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sion in hSOD1 (G93A) transgenic rats.
The disease progression can be classi-
fied nto four stages as shown. The
range for each sage is about 1 month
and overlaps approximately 2 weeks
with the next stage

O'Halloran, 2005), suggesting that the G93A mutation
might accelerate the formation of SOD1 protein aggre-
gates, which may ulumately sequester heat-shock pro-
teins and molecular chaperones, disturb axonal transport
or protein degradation machineries, including the ubig-
uitin-proteasome system (Borchelt et al., 1998; Bruening
et al., 1999; Williamson and Cleveland 1999; Okado-
Matsumoto and Fridovich 2002; Urushitam et al., 2002},
Curiously, the mutated hSOD1 (G93A) protein is more
susceprible to degradation by the ubiquitin-proteasome
system and has a shorter half-life than other mutants
(Fujiwara et al., 2005), suggesting that it may cause more
unstable toxic aggregates in the spinal cord than other
mutations. The degradation rate 15 also affected by envi-
ronmental factors unique to each animal, such as the
progressive decline of proteasome function with age
(Keller et al., 2000), and these factors could contribute
to the vanability of the chinical course of G93A rats.

Taking all these findings into consideration, the
mutated hSOD1 (GY93A) protein may gain properties that
are responsible for a vanety of phenotypes and vanability
in the climcal course of the affected animals.

Characteristics of Different Methods for Assessing
hSOD1 (G93A) Transgenic Rats

The ideal measure is not influenced by the judg-
ment of the observer, sensiive to small abnormalities,
specific to detect pathologic events that are related to
pathogenesis of the ALS-like disease, not influenced by
the modvational factors of rats, minimal in the require-
ments for skill in the observer, and inexpensive to carry
out. We assessed each evaluation method by the catego-
ries in regard to practical use as shown in the Table 6.

The initiation of bady weight loss seems to be an
excellent marker to detect the onset and should be
highly recommended. Muscle volume might have al-
ready started to decrease, even in the period of continu-
ous weight gain, as reported for hSOD1 (G93A) wmans-
genic muce (Brooks et al, 2004). As a result, it could
detect an abnormality relatively earlier than subjective
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onset. The inclined plane test is considered to be the
least defective method of all. It could objectively and
specifically detect the decline in the muscle strength of
these ALS model rats as a muscle weakness onset almost
at the same time of the subjective onset. The cage activ-
ity measurement and SCANET require very expensive
apparatus, and are limited by the availability of funds and
space for making the measurements. Although SCANET
test was most sensitive among these measures, it seems
inappropriate for the statistical analysis, and does not add
any more information than thar obtained through simple
observaton of the rats because the performances of the
rats might be severely affected by the extent of their
motivation to explore. Motor score can specifically assess
disease progression of each clinical type and is valuable
m keeping the expenmental costs at a2 mimmum.

Correlation Between the Loss of Spinal Motor
Neurons and Disease Stages

This study clearly shows the vanable clinical course
of G93A rats. According to our behavioral and histologi-
cal analyses, we can divide the disease course of this
transgenic model into four stages, whose durations have
a range of about 1 month, as shown in Figure 8. Fur-
thermore, we have established the pathological validity
of the performance deficits detected by each measure of
disease progression. “‘Initiation of motor neuron loss™
was defined as a statstcally significant decrease in the
number of spinal motor neurons, which was found at
around 90 days of age, but not 70 days of age (Fig. 7B).
This coincides with, and seems to be sensidvely detected
by the marked difference in SCANET scores that begins
at around 90 days of age (Fig. 3D-F). The “initaton of
body weight loss™ was usually detected at around 110
days of age as the peak body weight (pre-symptomatic
onset, 113.6 = 4.8 days of age, range = 103-124, Table
IV). This stage coincides with the initation of a rapid
decline in the number of motor neurons at around 110
days of age (Fig. 7B). "Onset of muscle weakness” was
detected at around 125 days of age, as assessed by the
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inclined plane test (muscle weakness onset, 125.2 = 7.4
days of age, range = 110-144, Table IV). This coincides
with the number of spinal motor neurons n the trans-
genic rats being reduced to about 50% of the number in
wild-rype ras (Fig. 7B). We presume that transgenic rats
do not present obvious muscle weakness unuol the num-
ber of motor neurons has been reduced to approximately
half the number found in the healthy state. “End-stage
disease” as defined by righting reflex failure was re-
corded at around 140 days of age (137.8 = 7.1 days of
age, range = 122-155, Table IV), At this stage, the
affected rats had only about 25% of the spinal motor neu-
rons of age- and gender-matched wild-type rars (Fig. 7B),
and showed a genemlized loss of motor acuvity. Thus,
our findings allow us to estimate the extent of spinal
motor neuron loss by evaluating the disease stage with the
measures described in this study.

In summary, we have described the vanable phe-
notypes of mutant hSOD1 (G93A) transgenic rats and
established an evaluation system applicable to all clinical
types of these rats, Disease stages defined by this evalua-
toon system correlated well pathologically wath the
reduction of motor neurons. Qur evaluation system of
this animal model should be a valuable tool for furure
preclinical experiments aimed at developing novel treat-
ments for ALS.
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Abstract. Hepatocyte growth factor (HGF) has been suggested as a mitogen for skeletal muscle satellite
cells and participates in skeletal muscle hypertrophy. The present study assessed HGF levels in mouse
soleus and plantaris muscles during 14 days of tail suspension and 3 days of reloading using the enzyme-
linked immunosorbent assay. Immunohistochemical analyses were used to determine the locations of
HGF, its receptor (c-Met) and proliferating cell nuclear antigen. In normal mice, HGF contents were 4.4 +
0.5 ng/g tissue in the soleus muscle and 5.9 + 1.2 ng/g tissue in the plantaris muscle, significantly higher
than in the soleus muscle. HGF level in the soleus muscle was increased 314% from normal by reloading.
HGF and c-Met were expressed in small cells contiguous to muscle fibers. Cells in similar positions
displayed reactivity for PCNA, suggesting that these represent activated satellite cells, Thus, production of

HGF protein appears to stimulated in satellite cells during recovery from disuse atrophy.
Key words: Skeletal muscle atrophy, Satellite cell, Recovery
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INTRODUCTION

Decreases in muscle activity due to spaceflight',
unloading®’ and fixation of joints®’ often cause
skeletal muscle atrophy. This is associated with a
loss of contractile protein content due to decreases
in overall protein synthesis* and increases in
proteolysis®’. Skeletal muscles have the ability to
recover, from atrophy and increases in the activity
of atrophied muscles result in hypertrophy and
improvement of contractile function. Work-

induced skeletal muscle hypertrophy is involved not
only in the growth of muscle fiber size®, but also in
an increase in the number of myonuclei’-#.

