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Fig.3 Histologicalandhistopathological findingsinH46R transgenicratsandlittermate.(A) The anterior hornofthespinalcord
in littermate rat at the age of 160 days:approximately 15 normal anterior horn cells can be observed. (B) The anterior horn ofthe
spinal cord in H46R transgenic rat at the age of 160 days: approximately six anterior horn cells can be counted in the H46R trans-
genicrat of this age, that is, the number of the anterior horn cells is decreased with astrocytic gliosis, histopathologically, in com-
parison with the littermate at the same age in (A). A core and halo-type astrocytic hyaline inclusion (Ast-HI) is evident
(arrowhead).(C) The anterior horn of the spinal cord in the H46R transgenicratat the age of 170 days: the histopathological find-
ing of this age reveals loss of the anterior horn cells and gliosis of the spinal cords. A core and halo-type Ast-HI can be observed
(arrowhead). (D) The anterior horn of the spinal cord in the H46R transgenic rat at the age of 200 days corresponding tothe end-
stage: approximately two anterior horn cells can be recognized at this terminal stage; the H46R rats of the terminal stage show
severe loss of the anterior horn cells with gliosis of the spinal cords histopathologically compatible with those in ALS patients with
clinical courses of over 5 years. A core and halo-type Ast-HI can be seen (arrowhead). As in human ALS patients, small-sized
remaining anterior horn cells that appear to be normal are also observed throughout the disease coursesin HA46R transgenic rats

(B-D) ((A-D): HE; magnification: x400).

we think that the H46R and G93A transgenic rats are neu-
ropathologically most optimal as animal models of familial
ALS with the SODI] mutations. An essential histopatho-
logical finding of the spinal cords in ALS patients is loss of
the anterior horn cells.”” When we focus on the anterior
horn cells of the spinal cords in both H46R and G93A
transgenic rats, the anterior horn cells of the H46R and
G93A transgenic rats are decreased before the develop-
ment of clinical motor deficits. At the level of cellular
pathology, the H46R and G93A transgenic rats develop
Lewy body-like hyaline inclusions (LBHI) in neurons and
astrocytes, which are morphological hallmarks of certain
human familial ALS patients with the SODI gene
mutations.'7*

With respect to the histopathological aspects of H46R
transgenic rats, the number of the anterior horn cells of the
160-day-old H46R rats that exhibit hind limb paresis is
decreased with astrocytic gliosis in the spinal cords in com-
parison with the littermates at the same age (Fig. 3A,B). At
170 days of age when the H46R rats indicate hindlimb
paraplegia sometimes associated with forelimb weakness,
the histopathological finding of this clinical stage reveals
more severe loss of the anterior horn cells and gliosis of the
spinal cords in comparison with that of 160 days of age
(Fig. 3B,C). At 200 days of age corresponding to the end-
stage when the H46R rats clinically display quadriplegia or
a moribund state, the H46R rats of this end-stage show
severe loss of the anterior horn cells with gliosis of the spi-
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Fig.4 Neuronal Lewy body-like hyaline inclusions (LBHI) in H46R transgenic rats. (A) A typical intracytoplasmic neuronal

LBHI with a core and halo is indicated by double arrows (HE; magnification:
islocated from the cytoplasm tothe dendrite (double arrows) (HE; magnification:

x820).(B) A neuronal LBHI with a core and halo
x820).(C) Anintracytoplasmic LBHIis positive

forSOD1;onlythe periphery ofthe neuronal LBHIisstronglyimmunostained (double arrows) (Immunostaining for SOD1;mag-
nification: x820). (D) An intracytoplasmic LBHI is diffusely immunostained (double arrows) (Immunostaining for SOD1;mag-
nification: x820). (Figure 4C is from Kato et al'® and reproduced with permission from Acta Neuropathol).

nal cords histopathologically compatible with those in ALS
patients with clinical courses of over 5 years (Fig. 3D). As
in human ALS patients, small-sized remaining anterior
horn cells that appear to be normal in HE preparations are
also observed throughout the disease courses in H46R and
G93A transgenic rats (Fig. 3A-D).

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

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

DISCUSSION

We have established lines of rats that express transgenes
for mutant SOD1 protein with two different ALS-
associated mutations: H46R and G93A. Rats with the high-
est transgene copy numbers and levels of expression of the
mutant protein develop a paralytic disorder characterized
by fulminant motor neuron death accompanied by astro-
gliosis and microgliosis. Particularly striking in our data is
not only the earlier onset of the G93A disease but also the
much more rapid course in the G93A-39 (8 days) as com-
pared to the H46R-4 (37 days) rats. We do not understand
the basis for this difference in rate of disease progression,
but we note those factors determining the time course in
these rats are likely to be relevant to human mutant SODI-
mediated familial ALS. The human H46R cases also
progress very slowly, with a mean survival of 16.8 1638
years.>” By contrast, the mean survival of the G93A cases
in one report was 2.2 + 1.5 years.'S Although it is tempting
to speculate that this shorter disease duration is a conse-
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quence of the higher retained dismutation activity in the
G93A-39 line, we cannot firmly conclude this.

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

CONCLUSIONS

We have established lines of rats that express transgenes
for mutant SOD1 protein with two different ALS-
associated mutations: H46R and G93A. As in the human
disease and transgenic ALS mice, pathological analysis
demonstrates selective loss of motor neurons in the spinal
cords of these transgenic rats. In addition, typical neuronal
LBHI as well as Ast-HI identical to those in human familial
ALS are observed in the spinal cords of the rats. Therefore,
at present, we think that the H46R and G93A transgenic
rats are neuropathologically most optimal as animal mod-
els of familial ALS with the SODI-mutations.
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We investigated motoneuron degeneration after proxi-
mal nerve injury in presymptomatic transgenic (tg) rats
expressing human mutant Cu/Zn superoxide dismutase
(SOD1). The right facial nerves of presymptomatic tg
rats expressing human H46R or G33A SOD1 and their
non-tg littermates were avulsed, and facial nuclei were
examined at 2 weeks postoperation. Nissl-stained cell
counts revealed that facial motoneuron loss after avul-
sion was exacerbated in H46R- and G93A-tg rats com-
pared with their non-tg littermates. The loss of moto-
neurons in G93A-tg rats after avulsion was significantly
greater than that in H46R-tg rats. Intense cytoplasmic
immunolabeling for SOD1 in injured motoneurons after
avulsion was demonstrated in H46R- and G93A-tg rats
but not in their littermates. Facial axotomy did not
induce significant motoneuron loss nor enhance SOD1
immunoreactivity in these tg rats and non-tg littermates
at 2 weeks postoperation, atthough both axotomy and
avulsion elicited intense immunolabeling for activating
transcription factor-3, phosphorylated c-Jun, and phos-
phorylated heat shock protein 27 in injured motoneu-
rons of all these animals. The present data indicate
the increased vulnerability of injured motoneurons after
avulsion in the presymptomatic mutant SOD1-tg
rats. © 2005 Wiley-Liss, Inc.

