stages might be produced by cooperative activity of ER and
ribosomes. These inclusion-like structures with abnormal accu-
mulation of ER seemed likely to represent a precursor to the later
neuronal LBHI observed in this line. These results imply that the
deterioration of ER function and the involvement of ER might be
important for formation and developing neuronal LBHI/Ast-HI
in mutant SOD1 harboring FALS patients.

DISCUSSION

Aggregated proteins or inclusions are a pathological hallmark and
possible causative agent of several neurodegenerative disorders
including ALS [39]. While LBHI/Ast-HI have been established as
morphological hallmarks of mutant SOD!-linked FALS, little is
known about the formation of these structures in neurons [6].
Several in vitro systems have been provided for analysis mutant
SOD! aggregation [35,36,40], however, the relationship between
mutant SOD! aggregation in wiro and pathological hyaline
inclusions i w0 remains unclear. The LHI we observed in SK-
N-SH cells expressing mutant SOD provide a direct link between in
vitro and in vivo SOD| aggregation. To our knowledge, this is the first
study to show reproducible induction of LBHI/ Ast-HI like structures
meeting the criteria of inclusion bodies [24,26,31,38,41].

LBHIs/Ast-HIs in human FALS consist of a chaotic mixture of
cytoplasmic proteins (such as SODI, copper chaperone for SOD
(CCS), peroxiredoxin 2, and glutathione peroxidase 1), cytoskeletal
proteins (such as tubulin, tau protein, and phosphorylated- and
nonphosphorylated neurofilament), nuclear proteins (such as
neuron-specific enolase) and synaptic proteins (such as synapto-
physin [24,38,41-43]). Recently, it has been published that
GRP78/BiP, an ER resident chaperon protein, is also co-localized
with LBHI of G93A SOD1 mice [28]. GRP78/BiP is molecular
chaperone protein induced by IRE] in response to aberrant
protein folding and promotes proper protein folding. In this
context, GRP78/BiP may be acting as part of the UPR response
to resolve granule coated fibrils. Tobisawa et al. [35] reported
increased protein levels of GRP78/BiP in motor neurons of
mutant SOD1 transgenic mice, suggesting that the motor neurons
in their model suffer from ‘ER stress’. While the importance of ER
stress or proteosome malfunction in formation of mutant SOD1
aggregates has been established [35,36,40], the mechanisms by
which mutant SOD1 forms LBHI/Ast-HI in FALS remain poorly
understood. In this study, we present three lines of evidence for the
involvement of ER stress in early events in LBHI/Ast-HI
formation. First, ER stress in neuroblastoma cells expressing
mutant SODI results in SODI- and ubiquitin-immunopositive
LHIs, compatible with LBHI/ Ast-HI, composed of granule-coated
fibrils approximately 15-25 nm in diameter and granular
materials (Figs. 5 and 6). Secondly, we observed similar structures
in the spinal cord of L84V SODI transgenic mice at pre-
symptomatic stages, including abnormal electron dense, ie.
stressed, ER and numerous free ribosomes. (Figs. 4 and 7). Third,
positive staining against anti-KDEL antibody, which recognizes

" ER resident proteins such as calreticulin, GRP 94, PDI and
GRP78/BiP, were observed in both the LHI and Ast-HI of L84V
SOD! transgenic mice at symptomatic stages (Fig. 6E~H). These
findings support the hypothesis that ER stress induces LBHIs/ Ast-
HIs creation in FALS patients with mutant SODI1. Taken
together, these observations suggest that LHI in neuroblastoma
cells and LBHI/Ast-HI in FALS patients might develop through
similar processes.

In this study, we presented evidences that ER stress causes
aggregates of mutant SODI! and formation of LHI which is
compatible with LBHI/Ast-HI. However, other questions arise
from these results. 1) Why did same stress induce the different
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outcome of mutant SOD1 aggregation in the neuroblastoma? 2)
Are the smaller aggregates competent to develop to LHIs? To
answer these questions, we sought without success to identify the
origin of the granule coated fibrils or SODI] containing
filamentous structure (e.g. less densely coated fibrils) in the smaller
SOD aggregates localized to ER in L84V SOD] expressing cells.
Nevertheless, we found common features between the small
aggregates in 184V SOD1 expressing SK-N-SH cells and neuronal
LBHI-precursor in L84V transgenic mice, including regions of
abnormal ER aggregation surrounded by abundant free ribosomes
(Fig. 4B and Fig 7C). Furthermore, LHI and Ast-HI were
immunopositive for the KDEL peptide present in ER-resident
proteins, suggesting the involvement of ER itself in formation or
development of LBHI/ Ast-HI (Fig. 6E-H). We suggest that aberrant
SODI fibril might be produced by cooperative activity of ER and
ribosomes. To answer the questions, careful observation of LHI with
time lapse analysis is needed.

It remains unclear why the major symptoms of ALS in patients
with mutant SOD1-linked FALS do not develop until middle age,
but we speculate that age-dependent changes in responses to ER
stress might provide an answer. Under normal conditions, newly
synthesized and misfolded proteins are refolded by chaperons such
as GRP78, 94, calnexin, and calreticulin. This UPR response may
be more robust in younger FALS patients and might be the reason
the proteins aggregates are not observed in young patients even
though mutant SOD1 is expressed. However, a decrease in
protein folding or chaperone capability may occur with aging, and
accumulation of misfolded proteins in the ER lumen may
gradually lead to ER stress [44]. Consistent with this idea,
Tobisawa et al. reported mutant SODI retention in the ER in
COS7 cells [35] and Kikuchi et al. reported age-dependent
increase of mutant SOD1 aggregation to ER in spinal cord of
G93A SOD1 mice, suggesting ER dysfunction might be caused by
mutant SOD! {36]. Prolonged ER stress associated with in-
sufficient degradation of misfolded proteins would subsequently
activate apoptotic pathways. Nakagawa et al. reported that
caspase-12, the ER resident caspase, is specifically cleaved and
activated by ER stress, and that cells derived from mice lacking
caspase-12 are resistant to ER stress [16]. In the spinal cords of
G93A SODI mice, caspase-12 s activated in symptomatic period
and can be inhibited by overexpression of XIAP (X-linked
inhibitor of apoptosis protein {45,46). Then, we analyzed
activation of caspase-4 (the human orthologue of rodent caspase-
12) following tunicamycin treatment. As expected, the SODI
aggregates of the 1.84V SODIl-expressing neuroblastoma cells
colocalized with caspase-4 (unpublished data), implying caspase-4
might contribute to cell death in our model systemn.

Although it can take longer than 30 years for LBHI/Ast-HI to
develop in FALS patients, we could induce the formation of
morphologically similar LHI within 24 hours in our simple model.
Detection of the molecular targets for ER stress-induced hyaline
inclusions of mutant SODI in our model might lead to the
development of therapy that can prevent the progression of mutant
SOD!1-linked FALS. Ultimately, our study should contribute to the
development of a simple system to analyze novel therapies for ALS.

MATERIALS AND METHODS

Transgenic Mice

Transgenic mice for mutant human SODI™*Y (C587BL/6
background) were created (M. Kato, et al. Transgenic mice with
ALS-linked SOD!1 mutant L84V. Abstract of the 31st Annual
Meeting of Society for Neuroscience, San Diego, 2001). Mice were
genotyped by PCR to detect the mutant SOD1 transgene using

October 2007 | Issue 10 | e1030



the following primers: forward, TTGGGAGGAGGTAGT-
GATTA,; reverse, GCTAGCAGGATAACAGATGA. The onset
of symptoms was at 5-6 months and the initial sign of the disease
was usually weakness in their hindlimbs, while approximately 10%
of the mice first showed weakness in their forelimbs.

Chemicals and antibodies

We used the following antibodies: anti-SOD1 polyclonal antibody
(pAb; Chemicon, Temecula, CA); anti-ubiquitin pAb and anti-
KDEL mAb (Stressgen, Victoria, BC. Canada); anti-Tim17 pAb
and anti-Tom?20 pAb (grateful gifts by Dr. Otera and Prof. Mihara
[47,48]); Alexa Fluor 488-conjugated anti-sheep 1gG, Alexa Fluor
588-conjugated anti-mouse IgG antibody, and Alexa Fluor 588-
conjugated anti-rabbit IgG antibody (Molecular Probes, Eugene
‘OR); biotinylated anti-sheep IgG (Vector Laboratories, Burlingame,
CA); anti-FLAG mAb (Sigma, woodlands, USA); anti-myc pAb and
anti-GFP-mAb (Santa Cruz, Santa Cruz, CA); HRP-conjugated
anti-sheep IgG (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA); and HRP-conjugated anti-mouse IgG and HRP-
conjugated anti-rabbit [gG antibody (Cell Signaling Technology,
Beverly, MA). Tunicamycin was obtained from Sigma.

Cell culture and induction of ER stress

SK-N-SH human neuroblastoma cells were obtained from the
Riken Cell Bank (T'sukuba, Japan), and were cultured in a-MEM
(Invitrogen) containing 10% fetal bovine serum at 37°C under 5%
COy. These cells were transfected with pcDNA3.1-hSOD1 and
pcDNA3.1-hL84V-SODI to cause overexpression of wild-type or
L84V mutant SODI, respectively. G418 resistant stable neuro-
blastoma cell lines expressing equal levels of endogenous and
exogenous SOD1 were established. In all experiments, we used
cultures that were at 70-80% confluence to avoid the influence of
stress induced by overgrowth. On the day of stimulation, fresh
medium was added more than 1 h before exposure to stress in
order to ensure the same conditions for each culture.

