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length of 175 pm at the indicated levels of injured spinal cords
with a CCD camera (DXC-390; Sony, Tokyo, Japan) using a
Micro Computer Imaging Device (MCID: limaging 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. Tinages of axial sections
stained with and-ChAT antibody and ani-RECA-I antibody
were obtained, and the numbers of ChAT-positive moto-
neurons in the ventral horns and the nuinbers of RECA-1{-posi-
tve 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
rescarchers 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-uime PCR and ELISA experiments
were analyzed via Dunnertt 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 rac spinal cord after SCI, the levels of
HGF and c-Met mRINA expression in injured spinal cord
were analyzed via real-ume RT-PCR, and the amounts
of HGF protein in injured spinal cord and plasma were
also analyzed by an ELISA i the SCI group. Whereas
the level of c-Met mRINA 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 wecks after SCI (Fig. 1B). Thus HGF
and ¢-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 atter SCI
(Fig. 1D). Next, we examined the localization of c-Met
in normal and injured rat spinal cord. In intact thoracic
spinal cord, ¢-Met immunoreactivity (c-Met-IR) was
detected in NeuN-positive neurons and GST-n-positive
oligodendrocytes, but not in astrocytes (Fig. 2A-I).
However, at 1 week after SCI, ¢-Met-IR was clearly
observed in GFAP-positive reactive astrocytes (Fig. 2J-L;
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Fig. 1. Endogenous regulation of HGF and c¢-Met expression after
SCI. The levels of c-Met mRNA and FIGF 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 mRINA 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-min 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 tor an
ELISA and HGF immunostaining at 3 days and 4 wecks
after the HSV-1 vectors (HSV-HGF and HSV-LacZ)
injection.  Although HGF-IR showed a remarkable
expansion putatively in the extracellular matnix in the
HGEF group at 3 days after injection, very lictle HGF-IR
was observed in the LacZ group (Fig. 3A}. Injection of
the HSV-1 vectors resulted in a significandy 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 dssue) at 3 days after injecton (Fig. 3C).
Double immunostaining using anti-B-galactosidase anti-
body showed that LacZ gene expression was maintined
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 c-Met immunoreactivity (IR) in neurons, oligo-
dendrocytes and astrocytes before and after SCI. Intact spinal cord
showed ¢-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. ¢-Met-IR was observed in GFAP-positive reactive
astrocytes (J=L). Insets show magnified view. Scale bars = 200 jun
in C (applies to A=C); 100 pm in F (applies to D=F):; 200 pm in 1
(applies to G-I): 200 um in L (applies wo 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-1R 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 atter the HSV-LacZ injecton
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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. Nou-
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. Quantiative
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 horns were quantified at 6 weceks 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 atter
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 significantly 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 NeuN and cleaved caspase-3 double-positive
motoneurons in the ventral horns and GST-m and
cleaved caspase-3 double-positive oligodendrocytes were
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(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
weceks 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
HGF protein was seen among the three groups at 4 weeks after the injec-
von (C). **P < 0.01: n = 3 cach. Scale bars = 1 mmin A; 100 pum in BB.
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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 arcas of damage in the HGF group compared with the LacZ
group. Significant ditferences in the total cavitation areas in the axial
sections at the epicenter and at 4 mm rostral and caudal to the epicen-
ter were observed between the two groups (n = 5 cach; A). The axial
sections stained with Luxol fast blue (LFB) at 6 weeks after injury
showed a remarkable reduction in the area of demvyelination in the
HGF group compared with the LacZ group. Quantification of LFB-
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positive mvyelinated areas showed significanc difference between the
two groups at all of the examined sites (n = 5 cach; B). The number
of ChAT-positive motoneurons in the ventral horns at the lesion epi-
center and adjacent sections up to 53 mm rostral and caudal to the epi-
center in (0.5-mm mncrements was quantified at 6 weeks after SCI. The
pictures show magnified views of right ventral horns of axial sections
at 4 mm roseral and caudal to the epicenter. Significant difterences
between the two groups were observed mainly in the sections rostral
to the epicenter (n = 5 cach: C). *P < (.05, **P < 0.01. Scale bars =
2 mm in A left; 1 mm in A right and B; 150 um 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 dunng the acute phase of

SCI, rainly 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 significantdy 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 pertormed. 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 cpicenter 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 mum 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-3HT antibody at 1 week

-y
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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
i the upper pictures. RECA-i-positive vessels with abnormally large
lumina (arrows) emerged at 1 week atter 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. 5HT-positive raphe-spinal sero-
tonergic fibers were observed mainly in the gray macter
in each group. Quantutive MCID analyses revealed
that, whereas SHT-positive fibers were almost undetect-
able in ecither group at 1 week after SCI, a significantly
greater abundance of 5HT-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 5HT-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; Tkegami et al., 2005; Kancko
et al,, 2006), even in a region 4mm caudal to the epi-
center (Fig. 7D). Consistentdy 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 cach 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 um (C) showed signifi-
cant differences at the epicenter and at 4 mm rostral to the epicenter
between the two groups. *P < 0.03. **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 SCI. 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 weck after SCI but showed significant regrowth
of the fibers in the HGF group compared with poor regrowth in the
LacZ group (arrows) at 6 weceks after SCI (n = 5 each: A,B). SHT-
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 mun 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 signiticant difterences 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 RT97-positive neurofilaments {J). *P <
0.05, **P < (.01, Scale bars = 50 um in AE,GJ; 20 pm in C.D:
10 wmin I