Key words: axotomy; facial nerve; amyotrophic lateral
sclerosis; ALS; mutant Cu/Zn superoxide dismutase;
SO0D1; transgenic rat

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

© 2005 Wiley-Liss, Inc.

parable to human familial ALS, the mutant SOD1-tg
animals have been the most widely used experimental
models for elucidating the pathomechanism of and the
therapeutic approach for familial ALS as well as sporadic
ALS (Cleveland and Rothstein, 2001). Although the
precise mechanism of motoneuron degeneration in
mutant SOD1-tg animals is largely unknown, the mutant
SOD1 is thought to have a gain of toxic function
(Cleveland and Rothstein, 2001). In another animal
model of motoneuron degeneration, peripheral nerve
avulsion exhibits extensive loss of motoneurons in adult
rats (Sereide, 1981; Wu, 1993; Koliatsos et al., 1994;
Watabe et al., 2000; Sakamoto et al., 2000, 2003a,b;
Ikeda et al., 2003; Moran and Graeber, 2004). The
mechanism of motoneuron degeneration after avulsion
also remains unclear, but peroxinitrite-mediated oxida-
tive damage and perikaryal accumulation of phosphory-
lated neurofilaments have been demonstrated in injured
motoneurons after avulsion (Martin et al., 1999). Both .
of these pathological features have also been shown in
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spinal motoneurons in mutant SOD1-tg animals as well
as in patients with familial and sporadic ALS (Estévez
et al., 1998; Cleveland, 1999; Cleveland and Rothstein,
2001). If motoneuron degeneration after peripheral
nerve avulsion shares any underlying mechanisms of
motoneuron death associated with SOD1 mutation,
motoneurons In presymptomatic mutant SOD1-tg ani-
mals may be more susceptible to pathological insults fol-
lowing avulsion compared with their non-tg littermates.
If this is so, we may be able to utilize facial nerve avul-
sion as an animal model for understanding the mecha-
nisms of motoneuron degeneration in ALS. In the
present study, we examined injured motoneurons after
facial nerve avulsion in presymptomatic mutant human
SOD1-tg rats and their littermates.

MATERIALS AND METHODS

Animals and Surgical Procedures

The experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee of Tokyo Metro-
politan Institute for Neuroscience and Tohoku University
Graduate School of Medicine. The tg rats expressing human
mutant SOD1 (H46R, G93A) were generated as described
previously (Nagai et al., 2001). Two types of rats with SOD1
mutations, H46R and G93A, were used for experiments. The
H46R-tg rats develop motor deficits at about 140 days of age
and die after 3 weeks, and G93A-tg rats show the clinical
signs at around 120 days of age and die after 10 days (Nagai
et al., 2001).

The presymptomatic female H46R (90 days old)- and
G93A (80 days old)-tg rats were anesthetized with inhalation
of halothane. Under a dissecting microscope, the right facial
nerve was exposed at its exit from the stylomastoid foramen.
With microhemostat forceps, the proximal facial nerve was
avulsed by gentle traction and removed from the distal facial
nerve as described elsewhere (Sakamoto et al., 2000, 2003a,b;
Ikeda et al., 2003). As tor axotomy, the right facial nerve was
transected at its exit from the stylomastoid foramen, and a dis-
tal portion of the nerve, 5 mm in length, was cut and
removed. The wound was covered with a small piece of gela-
tn sponge {(Gelfoam; Pharmacia Upjohn, Bridgewater, NJ)
and closed by fine suture.

Motoneuron Cell Counting

At 2 weeks postoperation, 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 brainstem tissue was
excised, postfixed in the same fixative for 2 hr, dehydrated,
and embedded in paraffin, and serial transverse sectuons (6-pm
thickness) were made. Every fifth section (24-pm interval)
was collected, deparaffinized, and stained with cresyl violet
(Niss staining), and facial motoneurons having nuclei contain-
ing distinct nucleoli on both sides of the facial nuclei were
counted in 25 sections™ as described elsewhere (Sakamoto
et al., 2000, 2003a,b; lkeda et al, 2003). The data were

expressed as the mean & SEM, and statistical significance was
assessed by Mann-Whitney U-test.

Immunohistochemistry

Immunohistochemistry on paraffin sections was per-
formed with the following primary antibodies: sheep ant-
human SOD1 (1:1,000; Calbiochem, San Diego, CA), rabbit
anti-human SOD1 (1:10,000; kindly provided by Dr. K.
Asayama; Asayama and Burr, 1984), mouse monoclonal anti-
phosphorylated neurofilament SMI-31 (1:1,000; Sternberger
Monoclonals, Lutherville, MD), rabbit anti-ubiquitin (1:1,000;
Dako, Glostrup, Denmark), rabbit anti-ghal fibrillary acidic
protein (GFAP; 1:1,000; Dako), rabbit anti-activating transcrip-
tion factor-3 (ATF3; sc-188, 1:200; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), rabbit ant-c-Jun (sc-1694, 1:200; Santa
Cruz Biotechnology), mouse monoclonal anti-phosphorylated
c-Jun (sc-822, 1:200; Santa Cruz Biotechnology), rabbit anti-
heat shock protein (Hsp) 25 that reacts with rat Hsp27 (SPA-
801, 1:200; Stressgen, Victoria, British Columbia, Canada),
and rabbit anti-phosphospecific (Ser'*)Hsp27 (1:200; Onco-
gene, San Diego, CA). For immunohistochenustry, deparaffi-
nized sections were pretreated with 0.3% H»O; in methanol
and preincubated with 3% heat-inactivated goat or rabbit
serum in 0.1% Triton X-100 in phosphate-buffered saline
(T-PBS). In cases of immunostaining with mouse primary
antibodies, MOM blocking kit (Vector, Butlingame, CA) was
used according to the manufacturer’s instructions to reduce
nonspecific background staining. Sections were then incubated
overnight at 4°C with the primary antibodies diluted in
T-PBS, followed by the incubation with biotinylated rabbit
anti-sheep, goat anti-rabbit, or goat anti-mouse IgG at a dilu-
tion of 1:200 and with ABC reagent (Vector), visualized by
3,3'-diaminobenzidine tetrahydrocholoride (IDAB)-H>Q5 solu-
tion and counterstained with hematoxylin. For negative con-
trols, the primary antibodies were omitted or replaced by
nonimmunized animal sera.