Western blot analysis

SK-N-SH cells stably expressing wild-type or L84V SOD1 were
washed with PBS, harvested, and lysed in TNE buffer containing
1 mM PMSF and 1% SDS. 10 pg of protein was subjected to 12%
SDS-PAGE and transferred to a PVDF membrane (Millipore
Corp.). The membrane was blocked with 5% skim milk and
incubated with anti-SOD1 antibody (1:1500 dilution), followed by
incubation with an HRP-conjugated secondary antibody. Proteins
were visualized with an ECL detection system (Amersham-
Pharmacia).

Immunocytochemistry

SK-N-SH cells stably expressing wild-type SOD1 or L84V SODI1
were treated with 1 pg/ml of tunicamycin for 24 h. Then the cells
were fixed with Zamboni’s solution (0.1 M phosphate-buffered
saline (PBS; pH 7.4) containing 2% paraformaldehyde (PFA) and
21% picric acid), rinsed in 0.1 M PBS, and incubated for 30 min
in 0.3% H50, to eliminate endogenous peroxidases. Next, the
cells were incubated overnight at 4°C with the primary antibody (a
polyclonal sheep anti-SOD]1 antibody; Calbiochem) at 1:1000 in
0.1 M PBS containing 0.3% Triton X-100 and 3% bovine serum
albumin (BSA). After washing in 0.1 M PBS, cells were incubated
for 30 min with the secondary antibody (biotinylated anti-sheep
IgG) (Vector Laboratories). After amplification with avidin-biotin
complex from the ABC kit (Vector Laboratories), reaction
products were visualized with 0.05 M Tris-HCI buffer (TBS; pH
7.6) containing 0.02% diaminobenzidine tetrahydrochloride
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(DAB) and 0.01% hydrogen peroxide. Finally, the cells were
counterstained with Mayer’s hematoxylin and eosin (HE).

Co-immunoprecipitation assay utilizing ubiquitin
Lysates of pcDNA3.1-myc-tagged ubiquitin (a kind gift from Dr.
Niwa and Prof. Sobue ([32})-transfected SK-N-SH cells stably
expressing wild-type SOD1 or L84V SOD! were prepared using
TNE buffer (10 mM Tris-HCL, (pH 7.4), 150 mM NaCl, and
I mM EDTA) containing ! mM phenylmethylsulphonyl fluoride
(PMSF), 2 pg/ml aprotinin, and 1% Nonidet P-40 after treatment
with or without 4 pug/ml ALLN for 12 h. Then, ! pg of anti-
FLAG antibody was added to 400 jig of lysate, followed by
incubation at 4°C for at least 3 h. Protein G-Sepharose (10 pl gel)
was then added and incubation was done with rotation at 4°C for
1 h. The immunoprecipitate was subjected to SDS-PAGE and
transferred to a polyvinylidene fluoride (PVDF) membrane. The
membrane was blocked with 5% skim milk and then was
incubated with anti-Myc antibody (1:1000 dilution), followed by
incubation with an HRP-conjugated secondary antibody. Proteins
were visualized with an ECL detection system (Amersham-
Pharmacia).

Immunofluorescence and chemifluorescence

SK-N-SH cells expressing wild-type SOD1 or L84V SOD1 were
incubated with or without tunicamycin or ALLN, rinsed in
0.02 M PBS, and fixed in Zamboni’s fixative. Then the cells were
incubated overnight at 4°C with an anti-SOD1 antibody (1:1000
dilution) and either ant-KDEL (1:500 dilution), ant-GM130
(1:500 dilution) or anti-ubiquitin (1:300 dilution) antibody in
0.02 M PBS containing 0.3% Triton X-100 and 3% BSA. Next,
the cells were treated with fluorescent dye (Alexa Fluor 488)-
conjugated donkey anti-sheep IgG (SODI; 1:1000 dilution),
fluorescent dye (Alexa Fluor 568)-conjugated goat anti-mouse
1gG (KDEL, GM130; 1:1000 dilution), and goat anti-rabbit IgG
(ubiquitin; 1:1000) as the secondary antibodies for 1 h at RT in
0.02 M PBS containing 3% BSA. Examination was done under
a Zeiss LSM 510 microscope. For detection of SODI1 colocaliza-
tion with cytochrome b3, pCMV b3-EGFP vector was transfected
to the cells (kind gift from Dr. Otera and Prof. Mihara; [49]). The
GFP signal was enhanced by anti-GFP antibody staining (1:100).
In order to determine the localization of SOD1 in living cells, SK-
N-SH cells expressing wt and L84V SOD1 were transfected with
a pcDNA3.1-GFP-tagged wt and L84V SOD1 plasmid, re-
spectively. After treatment with tunicamycin for 24 hr, the cells
were further incubated with Mito-tracker or Lyso-tracker
(Molecular Probes) for 30 min to visualize the mitochondria or
lysosomes, respectively. Then the cells were rinsed at least three
times in 0.1 M PBS and fixed with Zamboni’s solution for
examination under a LSM 510 confocal microscope (Zeiss, Osaka,

Japan).

Electron microscopy

SK-N-SH cells stably expressing L84V SODI1 were exposed to
1 pg/ml tunicamycin for 24 h and then fixed at room temperature
(RT) for 1 h in 0.1 M phosphate buffer (PB) containing 2.5%
glutaraldehyde (GA) and 2% paraformaldehyde. Subsequently,
the cells were post-fixed in 1% OsO,4 at RT for 1 h, dehydrated in
a graded ethanol series, and embedded in epoxy resin (Quetol 812;
Nisshin EM Co.). Areas containing cells with aggregates were
block-mounted in epoxy resin by the direct epoxy-resin embedding
method and cut into 90-nm sections. The sections were counter-
stained with uranyl acetate and lead citrate, and then examined
using an H-7100 electron microscope (Hitachi).
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Immune Electron microscopy

As with immunocytocemistry methods above, after fixation with
Zamboni solution containing 0.1% GA, the cells with anti-SODI
antibody were developed with DAB. Then, they were post-fixed in
1% OsO4in 0.1 M PB at RT for 30 min after 1% GA in 0.1M PB
re-fixation. The samples were dehydrated in a graded ethanol
series and then embedded in Quetol 812. Areas containing cells
with aggregate morphology were block-mounted and cut into 90-
nm sections. The sections were counterstained with uranyl acetate
and lead citrate, and then examined with an H-7100 electron
microscope.

Analysis of inclusion bodies (light microscopy and

electron microscopy)

Sections of SK-N-SH cells containing eosinophilic hyaline
inclusion bodies-and spinal cord sections from transgenic SOD!
L84V mice were decolorized, rehydrated, rinsed in 0.1 M PBS,
and then blocked for 1 hin 0.1 M PBS containing 0.3% Triton X-
100 and 3% BSA. Next, the sections were incubated overnight at
4°C with the primary antibody (polyclonal sheep anti-SODI
antibody at 1:500) in 0.1 M PBS containing 0.3% Triton X-100
and 3% BSA. After washing in 0.1 M PBS, sections were
incubated for 30 min with the secondary antibody (biotinylated
anti-sheep IgG). Subsequently, incubation was performed for
30 min in 3% Hy0, to eliminate endogenous peroxidases. After
amplification with avidin-biotin complex (ABC kit, Vector
Laboratories), visualization of reaction products was done with
0.05 M TBS (pH 7.6) containing 1.25% DAB and 0.75%
hydrogen peroxide.

For electron microscopy, samples of SK-N-SH cells expressing
L84V SODI and spinal cords from transgenic SOD1 L84V mice
were decolorized, rehydrated, and rinsed in 0.1 M PBS. The
samples were further fixed and dehydrated. Then the samples
were embedded directly in epoxy resin, sectioned, counterstained,
and examined as described under electron microscopy section.

SUPPORTING INFORMATION

Figure 81 Cytosolic localization of SOD! in wt SODI
expressing cells under ER stress. (A-F, A’-F') Analysis of
localization of SOD1 on ER. WT SOD1-expressing SK-N-SH
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Abstract

Hepatocyte growth factor (HGF) is one of the most potent
survival-promoting factors for motor neurons. We showed that
mtroduction of the HGF gene into neurons of G93A transgenic
mice attenuates motor neuron degeneration and increases the
lifespan of these mice. Currently. treatment regimens using
recombinant protein are closer to clinical application than gene
therapy. To examine its protective effect on motor neurons and
therapeutic potential we administered human recombinant HGF
(hrHGF) by continuous intrathecal delivery to G93A transgenic rats
at doses of 40 or 200 pg and 200 pg at 100 days of age (the age at
which pathologic changes of the spinal cord appear, but animals
show no clinical weakness) and at 115 days (onset of paralysis),
respectively, for 4 weeks each. Intrathecal administration of hrHGF
aftenuales motor neuron degeneration and prolonged the duration of
the disease by 63%, even with administration from the onset of
paralysis. Our results indicated the therapeutic efficacy of contin-
uous intrathecal administration of hrHGF in transgenic rats and
should lead to the consideration for further clinical trials in
amyotrophic lateral sclerosis using continuous intrathecal admin-
istration of hrHGF.

Key Words: Amyotrophic lateral sclerosis, Continuous intrathecal
delivery, Hepatocyte growth factor, Neurodegeneration. Superoxide
dismutase-1 (SODI), Transgenic rat.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disease caused by selective motor neuron death
(1). Approximately 10% of cases of ALS are inherited,
usually as an autosomal dominant trait (2). In ~25% of
familial cases, the disease is caused by mutations in the gene
encoding cytosolic copper-zinc superoxide dismutase
(SOD1) (3-3). The cause of ALS is still unclear, and clinical
trials have as yet failed to identify any truly effective
therapeutic regimens for ALS. with only riluzole providing a
modest improvement in survival. Various substances have
been shown to have therapeutic effects in a murine model of
ALS. However, there have been a few reports of prolonga-
tion of survival with treatment slarting around the time of
disease onset (6-12).