Allen et al.”’ reported that the changes following
atrophy or hypertrophy are not due to changes in the
ratio of the myonuclear domain size to the amount of
cytoplasm per myonucleus. Instead, skeletal muscle
satellite cells play important roles in dramatic
changes to myonuclei during hypertrophy. Satellite
cells are mononucleated myogenic cells'” that are
generally found between the sarcolemma and
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basement membrane. These cells usually remain in
a resting or quiescent state'" and are activated in
response to mechanical stimulation™ ® ') or muscle
injury"" 1-1;‘

Previous studies have suggested that the
proliferation of satellite cells is stimulated by
growth factors such as hepatocyte growth factor
(HGF)'* ') insulin-like growth factors'?'%),
fibroblast growth factors®® 2!, transforming growth
factor A'% platelet-derived growth factor BB!®: 14),
and epidermal growth factor'” '®. However, only
HGF has been shown to cause satellite cells to exit
the Gy phase and enter the G, phase in vitro®® 2%,
HGF was originally identified as a potent milogen
for hepatocytes®”, and has previously been reported
to be expressed in various organs, including the
liver, lungs, kidneys, thymus and spleen®®, and
skeletal muscles' 19, The complete amino-acid
sequence of human HGF was reported in 198920,
HGF binds to the receptor c-Met*”), and activates
cells expressing c-Met?™), This receptor is a
transmembrane tyrosine kinase that mediates the
mitogenic signal for HGF*% 3,

Although some studies have examined the role of
HGF during maturation and regeneration of skeletal
muscle, few attempts have been made to examine
changes in HGF expression in hypertrophied and
atrophied muscle in vivo. Only the content of HGF
mRNA expression following denervation and
compensatory overload®'), and of HGF protein
following skeletal muscle injury®?), have been
reported. These reports did not examine changes in
HGF protein content following changes in muscle
activities. The present study investigated changes
in the morphology of skeletal muscles, expression
of HGF protein, and locations of HGF, ¢-Met and
proliferating cell nuclear antigen (PCNA) during
unloading and subsequent reloading in the tail
suspension model of hindlimb atrophy in mice.

MATERIALS AND METHODS

Animals and experimental design

C57BL/6NCrj mice (8-weeks-old; initial body
weight 17-19 g; Charles River Japan, Shizuoka,
Japan) were used in this study. Mice were housed in
a temperature-controlled room (20-24°C) with a
12-h light/12-h dark cycle and ad libitum access 1o
laboratory chow and water. After 1 week, mice
were randomly allocated to one of 3 groups: 2
experimental groups (Unloaded and Reloaded) and

a control group (Control). Animals in the
experimental groups were placed in individual
cages and bilateral hindlimbs were unloaded for 14
days using Morey’s tail suspension model*®. After
unloading, one of the 2 experimental groups
underwent restoration of weight-bearing (reloading)
for 3 days in standard cages. At the end of
experimental period, all mice were anesthetized
using diethyl ether, and their body weights were
measured. Then, bilateral soleus and plantaris
muscles of the hindlimbs were removed and
immediately weighed using a digital analytical
balance (Mettler Toledo, Tokyo, Japan), afier which
the mice were sacrificed. Ratios of muscle wet
weight to body weight were used as the index of
muscle change.

For  histochemical analysis and
immunofluorescence, one sample of each muscle
was placed in Tissue-Tek Optimal Cutting
Temperature compound (Miles, Elkhart, IN, USA),
quick-frozen in liquid nitrogen-cooled isopentane,
and stored at -70°C until use. Some muscle
samples were fixed overnight in 10% formalin and
then embedded in paraffin. Sections were then
stained using hematoxylin and eosin (HE) for
observation of histological features. Other muscle
samples for measurement of HGF protein levels
were chilled in liquid nitrogen. All procedures for
animal care and treatment were performed in
accordance with the Guidelines for the Care and
Use of Laboratory Animals issued by Kanazawa
University, and all protocols were approved by the
IACUC of Kanazawa University.

Enzyme-linked immunosorbent assay (ELISA) for
HGF

Muscle samples removed from bilateral
hindlimbs were homogenized in rat HGF organic
extraction buffer containing 20 mM Tris-HCI, 2 M
NaCl, 0.1% Tween 80 and | mM
phenylmethylsulfonyl fluoride (3 animals/sample).
HGF levels in solution were measured using the rat
HGF ELISA system (Institute of Immunology,
Tokyo, Japan).

Histological and immunohistochemical analysis

To determine the ratio of type II fibers to total
muscle fibers and to perform immunofluorescence
for HGF, 8- and 6-zm frozen sections were cut
using a cryostat (Sakura Finetek, Tokyo, Japan)
cooled to —20°C, then dried for 2 h at room



temperature. Type [ and Il fibers in transverse
sections (8 um thick) were stained for myosin
ATPase at pH 10.7. Lightly and darkly stained
muscle fibers were classified as type | and 1l fibers,
respectively. More than 150 randomly selected
muscle fibers were measured per muscle section,
and the percentage of type II fibers among the total
number of fibers was calculated.

Immunofluorescence

Frozen transverse sections (6 gm thick) were
fixed in methanol for 5 min at 4°C, then treated with
0.1% Triton X-100 in phosphate buffered saline
(PBS) for 5 min. Non-specific binding sites were
blocked using 10% normal swine serum and 1%
bovine serum albumin (BSA) in PBS for 30 min.
Sections were incubated with 1:10 polyclonal anti-
rat HGF antibody (Institute of Immunology) in PBS
or 1:40 normal rabbit serum (negative control) for 2
h at 37°C, followed by 1:600 goat anti-rabbit Alexa
Fluor 488 (Molecular Probes, Eugene, OR, USA) in
PBS for 20 min at room temperature. All nuclei
were counterstained using 4°,6-diamidino-2-
phenylindole dihydrochloride (Molecular Probes).
Sections were mounted in Gel/Mount (Cosmo Bio,
Tokyo, Japan). Fluorescein signals in sections were
observed and photographed under a fluorescence
microscope (Olympus, Tokyo, Japan).

Immunoperoxidase

Tissues embedded in paraffin were cut 4 um
thick, placed on silane-coated slides, dewaxed with
xylene, and dehydrated in ethanol. Endogenous
peroxidases were blocked by incubation in 3%
hydrogen peroxide for 10 min. Non-specific
binding sites were blocked for 15 min with PBS
containing 10% normal swine serum and 1% BSA.
For HGF, sections were incubated overnight at 4°C
with 1:500 anti-rat HGF antibody (Institute of
Immunology) in PBS containing 10% normal swine
serum and 1% BSA, then HGF was detected using
the CSA System (Dako Cytomation Japan, Kyoto,
Japan) in accordance with the instructions provided
by the manufacturer. For c-Met, sections were
incubated overnight at 4°C with 1 ug/ml rabbit
polyclonal anti-c-Met antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Sections
were incubated for 60 min at room temperature with
horseradish peroxidase-labeled polymer conjugated
with goat anti-rabbit immunoglobulin (Dako
Cytomation Japan). Antigenic sites were visualized
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with 3',3-diaminobenzidine tetrahydrochloride
using a commercial kit (Dako Cytomation Japan)
and then counterstained with hematoxylin,

For immunohistochemical staining of PCNA,
sections were incubated with mouse monoclonal
anti-PCNA antibody (ready-to-use, clone PC10;
Dako Cytomation Japan) or normal mouse serum
(negative control, ready-to-use; Dako Cytomation
Japan), followed by 60 min incubation at room
temperature with horseradish peroxidase-labeled
polymer conjugated with goat anti-mouse
immunoglobulin. Immunoreactive protein was
visualized using 3° 3-diaminobenzidine
tetrahydrochloride (Dako Cytomation Japan).
Nuclei were counterstained using hematoxylin. As
a negative control, normal rabbit serum or normal
mouse serum was used instead of primary
antibodies (Dako Cytomation Japan).