RESULTS

Two weeks after avulsion of the right facial nerves
in non-tg littermates, the number of surviving facial
motoneurons declined to ~70% of that on the contrala-
teral side, similar to that in normal rats, as described pre-
viously (Sakamoto et al., 2000). In SOD1-tg rats, only
~30-50% of motoneurons survived 2 weeks after avul-
sion, indicating that the loss of motoneurons was exacer-
bated in SOD1-tg rats compared with their non-tg lit-
termates (Fig. 1, Table I). The numbers of surviving
motoneurons in G93A-tg rats after avulsion (~35% of
contralateral side) were significantly less than those in
H46R -tg rats (~50% of contralateral side; Table I). The
numbers of intact motoneurons at contralateral sides did
not differ between tg rats and non-tg littermates, indicat-
ing that cell loss does not happen at this moment in the
course of the disease with SOD1 mutations (Table I).
Facial nerve axotomy did not induce significant loss of
injured motoneurons in tg rats and non-tg littermates at
2 weeks postoperation (Fig. 1, Table 1).



C_o_nt_ral ateral

Avulsion

Nerve Avulsion in Mutant SOD1-Tg Rats 65

G93A

non-jfg(GQSA)

Fig. 1. Facial motoneurons of H46R- and G93A-transgenic (tg) rats and their non-tg littermates
on the contralateral and ipsilateral (avulsion or axotomy) sides 2 weeks after facial nerve avulsion
or axotomy. Nissl stain. Scale bar = 100 pm.

Examination of sections immunostained for SOD1
showed intense cytoplasmic immunolabeling for SOD1
in injured motoneurons after avulsion in H46R- and
G93A-tg rats compared with uninjured motoneurons on
the contralateral side that were not or were very faintly
immunoreactive for SOD1 (Fig. 2). We used sheep and
rabbit anti-SOD1 antibodies, both of which gave identi-
cal results. The cytoplasmic SOD1 immunolabeling pat-
terns of injured motoneurons appeared diffuse in H46R-

tg rats, whereas they were granular in G93A-tg rats. In
G93A-tg rats, there were axons and vacuolar changes in
the neuropil consistently immunoreactive for SOD1 at
both uninjured and injured sides of facial nuclei (Fig. 2).
There was no defimite immunolabeling for SOD1 in
either injured or uninjured motoneurons and their axons
in non-tg littermates (Fig. 2). Facial nerve axotomy did
not increase immunoreactivity for SOD1 in injured
motoneurons of tg rats and non-tg littermates at 2 weeks
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TABLE L. Survival of Motoneurons After Facial Nerve Avulsion and Axotomy!

Ipsilateral motoneuron

Contralateral motoneuron

Rat (n) number number Survival %
Avulsion
NL (H46R) (n = 10) 598 + 18 813 * 26 73.7 + 1.2
H46R (0 = 8) 402 * 36" 839 * 27 475 + 2.8
NL (G93A) (n = 6) 637 *+ 56 822 + 47 767 + 3.0
G93A (n=7) 306 * 37" 884 + 44 347 * 3.6
Axotomy
H46R (n = 5) 751 + 19 843 + 23 89.2 * 1.4
NL (G93A) (n = 6) 743 * 15 835 = 12 889 + 0.6
G93A (n = 5) 741 *+ 42 781 % 45 949 * 1.2

iNumbers of facial motoneurons and the percent survival at the ipsilateral (lesion) side relative to the conrala-

teral (control) side 2 weeks after avulsion or axotomy. Results are presented as mean * SEM. Statistical com-
y P

parison was done by Mann-Whitney U-test. n = number of animals. NL. nontransgenic lictermaces.

*P < 0.01 vs. NL (H46R) and NL (G93A) rats after avulsion.

*k - . .
P < 0.05 vs. H46R ~transgenic rats after avulsion.

postoperation (Fig. 2). In contrast, immunohistochemical
examination showed perikaryal accumulation of phos-
phorylated neurofilaments in injured motoneurons both
after axotomy and after avulsion, as described previously
(Koliatsos et al., 1989, 1994; Koliatsos and Price, 1996).
There were no hyaline inclusions identifiable in HE-
stained sections or ubiquitin-immunoreactive structures
in both H46R - and G93A-tg rats and their non-tg litter-
mates on either operated or contralateral sides (data not
shown). Proliferation of astrocytes as evidenced by
immunostaining for GFAP was observed at the injured
sides in all the animals after avulsion and axotomy, and
the degree of the astrocytic response appeared to corre-
late with the extent of motoneuron loss after avulsion;
i.e., more intense GFAP immunostaining was demon-
strated when less neuronal survival was observed (Fig. 3).

It has been shown that ATF3 is expressed, and
c-Jun and Hsp27 are up-regulated and phosphorylated,
in injured motoneurons after axotomy (Tsujino et al.,
2000; Casanovas et al., 2001; Benn et al., 2002; Kalmar
et al., 2002). Several reports have documented that
ATE3, c-Jun, and Hsp27 cooperate to promote neuronal
survival in vitro and in vivo, suggesting neuroprotective
roles of these molecules (Pearson et al., 2003; Nakagomi
et al, 2003). We then examined the expression of
ATF3, c-Jun, and Hsp27 in injured motoneurons after
facial nerve avulsion that causes extensive neuronal loss.
In wild-type adult rats, intact facial motoneurons were
constitutively immunoreactive for ¢-Jun and Hsp27 but
not for ATF3, phosphorylated c-Jun, or phosphorylated
Hsp27, whereas injured motoneurons become immuno-
reactive for ATF3, phosphorylated c-Jun, and phos-
phorylated Hsp27 within 1 day after facial nerve avulsion
and remain positive up to 4 weeks (Watabe et al,
unpublished observations). In a similar manner, virtually
all injured motoneurons were immunostained for ATE3,
phosphorylated c-Jun, and phosphorylated Hsp27 in
H46R- and G93A-tg rats and their non-tg littermates
2 weeks after avulsion and axotomy as examined in this
study (Fig. 3).