We (13) and another group (14) developed a rat model
of ALS expressing a human SODI1 transgene with 2 ALS-
associated mutations: glycine to alanine at position 93
(G93A) and histidine to arginine at position 46 (H46R)
(3, 5). Similar to its murine counterpart, this rat transgenic
{Tg) ALS model reproduces the major phenotypic features
of human ALS. Some experimental manipulations are
difficult in Tg mice because of size limitations; however,
this Tg rat model allows routine implantation of infusion
pumps for intrathecal drug delivery. Intrathecal drug
application is a well-established method for therapy and
has been used in clinical trials in patients with ALS (15).
This route of administration bypasses the blood-brain
barrier, allowing rapid access to potential binding sites for
the test compound in the spinal cord (16).

Hepatocyte growth factor (HGF) was first identified as
a potent mitogen for mature hepatocytes and was first cloned
in 1989 (17). Detailed studies indicated that HGF is
expressed in the CNS (18) and is a novel neurotrophic
factor (19, 20). HGF is one of the most potent survival-
promoting factors for motor neurons, comparable to glial
cell line-derived neurotrophic factor in vitro (21). Sun et al
(22) reported that introduction of the HGF gene into neurons
of G93A Tg mice attenuates motor neuron degeneration
and increases the lifespan of these mice. Thus, HGF is a
good candidate agent for treatment of ALS. Currently,
treatment using recombinant protein is closer to clinical
application than gene therapy. However, HGF has a very
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short half-life (23-25) and shows poor penetration into the
CNS. Therefore, we examined the effects of continuous
intrathecal delivery of human recombinant HGF (hrHGF)
into Tg rats using implanted infusion pumps for selective
and less invasive supply of HGF to the spinal cord.

MATERIALS AND METHODS

Animal Preparation and Clinical Evaluation

G93A Tg rats were genolyped by polymerase chain
reaction (PCR) assay using DNA obtained from the tail as
described (13). To examine the dose and effects of hrHGF
on disease onset, we began administration of 40 or 200 g of
hrHGF (provided by H. Funakoshi and T. Nakamura, Osaka
University, Osaka, Japan) or vehicle (0.1 M sulfoxide PBS)
for 4 weeks to groups of eight 100-day-old Tg rats, when the
pathologic changes of the spinal cord appeared, but the
animals did not show weakness. All animals were killed at
130 days by deep anesthesia, and the spinal cords were
examined. Because treatment of patients with ALS patients
is initiated only after diagnosis based on clinical signs and
symptoms, we tested the effects of hrHGF on survival with
administration beginning at around the age of onset of
paralysis. We administered 200 wg of hrHGF or vehicle
alone to groups of eight 115-day-old G93A Tg rats for 4
weeks, and the animals were observed until their death. To
analyze the mechanism of action of hrHGF administration
beginning at onset of paralysis we treated groups of six 113-
day-old G93A Tg rats with 100 g of hrHHGF or with vehicle
alone for 2 weeks (a dose comparable to 200 wg for 4
weeks). All rats were killed 2 weeks after commencement of
administration of hrHGF, and their lumbar spinal cords were
examined. Further groups of 3 G93A Tg rats and 3 non-Tg
rats at 70, 100, and 130 days were used to measure the levels
of rat HGF and c¢-Met. All rats were handled according to
approved animal protocols of our institution and had free
access to food and water throughout the experimental period
and before and after pump implantation.

The onset of ALS was scored as the first observation
of abnormal gait, evidence of limb weakness, or loss of
extension of the hindlimbs when picked up at the base of the
tail. We defined the appearance of paralysis as disease onset,
although this is not a sensitive indicator and appears later
than the decrease in activity (10). However, the appearance
of paralysis is a suitable marker of disease onset because it is
closer to the state at which patients will be diagnosed with
the disease.

Footprints were collected every 3 days by letting the
rats walk on a straight path after dipping their hind paws in
black ink. We measured 3 strides within the area showing
regular gait and calculated the means. Footprint measure-
ments were made for rats that began treatment at 115 days.
Examiners were blinded to which group each of the rats
belonged in.

Preparation of the Osmotic Pumps
and Transplant Surgery

Osmotic pumps (model number 2004 or 2002; Durect
Corporation. Cupertino, CA) were incubated in sterile saline
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at 37°C for 40 hours to attain a constant flow rate before use.
Pumps were filled to capacity with hrHGF solution or
vehicle using a filling needle. An infusion tube was made by
connecting a l-cm length of polyethylene tubing (PE 60;
Becton Dickinson, Franklin Lakes, NJ) to a small caliber
tube 9 c¢m in length (PE 10; Becton Dickinson) using an
adhesive (ARON ALPHA; Konishi Co., Osaka, Japan). The
end of the infusion tube was connected to the shorter end of
the flow moderator, the longer end of which was inserted
into the pump.

Surgery for placement of the pump and intrathecal
administration was performed as follows. Tg rats were
anesthetized using diethyl ether and 1% halothane in a
mixture of 30% oxygen and 70% nitrous oxide. The skin
over the third to fifth lumbar spinal process was incised and
the paravertebral muscles were separated from the vertebral
lamina with scissors. The fifth lumbar vertebra was
laminectomized, and the dura mater was exposed for
insertion of the infusion tube. Particular care was taken not
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FIGURE 1. Increased levels of rat hepatocyte growth factor

(HGF) and c-Met expression in the spinal cords of G93A
transgenic (Tg) rats {n = 3) and non-Tg rats (n = 3). (A) Levels
of endogenous rat HGF expression. Open bars, non-Tg rats;
closed bars, G93A Tg rats. (B) Levels of c-Met mRNA of G93A
Tg rats compared with non-Tg rats.
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to injure the dura mater during laminectomy. A small hole
was bored through the dura mater with a 24-gauge needle,
and a polyethylene tube (PE 10, Becton Dickinson) was
inserted into the subarachnoid space approximately 3 c¢m
rostrally. A subculaneous pocket was made into which the
osmotic pump and pump side tube were implanted. The
infusion tube was attached to the fascia over the para-
vertebral muscles at the incision margin with silk string. A
drop of adhesive (ARON ALPHA) was applied, and the
incision was closed by suturing the muscles and skin.

Measurement of Rat and Human HGF
in the Lumbar Spinal Cord

Slices of the fifth lumbar cord from 3 G93A Tg rats
and 3 non-Tg rats at 70, 100, and 130 days as well as from
130-day-old G93A Tg rats treated with 40 or 200 ug of
hrHGF or vehicle alone for 4 weeks starting at 100 days
were homogenized in buffer (20 mM Tris-HCI, pH 7.5, 0.1%
Tween-80, 1 mM phenylmethylsulfonyl fluoride, and | mM
EDTA) and centrifuged at 15,000 rpm for 30 minutes.
Supernatants were separated and the concentrations of rat
endogenous HGF were measured using an enzyme-linked
immunosorbent assay (ELISA) kit, which is specific for rat
HGF without detecting human HGF (22) (Institute of
Immunology, Tokyo, Japan). For measurement of human
HGF in the treated rats we used a human HGF-specific
ELISA kit (IMMUNIS, Institute of Immunology), which is
not reactive with rat HGF (26, 27).

Measurement of c-Met mRNA in the Lumbar
Spinal Cord of Tg Rats

Aliquots of | g of tolal RNA from the lumbar cords
of rats were used as templates for synthesis of double-
stranded cDNA. Real-time quantitative PCR was performed
for c-Met and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [GAPDH forward primer, 5-CCATCACTGC-
CACTCAGAAGAC-3"; GAPDH reverse primer, 3-TCA-
TACTTGGCAGGTTTCTCCA-3'; GAPDH TaqMan probe,
5(FAM)-ACCACGAGCACTGTTTCAATAGGACCC-
(TAMRA)3", ¢-MET forward primer, 5-GTACGGTGTC-
TCCAGCATTTTT-3". c-Met reverse primer, 5-AGAG-

FIGURE 2. Intrathecal administration of hepatocyte growth
factor (HGF) to G93A transgenic (Tg) rats at 100 days showed
a protective effect against motor neuron death. (A-D)
Histologic evaluation of the anterior horn with Nissl staining
at 130 days: (A) lumbar cord of non-Tg rats; (B) 200 g of
human recombinant HGF (hrHGF)-treated; (C) 40 pg of
hrHGF-treated; and (D) vehicle-treated G93A Tg rats. Scale
bar = 40 .m. (E) Quantitative morphometric evaluation of
surviving motor neurons of the fifth lumbar anterior horn.at
130 days. We counted neurons that were >40 pm in
diameter. Significantly larger numbers of motor neurons
survived in hrHGF-treated G93A Tg rats (p < 0.01 and p <
0.0017, 40 and 200 g of hrHGF, respectively), compared with
vehicle-treated G93A Tg rats (n = 8 in each group). (F) Levels
of human HGF concentration in lumbar spinal cords of G93A
Tg rats treated with 200 pg of hrHGF, 40 pug of hrHGF, and
vehicle.

© 2007 dmerican Association of Neuropathologisis, Inc.