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

Journal of Neuroscience Research DO 10.1002/jnr
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Fig. 8. BBDB scores after SCI. A signiticant 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 < (.03, **P < (.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 mRINA expres-
sion 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
periinfarct region at 14 days after cerebral ischemia
(Nagayama et al.,, 2004). In the present study, we dem-
onstrated tor the first time that the HGF mRNA expres-
sion level gradually increased, peaking at 2 weeks after
SCI, whereas the c-Met mRNA expression level
increased markedly within 1 day of SCI. In addicion, 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 results
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 eftect 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 SCL. 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 (Cothin et al., 1998; Palmer
et al.. 2000; Lilley et al., 2001).

We showed that the application of exogenous
HGF into the injured spinal cord significantly attenuated
caspase-3 activation in both neurons and oligodendro-
cytes, thereby reducing the area of demvyelination and
promoting the survival of cholinergic neurons. Previous
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studies have demonstrated the neurotrophic eftects 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 ec al, 1999). In addition, HGF overex-
pression was reported to prevent delayed neuronal death
and decrease the infarct volume after cerebral ischemia
(Mivazawa et al., 1998; Hayashi et al., 2001; Shimamura
et al., 2004; Niimura et al., 2006) by actenuating apopto-
sis. Consistently with these reports, in the present study,
the neurotrophic and antiapoptotic eftects 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-
linaton 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 SCL 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 15 also well known as a potent angiogenic
factor. HGF and c-Met are known to be expressed in
endothehal cells and wvascular 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 essenual 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 ac
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 relatonship 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
tormation 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
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for axonal regeneraton. Interestingly, the number,

length, and diameter of the vessels have been reported
to reach their maximum within 1 week after SCI, and
vessels with abnormally large lumina may represent
newly formed vessels atter SCI (Casella et al., 2002). In
the present study, we showed that the introduction of
HGEF into the injured spinal cord increased the total area
of RECA-1-positive endothelial cells and number of
vessels with abnormally large lumina by 1 week after
SCI, confirming that HGF also promoted angiogenesis
during the acute phase of SCI. Because HGF simultane-
ously stimulates the migration of endothelial cells and
VSMCs (Nakamura ec al, 1995, 1996), blood vessels
might mature in a well-coordinated way, without the
release of inflammatory cells (Morishita et al.,, 2004).
Consistently with this suggestion, HGF overexpression
reduced cerebral ischemic injury, without causing cere-
bral edema, through angiogenic and neuroprotective
actions (Shimamura et al, 2004). Taken together, our
results suggest that HGF may promote anglogenesis
without enhancing blood vessel permeability after SCI
and contribute to a reduction in the area of damage and
regeneration of the injured spinal cord.

Several researchers have reported that HGF plays a
role as an axonal chemoattractant and enhances the axonal
growth of motoneurons (Ebens et al., 1996; Wong et al,,
1997; Caton et al., 2000) and cortical neurons (Yamagata
et al., 1995). Furthermore, it has been reported that over-
expression of HGF in the chronic stage of cerebral infarc-
tion enhances neurite extension and increases the number
of synapses, leading to improvements in learning and
memory (Shimamura et al., 2006). In the present study,
we demonstrated that HGF significantly induced the
regrowth of raphe-spinal SHT-positive fibers, which are
known to contribute to the loconiotor functions after SCI
in rats (Bregman, 1987; Saruhashi et al., 1996; Kim et al.,
2004; Kaneko et al.,, 2006), and the fibers expressed GAP-
43 at 6 weeks after SCI. Moreover, c-Met-IR. was also
detected in the SHT-positive fibers, suggesting that HGF
directly acted on these fibers as well as the neuronal bodies
to promote axonal regrwoth and recovery of locomotor
funcuons after SCI. On the other hand, most of the longi-
tudinal RT97-positive fibers oriented parallel to each
other (Fig. 7G) did not express GAP-43 but expressed c-
Met (Fig. 7]). Because these RT97-positive fibers were
observed more abundantly in the HGF group than in the
LacZ group at 6 weeks after SCI (Fig. 7H), it is likely chat
HGEF protected the axons from degeneration.