DISCUSSION

We demonstrated that only 50% (H46R-tg rats) or
35% (G93A-tg rats) of motoneurons in mutant SOD1-tg
rats survived 2 weeks after avulsion at their presympto-
matic stage compared with 70% survival of motoneurons
in their non-tg littermates, indicating that motoneuron
degeneration after avulsion is significantly more severe in
these presymptomatic mutant SOD1-tg rats. It is inter-
esting to note that the loss of motoneurons in G93A-tg
rats was significantly greater than that in H46R-tg rats
after avulsion, insofar as the onset of paralysis is eatlier
and the disease progression is more rapid in G93A-tg rats
compared with the H46R rats used in the present study
(Nagai et al., 2001). The clinical courses of these tg rats
are also likely to be relevant to those of human mutant
SOD1-mediated familial ALS, in that the human H46R
cases progress very slowly compared with the G93A
cases (Nagai et al,, 2001; Aoki et al., 1993, 1994). In
contrast, we did not see significant motoneuron loss in
the presymptomatic SOD1-tg rats and their non-tg lit-
termates 2 weeks after facial nerve axotomy. Unlike
avulsion, axotomy does not generally induce significant
motoneuron death in adult rodents (Lowrie and Vrbova,
1992; Moran and Graeber, 2004), except that, in the
case of adult Balb/C mice, the facial nerve axotomy
leads to loss of >50% of the motoneurons at 30 days
postoperation (Hottinger et al., 2000), and C57BL mice
show late motoneuron loss (~60%) 8 weeks after facial
nerve axotomy (Angelov et al., 2003). Mariotti et al.
(2002) axotomized facial nerves of G93A-tg mice and
their non-tg littermates at their presymptomatic stage
and observed loss of facial motoneurons that was higher
in G93A-tg mice than mn non-tg littermates at 30 days
postaxotomy; these data are relevant to our present data
acquired from avulsion, but not axotomy, in rats, which
probably is due to the use of different animal species. In
contrast, Kong and Xu (1999) described axotomy of
lumbar spinal or sciatic nerve in G93A-tg mice at the
presymptomatic stage reducing the extent of axon
degeneration at the end stage of the disease. They did
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Fig. 2. SOD1 immunohistochemistry of facial motoneurons of H46R- and G93A-tg rats and their
non-tg littermates on the contralateral and ipsilateral (avulsion or axotomy) sides 2 weeks after
facial nerve avulsion or axotomy. Counterstained with hematoxylin. Note immunostained moto-
neurons (vertical arrows), axons (horizontal arrows), and vacuoles in neuropil (arrowheads) in
H46R - and G93A-tg rats. Scale bar = 50 pm.

not evaluate the response of the cell bodies of spinal
motoneurons, so it remains unknown whether SODI1
mutation affects the viability of spinal motoneurons after
axotomy. In the present study, we demonstrated that
motoneuron degeneration after facial nerve avulsion, but
not after axotomy, is exacerbated in presymptomatic
mutant SOD1-tg rats at 2 weeks postoperation. These

data clearly indicate the increased vulnerability of facial
motoneurons to proximal nerve injury in the presympto-
matic SOD1-tg rats.

It has been shown that SOD1 is abundantly
expressed in cell bodies, dendrites, and axons of wild-
type mouse and rat motoneurons in vivo (Pardo et al.,
1995: Moreno et al., 1997; Yu, 2002). In the present
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Fig. 3. Immunohistochemistry for ATF3, phosphorylated c-jun (p-c-
Jun), phosphorylated Hsp27 (p-Hsp27), and GFAP of facial nuclei in
H46R -tg rat, G93A-tg rat, and non-tg littermate on the ipsilateral
(avulsion or axotomy) and contralateral sides 2 weeks after facial
nerve avulsion or axotomy. All injured motoneurons are Immuno-

otomy Contralateral Avulsion

s

2

stained for ATF3, phosphorylated c-Jun, and phosphorylated Hsp27
in these rats after avulsion or axotomy. The intensity of GFAP
immunoreactivity appears parallel to the extent of motoneuron loss
(see also Fig. 1). Counterstained with hematoxylin. Scale bar =
50 pum.



study, we did not observe immunoreactivity for SOD1
in facial motoneurons of nontransgenic littermates with
sheep and rabbit ant-human SOD1 antibodies; it is
postulated that the antibody concentrations (ie.,
1:1,000-10,000) used in this study are below the detec-
tion levels for immunostaining rat SOD1 antigen on par-
affin sections. Instead, we demonstrated some facial
motoneurons showing very faint immunoreactivity for
SOD1 in H46R-tg rats on paraffin sections. In G93A-tg
rats, axons and vacuoles in neuropil were intensely
immunoreactive for SOD1 at both uninjured and
injured sides. The increased immunostaining for SOD1
in injured motoneurons of SOD1 (H46R and G93A)-tg
rats may therefore indicate that human mutant SOD1
protein is accumulated in the cytoplasm of facial moto-
neurons after avulsion. When several mutant SODI1
genes that include G93A were transfected to COS7 cells,
the mutant SOD/1s, but not wild-type SOD1, aggregated
in association with the endoplasmic reticulum (ER) and
induced ER stress (Tobisawa et al., 2003). Accumulation
of mutant SOD1 in injured motoneurons atter avulsion
may therefore potentiate ER stress and exacerbate moto-
neuron death in the presymptomatic mutant SOD1-tg
rats, although the mechanism of accumulation of SOD1
remains unknown. Whether up-regulation of cytoplas-
mic mutant SOD1 expression or retrograde accumula-
tion of mutant SOD1 from injured axons was induced
in these neurons awaits further investigations. In addi-
tion, facial nerve axotomy, as opposed to avulsion, did
not increase immunoreactivity for SOD1 in injured
motoneurons of SOD1-tg rats and their non-tg litter-
mates, which seems consistent with the absence of sig-
nificant motoneuron loss in these rats as described above.
As for wild-type SODI1, previous reports documented
no change in SOD1 mRNA levels or SOD1 immuno-
reactivity in injured motoneurons after facial or sciatic
nerve axotomy in wild-type rats (Yoneda et al., 1992;
Rosefeld et al., 1997).