Statistical analyses

Data are presented as means + standard deviation
(SD). Differences between soleus and plantaris
muscles were assessed using Student’s or Welch's
r-test. Differences between groups were detected
by one-way analysis of variance (ANOVA)
followed by Scheffe’s post hoc test. For all tests,
values of P<0.05 were considered statistically
significant.

RESULTS

Damage to muscles

Muscle wet weights and body weights were
measured and the ratio calculated. Ratios were
significantly lower in unloaded soleus and plantaris
muscles than in control muscles, and reloading
restored the ratios to normal levels (Table 1).

To determine the morphological effects of
unloading and reloading, transverse sections of
soleus and plantaris muscles were examined under
an optical microscope. After loss of loading for 14
days, plantaris muscles showed atrophy and
derangement of fiber alignment. No clear
degeneration of muscle fibers was apparent (Fig.
1B, E). However, degeneration in the soleus muscle
resulted in infiltration of macrophages and a marked
presence of fibers displaying central nuclei after
reloading (Fig. 1C). Furthermore, the number of
nuclei in reloaded soleus muscles was increased,
indicating regeneration (Fig. 1C). Degeneration
and regeneration were not clearly observed in the
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Table 1. Body weight and muscle mass in soleus and plantaris muscles
Soleus muscle Plantuﬂqm:-ulu S—
Control Unloaded Reloaded Control Unloaded Reloaded
(n=20) n=20) (n=20) (n=20) (n=20) (n=20)
Muscle wet wt (mg) 150+ 1.1 28+12" 13.6%1.6 bty & S B 249+ 1.8 276 L.7
Body wt (g) 208107 20511 20,1+ 1.1 208+0.7 205 1.1 20.1%1.1
Muscle wet wt/ body wt (mg/g) 0.72+£0.04 048+ 007 0.68+0.08 1332 0.04 1.21 £0.07* 1384008

Values expressed as mean + SD. * = Significantly different (P<0.05) from control and reloaded. Wt = weight.

Fig. 1.

HE stining of cross-sections from mouse soleus and
plantaris muscles. Normal soleus muscle (A) and plantans
muscle (D); soleus muscle (B) and plantanis muscle (E)
following 14 days of unloading; soleus muscle (C) and
plantaris muscle (F) following 14 days of unloading followed
by 3 days of reloading. Derangement of muscle fiber
alignment is apparent following unloading (B, E) and
reloading (C, F). Soleus muscle shows infiltration of
macrophages, fibers with central nuclei and an increase in
myogenetic nuclei (C) following 14 days of unloading
followed by 3 days of reloading. Scale bar, 50 um.

plantaris muscle (Fig. 1F).

Staining for muscle myosin ATPase clearly
distinguished lightly stained type I fibers from
darker type II fibers (Fig. 2). Type II fibers were
dominant in the soleus muscle, while type I fibers
were dominant in the plantaris muscle (Table 2).
The ratio of type I fibers to total fibers did not
differ significantly between groups (Table 2).

Changes in HGF level

HGF levels in mouse skeletal muscles were
quantified using ELISA. In normal mice, HGF
contents were 4.4 + 0.5 ng/g tissue in the soleus
muscle and 5.9 + 1.2 ng/g tissue in the plantaris

muscle. Soleus and plantaris muscles unloaded for
14 days tended to display slightly reduced HGF
levels, but no significant difference was identified.
Reloading for 3 days after 14-day unloading
significantly increased HGF levels in the soleus
muscle (Table 3). According to ELISA results.
reloading after unloading resulted in a 314%
increase in the level of HGF protein in soleus
muscles as compared to control soleus muscles.
The HGF level was significantly higher in reloaded
soleus muscles than in control or unloaded soleus
muscles. In contrast, the HGF level in plantaris
muscles was not significantly changed after
reloading. The HGF level was significantly lower

o~ Sn o



Myosin ATPase staining of cross-sections from mouse soleus

and plantaris muscles. Normal soleus muscle (A) and
plantaris muscle (D); soleus muscle (B) and plantaris muscle
(E) following 14 days of unloading; solens muscle (C) and
plantanis muscle (F) following 14 days of unloading followed
by 3 days of reloading. Type I fibers stain lightly, while type

11 fibers stain dark. Scale bar, 100 gm.

Table 2. Proportion of type Il fibers total muscle
fibers (%)
Soleus muscle Plantaris muscle
Control 69519 432+ 45
Unloaded 7.9+ 4.6 528+98
T0.6+ 34 452437

Reloaded

Results represent means + SD (n=5).

in control soleus muscles than in control plantaris
muscles, but it was significantly higher in reloaded
soleus muscles than in reloaded plantaris muscles.

Immunolocalization of HGF, c-Met and PCNA
Localization of HGF was determined by
immunoperoxidase using formalin-fixed and
paraffin-embedded tissues and immunofluorescence
using unfixed frozen tissues. HGF was observed in
the cytoplasm of satellite cells, which were seen as
small cells contiguous with and distinct to muscle
fibers in paraffin sections of reloaded soleus muscle
(Fig. 3A, B). No HGF was identified in control or
unloaded soleus muscle. Plantaris muscles in all
conditions were negative for HGF immunostaining.
Immunofluorescence in frozen sections of reloaded
soleus muscles also showed positive results for HGF
around nuclei in the small satellite cells adjacent to
large muscle cells (Fig. 3D, E). Negative control
sections stained with normal rabbit serum instead of
anti-HGF antibodies did not display any specific

Table3. HGF protein concentrations in mice soleus
and plantaris muscles

HGF protein concentration (ng/g tissue)

Soleus muscle Plantans muscle

Conirol 44+0.5° 59112
Unloaded j2+16 43%).2
13.8 + 5,00 65114

Reloaded
Results represent means + SD (n=5). *P<0.05 vs

controls; "P<0.05 vs. unloaded; <P<0.05 vs, plantaris
muscle.

signals for HGF (Fig. 3C, F). In addition, c-Met was
identified in the small satellite cells in the membrane
facing adjacent muscle cells (Fig. 4A). To
distinguish small satellite cells from quiescent
muscle fiber cells and infrequently dividing
macrophages, cell division ability was assessed
using PCNA histochemistry, which generally stains/
visualizes the G| or S phase of the cell cycle.
PCNA-positive cells were present alongside muscle
fibers and were considered to represent cells similar
to HGF- and c-Met-positive cells (Fig. 4C).