Overall, during the acute phase of SCI, HGF
appears to exert significant neuroprotective and antia-
poptotic etfects, to promote the survival of neurons and
oligodendrocytes, and also to enhance angiogenesis
around the lesion epicenter after SCIL. These effects sig-
nificantly reduced the area of damage and provided a
better scaffold for axonal regeneration. Furthermore,
HGF directly acted on the SHT-positive fibers to pro-
mote their regrowth, which likely conuibuted to the
significantly better recovery of the motor functions dur-
ing the chronic phase of SCI. In conclusion, we have

demonstrated that HGF  exerted muluple beneficial
effects on the imjured spinal cord and significantly
enhanced endogenous repair after SCI.
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In Vivo Tracing of Neural Tracts in the Intact and Injured
Spinal Cord of Marmosets by Diffusion Tensor Tractography
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In spinal cord injury, axonal disruption results in motor and sensory function impairment. The evaluation of axonal fibers is essential to
assess the severity of injury and efficacy of any treatment protocol, but conventional methods such as tracer injection in brain paren-
chymaare highly invasive and require histological evaluation, precluding clinical applications. Previous advances in magnetic resonance
imaging technology have led to the development of diffusion tensor tractography (DTT) as a potential modality to perform in vivo tracing
of axonal fibers. The properties and clinical applications of DTT in the brain have been reported, but technical difficulties have limited
DTTstudies of the spinal cord. In this study, we report the effective use of DTT to visualize both intact and surgically disrupted spinal long
tracts in adult common marmosets. To verify the feasibility of spinal cord DTT, we first performed DTT of postmortem marmosets. DTT
clearly illustrated spinal projections such as the corticospinal tract and afferent fibers in control animals, and depicted the severed long
tracts in the injured animals. Histology of the spinal cords in both control and injured groups were consistent with DTT findings, verifying
theaccuracy of DTT. We also conducted DTT in live marmosets and demonstrated that DTT can be performed in live animals to reveal in
vivo nerve fiber tracing images, providing an essential tool to evaluate axonal conditions in the injured spinal cord. Taken together, these
findings demonstrate the feasibility of applying DTT to preclinical and clinical studies of spinal cord injury.

Key words: spinal cord injury; corticospinal tract; diffusion tensor tractography; magnetic resonance imaging; common marmoset;

calmodulin-dependent protein kinase II-wy; pathway-specific DTT; in vivo tracing

Introduction

We established previously a reproducible spinal cord injury (SCI)
model in adult common marmosets and demonstrated that
transplantation of human neural stem/progenitor cells into the
injured spinal cord promoted functional recovery (Iwanami et
al., 2005b). An increase of axonal fibers. evaluated through his-
tological methods, was obscrved near the transplanted neural
stem/progenitor cells and were interpreted to be involved in the
functional improvement. Such evaluation of axonal fibers is es-
sential to assess the severity of SCI and efficacy of any treatment
protocoal (Olson, 2002; Kaneko et al., 2007), but conventional
methods such as tracer injection in brain parenchyma arc tech-
nically demanding and highly invasive (Ralston and Ralston,
1985; Lacroix et al., 2004). Because histological examinations are
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required to evaluate tracer studies, it has been impossible to eval-
uate axonal fibers in vivo and follow the sequential growth of
axonal fibers in the same animal. Understanding the value of such
an examination method, we therefore sought to establish a non-
invasive method to evaluate axonal fibers in vivo.

Magnetic resonance imaging (MR1) is essential for predicting
prognosis and planning the treatment of patients with SCI
{Kulkarni et al., 1987; Yamashita et al.. 1990). Our previous study
using common marmosets also demonstrated that MRI could
detect pathological changes after SCI (Iwanami et al., 2005a).
However, the information provided by conventional T1- and
T2-weighted MRI of the spinal cord is essentially limited to the
differentiation of the white matter from the gray matter. Conven-
tional MRI depicts the white matter as a uniform tissue, although
it actually contains a complex array of directionally oriented
nerve fibers. Methods to visualize the pathways of the white mat-
ter in vive have been long sought and, recently, diffusion tensor
tractography (DTT) has demonstrated this ability (Ito et al.,
2002; Masutani et al., 2003; Mori et al.,, 2003).

Diftusion tensor imaging (DT1) is a new imaging technique
that takes advantage of the anisotropic nature of water diffusion
in biological tissue to obtain detailed microstructural informa-
tion (Le Bihan ct al,, 1986; Moseley et al., 1990; Basser et al., 1994;
Beaulieu, 2002; Mori and Zhang, 2006). By analyzing and recon-
structing that data obtained by DTL DTT can follow the orienta-
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Figure 1.
12-weighted images. The ROl was placed in the lower cervical spinal cord and DTT was traced in the cranial direction. DTT tracts are color coded to indicate tract orientation: red for left—right
orientation, green for anterior—posterior orientation, and blue for superior—inferior orientation. D, £, Directionally color-coded axial FA map of the spinal cord (D) reveals that the configuration of
the white matter depicted in blue is consistent with the myelin-positive area in an axial section of the same area stained with LFB (E). (—F are axial images of the (5/6 level (B, arrow). Scale bar, 1
mm.