CACCACCTGCATGAAG-3’; TagMan probe, 3 (FAM)-
CGTGTTCCTACCCCCAATGTATCCGT- (TAMRA)3.
An ABI Prism 7700 Sequence Detection System (Applied
Biosystems Perkin-Elmer, Foster City, CA) was used to
monitor emission intensities using the above primer pairs
and TagMan fluorogenic probes. The c-Met mRNA level of
G93A Tg rats relative to non-Tg rats was calculated using
the Comparative Cy Method (Applied Biosystems).
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FIGURE 3. Intrathecal administration of hepatocyte growth

factor (HGF) from 115 days (just before disease onset)
retarded disease progression. (A) Survival periods were
143.25 + 17.0 days in the vehicle-treated group (solid blue
line) and 154.3 = 16.4 days in the 200 ug of human
recombinant HGF (hrHGF)-treated group (solid red line).
Survival of hrHGF-treated animals was extended significantly
(p = 0.0135), although there were no significant differences in
onset (dotted lines, n = 8 in each group, p = 0.6346). (B)
Footprint analysis demonstrated a delay in decline of stride
length in G93A transgenic (Tg) rats treated with 200 pg of
hrHGF relative to vehicle-treated G93A Tg rats (error bars, +
SD). (€, D) Quantitative morphometric evaluation of surviv-
ing motor neurons that were >40 um in diameter (€) and
neuron size distribution (D) in the fifth lumbar anterior horn
of GI3A Tg rats 2 weeks after administration from 115 days.
Significantly larger number of motor neurons survived in the
hrHGF-treated G93A Tg rats compared with vehicle-treated
G93A Tgrats (6.7 £+ 1.6 vs 2.3 0.9, p = 0.002, n = 6 in each

group) (€).
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Histopathologic and Immunohistochemical
Analyses

To examine the dose and effects of hrHGF against
disease onset, we began administration of 40 or 200 ug of
hrHGF or vehicle alone to groups of eight 100-day-old Tg
rats each for 4 weeks. At 130 days, G93A Tg rats were
administered hrHGF or vehicle, and non-Tg rats were deeply
anesthetized with diethy! ether and killed for histopathologic
evaluation. To examine the effects of hrHGF administration
beginning at onset of paralysis, 100 wg of HGF or vehicle
alone was administered to groups of six 115-day-old Tg rats
for 2 weeks. These animals were killed by deep anesthesia
with diethyl ether 2 weeks after the operation. Under deep
anesthesia these animals were perfused via the aorta with
physiologic saline at 37°C and their lumbar spinal cords
were removed. The fifth lumbar spinal cord tissue was
embedded in OCT compound (Sakura Finetek Japan Co.,
Tokyo, Japan), frozen in an acetone/dry ice bath after
fixation with 4% paraformaldehyde, and supplemented with
0.1 M cacodylate buffer (pH 7.3) containing 30% sucrose.
Other spinal cord tissue specimens were frozen in dry ice
and cut into frozen sections (12-pm-thick) and then washed
with PBS. To evaluate the effects of HGF on motor neuron
loss we compared the numbers of lumbar motor neurons
in each group by counting as mentioned below. To eva-
luate the effects of HGF on apoptosis and to determine
whether HGF receptors were activated, we compared the
results of immunochistochemical staining of the lumbar
cords for activated caspase-3, activated caspase-9 (Cell
Signaling Technology, Inc., Beverly, MA), and phosphory-
lated c-Met (activated HGF receptor) (BioSource Interna-
tional, Camerillo, CA). The staining specificity of the
antibodies was assessed by preabsorption of the primary
antibody with excess peptide, omission of the primary
antibody. or replacement of the primary antibody with
normal rabbit IgG (22). We examined every seventh section
from 42 serial sections of the fifth lumbar spinal cord. We
counted neurons that had a clear nucleolus and were
multipolar with neuronal morphology (13, 22). >40 wm in
diameter, and located in a defined area of the anterior hom
of the spinal cord. Cell counts were performed using Image)
software (National Institutes of Health, Bethesda, MD) on
images captured electronically (28).

Western Blotting

Lysates from the lumbar spinal cord of each rat were
prepared in RIPA buffer (150 mM NaCl, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% sodium dodecyl sulfate, and 50
mM Tris, pH 8.0). Equal amounts of proteins from the
lysates (50 pg) were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred onto poly-
vinylidene diflouride membranes, and immunoblotted. The
primary antibodies used were anti-caspase-3 (Sigma-
Aldrich, St. Louis, MO). anti-caspase-9 (Stressgen Biotech-
nologies Corporation, Victoria. BC, Canada), anti-X-linked
inhibitor of apoptosis protein (XIAP) (Cell Signaling
Technology, Inc.), and anti-excitatory amino acid transporter
2 (EAAT?2) antibodies (Chemicon International, Temecula,
CA). After incubation of membranes with HRP-coupled

© 2007 American Association of Neuropathologists. Inc.
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secondary antibodies, proteins were visualized using ECL or
ECL Plus Western Blotting Detection Reagents (Amersham
Biosciences [nc., Piscataway, NJ) and a Fluorochem image
analyzer (LAS-3000 mini; Fuji Photo Film Co., Tokyo,
Japan).

Statistical Analysis

The Kaplan-Meier and log-rank test were used for
statistical analyses of differences in onset and survival
between groups. For statistical analyses of differences in
body weight, footprint, motor neuron cell count, and West-
ern blotting we used analysis of variance and post hoc tests.
The data are reported as means + SD.

RESULTS

Measurement of the Levels of Rat HGF and
c-Met Expression in Untreated Animals

Groups of 3 G93A Tg rats and non-Tg rats at 70, 100,
and 130 days were used to measure the levels of rat HGF
without any treatment. In the lumbar cords of untreated
G93A Tg rats, the HGF concentrations increased with
disease progression (Fig. 1A). At 70 days the level of rat
HGF in the lumbar cords of G93A Tg rats was 4.05 + 0.6 ng/
mg and was the same as that of non-Tg rats. Increases of
35% and 107% were observed in the rat HGF level at 100
and 130 days, respectively, compared with non-Tg rats.

In addition, we measured the levels of ¢c-Met mRNA in
the tumbar spinal cords of Tg rats relative to non-Tg rats by
real-time quantitative PCR. In the lumbar cords of G93A Tg
rats the level of c-Met mRNA expression was the same as
that in non-Tg rats at 70 days. However, a 55% increase in
the level of c-Met mRNA expression compared with that of
non-Tg rats was observed at 100 days and the higher level of
expression was retained at 130 days (Fig. 1B).

Administration of hrHGF to 100-Day-Old G93A
Tg Rats for 4 Weeks

To examine the efficacy of hrHGF on motor neurons
in the spinal cords of Tg rats against onset of disease we
administered 40 and 200 pg of hrHGF or vehicle alone to
100-day-old G93A Tg rats for 4 weeks (n = 8 in each group).

FIGURE 4. Sections of the fifth lumbar anterior horn from
G93A transgenic (Tg) rats treated with human recombinant
hepatocyte growth factor (hrHGF) (A, C, E, G) or vehicle (B,
D, F, H) for 2 weeks starting at 115 days were stained with
hematoxylin and eosin (A, B) and antibodies to phosphory-
lated c-Met (C, D), activated caspase-3 (E, F), and activated
caspase-9 (G, H). Scale bar = 50 um. There were larger
numbers of remaining large motor neurons in hrHGF-treated
G93A Tg rats (6.7 = 1.6) (A) than in vehicle-treated G93A Tg
rats (2.3 £ 0.9) (B). Phosphorylated c-Met staining was more
distinct in hrHGF-treated G93A Tg rats (€) than in vehicle-
treated G93A Tg rats (D). In contrast, activated caspase-3
staining was stronger in vehicle-treated G93A Tg rats (F) than
in hrHGF-treated G93A Tg rats (E). Activated caspase-9
staining was detectable in vehicle-treated G93A Tg rats (H)
compared with little reactivity in hrHGF-treated G93A Tg
rats (G).

© 2007 American Association of Neuroputhologists, Inc.

Animals were killed at 130 days, and their lumbar spinal
cords were examined. Because administration of hrHGF for
more than 30 days may induce antibodies against hr HGF, we
did not treat rats for longer than this period. We confirmed
elevation of human HGF concentrations in the lumbar cords
of hrHGF-treated rats using a specific sandwich immuno-
assay. The mean human HGF concentrations were 83.9 +
25.1, 15.6 + 5.4, and 0 ng/mg for rats treated with 200 pg of
hrHGF, 40 pg of hrHGF, and vehicle, respectively (Fig. 2F).
The endogenous rat HGF concentration is 4 to 5 ng/mg at
this age (Fig. 1A). The human HGF concentration in the
spinal cord of G93A Tg rats wreated with 200 pg of hrHGF
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was increased by approximately 20-fold relative to the
endogenous rat HGF. All vehicle-treated G93A Tg rats
developed weakness in the hindlimbs with a mean onset of
118.8 + 4.3 days. Seven of 8 G93A Tg rats treated with 40
pg of rhHGF developed the disease before 130 days. In
contrast, only 3 of 8 animals treated with 200 pg of thHGF
developed paralysis before this stage. At 130 days the
average numbers of motor neurons in the ventral horn were
as follows: non-Tg rats, 19.2 £ 3.3; vehicle only, 2.9 + 1.3;
40 wg of hrHGF. 6.3 £ 2.1; and 200 wg of hrHGF, 11.2 +
4.2. Significantly more motor neurons survived in hrHGF-
treated (40 ug, p <0.01; 200 g, p < 0.001) than in vehicle-
treated G93A Tg rats (Fig. 2A—E). hrHGF prevenied motor
neuron death in G93A Tg rats in a dose-dependent manner.

Administration of hrHGF to 115-Day-Old G93A
Tg Rats for 4 Weeks

We next examined the. therapeutic potential of HGF
when administration was started at around the age of onset
of paralysis. We administered 200 wg of hrHGF or vehicle
alone to 115-day-old G93A Tg rats for 4 weeks. There were
no statistically significant differences (p = 0.6346) in onset
between the groups (200 wg of hrHGF. 126.8 # 13.1 ddys
vehicle, 126.3 + 13.8 days) (Fig. 3A, dotted lines).
contrast. 200 pg of hrHGF extended mean survival by 11
days compared with vehicle-treated G93A Tg rats (p =
0.0135) (Fig. 3A, solid lines), although G93A Tg rats
showed very rapid disease progression and died within 20
days of disease onset. The average periods from the onset to
death were 16.9 + 8.17 and 27.5 £ 11.1 days in vehicle (n =
8) and hrHGF (n = 8) groups, respectively. The latter
represented an increase ol 62.7% relative to vehicle-treated
controls. Footprint analysis of stride length in 200 pg of
hrHGF-treated G93A Tg rats showed significant improve-
ment compared with vehicle-treated G93A Tg rats at 118
days (p = 0.0424) (Fig. 3B). Thus, despite the very rapid
disease progression in this model and short treatment period
of 4 weeks, hrHGF treatment improved motor performance
and prolonged survival even with treatment beginning
around the onset of paralysis.