DISCUSSION

In our experiments, quantitative and
morphological atrophy of the soleus and plantaris
muscles was caused by unloading for 14 days.
Supporting the current findings, a previous study®
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HGF immunolocalization in reloaded soleus muscle. The upper row (A-C)

shows immunoperoxidase, Amrows indicate HGF in the cytoplasm of small

cells contiguous to muscle fibers (A, B)
nuclei (blue) are observed surrounding
D and E: HGF (green) is localized in satellite cells

immunofluorescence
muscle fibers

surrounding adjacent muscle fibers {armows). Ne
normal rabbit serum did not display positive results for HGF (C. F)
230 tmmin A and C. 10 gm in B and 20 gm in D-F
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Immunolustochemical localization for c-Met and
PCNA in reloaded soleus muscle. Positive
results for c-Met are apparent in small cells
contiguous with muscle fibers (arrow)
Myogenic nuclei (A) in a similar position display
A, su
cells represent activated satell

PCNA-positive cells (C) are present along with

positive reactivity to PCI ting that these

te cells (arrow)
mononuclear cells. Negative controls stained
using normal rabbit serum or normal mouse
serum did not display positive results for c-Met or
PCNA (B, D). Scale bar, 10 tan

E and F

I'he lower row (D-F) shows

itive controls stained using
Scale

found that the mass of both soleus and plantaris
muscles in rats decreased following hindlimb
suspension for 2 weeks. Atrophy might be caused
by myonuclear cell apoptosis®** %, reduced protein
synthesis® or activation of proteolytic systems such
as the ubiquitin-proteasome system®” **, calpain
system®” and cathepsin D system®. The masses of
both muscles normalized after 3 days of reloading
following the 2 weeks of unloading. Thus, both
soleus and plantaris muscles are able to recover
following atrophy. However, the process leading to
recovery seems to differ, with degeneration and
regeneration occurring in the recovery process in the
soleus muscle, but not in the plantaris muscle.
Previous studies have reported that numbers of
myonuclear cells per unit area increase following
reloading of atrophied soleus muscle® * %41 and
this was also observed in the present study. The
soleus muscle 1s known as an antigravity muscle
containing slow-twitch fibers. ATPase staining
shows that proportions of muscle fiber types diffe

between the soleus and plantaris muscles. Analysis
of myosim heavy chain (MHC) isoforms has likewise
indicated a difference, showing 40-70% MHC type
| in mouse soleus muscle corresponding to type I
fibers*> *9 while mouse plantaris muscle contains

predominantly type Ila and [IB MHCs



corresponding to type II fibers*®),
Electromyography shows that muscle activity in the
rat soleus muscle increases during treadmill
locomotion after hindlimb unloading®’. Although
the precise mechanisms are unknown, differing
processes may be related to these differences in
muscle fiber types. In addition, satellite cells are
central to regeneration and could explain how these
differences contribute to the process of degeneration
and regeneration. Previous studies have reported
that satellite cells comprise approximately 2% of the
myonuclear population in the tibialis anterior muscle
of 4-month-old mice and 9.6% in the soleus muscle
of 1-month-old rats'" *.  Furthermore. mitotic
activity of satellite cells in the soleus muscle is
0.052% in 24-month-old rats*”. These findings
show that slow muscles display a higher number of
satellite cells than other muscles.

Reloading increased the level of HGF in the
soleus muscle by approximately 3-fold compared to
controls. This agrees with a previous report that
HGF levels in rat quadriceps muscles increase in
response to muscle injury*?. Patterns of local
injury, such as infiltration of macrophages and
degeneration of muscle fibers and central nuclear
cells, were observed following reloading of the
soleus muscle. We also found that the HGF appears
to be present in satellite cells surrounding uninjured
small muscle fibers. Previous studies have reported
that HGF is present in the extracellular matrix
surrounding muscle fibers'® 4% or
immunolocalized at regenerating skeletal muscle®”.
In situ hybridization has also revealed HGF mRNA
in regenerating muscle fibers'> 3! In the present
study, HGF was clearly immunolocalized in the
cytoplasm of satellite cells early in the recovery
process, strongly suggesting that HGF is produced
by local satellite cells in response to reloading
stimulation. Muscle fiber injury induces
macrophage infiltration, but HGF mRNA is not
present in macrophages, as demonstrated by
Jennische et al.'® and the present study.
Furthermore, c-Met was expressed in the cell
membranes of satellite cells. Satellite cells display
c-Met in all states of activation, proliferation and
differentiation®” and c-Met can be used as a
molecular marker for these cells. The satellite cell
1s known as a quiescent muscle progenitor cell, and
injury leads to cell activation®”. After reloading,
the majority of satellite cells were PCNA-positive,
indicating that cells had entered the cell cycle.

39

HGF- and HGF-receptor-positive cells are thus
activated satellite cells. Taken together, recovery
appears to be partially accomplished by
proliferation and maturation of satellite cells, and
proliferation of satellite cells seems likely 1o occur
in an autocrine or paracrine manner with satellite
cells producing HGF, followed by HGF activating
the HGF-receptor-positive cells, satellite cells.

In conclusion, these results suggest that HGF
production, stimulated in satellite cells, is the cause
of recovery following mechanical stimulation in
disuse-atrophied muscle.
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ABSTRACT

Hepatocyte growth factor (HGF) exhibits strong neurotrophic activities on motoneurons
bath in vitro and in vive. We examined survival-promoting effects of an adenoviral vector
encoding human HGF (AxCAhHGF) on injured adult rat motoneurons after peripheral nerve
avulsion, The production of HGF in COS1 cells infected with AXCAhHGF and its bioactivity
were confirmed by ELISA, Western blot and Madin-Darby canine kidney (MDCK) cell scatter
assay. The facial nerve or the seventh cervical segment (C7) ventral and dorsal roots of
3-manth-old Fischer 344 male rats were then avulsed and removed from the stylomastoid
or vertebral foramen, respectively, and AxCAhHGF, AxCAlacZ (adenovirus encoding
p-galactosidase gene) or phosphate-buffered saline (PBS) was inoculated in the lesioned
foramen. Treatment with AxCAhHGF after avulsion significantly prevented the loss of
injured facial and C7 ventral motoneurons as compared to AxCALacZ or PBS treatment and
ameliorated choline acetyltransferase immunoreactivity in these neurons. These results
indicate that HGF may prevent the degeneration of motoneurons in adult humans with
motoneuron injury and maotor neuron diseases