It has been demonstrated that ATF3 is expressed,
and c-Jun and Hsp27 are up-regulated and phosphory-
lated, in injured adult motoneurons after axotomy
(Tsujino et al., 2000; Casanovas et al., 2001; Benn et al.,
2002; Kalmar et al., 2002). As for the neuroprotective
nature of these molecules, it has been reported that
ATF3 enhances c-Jun-mediated neurite sprouting in
PC12 and Neuro-2a cells (Pearson et al., 2003), and
ATE3 and Hsp27 cooperate with c-Jun to prevent death
of PC12 cells and superior cervical ganglion neurons
(Nakagomi et al.,, 2003). Hsp27 is induced and phos-
phorylated in adult, but not in neonatal, motoneurons
after axotomy, and axotomized neonatal motoneurons
that lack Hsp27 die by apoptosis, suggesting that phos-
phorylated Hsp27 is necessary for motoneuron survival
after peripheral nerve injury (Benn et al, 2002). How-
ever, there have been no reports concerning the expres-
sion of ATF3, phosphorylated c-Jun, and phosphorylated
Hsp27 in injured motoneurons after avulsion. In the
present study, we have demonstrated that, even after
avulsion that causes extensive motoneuron death, ATF3,
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phosphorylated c-Jun, and phosphorylated Hsp27 were
fully up-regulated in both SOD1-tg and non-tg rats.
These results suggest that neuroprotective effects of
Hsp27 cannot overcome vet unidentified stress(es)
induced by facial nerve avulsion. On the other hand, a
recent report demonstrated that facial motoneurons of
c-Jun-deficient mice are resistant to axotomy-induced
cell death, suggesting that c-Jun promotes posttraumatic
motoneuron death (Raivich et al., 2004). In addition, it
has been shown that mutant SOD1 binds to Hsp27 and
forms aggregates, suggesting that this binding of Hsp27
to mutant SOD1 blocks antiapoptotic function of Hsp27
and leads to motoneuron death (Okado-Matsumoto and
Fridovich, 2002). The effects of phosphorylated c-Jun
and Hsp27 and their association with mutant SOD1
accumulation should be further investigated to elucidate
the mechanism of exacerbated motoneuron death in
SOD1-tg rats after avulsion.

In this study, we have demonstrated that moto-
neuron degeneration after facial nerve avulsion is exacer-
bated in presymptomatic mutant SOD1-tg rats compared
with their non-tg littermates. Mutant SOD1 accumula-
tion and its association with c-Jun and Hsp27 may have
a key role leading to enhanced motoneuron death. In
this context, motoneuron death after avulsion may share,
at least in part, a common mechanism with the moto-
neuron degeneration associated with SOD1 mutation.
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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 SCIl. 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 Wiley-Liss, Inc.
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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-
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‘tor (GDNF; Liu et al,

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 glial cell line-derived neurotrophic fac-
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 after 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 regenerative
response to trauma (Casella et al., 2002; Loy et al., 2002).
Initial damage to local blood vessels is decisive for the pro-
gression of destructive events during secondary degenera-
tion {Mautes et al., 2000) and strategic treatments to
improve angiogenesis 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
et al., 1989) and a natural 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 destruction of the blood—brain barrier (Date et al,,
2004), and exerts a neurotroprotective effects after cereb-
eral ischemia (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 rat SCl
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 Amimal
Welfare Act, the Guide for the carc and use of laboratory animals
(National Institutes of Health), and the guidelines and policies
for animal surgery provided by the Animal Study Commuittee
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 each). At 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 IH 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-glyc-
erophosphate, 25 mM NaF, 1% Triton X-100, 1 mM phenyl-
methylsulfonylfluoride (PMSF; Wako, Osaka, Japan), 2 mg/
ml antipain (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 ot 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 ¢-Met mRNA were measured
as previously described (Sun et al., 2000). The quantitative
data for each sample at indicated times was used to determine
the rauo relative to that in mntact 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 ug) were resolved via SDS-PAGE, trans-
ferred to a polyvinylidene difluoride membrane, and immuno-
blotted with a polyclonal antibody (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 after SCI without any HSV-1
vector injection.

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 0.1 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-pm-thick sections. For immunofluoroscence
staining, the sections were incubated at 4°C with monoclonal
anti-NeuN (1:200; Chemicon, Temecula, CA), monoclonal
antiglial fibrillary acidic protein (GFAP; 1:500; Sigma, St. Louss,
MOQO), monoclonal anti-GST-n (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 IImmunology) and polyclonal anticleaved caspase-3 (1:400;
Cell Signaling), followed by biotinylated secondary antibodies
(1:500; Jackson Immunoresearch, West Groove, PA). For diamu-
nobenzidine staining, the sections were incubated at 4°C with
polyclonal anti-5-hydroxytryptamine (5-HT; 1:100; Dia Sonn,
Stillwater, MN), polyclonal anticholine acetyltransterase (ChAT;
1:50; Chemicon), monoclonal ant-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 (LFB)-stained myelinated area, the images of axial sections
were obtained. To quantify the area of the GAP-43-positive
fibers and the RTY97-positive fibers, the midsagittal sections
were scanned and tiled transversely throughout a cephalocaudal
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length of 175 pm at the indicated levels ot injured spinal cords
with a CCD camera (DXC-390; Sony, Tokyo, Japan) using a
Micro Computer Imaging Device (MCID; Imaging Research
Inc., St. Catharines, Ontario, Canada). The obtained images
were analyzed using grain counting with the light intensity by
MCID. Threshold values were maintained at constant levels for
all analyses. Images of axial sections stained with hematoxylin
and eosin were obtained, and manually outlined areas of cavita-
tion were also quantified by MCID. Images of axial sections
stained with anti-ChAT antbody and anti-RECA-1 antibody
were obtained, and the numbers of ChAT-positive moto-
neurons in the ventral horns and the numbers of RECA-1-posi-
tive vessels with lumina larger than 20 pm were counted.

Behavioral Testing

Motor function of the hindlimbs was evaluated by
open-field testing using the methodology of the Basso-
Beattie-Bresnahan (BBB) scale at 4, 7, 14, 21, 28, 35, and 42
days after SCI (n = 14 for each group). Throughout the sur-
gery, behavioral testing, and histological analyses, the three
researchers who performed the procedures were unaware of
the groups to which the rats belonged.

Statistical Analysis

All data are reported as the mean = SEM. An unpaired
two-tailed Student’s t-test was used for single comparisons.
The results of the real-time PCR and ELISA experiments
were analyzed via Dunnett test. The Mann-Whitney U-test
was used for the BBB score.

RESULTS

Endogenous Up-Regulation of HGF in Injured
Spinal Cord Was Insufficient Compared With the
Sharp Increase of c-Met Expression During the
Acute Phase of SCI