Histologic evaluation of the lumbar spinal cord
indicated that hrHGF treatment prevented the pathologic
changes typical of Tg rats. Two weeks afier commencement
of administration at 129 days, vehicle-treated rats showed
substantial loss of motor neurons (2.3 = 0.9) compared with
hrHGF-treated rats (6.6 = 1.6) (Figs. 3C, 4A, B). A signif-
icantly larger number of motor neurons survived in hrHGF-
ireated G93A Tg rats than in vehicle-treated G93A Tg rats
{p = 0.002). Histologic evaluation of the lumbar spinal cord
revealed much greater numbers of phosphorylated c-Met-
positive cells (which were presumed to be motor neurons
because of their large size, multipolar form, and localization
in the anterior hom of the spinal cord) in hrHGF-treated
G93A Ty rats compared with vehicle-treated G93A Tg rats
at 2 weeks after the start of administration at 129 days
(Fig. 4C, D). These observations indicated that the admin-
istered hrHGF was used in the spinal cord in G93A Tg rats.
Consistent with the observation that apoptosis is involved in
the pathogenesis of ALS (29-32), immunohistochemical
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analyses indicated large numbers of cells positive for
activated caspase-3 and caspase-9 in vehicle-treated rats
(Fig. 4F, H), compared with little or no reactivity in
hrHGF-treated rats (Fig. 4E, G). To assess the mechanisms
of suppression of caspase-3 and caspase-9 activation in
hrHGF-treated rats, we next examined the level of XIAP by
Western blotting, as XIAP inhibits activation of these pro-
caspases and its levels are decreased in ALS mice (31).
Western blotting analysis revealed increased XIAP expression
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FIGURE 5. Caspase-3 and -9, glial fibritlary acidic protein
(GFAP), excitatory amino acid transporter 2 (EAAT2), X-linked
inhibitor of apoptosis protein (XIAP), and B-tubulin expression
in the lumbar spinal cord. Western blotting of lumbar spinal
cord lysates from G93A transgenic (Tg) rats treated with 100
ug of human recombinant hepatocyte growth factor (hrHGF)
or vehicle for 2 weeks from 115 days. Western blotting
analysis revealed increased levels of EAAT2 and XIAP expres-
sion in the spinal cords of hrHGF-treated G93A Tg rats
compared with vehicle-treated G93A Tg rats (XIAP, p =
0.0099; EAAT2, p = 0.0417; n = 4). On the other hand,
activated caspase-3 and -9 expression levels were decreased in
hrHGF-treated G93A Tg rats. There were significant differ-
ences in caspase-3 expression between hrHGF- and vehicle-
treated G93A Tg rats (pro-caspase-3, p = 0.0031; activated
caspase-3, 0.0154; n = 4). GFAP expression was equwalent in
both groups.
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in the spinal cord of G93A Tg rats, and the increase in
hrHGF-treated rats was only 60% of that in vehicle-treated
G93A Tg rats. On the other hand, activated caspase-3 and 9
levels were decreased in hrHGF-treated G93A Tg rats (p =
0.0154 and p=0.2364, 75% and 69% of vehicle-treated G93 A
Tg rats, respectively). These were all considered to be effects
of HGF on motor neurons. Finally, we examined whether
HGF improves the function of other cell types, such as
astrocytes. There was a 60% increase in glial-specific gluta-
mate transporter (EAATZ2) in hrHGF-treated rats compared
with vehicle-treated controls, although there was little differ-
ence in GFAP expression levels between the 2 groups (Fig. 5).

DISCUSSION

In this study, we demonstrated dose-dependent effects
of hrHGF on motor neurons in the G93A Tg rat model of
ALS, with administration starting at 100 days. Furthermore,
we showed that hrHGF retards disease progression in this
animal model treated from 115 days at the time of disease
onset. There have been many studies of possible treatments
in a mouse model of ALS (33, 34), but few agents have been
shown to prolong survival with administration starting
around disease onset (6-12). In this study, recombinant
hrHGF retarded disease development even with administra-
tion beginning around the age onset of paralysis. Here, we
showed the therapeutic effects of intrathecal delivery of a
neurotrophic factor as a protein, rather than a transgene, on
ALS beginning at the onset of paralysis. The average
survival period of hrHGF-ueated rais was 62.7% longer
than that of vehicle-treated controls, comparable with the
improved survival obtained by viral delivery of insulin-like
growth factor-1 (6). We defined the appearance of paralysis
as disease onset, although this is not a sensitive indicator and
appears later than the decrease in activity (10). However, the
appearance of paralysis is a clinically relevant marker of
disease onset because it is closer to the state at which
patients will be diagnosed with the disease.

We confirmed elevation of the human HGF concen-
tration in the lumbar cords of hrHGF-treated G93A Tyg rats
using a specific sandwich immunoassay. Histologic evalua-
tion of the lumbar spinal cord revealed greater numbers of
phosphorylated c¢-Met-positive motor neurons in hrHGF-
treated G93A Tg rats. This finding suggested that HGF
receptors of motor neurons were activated well by admin-
istered hrHGF (35). These observations indicated that the
administered hrHGF penetrated into the spinal cord and was
utilized in the motor neurons of spinal cord. Previous studies
demonstrated that many trophic factors have protective
effects on motor neurons. In human trials of neurotrophic
factors, such as brain-derived neurotrophic factors, glial cell
line-derived neurotrophic factor, and insulin-like growth
factor-1, the delivery (accessibility) of the protein to the
motor neurons and glia in the spinal cord has been argued to
be essential. Our results confirmed that chronic intrathecal
administration with implanted infusion pumps supplied
appropriate therapeutic doses to spinal cord motor neurons.

The HGF concentrations in cerebrospinal fluid are
increased in many neurologic disorders, including ALS (26).
In G93A Tg rats. the level of endogenous HGF in the spinal

© 2007 dmerican Association of Neuroputhologists, Inc.

cord showed significantly greater elevation when the patho-
logic changes began in the spinal cord and increased with
progression of the disease compared with the level of
endogenous HGF in the spinal cord of non-Tg rats. After
onset, the level of endogenous HGF almost doubled relative to
that in non-Tg rats (Fig. 1A). These results were compatible to
observations in patients with sporadic as well as familial ALS
(36, 37). The level of c-met RNA expression in the lumbar
cord of G93A rats increased to |55% of the normal level from
before onset. and this elevated expression was retained after
onset of disease (Fig. 1B). Kato et al (36) demonstrated that
autocrine and paracrine trophic support of the HGF-c-met
system contributes to attenuation of the degeneration of
residual spinal cord motor neurons in ALS, whereas disruption
of the HGF-c-met system al an advanced stage of disease
accelerates cellular degeneration (37). Administration of
hrHGF delayed the pathologic changes in G93A Ty rats. This
effect of HGF may be due to replenishment of the relative
msufficiency of HGF in G93A Tyg rats in the present study.

Consistent with the findings that apoptosis is involved in
ALS (29-31), large numbers of cells immunopositive for
activated caspase-3 and -9 were observed in vehicle-treated
animals in contrast to little or no reactivity in hrHGF-ueated
rats. This result was verified by quantitative Western blotting
analysts, which indicated that HGF could block caspase
activation of apoptosis. Caspase-3 and -9 are the main factors
involved in execution of the caspase cascade. The survival-
prolonging effect of HGF may be explained by suppression of
induction and activation of caspase-9, as this enzyme is
involved in determining disease duration (31). These obser-
vations suggest that the mechanism of the therapeutic effect
of HGF in G93A Tg rats includes inhibition of the caspase
cascade or of the cell death mechanism preceding the caspase
cascade. In addition, EAAT2 and XIAP expression levels
were increased in the hrHGF-treated group compared with
vehicle-treated controls, indicating that HGF affected not only
motor neurons via inhibition of the caspase cascade but also
other cell types, such as astrocytes, which support motor
neurons by maintaining or reinforcing internal cell protective
functions, such as EAAT2 and XIAP.

Our results demonstrate pathologic improvements and
retarded progression of ALS in G93A Tg rats by intrathecal
administration of hrHGF [rom around the time of disease
onset. Because HGF and c-Met are thought to be regulated
in cases of not only familial but also sporadic ALS in a
manner similar to the Tg mouse model of ALS (36), our
findings suggest the possibility of clinical use of HGF in
both familial and sporadic ALS. The results indicating the
efficiency of hrHGF administration even from the onset of
paralysis should prompt further clinical trials in ALS.
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Abstract

Although it has been long believed that the damaged central nervous system does not regenerate upon injury, there is an emerging hope for
regeneration-based therapy of the damaged central nervous system (CNS) due to the progress of developmental biology and regenerative medicine
including stem cell biology. In this review, we have summarized recent studies aimed at the development of regeneration-based therapeutic
approaches for spinal cord injuries, including therapy with anti-inflammatory cytokines, transplantation of neural stem/precursor cells and

induction of axonal regeneration.
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1. Why does the adult mammalian spinal cord lack
regenerative capacities?