© 2006 Elsevier B.V. All rights reserved

1. Introduction

esis and neovascularization (Funakoshi and Makamura, 2003),
In the nervous system, HGF exhibits strong neurotrophic

Hepatocyte growth factor (HGF) was initially identified and activities for motoneurons both in vitro and in vivo (Caton et

{Makamura et al, 1984, 1989), HGF is a heterodimeric protein Hondaetal, 1
composed of a and {3 chains and induces proliferation, Naeen

purified as a potent mitogen of primary cultured hepatocytes al, 2000; Ebens et al, 1996; Funakeshi and Nakamura, 2003;
5 Koyama et al,, 2003, Maina and Klein, 1999,

1 et al., 2002; Novak et al,, 2000; Okura et al., 1999; Sun et

Wong et al, 1997, Yamamoto et al,, 1997). There have

migration, differentiation of target cells as well as organogen- al , 200:
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Fig. 1 -~ Western blot analysis of conditioned media (CMs)
obtained from COS1 cells uninfected (cont.) or infected (Ax)
with AXCAhHGF. The CMs harvested at 3 days after infection
were concentrated by heparin beads, electrophoresed,
blotted and immunaclabeled for HGF as described in the text.

been no reports, however, concerning the neurotrophic effects
of HGF on adult motoneuron death after proximal nerve
injury. In animal models of adult motoneuron injury, avulsion
of cranial and spinal nerves causes marked motoneuron
degeneration in adult rats (Koliatsos et al, 1994; Moran and
Graeber, 2004; Ruan et al.,, 1995; Sakamoto et al., 2000, 20034,
2003b; Sereide, 1981; Watabe et al., 2000, 2005; Wu, 1993), so
that these animal models can be useful for therapeutic
evaluation of neurotrophic factors or neuroprotective mole-
cules against adult motoneuron death (lkeda et al, 2003;
Sakamoto et al., 2000, 2003a, 2003b; Watabe et al., 2000, 2005).
We have recently shown that adenoviral gene transfer of glial-
cell-line-derived neurotrophic factor (GDNF), brain-derived
neurotrophic factor (BDNF), transforming growth factor-:2
(TGF32) and growth inhibitory factor (GIF)/metallothionein-IIl
(MT-111) prevented the death of adult rat facial and spinal
motoneurons after facial nerve and cervical spinal root
avulsion (Sakamoto et al., 2000, 2003a, 2003b; Wartabe et al,,
2000). In the present study, we investigated whether HGF
protects injured motoneurons after facial nerve or spinal root
avulsion by using a recombinant adenoviral vector encoding
human HGF,

2, Results
2.1.  Bioassay of recombinant human HGF

In this study, we constructed a recombinant adenoviral vector
enceding human HGF (AxCAhHGF). To test the ability of
AxXCAhHGF to induce human HGF expression in vitro, COS1
cells were infected with AxCAhHGF and the conditioned
media (CMs) were harvested at 3 days postinfection. The
levels of human HGF in uninfected and infected CMs analyzed
by enzyme-linked immunosorbent assay (ELISA) were 19+
0.4 ng/ml and 2004.8+160 ng/ml, respectively (n=3). Western
blot analysis of the CM harvested at 3 days postinfection
showed immunoreactive bands of «-chain, j-chain and pro-

HGF (inactive, unprocessed single chain precursor form) (Fig
1). The CM cbtained from uninfected COS1 cells did not show
any immunoreactive bands. The Madin-Darby canine kidney
(MDCK) cell scatter assay showed definite bicactivitiy of
AxXCAhHGF-infected COS1 CM; Le,, the activity of 1:500-diluted
CM containing 4 ng/ml HGF as measured by ELISA corres-
ponded to that of 2 ng/ml recombinant human HGF (rhHGF)
that induced scattering of MDCK cells (Fig. 2).

22, Ad
facial nuclei

iral-vector-mediated HGF gene expression in

We then examined the expression of adenovirus-mediated
HGF in injured motoneurons after avulsion. We have pre-

HHGOF {ngml AxCAhHGF-

infected COS1
CM x dilution
(ng/ml HGF
by ELISA)

Fig. 2 - Madin-Darby canine kidney (MDCK) cell scatter assay
for HGF bioactivity. MDCK cells were cultured in the
presence or absence of AxCAhHGF-infected COS1 CM or
rhHGF as described in the text. The activity of 1:500-diluted
CM containing 4 ng/ml human HGF as measured by ELISA
corresponds to that of 2 ng/ml recombinant human HGF that
induced scattering of MDCK cells (arrows). Scale bar=50 pm.
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Fig. 3 - Low (top) and high (bottom)-magnified photomicrographs of i

y of facial

ipsilateral (a, b, d, e, g, h) and contralateral (c, f, i) sides 7 days after facial nerve avulsion and the treatment with AxCALacZ
(a, d, g) or AXCAhHGF (b, ¢, &, f, h, i) using antibodies against human and rat HGF (a~c), rat HGF (b-f) and ¢-Met (g-).

Con d with h ylin. Injured facial ons after avulsion and AxCAhHGF treatment are more intensely

i labeled by anti-} and rat HGF antibody (b) compared with injured motoneurons with AxCALacZ treatment (a) or
cont al intact moto (c). Immunoreactivity of injured d with AxCALacZ (d) or AxCAhHGF (e) is
comparable to that of ¢ 1 lintact (f) when anti-rat HGF antibody was used. Immunoreactivity for c-Met is

consistently demonstrated in both injured and contralateral motoneurons (g-i). Scale bars=200 pm (top}, 50 pm (bottom).

2000; Watabe et al., 2000). This

viously demonstrated that injured motoneurons and their
axons were labeled with X-Gal after facial or seventh cervical
segment (C7) avulsion and inoculation of an adenovirus
encoding bacterial j-galactosidase gene as a reporter (AxCA
LacZ) into lesioned stylomastoid or vertebral foramen, respec-

tively (Sakamoto et al,
indicates the diffusion of the virus through the facial canal
or intervertebral foramen, its adsorption to injured axons,
retrograde transport of the virus via intramedullary facial or
spinal nerve tracts to soma of the motoneurons and

Table 1 HGF protein levels in brain stem tissue containin, » avulsion and treatment with

adenoviral vectors

Treatment Human HGF (ng/g) Rat HGF (ng/g)
e ilateral Contrals ilateral lateral
number) Ipsilatera ontralateral Ipsilatera Contralatera
AxCALacZ (n=3) ud ud 203238 7
AXCAhHGF (n=3) 61.8=36.1 131114 212231 22.