tion of nerve fibers to trace specific neural pathways such as the
corticospinal tract (CST) in the brain (Conturo et al., 1999; Ma-
sutani et al.. 2003; Kamada et al., 2005a; Lee et al., 2005). Com-
pared with the brain, however, DTT of the spinal cord is more
difficult because of its smaller size and in vivo bulk motion
(Basser and Jones, 2002; Maier and Mamata, 2005; Kharbanda et
al., 2006). Several rescarchers have reported previously on suc-
cessful DTT of the human spinal cord (Holder et al., 2000; Facon
et al., 2005; Tsuchiva et al., 2005; Ducreux ctal., 2006). However,
because these DTT images were not contirmed with detailed his-
tological studies, whether DTT actually reflects the anatomical
axonal fibers remains unclear. In this study, we performed DTT
of both intact and injured spinal cords in common marmosets
and confirmed the accuracy of DTT through histology.

Materials and Methods

Hemnisection SCI in common marmoset. Adult female common marmo-
sets (266384 ¢; Clea Japan, Tokyo, Japan) were used in the present study
(n = 6}. All interventions and animal care procedures were performed in
accordance with the Laboratory Animal Welfare Act, the Guide jor the
Care and Use of Laboratory Animals (National Institutes of Health), and
the Guidelines and Policies for Animal Surgery provided by the Animal
Study Committee of the Central Institute for Experimental Animals of
Keio University, and were approved by the ethics committee of Keio
University. All surgeries were performed under general anesthesia in-
duced by intramuscular injection of ketamine (50 mg/kg; Sankyo, Tokyo,
Japan) and xylazine (5 mg/kg; Bayer, Leverkusen, Germany) and main-
tained by isoflurane (Foren; Abbott, Tokyo, Japan). The animal’s pulse,
arterial oxygen saturation, and rectal temperature were monitored dur-
ing the surgical procedures. After a laminectomy at the C6 level, the dura
mater was opened longitudinally and the right side of the spinal cord was
cut at the C6 level using a surgical scalpel in the hemiscction group (n =
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DTT of the intact spinal cord in a postmortem common marmoset. A, Coronal T2-weighted MRI. 8, C, Full-width DTT of the spinal cord (B) and an axial section {€) superimposed on axial

3}. The control group in this study in was a naive control without any
surgical intervention.

Magnetic resonance inaging. MRl was pertormed using a 7.0 tesla MR1,
PharmaScan 70/16 (BioSpin; Bruker) with a coil dedicated for small
animals. In the studies using postmortem animals (control and hemisec-
tion groups, n = 2 cach), conventional T2-weighted images (T2Wils)
were first obtained, followed by intracardiac perfusion with 4% parafor-
maldehyde (PFA), pH 7.4, and diffusion tensor MRIL T2W1 and diffusion
tensor MRI of the hemisected animals were conducted 2 weeks after
injury. DTT data sets were acquired with a spin-echo sequence based on
the Stejskal-Tanner diffusion preparation. Scanning parameters were as
follows: repetition time (TR), 15000 ms; echo time (TE), 40 ms; flip
angle, 90°, ficld of view (FOV), 53 X 55 mm; acquisition data matrix,
256 X 256; veconstructed image resolution, (0.215 mm (with zero-tilling
interpolation); slice thickness, 0.85 mm; b-value, 1000 s/mm?; motion-
probing gradient (MPG) orientations, 12 axes; number of averaging
(NA), 1. In the studies using live animals (control and hemisection
group, n = 1 each), conventional and diffusion tensor MRI were per-
formed under the general anesthesia as mentioned above. MRI scans of
the hemisected animal were conducted 2 weeks after injury. In live ani-
mals, to reduce motion artifacts from the blood flow and CSF flow,
animals were immobilized on an acrylic bed with a specially designed
head positioner and electrocardiogram (ECG) probe (SA Instruments)
for gated imaging was attached to the animal’s front thorax. DTI data sets
in live animals were acquired with an ECG-gated standard diffusion
weighted spin-echo pulse sequence based on the Stejskal-Tanner diffu-
sion preparation (Stejskal and Tanner, 1965). Scanning parameters were
as follows: TR, 3500 ms; TE, 40 ms; flip angle, 90°% FOV, 40 X 40 mny;
acquisition data matrix, 128 X 128; reconstructed image resolution,
0.31 X 0.31 mum; shice thickness, 0.94 mm; b-value, 1000 s/mm~; MPG
oricntations, 12 axes; NA, 1.