Traumatic spinal cord injury (SCI) affects many people,
including young people, and can result in severe damage, leading
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to loss of motor and sensory function caudal to the level of injury,
by severing descending and ascending fiber tracts (Ogawa et al..
2002; Okano et al.. 2006). However, the effects of current
conventional treatments are modest at best and consequently
there is a great need for novel “regenerative” treatment strategies
that could significantly protect and/or restore functions following
SCI (Hotsteller, 2005). In order to develop such “regenerative”
treatment strategies, it is obviously important to elucidate the
underlying mechanism as to why the adult mammalian spinal
cord has extremely low regenerative capacities. Many lines of
evidence have indicated that apparent lack of regenerative
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Table 1
Inhibitory factors for axonal regenerations and their blocking reagents

Inhibitory factors

Established molecules

Blocking reagents

Myelin-derived proteins
Glial scar
Extracellular matrix-derived factors

CSPGs

MAG, Nogo-A, OMgp

Semaphorin3A

Nogo-66 receptor antagonist peptide (a)
C-ABC (b) Rho-kinase inhibitor (c)
SM-216289 (d)

References: (a) GrandPre et al.. 2002; (b) Bradbury et al.. 2002; (¢) Monnier ¢t al., 2003; (d) Kuncko et al.. 2006.

capacities of the adult mammalian spinal cord, could result from
(i) the inhibitory character of CNS myelin and injury-induced
glial scars for axonal regeneration (Table 1), (ii) the apparent
inability of endogenous adult Neural Stem Cells (NSCs) in the
spinal cord to induce de novo neurogenesis upon injury, and (iii)
the lack of sufficient trophic support mechanisms (reviewed by
Okano et al.. 2003, 2006).

2. Stem cells-based transplantation studies on SCI

Experimental therapeutic methods have been previously
reported on the transplantation of peripheral nerves (Richard-
son et al., 1980) and fetal spinal cord (Bregman. 1987) for
spinal cord injuries. These studies indicated that the introduc-
tion of an appropriate environment into the injured site within
the spinal cord can cause injured axons to regenerate.
Practically, however, the above-mentioned protocols are almost
impossible to apply for human SCI patients. For example,
therapeutic approaches involving the transplantation of fetal
CNS tissues came up against the double problem of obtaining a
large enough amount of the donor tissues and also the ethical
controversy surrounding the use of human fetal tissues.

To overcome such practical and ethical issues, transplanta-
tion therapies have been developed for SCI animal models
including primates using in vitro expanded neural stem/
precursor cells (NSPCs), including a mixed cell population of
NSCs and neural precursor cells (Ogawa et al., 2002; Iwanami
et al.. 2005a.b; Cummings et ul., 2003: Okada et al., 2003),
embryonic stem (ES) cells-derived neural precursor cells
(McDonald et al., 1999), or human ES cells-derived oligoden-
drocyte progenitor cells (OPCs). We found that appropriate time
window for the in vitro expanded fetal NSPC transplantation is
crucial to obtain the maximum therapeutic effects (Ogawa et al.,
2002: Okano. 2002a.b, in press; Okano et al., 2003, 2006).

Several possible explanations for functional improvement
through these transplantation studies may be advanced as
follows: (1) Neurons derived from the grafted cells “relayed”
signals from the disrupted fibers in the host, including local
circuit interneurons or ascending fibers that existed in the dorsal
column (Bregman et al., 1993); (2) oligodendrocytes derived
from grafted cells might have remyelinated fibers that had been
demyelinated as a result of injury and restored the salutatory
conduction along the neuronal axons of long projection neuron
(Cummings et al.. 2005; Keirstead et al., 2005); (3) astrocytes-
derived from donor neural progenitor cells might have played
active roles in the generation of neuronal cells (Ogawu et al.,
2002), axonal regeneration of host neuronal axons (Garcia-
Abreu et al.. 2000), enhancement of axonal extension of donor-
derived neurons, synapse formation, and/or physiological

maturation of neuronal cells (Blondel et al.. 2000); (4) trophic
effects (indicating that functional improvement may not be
dependent on the transplanted human fetal NSPCs, which had
been expanded in vitro, becoming functional neurons and
making the right connections, but rather on the secretion of
trophic factors from the transplanted cells) might also be
effective for the survival and differentiation of host cells in the
injured spinal cord, leading to functional recovery. The
observed functional recovery might not result from a single
mechanism. On the other hand, Cummings et al. (2005) showed
that engraftment of in vitro expanded human fetal NSPCs into
the immunodeficient mouse SCI model was associated with
locomotor recovery. Interestingly, observed functional recovery
was abolished by selective ablation of engrafted cells by
diphtheria toxin, which is selective for human cells rather than
rodent cells. Thus, the survival of engrafted human fetal
NSPCs, which had been expanded in vitro, and their progenies
in the host was shown to play a role in the maintenance of
improved performance. These findings indicate that differ-
entiation of engrafted human fetal NSCs to myelinating
oligodendrocytes and neurons with synaptic connections to
host neurons rater than the trophic effects could be mechanisms
for sustained locomotor recovery in this model.

Ogawa et al. (2002) showed that a narrow therapeutic time
window can allow successful transplantation. This brief window
of opportunity might arise because the microenvironment in the
host spinal cord changes rapidly after the injury (Okano, 2002a,b:
Okano et al., 2003). Recent reports have shown that transient
severe inflammation occurs around the injured site during the
acute phase, which immediately follows the injury. During this
time the levels of many inflammatory cytokines that have
neurotoxic or astrocyte-inducing effects, such as IL-1, IL-6, and
TNFo, increase and then decline sharply within 24 h (Nakamura
et al., 2003), indicating that the microenvironment of the acute
phase is not suitable for survival of grafted cells. In fact, the
transplantation of in vitro expanded fetal NSPCs results in
mitogenic neurogenesis when the transplantation into the injured
adultrat spinal cord is carried out 9 days after injury, but not when
the transplantation is done within a few days of the injury (Ogawa
et al.. 2002). The chronic phase of spinal cord injury is not likely
to be appropriate for therapeutic transplantation due to the
formation of enlarged cysts and the development of glial
scarring, which might inhibit axonal regeneration (reviewed by
Okano, 2002a,b) (Fig. 1).

3. Supporting treatments with NSPCs-transplantation

To achieve greater effects of fetal or adult NSPCs-mediated
cell therapy on various types of CNS damage including SCI,
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Fig. 1. Axonal growth inhibitors in the damaged CNS. Axonal growth inhibitors within the damaged CNS include (1) myelin-related proteins (e.g. MAG, NogoA and
OMgp), (2) glial scar including CSPG and (3) extracellular matrix-derived factors including Semaphorin3A. Established inhibitory ligand molecules for axonal
growth are marked in blue letters. These myelin-derived axonal growth cone inhibitors (MAG, NogoA and OMgp) bind to Nogo receptor expressed on the surface of

the axonal growth cones and transmit inhibitory signals in axonal growth cone through p75/Rho/Rho-kinase pathways (Yamashita et al.. 2002; Yanashita and
Tohyaina. 2003). Rho/Rho-kinase pathway is also involved in the axonal growth inhibition by glial scar-derived CSPGs (Monuier et al.. 2003). Semaphorin3A, which
are derived from fibroblast scar in the injured spinal cord (Kancko et al.. 2006), binds to its receptor complex including Neuropilin1/Plexin-A (Takuahashi et al.. {999)

and transmit its inhibitory signals through Fyn/CDKS5-pathway and phosphorylation of Tau proteins (Sasaki et al., 2002).

efforts have been made to improve the therapeutic action of fetal
or adult NSPCs by their genetic engineering (stem cell gene
therapy) or a combination of various therapeutic interventions
(e.g. scaffolds for cell therapy) together with in vitro expanded
fetal or adult NSPCs-transplantation. For example, Lars Olson’s
group reported on stem cell gene therapy in a SCI model by the
transduction of adult NSPCs with Neurogenin-2 (Ngn-2), a
neuronal basic Helix-Loop-Helix gene. By the transplantation of
Ngn-2-transduced adult NSPCs into a rat thoracic spinal cord
weight-drop injury, astrocytic differentiation of engrafted cells
and graft-induced sprouting and allodynia-like hypersensitivity
of forepaws were shown to be suppressed (Hofstetter et al.,
2005). Transduction with Ngn-2 also improved the positive
effects of engrafted stem cells, including increased amounts of
myelin in the injured area, recovery of hindlimb locomotor
function and hindlimb sensory responses.

Although in vitro expanded fetal NSPC transplantation has
been shown to contribute significantly to the repair of injured
spinal cord in adult rats (Ogawa et al., 2002), most of the
transplanted cells adhered to the cavity wall and failed to
migrate and integrate into the host spinal cord in some cases. To
enhance the integration of the transplanted fetal NSPCs, which
had been expanded in vitro, we focused on chondroitin sulfate
proteoglycan (CSPG) (Ikegami et al., 2005) as a putative
inhibitor on NSPC migration in vivo that is known as a
constituent of glial scar and which is strongly expressed after
spinal cord injury (Fitch and Silver, 1997). Furthermore, CSPG
is known to act as an inhibitor of axonal regeneration (Siiver
and Miller, 2004). We examined the effects of the enzymatic
digestion of CSPG by chondroitinase ABC (C-ABC) upon the
migration of grafted fetal NSPCs, which had been expanded in
vitro, and axonal regeneration after SCI (lkegami et al., 20053).

C-ABC treatment combined with in vitro expanded fetal NSPC
transplantation into the injured spinal cord revealed that C-
ABC pretreatment promoted the migration of grafted fetal
NSPCs, whereas CSPG immunopositive scar tissue around the
lesion cavity prevented their migration into the host spinal cord
without the C-ABC pretreatment. Furthermore, these combined
treatments significantly promoted the axonal regeneration at the
lesion epicenter compared with the treatment using NSPC
transplantation on its own (Ikegami et al., 2005). These results
suggest that NSPC transplantation combined with C-ABC
application may be a promising treatment strategy for
regeneration of the injured spinal cord (Okano et al., 2006).