Saven days after facial nerve avulsion and the treatment with AxCALacZ or AXCAhHGF, the brain stem tissues containing faclal nuclei (10-14 mg

wet weight) were examined by human- and rat-specific HGF ELISA. u.d. =under the detection limit (<2.4 ng/g tissue)
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successful induction of the virus-induced foreign gene in
these neurons (Sakamot ), 2003a,b; Witabe et al.,
2000), In the present smd\,‘ 1 week after avulsion and
treatment with AxCAhHGF, injured facial motoneurons were
more intensely immunolabeled by an antibody that recog
nizes both human and rat HGF (Fig. 3b), compared with injured
motoneurons treated with AxCAlacZ (Fig 3a) or uninjured
motoneurcns on the contralateral side (Fig. 3¢). Immuno
reactivity of injured motoneurons treated with AxCAhHGF
(Fig. 3e), AxCAlLacZ (Fig. 3d) or phosphate-buffered saline
(PBS) (not shown) was comparable to that of contralateral
intact motoneurons (Fig. 3f) when an antibody that recognizes
only rat HGF was used. These immunohistochemical results
suggest that endogenous rat HGF was preserved in injured
motoneurons after avulsion, while adenovirus-induced exo
genous human HGF was successfully expressed in these
neurons. Immunoreactivity for HGF receptor c-Met was
consistently demonstrated in both ipsilateral and contralat
eral motoneurons after avulsion and AxCAhHGF or AxCALacZ
treatment (Figs. 3g-i). No significant immunoreactivity for
HGF and c-Met was observed in astrocytes, oligodendrocytes
or microglia

We further examined the expression of exogenous human
HGF and endogenous rat HGF in brain stem tissue containing
facial nuclei after facial nerve avulsion and adenovirus
treatment by human-specific (Funakoshi and Nal
2003) or rat-specific (Sun et al, 2002) ELISA (T » 1). Rat
HGF levels measured by ELISA showed no significant
difference between injured and contralateral sides. Human
HGF levels were more than twofold compared with endo-
genous rat HGF levels after AxCAhHGF infection. Human HGF
was also detectable in the tissues at the contralateral side
after AxCAhHGF infection, which was considered to originate
from injured and infected motoneurons at the ipsilateral side
(Table 1)

One week after facial nerve avulsion and the treatment
with AxCAhHGF, RT-PCR analysis showed that virus-induced
human HGF mRNA transcripts were expressed in the brain-
stemn tissue containing the facial nucleus on the ipsilateral,
but not the contralateral side, whereas endogenous rat HGF

et al., 200(

mura,

rat HGF human HGF

C Ax Cc Ax
R RT R RT R RT R RT

Fig. 4 - RT-PCR analysis of HGF mRNA transcripts in
ipsilateral {(Ax) and contralateral (C) sides of the brain stem
tissue containing facial nuclei 7 days after facial nerve
avulsion and AxCAhHGF treatment. The PCRs were
performed on RNA without (R) or with (RT) reverse
transcription. Primers that amplify rat or human

HGF mRNA transcripts were used as described in the text.
M =DNA size marker.

Fig. 5 — Photomicrographs of facial motoneurons at the
contralateral (a) and ipsilateral (b, c) side 4 weeks after the
right facial nerve Ision and the tr of AxCALacZ
(b) or AXCAhHGF (c). Pictures (a) and (c) were taken from the
same section. Nissl stain. Scale bar=200 pm.

mRNA was consistently detected in the tissues on both
ipsilateral and contralateral sides after avulsion (Fig 4)

2.3.  Neuroprotective effects of HGF gene transfer

Four weeks after facial nerve or C7 spinal root avulsion and
treatment with phosphate-buffered saline (PBS) or AxCALacZ,
the number of surviving facial or spinal motoneurons declined
to 30-50% of :hat on the conlraiareral side as described
prekuslv (Sakamoto et al., 2000, 2 ) WVatabe et al.,

000). The treatment \mth AxCAhHGF p'evemed the loss of
facial (58.8+5.9% survival) and spinal (754:4.4% survival)




motoneurons after avulsion compared with the treatment
with PBS (30.2+6.7% survival of facial motoneurons; 44.6+9.3%
survival of C7 motoneurons) or AxCALacZ (32.4£4.3% survival
of facial motoneurons; 46.0+5.3% survival of C7 motoneurons)
(Sakamoto et al,, 2000) (Figs. 5, &; Table 2). The weatment with
AxCAhHGF after avulsion attenuated the decrease of choline
acetyltransferase (ChAT) immunoreactivity in injured facial
motoneurons compared with the treatment with PBS or
AxCAlacZ (Fig. 7). We found no perivascular or intrathecal
lymphocytic/mononuclear cell infiltration in the facial nuclei
and the spinal cord tissues that would be histologically
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Fig. 6 — Photomicrographs of C7 spinal motoneurons at the
contralateral (a) and ipsilateral (b, c) side 4 weeks after the
right C7 spinal nerve avulsion and the of
AxCALacZ (b) or AxCAhHGF (c). Pictures (a) and (c) were taken
from the same section. Nissl stain. Scale bar=100 pm.
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Table 2 - Survival of motoneurons after facial nerve and

spinal root avulsion and treatment with adenoviral

vectors

Treatment Ipsilateral Contralateral %

(n=animal motoneuron motoneuron Survival

number) number number

Facial nerve avulsion

PES (n=8) 213241 712238 30.2£6.7

AxCALacZ 239229 741273 324243
(n=4)

AXCAhHGF 441287 745238 588259
(n=7)

Spinal root auvulsion

PBS (n=4) 66222 144220 446293

AxXCALacZ 6929 150212 46.0=53
(n=4)

AxCARHGF 108+15* 143=14 754244
(n=4)

Numbers of facial motoneurons and the percent survival at the
ipsilateral (lesion) side relative to the contralateral (control) side
4 weeks after avulsion and treatment with phosphate-buffered
saline (PBS), AxCALacZ and AXCAhHGF. Results are presented as
the mean = 5D, Statistical comparison was done by Mann-Whitney
U test. 'P<0.01 vs. PBS- and AxCALacZ-treated groups. “P<0.05 vs
PBS- and AXCALacZ-treated groups.

defined and identified in case of immunogenic reaction
against adenovirus infection (Figs 5, 6)

3. Discussion

HGF binds to tyrosine kinase receptor c-Met and triggers
diverse hiological responses that include cell motility, pro-
liferation, morphogenesis, neurite extension and anti-apop-
totic activities in a variety of cells (Funakoshi and Nakamura,
2003; Maina and Klein, 1999). Although the function of HGF in
the nervous system has not been fully elucidated, it has
recently been shown that HGF plays a strong neuroprotective

A £3
fv‘a
.A'.