Diffusion tensor analysis. Diffusion tensor and three-dimensional anal-
ysis were performed using Volume One and dTVIISR software (Kuni-



Fujiyoshi et al. @ DTT for Spinal Cord Injury in Marmosets

Figure 2.

bars, 1 mm.

matsu et al., 2003; Masutani et al., 2003). An eigenvector (e} associ-
ated with the largest cigenvalue (A1) was assumed to represent the
local fiber direction. Fiber tracking was initiated from a manually
selected region of interest (ROI) area, which is the “seed” from which
tracking lines were propagated bidirectionally according to the eigen-
vector {¢l) at cach voxel pixel. The direction of diffusion anisotropy
was followed until tracking was terminated when it reached a voxel
with a fractional anisotropy of <0.25. To delineate the motor tracts,
the sced was placed on the area histologically known to contain
CaMKII-a-positive tibers in the upper cervical cord, which corre-
sponds to the CST (Terashima et al., 1994; Iwanami et al,, 2005a). To
delineate the afferent pathways of the spinal cord, we placed the seed
at the anterolateral and posterior funiculi of the lower cervical cord,
which correspond to the spinothalamic tract and the gracile fascicu-
lus, respectively. We used the two-regions-of-interest method (Mori
et al., 2003), which consists of seed and target regions to depict the
pyramidal decussation from the medullary pyramid (seed) to the
opposite CST area in the upper cervical cord (target).

Histological analyses. In the postmortem group, spinal cord tissucs
were removed after diffusion tensor MRI. In the live group, each
animal was perfused intracardially with 4% paraformaldehyde after

DTT of the hemisected spinal cord at 2 weeks after injury in a postmortem common marmoset. 4, Coronal T2-
weighted MR! depicted the hemisection injury as a low-intensity area with no change in the cord caudal to the injury. 8, DTT of the
hemisected spinal cord. The ROI was placed in the upper cervical spinal cord, and DTT was traced in the caudal direction revealing
disruption of white matter fibers on the hemisected side. The traced tracts became untraceable at the injury site, whereas tracts on
the contralateral side continued caudally. Arrows indicated the hemisection site and arrowheads indicated the point 8 mm cranial
totheinjury sitein A and B. (~J,DTT(C, G), FAmap (D, H), LF8 staining (E, 1), and HE staining (£, /) of the spinal cord 8 mm cranial
to the injury site {((~F ) and at the hemisection site (G-J). Although normal FA and anatomy of the spinal cord was confirmed
anial to the hemisection site, there was a significant decrease in FA of the white matter fibers at the hemisection site (G, H).
Consistent with these changes in DT (6) and color-coded FA map (H), demyelination was seen at the hemisection site (/). Scale
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diffusion tensor MRI and then the spinai cord
tissues were removed. All spinal cord speci-
mens were postfixed in 4% PFA and im-
mersed overnight in 10% sucrose followed by
30% sucrose. Frozen section blocks were pre-
pared and cut into 20- wm-thick axial sections
using a cryostat. These sections were stained
with hematoxylin-eosin (HE) for general his-
tological examinations and Luxol fast blue
(LFB) for evaluation of the myelinated area.
Immunostaining with anti-CaMKIl-« anti-
body (primary antibody, diluted 1:100,
mouse monoclonal; Zymed, San Francisco,
CA; secondary antibody, a biotin-labeled
goat anti-mouse IgG for ABC and DAB stain-
ing) was performed to examine the CST.

Results

DTT of intact and injured spinal cords
in postmortem common marmosets
Based on the data from in vivo high-
resolution diffusion tensor MR images of
postmortem common marmoset spinal
cords (Fig. 1A), we created a DTT of the
cervical spinal cord that enabled us to de-
tect various fibers of the spinal cord (Fig.
1B). In a color-coded DTT of the intact
cervical spinal cord, each path traced by
DTT, which we will refer to have as a tract,
is depicted in colors according to its orien-
tation {Pajevic and Pierpaoli, 1999): red
for left—right orientation, green for anteri-
or—posterior orientation, and bluc for su-
perior—inferior orientation (Fig. 1B8.C).
White matter fibers with high craniocau-
dal diffusion anisotropy were visible in
blue on color-coded maps of fractional an-
isotropy (FA) (Basser and Pierpaoli,
1996), an index of anisotropy ranging
from 0 (perfectly isotropic diffusion) to 1
(a hypothetical infinite cylinder), which
had been calculated from the same data
(Fig. 1 D) and the distribution ot longitu-
dinal fibers was consistent with the distri-
bution of myelinated axons. stained with
LFB (Fig. 1 E). In the gray matter, horizon-
tal fibers passing from the central canal to the anterior horn of the
spinal cord were observed in red, but almost no diffusion anisot-
ropy was detected in the remaining gray matter, which is mainly
occupied by neuronal and glial cells.