4. Insights into the regulation of cytokine signaling as a
new therapy for SCI at the acute phase

Insights obtained by the determining the optimal timing for
transplanting fetal NSPCs gave us a hint regarding therapeutic
interventions in SCI at the acute phase (Okada et al.. 2004,
reviewed by Okano et al., 20006). Since SCI is followed by a
secondary degenerative process that includes cell death possibly
due to the invasion of various inflammatory cells including
macrophages and T-lymphocytes into the parenchyma of the
spinal cord, it is important to prevent the secondary degenerative
process by the blockade of the inflammation and invasion of
inflammatory cells. Based on reports that the expression of IL-6
(Nakamuraetal., 2003) and the IL-6 receptor (Okadaet al., 2004)
is sharply increased in the acute stages after SCI, the IL-6/IL-6
pathway could be a therapeutic target. In addition, IL-6 has also
been demonstrated to play a critical role as a pro-inflammatory
cytokine and to be associated with secondary tissue damage in
SCI. Okadza et al. (2004) assessed the efficacy of a rat anti-mouse
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IL-6 receptor monoclonal antibody (MR16-1) in the treatment of
acute SCI in mice. Immediately after inducing a contusion injury
at the level of Th9 in mice, we administered MR-16-1 by
intraperitoneal injection (100 p.g/g body weight). In this in vivo
model, MR16-1-treatment decreased the number of invading
inflammatory cells and the severity of connective tissue scar
formation. We also found that the number of GFAP-BrdU
double-positive astrocytes was suppressed by MR 16-1 treatment,
indicating that proliferation of astrocytes and/or mitotic
production of astrocytes were inhibited by this treatment. In
addition, significant functional recovery was observed in the
mice treated with MR16-1 compared with control mice. These
findings suggest that neutralization of IL-6 signaling in the acute
phase of SCI represents an attractive option for the treatment of
SCI. Humanized monoclonal antibody against human IL-6R
(MRA; Atlizumab) possesses an excellent IL-6 signal inhibiting
effect (Sato et al.. 1993: Nishimoto et al.. 2000; Choy et al..
2002). On the other hand, the biologic significance of the effects
of MR16-1-treatment upon astrocytic responses still remains
unclear. It is currently regarded as capable of becoming an acute
phase treatment for spinal cord injury instead of high-dose
steroids.

There is an increasing interest in a chemoattractant-
mediated inflammatory response that is associated with
secondary degeneration after SCI (Glaser et al., 2004). The
chemoattractant CXCL10 is known to recruit CD4-positive T-
lymphocytes via the CXCR3A receptor and inhibits angiogen-
esis via the CXCR3B receptor. Accordingly, Glaser et al.
{2004) examined the effects of antibody-mediated functional
blockade of CXCL10 upon the prevention of secondary
degeneration after SCIL. They found that anti-CXCL10
treatment of spinal cord injuries reduced inflammation while
enhancing angiogenesis. Furthermore, they could demonstrate
that anti-CXCL10 antibody treatment would support greater
survival of neurons and enhance axon sprouting compared with
the untreated, injured spinal cord (Glaser et al.. 2006).

5. Dual roles of reactive astrocytes after SCI

The roles of reactive astrocytes have been controversial in the
repair of damaged CNS. It was previously believed that reactive
astrocytes exert detrimental roles in CNS-repair by producing
barriers to inhibit axonal regeneration (Fitch and Silver, 1997:
Silver and Miller. 2004). However, we recently found that
reactive astrocytes also exert beneficial roles aimed at repair in
the subacute phase of the injured spinal cord (Okada et al.. 2006,
reviewed by Okano, in press). Atthe subacute phase of SCI (from
1 to 2 weeks after SCI), astrocytes surrounding the lesion
underwent a typical morphological change characteristic of
‘reactive astrocytes’. These astrocytes eventually migrated
centripetally to the lesion epicenter and gradually compacted
the CD11b-positive inflammatory cells, contracting the lesion
area up until 14 days after SCI. This could indicate the beneficial
roles of reactive astrocytes. We found that the function of Stat3,
which is a principal mediator in a variety of biological processes
including cancer progression, wound healing and the movement
of various types of cells (Hirano et al., 2000), is required for such

a migratory response in astrocytes. Reactive astrocytes in
conditional Stat3 gene knockout mice (Nestin-Cre, Star3'>*"
mice) showed limited migration and resulted in markedly
widespread infiltration of inflammatory cells, neural disruption
and demyelination with severe motor deficits after contusive
spinal cord injury (SCI). These results suggest that Stat3 is a key
regulator of reactive astrocytes in the healing process after SCI,
providing a potential target for intervention in the treatment of
CNS injury (Okada et al.. 2006).

6. Enhancement of axonal regeneration

Based on the functional structure of the spinal cord,
traumatic spinal cord injuries can result in severe damage,
leading to loss of motor and sensory function caudal to the level
of injury, by severing descending and ascending fiber tracts.
Disruption of fibers that control the autonomic nervous
system could lead to impairment of vascular, exocrine
and endocrine gland, bowel, bladder and sexual function
(Hofsteller, 2005). Accordingly, enhancement of axonal
regeneration is a crucial strategy for the treatment of SCI.
Several factors are shown to be involved in the inhibition of
axonal regeneration after CNS trauma, such as SCI. These
inhibitory factors can be classified into (1) CNS myelin-
derived proteins, (2) reactive astrocytes-derived inhibitor
including CSPG and (3) non-glial scar tissues-derived
inhibitors, including the Semaphorine-family.

Several research groups have reported that CNS myelin-
associated proteins, such as Nogo-A, MAG and OMgp play a
crucial role in the inhibition of axonal regeneration (Schwab
et al., 1993; Bregman et al., 1995: Chen et al., 2002; GrandPre
et al,, 2000; Fournier et al., 2001; Domeniconi et al.. 2002 Liu
etal.. 2002; Olson, 2002; Wang et al.. 2002a.b; Yamashita et al..
2002; Yamashita and Tohyama, 2003: Sivasankaran et al.. 2004),
and neutralization of Nogo-A has led to significant axonal
regeneration and functional recovery after SCI (GrandPre et al.,
2002). In addition to the CNS myelin-derived proteins, reactive
astrocytes-derived extracellular matrix molecules, e.g. CSPGs,
are also inhibitory to axonal outgrowth and manipulation of
CSPGs resulted in axonal regeneration and functional recovery
(Bradbury et al., 2002; Morgenstern et al.. 2002). Furthermore,
non-glial scar tissues-derived extracellular matrix proteins,
including Semaphorin3A (Sema3A), have been reported to play
major roles in the inhibition of axonal regeneration after SCI and
exert an inhibitory effect on neurite extension and axonal
regeneration. Recently, a small molecule agent named SM-
216289, which is extracted from a fungus, was demonstrated to
strongly inhibit Sema3A functions in vitro such as growth cone
collapse and the chemorepulsive effect on neurite extension
(Kikuchi et al.. 2003; Kumagai et al., 2003). In order to examine
the specificity of this compound, we screened various types of
compounds (approximately 140,000) with a growth cone
collapse assay and collagen coculture assay using embroynic
day (E) 7 or 8 chick DRG, and found that this compound has a
maximal inhibitory effect on Sema3A (Kaneko et al., 2006).
Furthermore, we examined the pharmacological profile of SM-
216289 in further detail. We obtained half-maximal inhibitory
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concentration (1Csq) values for receptor and ion channel binding
assays, and enzyme and kinase inhibition tests. Overall, these
1Csq values were much higher than the values for Sema3A. SM-
216289 also demonstrated no agonist activity toward the
receptors. We subsequently examined the effect of SM-
216289 in vivo by administering this compound to the injured
spinal cord for 4 weeks using the complete spinal cord
transection model in adult rats (Kaneko et al., 2006). SM-
216289-administered rats showed significantly enhanced axonal
regeneration and myelination by Schwann cells, significant
decreases in apoptotic cell numbers and significant enhancement
of angiogenesis resulting in significantly better functional
recovery. Notably, we found that SM-216289-treatment could
significantly induce the regeneration of serotonergic (5-HT-
positive) raphespinal tract axons that is tightly associated with
locomotor functions (Bregman, 1987). Furthermore, we also
found that by disrupting the 5-HT-positive raphespinal tract
using the serotonin neurotoxin 5,7-dihydroxytryptamine
(DHT), the functional recovery observed in the SM-216289-
administered group could be substantially attenuated, suggest-
ing that the enhanced regeneration of the 5-
HT-positive raphespinal tract was at least partly responsible for
the improved functional recovery observed in the SM-216289-
administered group. Taken together, the current study has two
major findings: first, that Sema3A contributes considerably to
the inadequate axonal regeneration at the spinal cord lesion site
after transection injury; and second, that SM-216289 strongly
inhibits the Sema3A signal both in vivo and in vitro, and is an
effective promoter of regenerative responses including axonal
regeneration and/or preservation, Schwann cell-mediated
myelination and axonal regeneration, angiogenesis, and the
inhibition of apoptosis after spinal cord transection. These
results raise the possibility of Sema3A manipulation being
useful for future treatment of human SCI (Kaneko et al., 2006).

7. Conclusion and perspectives

As described in this review, the optimal therapeutic strategy
for SCI could vary depending on the severity of the injury and
time-course after the injury. We described above the blockade
of the inflammatory cytokines as a treatment at the acute phase.
On the other hand, we found that transplantation of in vitro
expanded fetal NSPCs would be one of the appropriate
treatments at the subacute phase after SCI. There have been a
number of publications reporting the functional improvement
of SCI following cell-based transplantation, including trans-
plantation of in vitro expanded fetal NSPCs. However, in most
of the cases, the precise underlying mechanisms for functional
improvement or other benefits, which would be indispensable
for development of improved therapeutic interventions for SCI
patients, mostly remain to be clarified (reviewed in Steeves
et al., 2004; Okano et al.. 2006).