Fig. 7 - Photomicrographs of ChAT immunchistochemistry
(a—c) of facial motoneurons at the contralateral (a) and
ipsilateral (b, c) side 7 days after the facial nerve avulsion and
the treatment of AxCALacZ (b) or AxCAhHGF (c). Pictures (a)
and (c) were taken from the same section. Scale bar=50 pm.
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role for motoneurons both in vitro and in vive (Caton et al.,
2000; Ebens et al,, 1996; Honda et al.,, 1995; Koyama et al, 2003,
Naeem et al, 2002; Novak et al., 2000, Okura et al, 1999, Sun et
al., 2002; Weong et al., 1997; Yamamoto et al., 1997). It has been
demonstrated that HGF-c-Met receptor coupling leads anti-
apoptotic activities via MAP kinase (Hamanoue et al, 1996)
and phosphatidylinositol-3 kinase/Akt (Hossain et al. 2002;
Zhang et al, 2000) pathways and prevents caspase-1 and
inducible nitric oxide synthase induction in motoneurons
(Sun et al , 2002). In addition, HGF up-regulates the expression
of excitatory amino acid transporter 2/glutamate transporter 1
(EAAT2/GLT1) in primary cultured astrocytes, which may
improve glutamate clearance and reduce glutamate-mediated
neurotoxicity (Sun et al, 2002).

In the present study, we investigated whether the treat-
ment of AxCAhHGF can prevent the degeneration of moto-
neurons in adult rats after facial nerve and spinal root
avulsion, We produced AxCAhHGF that induced bioactive
HGF protein in infected COS1 cells in vitro as demonstrated by
ELISA, Western blot analysis and MDCK scatter assay
Immunohistochemistry and RT-PCR results indicated that
AXCAhHGF successfully infected injured motoneurons after
facial nerve avulsion, suggesting the autocrine and paracrine
neurctrophic effects of exogenous HGF on injured motoneu-
rons after avulsion, Subsequently, we demonstrated that the
treatment of AXCAhHGF delayed the loss of injured facial and
spinal motoneurons. In addition, peripheral nerve avulsiorn. as
well as axotomy induces rapid decrease of ChAT immunor-
eactivity in injured motoneurons (Sakamoto et al, 2000
Watabe et al, 2000). In the present study, AXCAhHGF
treatment after facial nerve avulsion improved ChAT immu-
noreactivity in injured motoneurons. We have previously
shown that the treatments of recombinant adenoviral vectors
encoding GDNF, BDNF, TGF2 and GIF promote the survival of
motoneurons and attenuated ChAT immunoreactivity in the
same avulsion model (Sakamoto et al., 2000, 2003a, 2003b;
Watabe et al., 2000). Similarly, the present results clearly
indicate that HGF have neuroprotective effects on injured
adult motoneurans.

It has been reported that HGF mRNA is up-regulated in the
spinal cord of human sporadic amyotrophic lateral sclerosis
(ALS) (liang et al., 2005), and certain residual anterior horn cells
in the spinal cord of ALS patients co-express both HGF and c-
Met with the same or even stronger intensity compared with
those of normal subjects (Kato et al., 2003). Transgenic mice
expressing human mutant Cu/Zn superoxide dismutase (G93A
mice) overexpressing HGF exhibited significant prolongation
in survival and decreased motoneuron death compared with
G93A mice with normal HGF expression (Sun et al, 2002),
These reports indicate that HGF may have protective effects
on motoneuron degeneration in ALS. Together with the
present data, it is therefore conceivable that HGF may prevent
the degeneration of motoneurons in adult patients with
motoneuron injury and motor neuron diseases such as ALS.

In conclusion, we examined neuroprotective effects of HGF
on injured adult motoneurons. The treatment of an adeno-
viral vector encoding HGF after facial nerve and spinal root
avulsion significantly improved the survival of injured facial
and spinal motoneurons and ameliorated ChAT immuno-
reactivity in these neurons. These results indicate that HGF

- 0] -

may be a potential neuroprotective agent against motoneuron
injury and motor neuron diseases in adult humans.

4. Experimental procedures
4.1.  Adenovirus preparation

The human HGF ¢DNA was excised from pBS-hHGF with
deletion of 15 base pairs (Seki et al., 1990) and subsequently
cloned into Swal cloning site of a cassette cosmid pAxCAwt
(TaKaRa, Dsaka, Japan) carrying an adenovirus type-5S genome
lacking the E3, E1A and E1B regions to prevent the virus
replication. The cosmid pAxCAwt contains the CAG (cytome-
galovirus-enhancer-chicken p-actin hybrid) promoter on the
5' end and a rabbit globin poly (A) sequence on the 3' end. The
cosmid was then cotransfected to 293 cells with the adeno-
virus genome lacking the E3 region (Miyake et al,, 1996). A
recombinant adenoviral vector encoding HGF (AxCAhHGF)
was propagated and isolated from 293 cells and purified by
two rounds of CsCl centrifugation. Generation of recombinant
adenovirus containing bacterial p-galactosidase gene [AXCA-
LacZ) has been described elsewhere (Kanegae et al,, 1996),

4.2, A
AxCAhHGF

lysis of HGF exp in COS1 cells infected with

COS1 cells were infected with AxCAhHGF at a multiplicity of
infection (moi) of 100 in serum-free Dulbecco’s minimum
essential medium (DMEM) (Invitrogen, Carlsbad, CA) for 1 h
and incubated with serum-free DMEM in 5% CO; at 37 *C. The
conditioned media (CMs) were harvested at 3 days postinfec-
tion for ELISA and Western blot analysis. The ELISA was
performed as described (Sun et al, 2002, Funakeshi and
Nakamura, 2003). For Western blot analysis, CM was treated
with heparin beads to concentrate HGF and the CM or rhHGF
(Nakamura et al, 1989, Seki et al., 1990) was electrophoresed
on 4-20% gradient sodium dodecyl sulfate (SDS)/polyacryla-
mide gels under reduced condition and transferred to PVDF
membrane (Atto, Tokyo, Japan). The blotted membrane was
then blocked with 3% skim milk and incubated overnight with
rabbit anti-HGF (1:500; Tokusyu Meneki, Tokyo, Japan) fol-
lowed by incubation with goat anti-rabbit IgG-HRP conjugate
(1:1,000; DAKO, Glostrup, Denmark). Reactions were visualized
by enhanced chemiluminescence detection using an ECL
Western blotting detection kit (Amersham, Piscataway, NJ).

4.3.  Bioassay of adenoviral HGF; MDCK scatter assay

MDCK cells cultured in DMEM with 10% fetal bovine serum
(FBS) were trypsinized, seeded on 24-well plate (5000 cells/well)
in the presence or absence of AXCAhHGF-infected COS1CMsor
thHGF in DMEM with 5% FBS and incubated for 24 hat 37°C. The
cell scattening was viewed undera phase contrast microscope.

4.4.  Animals and surgical procedures
The experimental protocols were approved by the Animal

Care and Use Committee of the Tokyo Metropolitan Institute
for Neuroscience.
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44.1. Facial nerve avulsion

Adult Fischer 344 male rats (12-14 weeks old, 200-250 g) were
anesthetized with intraperitoneal injection of pentobarbital
sodium (40 mg/kg). Under a dissecting microscope, the right
facial nerve was exposed at its exit from the stylomastoid
foramen. Using microhemostat forceps, the proximal facial
nerve was avulsed by gentle traction and removed from the
distal facial nerve as described previously (Saskamoto et al,
2000). Immediately following the avulsion, microsyringe was
inserted into the stylomastoid foramen and 20 pl solution of
AXCAhHGF (1x10" pfu), AXCALacZ (1x10° pfu) or PBS was
injected through the facial canal. The wounds were covered
with a small piece of gelatin sponge (Gelfoam, Pharmacia
Upjohn, Bridgewater, NJ) and suture closed, and the animals
were sacrificed at 1 and 4 weeks postoperation as described
below.