In the marmosets with hemisected spinal cords, the he-
misected area of spinal cord appeared as a high-intensity arca in
coronal T2WIs 2 weeks after injury (Fig. 2A). DTT of the he-
misected spinal cord revealed that the longitudinal fibers of the
white matterin the injured side were disrupted at the hemisection
site, but preserved in the intact side (Fig. 2 B). In axial DTT im-
ages and color-coded FA maps, there was a significant decrease in
FA of the longitudinal fibers of the white matter as well as the
transverse fibers of the gray matter at the hemisection site (Fig.
2G,H), compared with the site 8 mm cranial to the hemisection
site (Fig. 2C,D). Consistent with these changes in DTT and col-
ored FA maps, histology of the hemisected area revealed disrup-
tion of both gray and white matter with severe demyelination.
(Fig. 21,]).
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Pathway-specific DTT in postmortem
comimon marmosets
To examine the feasibility of visualizing
individual pathways in common marmo-
sets, we analyzed the CST from the me-
dulfa to the upper cervical spinal cord be-
cause the course of the CST in this region is
unique and well known. Analysis of histo-
logical sections stained for calmodulin-
dependent protein kinase H-ce
(CaMKIl-w) determined the location of
the CST (Terashima et al., 1994; Iwanami
et al., 2005a) within the medulia, and DTT
of the CST was performed by setting the
ROI1, which is a manually sclected area
based on anatomical knowledge from
which DTT fiber tracking was initiated, in
the pyramid of the medulla and tracing
caudally (Fig. 3A). The course of the CST
in this arca has been well documented in
the literature; the majority of fibers cross
to the contralateral side through the pyra-
midal decussation and descended the lat-
eral funiculus (lateral CST), whereas a
small group of fibers descend the ipsilat-
eral anterior (anterior CST) and lateral fu-
niculus (anterolateral CST) (Qiu et al.,
1991; Lacroix et al., 2004; Lemon et al.,
2004). A study in humans demonstrated
the composition of the CST, with the lat-
eral CST accounting for 90% of CST fibers
and the anterior CST and uncrossed lateral
CST accounting for the remaining 8 and
2%, respectively (Carpenter and Sutin,
1983). DTT was capable of tracing fibers
through all three courses and successtully
demonstrated the pyramidal decussation
of the CST (Fig. 3B-E). However the num-
ber of tracts depicted with DTT through
each course did not reflect the amount of
CST fibers traveling through cach path-
way, because the number of DTT tracts de-
picted descending each pathway were sim-
ilar although a majority of CST fibers
actually travel through the lateral CST.

We focused on the pyramidal decussa-
tion of the CST and conducted histological
studies to verify the results of DTT. DTT
and histological sections from similar
points along the craniocaudal axis were
compared. The course of the CST depicted
by DTT (Fig. 3H) corresponded to the
area positive for CaMKll-« (Fig. 31),
which recognizes fibers of the CST, and
LFB staining of the same section (Fig. 3])
confirmed that the CST delineated by DI
and CaMKII-« contained myelinated fi-
bers. CST-specific DTT superimposed on
MR images verified that the pyramidal de-
cussation was depicted in the proper posi-
tion (Fig. 3F. ).

With sufficient data to indicate that
CST-specific DTT is possible, we then con-
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Figure 3.  Pathway-spedific DTT in a postmortem common marmoset revealing the course of the corticospinal tract with
pyramidal decussation. 4, DTT of the (ST was conducted by placing the ROI in the pyramid of the medulla and tracing caudally.
Note that the volume of traced tracts decrease as the tracing was carried caudally, because many tracts became untraceable
because of the partial volume effect. B, By placing secondary ROls in areas of the upper cervical spinal cord known to contain €ST
fibers, (ST fibers that pass through both ROIs could be depicted. ¢, Lateral (ST fibers that crossed over to and descended the
contralateral lateral funiculus in a pattern suggesting pyramidal decussation were depicted in yellow. D, Uncrossed lateral fibers
descending theipsilateral lateral funiculus were depicted in red. £, Lateral fibers descending the ipsilateral anterior funiculus were
depictedinblue. The factthat DTT was capable of accurately depicting alf three known pathways of the (STis significant. However,
itisimportant tonote that the depicted DTT tracts do not accurately reflect the volume of nerve fibers, because itis known that the
lateral (ST contains the majority of CST fibers. F, G, DTT of the pyramidal decussation superimposed on three-dimensional MR
images to macroscopically confirm that the pyramidal decussation was depictedin the proper hieight in the medulla and the upper
cervical cord, using the cerebellum as a reference point. H, DTT of the pyramidal decussation superimposed on axial color-coded FA
maps. J, J, Axiat histological slices of the same points in H stained for CaMKIl- cx to reveal the location of (ST fibers (/) and LFB to
delineate the configuration of the white matter (/). In each slice, the area through which the DTT (ST tract passes was positive for
(aMKil-ex and LFB, confirming the accuracy of DTT.
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Figure 4.

and dorsal column-medial lemniscus pathway (/). Scale bar, 1 mm.

ducted CST-specific DTT of hemisected spinal cords to observe
how DT'T would depict an injured pathway. CST-specific DTTs
of the middle to lower cervical spinal cord were compared in
intact and hemisected postmortem common marmosets. In the
intact cervical spinal cord, DTT depicted descending CST traces
in the bilateral lateral funiculus (Fig. 4 D). In the hemisected cer-
vical spinal cord 2 weeks after injury, FA decreased in color-
coded FA maps and no tracts were found caudal to the hemisec-
tion site on the injured side whercas the intact CST pathway was
observed descending the uninjured side (Fig. 4 B). Histology con-
firmed the disruption of the CST at the hemisection site with
robust CaMKll-a staining rostral to the hemisection (Fig. 4C)
and no CaMKI-« positive CST fibers at and caudal to the he-
miscction site (Fig. 4 D, E).

