30 LT
IR | 0482025 | 643

7. HGFOEE B LUEEERBRIZEITS
BREEEBRNES SE2Y)

a. EERFME HGF EOZEED

PE AR 2 S O HGF O Mg
B4 I lids OB ERICBURIC SIS ER T 5. 8
BIBENEEL-LE, BERSBOALLT
TR O IEF % T BEAREM S AR I HGF
AL, WEh, ZOHGFIRZYF2 Y Y,
85 7)) Y ERRE L CEEMEMR IS I NS
(E1-b). MACEEICHESNIHGF DY 7
FUPMGFGEEE TOAR L ZITRONE &)
W 7 AL, HGF OEMHAL & c-Met D E
A E LTV I I NAAL v FY, c-Met D
HBHFEIZL > TEZONTWE (R 1-b, ©.
F 7, BEICKEL Tz c-Met BRI Y 7V
A Ay FIEEER) 2 v ¥ v b HGFEE M
EHFR TR L ERET A 2 & IEMICHEVT
Wb,

b. EERBICLZTH

1) & &

SRR, BYWRK, FEZE, FHRER S
T HEOEREREICHE L CTHGFED L~V
AT 5. ol & FAaEFATIIYY VY
v, AST, »-GTP, BHIF TSR A >
T v 7 AL W IR A L OB L o T
HorThb, —FHT, BUERFETE, Ml
DEFEWIZ L B c-MetiKFH R HGF D7 ) T T
Y ADRET & v JlF4 b ) g HGEF {8
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Abstract Peroxiredoxin-ll (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
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rats and G1H/GI1L-G93A mice). We investigated the
immunohistochemical expression of Prxll/GPxl in motor
neurons from the viewpoint of the redox system. In
normal subjects, Prxll/GPxl 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/GPx! 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/GPxl 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 SODI-mutated FALS patients, like in SALS pa-
tients, certain residual motor neurons without inclusions
also overexpressed Prxll/GPx! in the short-term-surviv-
ing FALS patients. In the ALS animal models, as in the
human 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,O, 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 SODI 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-
pously 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 SOD1-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 SOD1-mutated
motor neurons progress to cell death without forming
the inclusions.

On the other hand, an essential histopathological
feature of ALS 1s 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 SODI1-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]. SOD1 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 neurologically and neuropatho-

column involvement type, + detected, ND 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
2 65 M IH
American C family

18 months
11 years

3 39 M RD 7 months A4V
4 46 M Pn 8 months A4V
5 66 M Pn | year ND

2-bp deletion (126)
2-bp deletion (126)

PCI +
PCI and degeneration of other systems -+

PCI +

PCI -
PCI +
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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 SODI 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(SODI-
G93A)1Gur, JR2726; G1H-G93A] and low copy G93A
mice [B6SJL-TgN(SOD1-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=23) 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=3), 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 GIH-G93A
and G1L-G93A mice. Rats and mice were anesthetized
with sodium pentobarbital (0.1 ml/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-pm-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 Prxll, 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 PrxII 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 SOD1 (diluted
1:10,000 in 1% BSA-PBS, pH 7.4) [2]; and a monoclonal
antibody to human SOD! (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. Sotuble 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 Immobiton 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 PrxII (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 PrxIT (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-1I, GPxI
glutathione peroxidase-1). 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.

Results

Histopathology

An important histopathological finding in the spinal
cord in SALS was loss of motor neurons throughout the
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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 SODI1-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 SOD1I 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 |Disesse O 1y 2y 8y 4y 8By 6y 7y 8y 9y 10y 1]y 12y
1166 M| BD | &mo -y

2 {71 F RD 10mo p—t
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4171} F As 1ylmo ]
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8|74|M| RD | lamo |——

7 (68| F| RD | lydmo

8 (70|F RD 1yBmo  ——

9 |74| F| RD lyémo  p———s
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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, Me
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 cells 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 GIL-G93A mice was approximately
185 days after birth. The number of the anterior horn
cells of the G1H-G93A 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 G1H-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 anterjor 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 mneuron (indicated by
arrowhead with b in A), in which Bunina bodies (arrowheads in
top right inset) are observed. B PrxlI 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 n A
reveals no difference between the neurons overexpressing PrxII/
GPxI and those almost negative for PrxII/GPxI. No correlation is
demonstrated between PrxIf/GPxI expression and the presence of
Bunina bodies. B, C No counterstaining. Bar A (also for B, C)
100 pm, top right inset in A 20 pm

pretreated with an excess amount of the recombinant rat
Prxl] 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 Prxll and GPxl (Fig. 1), although their
staining intensities in positively stained neurons varied.
With respect to the intracellular localization of Prxll
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 GPx! 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 Prxll 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
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