To determine the dynamics of the HGF-c-Met
system in adult rat spinal cord after SCI, the levels of
HGF and c-Met mRNA expression in injured spinal cord
were analyzed via real-time RT-PCR, and the amounts
of HGF protein in injured spinal cord and plasma were
also analyzed by an ELISA in the SCI group. Whereas
the level of c-Met mRNA expression in injured spinal
cord drastically increased from 1 day after SCI (Fig. 1A),
the level of HGF mRNA expression gradually increased
and peaked at 2 weeks after SCI (Fig. 1B). Thus HGF
and c-Met mRNA expression peaked at different time
points after SCI. Consistently with the level of HGF
mRNA expression, the amount of HGF protein in
injured spinal cord gradually increased, peaking at about
4 weeks after SCI (Fig. 1C). In contrast, the amount of
HGF protein in the plasma did not increase after SCI
(Fig. 1D). Next, we examined the localization of c-Met
in normal and injured rat spinal cord. In intact thoracic
spinal cord, c¢-Met immunoreactivity (c-Met-IR) was
detected in NeuN-positive neurons and GST-m-positive
oligodendrocytes, but not in astrocytes (Fig. 2A-I).
However, at 1 week after SCI, c-Met-IR was clearly
observed in GFAP-positive reactive astrocytes (Fig. 2]-L;
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Fig. 1. Endogenous regulation of HGF and c-Met expression after
SCI. The levels of c-Met mRNA and HGF mRNA expression after
SCI in a 4-mm segment of spinal cord from the lesion epicenter
were analyzed by using real-time RT-PCR. In contrast to a drastic
increase in c-Met mRNA expression during the acute phase of SCI
(A), HGF mRNA expression showed a gradual increase only during
the subacute phase (B). ELISA data show that the amount of HGF
protein in a 4-mm segment of spinal cord from the lesion epicenter
gradually increased during the subacute phase of SCI (C), similar to
the pattern of HGF mRNA expression, and the plasma HGF levels
did not increase significantly after SCI (D). All data were reported as
the mean £ SEM. **P < (0.01; n > 3 each.

axial section at 5 mm rostral to the epicenter) as well as
in neurons and oligodendrocytes (data not shown).

To examine the distribution and amount of HGF
protein in uninjured spinal cord after gene delivery, the
spinal cord tissues were harvested and processed for an
ELISA and HGF immunostaining at 3 days and 4 weeks
after the HSV-1 vectors (HSV-HGF and HSV-LacZ)
injection. Although HGF-IR showed a remarkable
expansion putativély in the extracellular matrix in the
HGF group at 3 days after injection, very little HGF-IR
was observed in the LacZ group (Fig. 3A). Injection of
the HSV-1 vectors resulted in a significantly higher
amount of HGF protein in the HGF group (11.5 = 0.8
ng/g tissue) compared with that in the LacZ group (3.4
* 0.1 ng/g tissue) at 3 days after injection (Fig. 3C).
Double immunostaining using anti-B-galactosidase anti-
body showed that LacZ gene expression was maintained
in NeuN-positive neurons until 4 weeks after the injec-
tion (Fig. 3B). There was no significant difference in the
amount of HGF protein between the HGF group (4.9
* 1.5 ng/g tissue) and the LacZ group (2.9 = 0.1 ng/g
tissue) at 4 weeks after the injection (Fig. 3C).

HGF Promotes Survival of Neurons and
Oligodendrocytes After SCI

To determine the effects of HGF gene delivery on
the injured spinal cord, we performed several quantita-
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Fig. 2. Change in ¢-Met immunoreactvity (IR) in neurons, oligo-
dendrocytes and astrocytes before and after SCI. Intact spinal cord
showed c-Met-IR in NeuN-positive neurons (A-C) and GST-n-
positive oligodendrocytes (D-F), but not in astrocytes (G-I). At 1
week after SCI, c-Met-IR was observed in GFAP-positive reactive
astrocytes (J-L). Insets show magnified view. Scale bars = 200 um
in C (applies to A—-C); 100 pm in F (applies to D-F); 200 um in 1
(applies to G-1); 200 pm in L (applies to J-L).

tive histological analyses. First, the cavity area of the
injured spinal cord at 6 weeks after SCI was obviously
smaller in the HGF group than the LacZ group. Signifi-
cant differences in the total cavity areas at the epicenter

A

LacZ

Fig. 3. Expression of exogenous HGF in the spinal cord introduced by
HSV-HGF vector. Immunohistochemical staining of rat HGF in sagittal
sections at 3 days after the HSV-1 vectors (HSV-HGF and HSV-LacZ)
injection into the spinal cords showed remarkable HGF-IR in the extrac-
ellular matrix in the HGF group. In all the sagittal sections shown in the
present study, the left side is the rostral side (A). B-Galactosidase expres-
sion was observed in neurons until 4 weeks after the HSV-LacZ injection
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and at 4 mm rostral and caudal to the epicenter were
observed between the two groups (Fig. 4A). Second, the
HGF group obviously had more preserved myelinated
areas than the LacZ group at 6 weeks after SCI. Nota-
bly, the HGF group exhibited a significantly spared rim
of white matter, even at the lesion epicenter, whereas
the LacZ group exhibited severely demyelinated white
matter throughout the lesion epicenter. Quantitative
analysis of the myelinated areas revealed significant dif-
ferences between the two groups at all of the examined
sites (Fig. 4B). Next, to determine the effect of HGF on
motoneurons, the numbers of ChAT-positive motoneur-
ons in the ventral hormns were quantified at 6 weeks after
SCI. Although almost all the ChAT-positive motoneur-
ons had disappeared at the lesion epicenter in both
groups, significantly larger numbers of ChAT-positive
motoneurons were observed at the site rostral to the epi-
center in the HGF group compared with that in the
LacZ group (Fig. 4C). These findings suggested that
HGF exerted protective effects on motoneurons and
oligodendrocytes and contributed to tissue sparing after
SCIL

Next, to determine whether HGF inhibited the
activation of caspase-3 after SCI, immunoblotting analy-
ses using anti-cleaved caspase-3 antibody were performed
at 1, 3, and 7 days after SCI. Cleaved caspase-3 was
strongly induced after SCI and was most detectable at 3
days after SCI in both the HGF and the LacZ groups
(Fig. 5A). Quantitative analysis revealed that the induc-
tion of cleaved caspase-3 was significanty attenuated in
the HGF group compared with the LacZ group at 3
days after SCI (Fig. 5B). Furthermore, double immuno-
staining with anti-cleaved caspase-3 antibody and anti-
bodies for neurons or oligodendrocytes showed that the
numbers of NeulN and cleaved caspase-3 double-positive
motoneurons in the ventral horns and GST-m and
cleaved caspase-3 double-positive oligodendrocytes were

B LacZ

i control

spinal cord)