There is increasing progress on development of antagonists
against inhibitors of axonal regeneration. These antagonists,
including the Sema3A-inhibitor (SM-216289), have been
shown to have some modest effects to induce both axonal
regeneration and improvement in locomotor functions in SCI

animal models. In the future, an appropriate combination of
cell-based transplantation and antagonists for inhibitors of
axonal regenerations would most probably enhance their
therapeutic effects for SCL
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Many therapeutic interventions using neurotrophic fac-
tors or pharmacological agents have focused on second-
ary degeneration after spinal cord injury (SCI) to reduce
damaged areas and promote axonal regeneration and
functional recovery. Hepatocyte growth factor (HGF),
which was identified as a potent mitogen for mature hepa-
tocytes and a mediator of inflammatory responses to
tissue injury, has recently been highlighted as a potent
neurotrophic and angiogenic factor in the central nerv-
ous system (CNS). In the present study, we revealed
that the extent of endogenous HGF up-regulation was
less than that of c-Met, an HGF receptor, during the
acute phase of SCI and administered exogenous HGF
into injured spinal cord using a replication-incompetent
herpes simplex virous-1 (HSV-1) vector to determine
whether HGF exerts beneficial effects and promotes
functional recovery after SCI. This treatment resulted in
the significant promotion of neuron and oligodendro-
cyte survival, angiogenesis, axonal regrowth, and func-
tional recovery after SCI. These results suggest that
HGF gene delivery to the injured spinal cord exerts
multiple beneficial effects and enhances endogenous
repair after SCI. This is the first study to demonstrate
the efficacy of HGF for SCI. © 2007 Witey-Liss, Inc.

Key words: hepatocyte growth factor, cord

injury; repair; functional recovery

spinal

Spinal cord injury (SCI) is followed by secondary
degeneration, which is characterized by progressive tissue
necrosis, and many experimental interventions using
neurotrophic factors have focused on this posttraumatic
inflammatory process to reduce damaged area and pro-
mote axonal regeneration throughout the lesion epicen-

© 2007 Wiley-Liss, Inc.

ter. Neurotrophins such as nerve growth factor (NGF;
Tuszynski et al., 1994, 1996), brain-derived growth fac-
tor (BDNF; Jakeman et al., 1998; Vavrek et al., 2006),
neurotrophin-3 (NT-3: Grill et al., 1997; McTigue
et al., 1998), and ghal cell line-derived neurotrophic fac-
tor (GDNF; Liu et al, 1999; Blesch and Tuszynski,
2001) have been reported to enhance axonal growth in
injured spinal cord, and some of the studies cited above
showed that neurotrophins promoted behavioral recov-
ery atter SCI (Jakeman et al., 1998; Liu et al., 1999).
Not only neurotrophic support but also angiogenesis
after SCI is a critical factor in the endogenous regencrative
response to trauma (Casella et al., 2002; Loy et al., 2002).
[nitial damage to local blood vessels is decisive for the pro-
gression of destructive events during secondary degenera-
tion (Mautes et al., 2000) and strategic trecatments to
improve anglogeneus after SCI showed a relationship
between blood flow and functional recovery (Glaser et al.,
2004; Guizar-Sahagun et al., 2005). Hepatocyte growth
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factor (HGF) was first identified as a potent mitogen for
mature hepatocytes (Nakamura et al., 1984; Nakamura
etal., 1989) and a nawral ligand for the c-Met protoonco-
gene product (Bottaro et al., 1991). Recent studies have
revealed that HGF acts as a neurotrophic factor in a variety
type of neurons (Hamanoue et al., 1996; Maina and Klein,
1999; Caton et al., 2000) and that HGF administration
enhances angiogenesis, improves microcirculation, inhibits
the destrucuon of the blood~brain barrier (Date et al.,
2004), and exerts a neurotroprotective effeces after cereb-
eral 1schemia (Miyazawa et al.. 1998; Shimamura et al.,
2006). In the present study, we first examined the changes
in endogenous HGF and c-Met expression after rac SCI
and then determined whether the administration of exoge-
nous HGF into the injured spinal cord using HSV-1 vector
had positive effects on histological changes and the motor
function after SCI. To the best of our knowledge, this is
the first study to examine the efficacy of HGF for SCI.

MATERIALS AND METHODS

Administration of HGF by HSV-1 Vector and SCI

Adult female Sprague-Dawley rats (230-250 g; Clea,
Tokyo, Japan) were used for all the experimental groups. All
animals were handled in accordance with the Laboratory Animal
Welfare Act, the Guide for the care and use of laboratory animals
(National Institutes of Health), and the guidelines and policies
for animal surgery provided by the Animal Study Committee
of the Central Institute for Experimental Animals of Keio Uni-
versity. Rreplication-incompetent HSV-1 vectors, HSV-HGF
and HSV-LacZ, were obtained as described by Zhao et al.
{2006). Rats were anesthetized, their spinal cords were exposed
by laminectomy at T10, and 10 pl of HSV-HGF or HSV-
LacZ (each titer 1.3 X 10” pfu/ml) was injected into the spinal
cord in the HGF group or the LacZ group, respectively (n =
62 cach). Ac 3 days after HSV-1 vector injection, the spinal
cords were again exposed at the site of injection, and the
region was contused by using the Infinite Horizon impactor
(200 kdyn; Precision Systems, Lexington, KY). In the SCI
group, contusive SCI was induced at T10 using the 1H impac-
tor without the prior injection of HSV-1 vectors (n = 75).

Enzyme-Linked Immunosorbent Assay

Plasma samples were withdrawn transcardially, and a 4-
mm-long segment of spinal cord at T10 was isolated and lysed
at the indicated times. The spinal cord lysates were prepared
with 50 mM Tris-HCI (pH 7.4), 2 M NaCl, 25 mM B-glve-
erophosphate, 25 mM NaF, 1% Triton X-100, | mM phenyl-
methylsulfonylfluoride (PMSF; Wako, Osaka, Japan), 2 mg/
ml anapain (Peptide Institute Inc., Osaka, Japan), 2 mg/ml
leupeptin (Peptide Institute Inc.), and 2 mg/ml pepstatin
(Peptide Institute Inc.). The concentrations of HGF protein in
the extracts of spinal cords lysates and plasma were determined
by using ELISA kits (Institute of Immunology, Tokyo. Japan).

Real-Time Quantitative RT-PCR

A 4-mm-long spinal cord segment at T10 was collected
at indicated times, and total RNA was isolated from each spi-
nal cord sample using an RNeasy Kit (Qiagen, Bethesda,
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MD). The levels of HGF and c-Mect mRNA were measured
as previowsly described (Sun et al.. 2000). The quandtative
data for each sample at indicated times was used to determine
the ratio relative to that in intact spinal cord.

Immunoblotting Analysis

Lysates from each 4-mm-long spinal cord at T10 were
prepared in the same buffer used in an ELISA at indicated
times. Proteins (20 pg) were resolved via SDS-PAGE, trans-
ferred to a polyvinylidene difluoride membrane, and immuno-
blotted with a polyclonal antbody (anticleaved caspase-3;
1:500; Cell Signaling Technology, Beverly, MA). Bands
were visualized by using an ECL Blotting Analysis System
(Amersham Bioscience, Arlington Heights, IL), and the band
intensities were measured with an NIH image analyzer. The
quantitative data for each band show the relative ratio to that
of the spinal cord lysate at 3 days afier SCI without any HSV-1
VeCtor injecuion.

Immunohistochemistry

Spinal cords were perfusion fixed with 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS) and postfixed in
the same fixative (24 hr), 10% sucrose in ).1 M PBS (24 hr), and
30% sucrose in 0.1 M PBS (24 hr). Segments of spinal cords were
embedded in optimal cutting temperature compound and cut on
a cryostat into 20-pun-thick sections. For immunofluoroscence
staining, the sections were incubated at 4°C with monoclonal
anti-NeuN (1:200; Chemicon, Temecula, CA), monoclonal
antighal fibrillary acidic protein (GFAP; 1:500; Sigma, St. Louis,
MQO), monoclonal anti-GST-m (1:500; BD Bioscience
Pharmingen, San Diego, CA). and polyclonal anti-c-Met (1:50;
Santa Cruz Biotechnology, Santa Cruz, CA), followed by Alexa
Fluoro-conjugated secondary antibodies (1:500; Molecular
Probes, Eugene, OR) and polyclonal anti-rat HGF (1:1; Institute
of Immunology) and polyclonal anticleaved caspase-3 (1:400;
Cell Signaling), followed by biotinylated secondary antibodies
(1:500; Jackson Immunoresearch, West Groove, PA). For diami-
nobenzidine staining, the sections were incubated at 4°C with
polyclonal anti-3-hydroxytryptamine (53-HT; 1:100; Dia Sorin,
Sullwater, MN), polyclonal anticholine acetyltransferase (ChAT;
1:50; Chemicon), monoclonal anti-rat endothelial cell antigen-1
(RECA-1: 1:25; Serotec. Raleigh, NC), monoclonal anti-
growth-associated protein-43 (GAP-43; 1:2,000; Chemicon),
and monoclonal antineurofilament 200 kD (RT97; 1:2.000;
Chemicon), followed by biotinylated secondary antibodies
(1:500; Jackson Immunoresearch). Biotinylated antibodies were
visualized using the Vectastain Elite ABC kit (Vector Laborato-
ries. Burlingame, CA), followed by TSA (Vector Laboratories)
or diaminobenzidine (Sigma). All the images were obtained via
microscopy (Axioskop 2 Plus; Zeiss, Oberkochen, Germany) or
confocal microscopy (LSM510; Zeiss).

Quantitative Analyses

To quantify the RECA-1-positive area and Luxol fast
blue (LEB)-stained myelinated arca. the images of axial sections
were obtained. To quantify the area of the GAP-43-positive
fibers and the RT97-positive fibers, the midsagittal sections
were scanned and tiled transversely throughout a cephalocaudal