44.2. Spinal root avulsion

Anesthetized animals were placed in a supine position. Under
a dissecting microscope, the right seventh cervical segment
(C7) nerve was exposed by separating the surrounding cervical
muscles and connective tissue until the point where the
vertebral foramen was identified. Using microhemostat for-
ceps, the C7 ventral and dorsal roots and dorsal root ganglia
(DRG) were avulsed and removed from the peripheral nerve as
described previously (Watabe et al, 2000). Immediately
following avulsion, a small piece of Gelfoam presoaked with
10 yil solution of AXCAhHGF (1x10° pfu), AXCALacZ (1x 107 pfu)
or PBS was placed in contact with the lesioned vertebral
foramen. The wounds were suture closed and animals were
sacrificed at 4 weeks postoperation as described below.

4.5.  HGF ELISA of brain stem tissue containing facial
nucleus

One week after facial nerve avulsion and the treatment with
AxCALacZ or AxCAhHGF, the animals (n=3) were euthanized
with a lethal dose of pentobarbital sodium and the brain stem
tissue containing the facial nucleus (11-14 mg wet weight) was
collected. ELISA for rat HGF and human HGF was performed as
described (Sun et al., 2002; Funakoshi and Nakamura, 2003).

4.6.  Reverse transcription followed by polymerase chain
reaction (RT-PCR)

One week after facial nerve avulsion and the treatment with
AxCAhHGF, the brain stem tissue containing the facial
nucleus (n=3) was collected as described above. Total RNA
was isolated from the tissue using RNA isolation reagent
(TRIZOL, Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions and treated with RNase-free DNase
(Roche, Penzberg, Germany) in transcription buffer for
30 min. First strand ¢DNA was synthesized from 250 ng of
total RNA using random primer and Superscript Il reverse
transcriptase (Invitrogen) for one PCR analysis. The PCR
reactions were carried out in PCR buffer containing ¢cDNA
template, 200 M dNTPs, 2 mM MgCl;, 0.2 uM of each primer
and 25 unit/ml of ExTag DNA polymerase (TaKaRa, Osaka,
Japan). Specific oligonucleotide primers for PCR were designed
to amplify mt HGF cDNA (Tashiro et al, 1990; GenBank

_92_

Accession no. NM_017017; forward, 5'-GCCAAAACAAAA-
CAACTG-3'; reverse, 5'-CACACCAAGAACCATTCTCA-3) that
yield 615 bp amplified products, and human HGF cDNA (Seki et
al., 1990; M60718, forward, 5'-AAACATATCTGCGGAGGATC-3;
reverse, 5'-ACGATTTGGAATGGCACATC-3') that give 561 bp
amplified products, The PCR amplification program consisted
of denaturation at 95 *C for 1 min, annealing at 55 *C for 1 min
and extension at 72 *C for 1 min for 40 cycles. For negative
control reactions, non-reverse transcribed RNA samples were
processed for PCR to exclude the possibility of the contamina-
tion of genomic or adenoviral DNA as a source of amplified
products. The PCR products were subjected to electrophoresis
on & 1.5% agarose gel stained with ethidium bromide. To
confirm the sequence identity of the amplified products, the
PCR fragments were subcloned into pCRI (Invitrogen) and
sequenced by a model 373A sequencer and the ABI PRISM
BigDye Terminator Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA).

4.7.  Histological analysis

Rats were anesthetized with a lethal dose of pentobarbital
sodium and transcardially perfused with 0.1 M phosphate
buffer, pH 7.4 (PB) followed by 4% paraformaldehyde in 0.1 M
PB. The brain stem tissue containing facial nuclei and their
intramedullary nerve tracts after facial nerve avulsion or the
C7 spinal cord tissue after spinal root avulsion was dissected
and immersion fixed in the same fixative for 2 h. As for facial
nerve avulsion, we routinely checked the absence of extra-
axial portion of facial nerve on the avulsed side under a
dissecting microscope and confirmed the absence of any
peripheral nerve tissues at the level of facial nerve outlet
from the brain stem in microscopic sections prepared from
every animal as described below. As for C7 spinal root
avulsion, the absence of C7 ventral and dorsal roots as well
as DRG on the lesioned side was confirmed under the
dissecting microscope. A small longitudinal incision was
made in the anterolateral white matter through the level of
C7 ventral root outlets on the contralateral side in aid of
identifying the level of C7 spinal ventral homn in histological
sections.

For immunchistochemistry, the brain stem tissues were
either embedded in paraffin or cryoprotected in 30% sucrose in
0.1 MPB and serial paraffin or cryostat sections were made. For
immunostaining for HGF, deparaffinized sections were pre-
treated with 0.3% H.0; in methanol, incubated with 0.05%
trypsin for 15 min at 37 °C and preincubated with 3% heat-
inactivated goat serum in 0.1% Triton-X100 in phosphate-
buffered saline (T-FBS). Sections were then incubated over-
night at 4 °C with rabbit anti-human HGFu antibody (H55,
recognizes human and rat HGFa; IBL, Fujioka, Japan) or rat
HGFa antibody (H56; recognizes rat, but not human, HGFu; IBL)
diluted 1:200 in T-PBS followed by the incubation with
biotinylated goat anti-rabbit IgG at a dilution of 1:200 and
with ABC reagent {Vector). Immunostaining for ChAT on
cryostat sections was performed using rabbit polyclonal
antibody to ChAT (1:1000, Chemicon, Temecula, CA) and ABC
method as described previously (Watabe et al., 2000). Sections
were visualized by 3,3'-diaminobenzidine tetrahydrocholoride
(DAB)-H;0, solution and counterstained with hematoxylin.
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For negative controls, the primary antibodies were omitted or
replaced by non-immunized animal sera.

For m: n cell ¢ ing, serial paraffin-embedded
brain stem or C7 spinal cord sections were made. Every fifth
section (6 ym thickness; 24 ym interval) was picked up,
deparaffinized and n:mad with cresyl v:olet (Missl staining).
Facial moto g nuclei containing distinct nucleoli
on both sides of the facial nuclei were counted in 25 sections.
For spinal motoneuron cell counting, ventral horn motoneu-
rons located in Rexed's lamina IX having nuclei greater than
15 ym in diameter with distinct nucleocli on both sides of the C7
spinal cord were counted in 35 sections. The data were then
expressed as the mean=SD from 4 to 8 animals, and statistical
significance was assessed by Mann-Whitney U test.
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