O b XS

HGF Ipmtgain content
(ng/g

4 weeks

3 days
_Time after
HSV vectors injection

(B). HGF protein levels in 4-mm segments of spinal cords at the site of the
HSV-1 vectors injection were analyzed using an ELISA at 3 days and 4
weeks after the injection. The HGF group showed a significantly larger
amount of HGF protein than in intact spinal cord {control) and the LacZ
group at 3 days after injection. No significant difference in the amount of
HGEF protein was seen among the three groups at 4 weeks after the injec-
tion (C). **P < 0.01; n = 3 each. Scale bars = 1 mmin A; 100 pmin B.
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Fig. 4. Significant reduction in the size of damaged parenchyma in
the HGF group. HE staining of midsagittal sections and the axial sec-
tions of lesion epicenter at 6 weeks after injury showed remarkably
smaller areas of damage in the HGF group compared with the LacZ
group. Significant differences in the total cavitation areas in the axial
sections at the epicenter and at 4 mm rostral and candal to the epicen-
ter were observed between the two groups (n = 5 each; A). The axial
sections stained with Luxol fast blue (LFB) at 6 weeks after injury
showed a remarkable reduction in the area of demyelination in the
HGF group compared with the LacZ group. Quantification of LFB-
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positive myelinated areas showed significant difference between the
two groups at ali of the examined sites (n = 5 each; B). The number
of ChAT-positive motoneurons in the ventral horns at the lesion epi-
center and adjacent sections up to 5 mm rostral and caudal to the epi-

_center in 0.5-mm increments was quantified at 6 weeks after SCL. The

pictures show magnified views of right ventral horns of axial sections
at 4 mm rostral and caudal to the epicenter. Significant differences
between the two groups were observed mainly in the sections rostral
to the epicenter (n = 5 each; C). *P < 0.05, **P < 0.01. Scale bars =
2 mm in A left; 1 mm in A right and B; 150 pm in C.
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Fig. 5. Induction of cleaved caspase-3 in the injured spinal cord. Immunoblotting analyses showed
remarkable induction of cleaved caspase-3 in the HGF and LacZ group during the acute phase of
SCI, mainly at 3 days after SCI (A). Significantly attenuated cleaved caspase-3 induction was observed
in the HGF group, compared with the LacZ group, at 3 days after SCI (n = 3 each; B). *P < 0.05.
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obviously reduced in the HGF group compared with
the LacZ group (data not shown). These results sug-

gested that HGF significantly reduced the levels of

cleaved caspase-3 activation in neurons and oligodendro-
cytes after SCI, thereby promoting their survival.

HGF Enhances Angiogenesis After SCI

To examine the effect of HGF on vascular endo-
thelial cells after SCI, immunostaining with anti-RECA-
1 antibody was performed. In intact thoracic spinal cord,
the vessels had delicate walls composed of homogene-
ously stained endothelial cells. Although most of the ves-
sels disappeared at the epicenter at 1 week after SCI,
several vessels were stained intensely and showed abnor-
mally large lumina with thick walls (Fig. 6A, arrows),
which were not observed in the intact spinal cord.
Quantitative MCID analysis of the RECA-1-positive
areas showed significant differences at the epicenter and
4 mm rostral to the epicenter between the two groups
(Fig. 6B). In these areas, there were large amounts of
fragmented RECA-1-IR ‘resulting from the debris of
dead endothelial cells. Thus, we focused on RECA-1-
positive vessels with intact lumina for quantitative analy-
sis. Accordingly, we found that significant differences in
the number of RECA-1-positive vessels with lumina
larger than 20 pm, representing newly formed vessels
(Casella et al., 2002), between the two groups at the epi-

center and at 4 mm rostral to the epicenter at 1 week af-
ter SCI (Fig. 6C).

HGF Promotes Regrowth of Serotonergic Fibers
and Functional Recovery After SCI

To determine the effects of HGF on the axonal
growth after SCI, axial sections of injured spinal cords
were immunostained with anti-5HT antibody at 1 week

Fig. 6. Change in the microvasculature in the spinal cord after SCI.
The axial sections of lesion epicenter at 1 week after SCI and intact
thoracic spinal cord were immunostained with anti-RECA-1 anti-
body (A). Higher magnification views correspond to the boxed areas
in the upper pictures. RECA-1-positive vessels with abnormally large
lumina (arrows) emerged at 1 week after SCI in the two groups;
these vessels were not observed in intact spinal cord and were consid-
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and 6 weeks after SCI. SHT-positive raphe-spinal sero-
tonergic fibers were observed mainly in the gray matter
in each group. Quantitative MCID analyses revealed
that, whereas 5SHT-positive fibers were almost undetect-
able in either group at 1 week after SCI, a significantly
greater abundance of SHT-positive fibers was detected,
even in an area 4 mm caudal to the epicenter, in the
HGF group compared with that in the LacZ group (Fig.
7A, arrows) at 6 weeks after SCI (Fig. 7A,B). Further-
more, at 1 week after SCI, the SHT-positive fibers also
showed c-Met-IR (Fig. 7C), and, at 6 weeks after SCI,
they expressed GAP-43, which has been used as a
marker of axonal regeneration (Kobayashi et al., 1997;
Ramon-Cueto et al., 1998; Ikegami et al., 2005; Kaneko
et al., 2006), even in a region 4mm caudal to the epi-
center (Fig. 7D). Consistently with this, a greater abun-
dance of GAP-43-positive fibers (Fig. 7E,F) and RT97-
positive fibers (Fig. 7G,H) was observed, even in a
region 4 mm caudal to the epicenter, in the HGF group
compared with the LacZ group at 6 weeks after SCI;
furthermore, c-Met-IR was also detected in these fibers
(Fig. 71)). Most of the RT97-positive fibers were ori-
ented longitudinally and parallel to each other (Fig. 7G),
and these longitudinal fibers did not express GAP-43
(data not shown), indicating that they probably repre-
sented preserved axons after SCI.

The contusive SCI resulted in complete paralysis,
followed by gradual recovery, reaching a plateau (BBB
score 6.6 * 1.1) at 6 weeks after SCI in the LacZ
group. In the HGF group also, the animals suffered
complete paralysis at 1 day after SCI, but these animals
eventually showed better functional recovery than those
in the LacZ group. Significant differences in the BBB
scores were observed between the two groups from 7
days after SCI (Fig. 8). We believe that the difference
between a BBB score of 8 (sweeping of hindlimbs) and
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ered to represent newly formed vessels after SCI. Quantitative analy-
sis of the total area of RECA-1-positive endothelial cells (B) and the
number of vessels with lumina larger than 20 pm (C) showed signifi-
cant differences at the epicenter and at 4 mm rostral to the epicenter
between the two groups. *P < 0.05, **P < 0.01; n = 5 each. Scale
bars == 500 pm in A upper; 100 pm in A lower.
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Fig. 7. Degeneration and regrowth of fibers after SC1. Immunostain-
ing and quantification of 5-HT-positive fibers in axial sections at 4
mm caudal to the epicenter showed no significant difference between
the two groups at 1 week after SCI but showed significant regrowth
of the fibers in the HGF group compared with poor regrowth in the
LacZ group (arrows) at 6 weeks after SCI (n = 5 each; A,B). 5HT-
positive descending raphe-spinal fibers showed c-Met-IR (axial sec-
tion) at 1 week after SCI (C) and expressed GAP-43 (sagittal section)
at 4 mm caudal to the epicenter at 6 weeks after SCI (D). Represen-
tative images of midsagittal sections through an area 4 mm caudal to

a BBB score of 9 (weight support on hindlimbs) is clini-
cally substantial. From a clinical perspective, the recovery
of the HGF group to weight-supported plantar steps
(BBB score 10.1 £ 0.6) was noteworthy.