Using a similar technique, it is also possible to trace pathways
other than the CST. By placing the ROl in areas known to contain
afferent fibers and tracing in the caudocranial direction, the spi-
nothalamic tract in the anterolateral funiculus (Fig. 4 F) and the
medial lemniscus pathway in the posterior funiculus (Fig. 4 B)
were depicted. When the same procedure was repeated in the
hemisected group, the ascending tracts were disrupted at the he-
misection site with no tracts rostral to the lesion on the injured

Invivo (ST- and afferent pathway-specific DTT of intact and injured spinal cords in postmortem common marmosets.
A, DT7 of an intact (ST superimposed on a color-coded FA map of the (5/6 level. B, DTT of the (ST in a hemisected spinal cord
superimposed on a color-coded FA map of the hemisected (5/6 level 2 weeks after injury revealing disruption of the (ST at the site
of injury. (—£, (aMKIl-cv staining of an axial section of the hemisected spinal cord 8 mm ¢ranial to the hemisection site (), at the
hemisection site (D), and 8 mm caudal to the hemisection site (F). Because CaMKIl-cx is a known substance transported in the
axons of the (ST, the absence of CaMKli-«x staining distal to the injury suggested (ST disruption, confirming the results of
(ST-specific DTT. F, H, In the control group, RO! was placed at the anterolateral funiculus (F ) or the posterior funiculus (#), and a
DTT of the afferent pathways was drawn in the caudocranial direction. G, 1, In the hemisection group, no fibers were observed at
thesite rostral to the hemisection site, demonstrating that tract-specific DTT can potentially delineate the spinothalamic tract {G)

J. Neurosci., October 31, 2007 - 27{44):11991-11998 - 11995

side, whereas normal ascending tracts
were observed in the uninjured side (Fig.
4G,1).

Pathway-specific DTT of intact and
injured spinal cords in live

common marmaosets

To evaluate the clinical feasibility of DT,
we repeatedly performed in vivo pathway-
specific DTT on live animals and com-
pared the results with those obtained from
postmortem animals. Similar to the DTT
of postmortem animals, in vivo DTT of the
intact cervical CST in live animals showed
longitudinal tracts in the lateral funiculus
bilaterally (Fig. 5B), and pathway-specific
DTT of afferent fibers depicted tracts in
the anterolateral and posterior funiculus
(Figs. 5C,D). In the hemisected marmoset
2 weeks after injury, T2WI MRI revealed a
low-intensity area at the hemisection site
and a high-intensity area at the same level
on the intact side (Fig. 5E), whereas DTT
showed disruption of the CST (Fig. 5F)
and ascending fibers at the lesion site (Fig.
5G,H). Pathway-specific in vivo DTT find-
ings in live animals were highly similar to
those of postmortem animals, especially in
major tract morphology. Because MRI
scans of live animals required anesthesia,
the scan duration and, therefore, scan arca
were considerably limited compared with
postmortem animals; MRIs of live animals
were conducted in 1.5 h whereas 10 hscans
were performed for postmortem animals.
Overall, these findings demonstrated that
it is feasible to depict the descending and
ascending pathways of the spinal cord in
live animals using pathway-specific DTT,
and demonstrate the usefulness of DTT as
an imaging method to assess specific path-
ways in spinal cord injurics.

Discussion

Because we hope to clinically apply this procedure to human SCI
patients in the future, common marmosets were selected for this
study. As primates, they are closely related 1o humans in terms of
neurofunctional anatomy of the spinal cord. For example, the
CST fibers localize mainly in the dorsal funiculus in rodents,
whereas in primates they are mainly located in the lateral funic-
ulus (Qiu et al., 1991; Terashima ct al., 1994; Lacroix et al., 2004
Lemonetal,, 2004; Iwanami etal., 2005a). From a practical stand-
point, common marmosets are easy to handle, breed effectively,
and are small enough to fit into the narrow MRI coil.

In our past studies of SCI in common marmosets, we have
used contusion injury models because, compared with other SCI
methods, contusion injuries more closely resemble the patholog-
ical conditions found in human SCI patients (Iwanami et al.,
2005a,b). In this study, however, we chose a hemisection model
because the disruption and regeneration of axons after a hemisec-
tion injury is easicr to evaluate than a contusion injury (Levietal,,
2002; Tuszynski et al., 2002). Because the main objective of this
study was to evaluate the usefulness of DTT in assessing axonal
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Figure5. A-H, Invivo pathway-specific DTT of intact and injured spinal cords in live common marmosets. MRI and tract-specific DTT of the intact spinal cord (A-D) and hemisected spinal cord
2weeks afterinjury (E-H). DTTs of the (ST (B, F), spinothalamic tract (C, G}, and dorsal column-medial lemniscus pathway (D, H ) were conducted in both groups, revealing tract disruption at the
hemisection site ((5/6 level) in all pathways. Although there are some limitations, pathway-specific in vivo DTT conducted in live animals yielded results similar to those observed in postmortem
animats, especially in respect to major tract morphology.

conditions in SCl and to confirm the accuracy of DTT by com-
paring DTT images with histological findings, an injury with less
complexity and ambiguousness was desired. With the convincing
images obtained in this study, it would be interesting to examine
contusion injury models in the future.