the epicenter showed a significantly greater abundance of GAP-43-
positive fibers (E) and R97-positive fibers (G) in the HGF group
compared with that in the LacZ group at 6 weeks after SCI. Note
that significant differences in the immunopositive area were observed
even in the region 4 mm caudal to the epicenter between the two
groups (n = 5 each; F,H). Double immunostaining of midsagittal
sections at 1 week after SCI showed c-Met-IR in the GAP-43-posi-
tive growth cones (I) and RTY7-positive neurofilaments (J). *P <
0.05, **P < 0.01. Scale bars = 50 pm in A,E.G,); 20 pm in C,D;
10 pm in L

DISCUSSION

Previous studies have shown that the HGF-c-Met
system is involved in the mediation of inflammatory
responses to tissue injury. In animal models in which the
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Fig. 8. BBB scores after SCI. A significant improvement in hindlimb
motor function was observed in the HGF group compared with the
LacZ group from 7 days after SCI (n = 14 each). *P < 0.05, **P < 0.01.

liver (Noji et al., 1990; Kono et al., 1992; Matsumoto
and Nakamura, 1997), lung (Yanagita et al., 1993), or
kidney (Kono et al., 1992; Igawa et al, 1993) tissues
were experimentally damaged, the HGF mRNA expres-
ston and HGF activity were found to increase markedly
in the damaged organs, peaking within 24 hr after the
insult. Consistently with these increased expressions, the
plasma HGF level also increased within 24 hr after the
damage, suggesting that HGF could be delivered to these
injured organs from other organs through the blood sup-
ply via an endocrine mechanism, in addition to being
produced endogenously in these organs (Kono et al.,
1992). In the CNS, on the other hand, it was reported
that HGF mRNA was up-regulated exclusively in the
peniinfarct region at 14 days after cerebral ischemia
(Nagayama et al 2004). In the present study, we dem-
onstrated for the first time that the HGF mRNA expres-
sion level gradually increased, peaking at 2 weeks after
SC1, whereas the c-Met mRNA expression level
increased markedly within 1 day of SCI. In addition, no
increase in the plasma HGF levels was found after SCI.
These findings suggest that the injured spinal cord can-
not produce a sufficient amount of HGF by itself, com-
pared with the remarkable increase in c-Met expression
after SCI, nor can HGF be supplied through an endo-
crine mechanism, in contrast to the case following dam-
age to other organs, as mentioned above. These resules
prompted us to perform an in vivo study to determine
whether the application of exogenous HGF into the
injured spinal cord might exert a beneficial effect and
promote functional recovery in the spinal cord after
SCI. We used the HSV-1 vector to introduce the exog-
enous HGF into the spinal cord, to compensate for the
deficiency of endogenous HGF after SCIL. The feasibility
of using this vector for transgene expression in the
nervous system in a safe and nontoxic manner has been
examined in previous studies (Coffin et al., 1998; Palmer
et al., 2000; Lilley et al., 2001).

We showed that the application of exogenous
HGEF into the injured spinal cord significantly attenuated
caspase-3 activation in both neurons and oligodendro-
cytes, thereby reducing the area of demyelination and
promoting the survival of cholinergic neurons. Previous
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studies have demonstrated the neurotrophic effects of
HGF on a variety of neurons (Hamanoue et al., 1996;
Maina and Klein, 1999; Caton et al., 2000), and, in one
study, the application of HGF prevented the apoptosis of
adult motoneurons after axonotomy of the hypoglossal
nerve (Okura et al., 1999). In addition, HGF overex-
pression was reported to prevent delayed neuronal death
and decrease the infarct volume after cerebral ischemia
(Miyazawa et al., 1998; Hayashi et al., 2001; Shimamura
et al., 2004; Niimura et al., 2006) by attenuating apopto-
sis. Consistently with these reports, in the present study,
the neurotrophic and antiapoptotic effects of HGF on
the neurons prevented neuronal loss after SCI, thereby
reducing the size of the damaged area. Oligodendrocyte
death, which is mediated by a pathway involving
caspase-11 and caspase-3, leads to demyelination (Hisahara
et al., 2001), and inhibition of the apoptosis of oligoden-
drocytes has been shown to reduce the area of demye-
lination and functional impairment after SCI (Tamura
et al., 2005). These reports indicate that the induction of
apoptosis in oligodendrocytes is directly correlated with
demyelination and that inhibition of the apoptosis of oli-
godendrocytes could be potentially beneficial for recov-
ery after SCIL. In the present study, we demonstrated
that HGF markedly attenuated the induction of caspase-
3 in the oligodendrocytes after SCI, resulting in a signif-
icant reduction in the area of demyelination after SCI.
Taken together, the antiapoptotic and neurotrophic
effects of HGF on the neurons and oligodendrocytes
contributed to a significant reduction of the area of
parenchymal damage after SCI.

HGF is also well known as a potent angiogenic
tactor. HGF and c-Met are known to be expressed in
endothelial cells and vascular smooth muscle cells
(VSMCs; Nakamura et al., 1995, 1996), and a relation-
ship between improved microcirculation and behavioral
recovery after cerebral ischemia has been suggested
(Shimamura et al., 2004, 2006). A change in the micro-
vasculature of the spinal cord after contusion injury has
been shown to be essential for the ability of the spinal
cord to undergo self-repair (Loy et al., 2002; Hagg and
Oudega, 2006). The cordons of vessels that form early at
the lesion site may be the initial stage of the trabeculae
described in the contusion injury model; these trabeculae
have been reported to promote endogenous repair and
support axonal outgrowth in the injured spinal cord
(Beattie et al., 1997). Loy and colleagues demonstrated a
biphasic angiogenic response after SCI, the first phase of
which (3-7 days after injury; Casella et al., 2002), but
not the second (28-60 days after injury), corresponded
to the time course of functional recovery (Loy et al.,
2002). Moreover, a relationship between the blood flow
and functional recovery has been shown following stra-
tegic treatments to improve angiogenesis in the injured
spinal cord during the acute phase of SCI (Glaser et al,,
2004; Guizar-Sahagun et al., 2005). Thus, enhancing the
formation of blood vessels, especially during the acute
phase of SCI, may be a potential repair strategy, because
nutritional and mechanical support by vessels is critical