With the ability to visualize axonal projections in three-
dimensions, DTT has tremendous potential as a tool to diagnose
and evaluate CNS disease and trauma. In fact, DTT is already
being clinically applied to visualize cercbral long tracts in cerebral
surgery (Kamada et al.,, 2005b; Okada ct al.,, 2006). Although
there have been several preliminary studies of spinal cord DTI
and DTT, they have not fully explored the potential of DT! tech-
nology. One reason DTT of the spinal cord has been less studied
compared with the brain is the technical difficulty involved in
conducting imaging of the spinal cord. DTI of the spinal cord
requires high spatial resolution, is easily affected by magnetic
susceptibility, and is obscured by in vive bulk motion brought
about by the beating of the heart, respiration, and the flow of CSF
(Basser and }Jones, 2002; Maier and Mamata, 2005; Kharbanda et
al,, 2006). In the present study, a 7.0 tesla MRI was used to obtain
images with high resolution and a spin echo protocol was used to
minimize magnetic susceptibility. To eliminate the effect of in
vivo bulk motion, we first conducted our study using postmor-
tem animals. Because a previous study demonstrated a degrada-
tion of diffusion anisotropy in the postmortem spinal cord (Mat-
suzawa et al., 1995; Madi et al., 2005), we performed all imaging
immediately after animals werc killed. By using postmortem an-
imals it was possible to conduct scans of long duration (an aver-
age scan time of 10 h), resulting in images with high spatial
resolution.

In our study using live animals, all animals were maintained
under general anesthesia and cardiac-gated imaging was incor-
porated to minimize the effects of bulk motion. Under general
anesthesia, marmosets were immobilized on an acrylic bed with a
specially designed head positioner. Because the total scan dura-
tion was limited by anesthetic considerations, scan time (average
1.5 h) and, therefore, scan area and spatial resolution were lim-
ited compared with postmortem animal studies. However, it is of
enormous importance that DTT of a live animal was able to
visualize intact neural pathways and also the disrupted pathways
in an injured animal, because this is the only method currently
available or in development that can reveal in vivo axonal
pathways.

In this study, we focused mainly on the CST to conduct
pathway-specific DTT because it is the most important pathway
in terms of motor function and often becomes the subject of
scrutiny in studies of spinal cord injury treatment protocols.
CST-specific DTT accurately depicted the course of the CST from
the medulla to the cervical spinal cord and succeeded in imaging
the “pyramidal decussation,” which has been considered difficult
to visualize. Furthermore, CST-specific DTT of the hemisected
animal revealed the disruption of the CST at the site of injury. By
using the dTV DT software (Kunimatsu et al., 2003; Masutani et
al., 2003), it is also possible to set the ROI at any point of interest
and to perform voxel unit fiber tracking from that position
within the threshold limit set for diffusion anisotropy. This al-
lowed us to conduct DTT of the afferent pathways in both intact
and injured spinal cords, illustrating the enormous value of this
method. This capability to visualize specific projections can be
applied to various studies of the spinal cord. For example, an
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interesting study would be a study of ascending projections and
its involvement in allodynia. using functional MRI to assess sen-
sory dysfunction (Hofstetter ct al., 2005; Lilja et al., 2006).

DTT is a new technique that traces white matter fiber trajec-
tories by tracking the direction of faster diffusion, which is as-
sumed to correspond to the longitudinal axis of the tract. How-
ever itis important to keep in mind that the tracking is conducted
in units called voxels, which, in this study, is 0.215 mm in size,
considerably larger than any one individual axonal tract. There-
tore, what is actually being tracked is a group of axonal fibers with
perhaps some tissue other than the intended fibers at times in-
cluded in the same voxel (Mori and van Zijl, 2002; Mori and
Zhang, 2006). When tissues other than the targeted axonal tract
are present within the same voxel, their diffusion anisotropy in-
terferes destructively in a phenomenon referred to as partial vol-
ume effect (Alexander et al., 2001). For example. if multiple ax-
onal fiber tracts with different trajectories cross within the same
voxel, their diffusion anisotropy becomes merged and may be-
come more isotropic, losing directional information. The track-
ing procedure is often terminated because the path comes to a
voxel that has lost directional orientation (anisotropy) as a result
of this partial volume effect (Fig. 3A~E). Partial volume effect can
also result in a misleading redirection of anisotropy, leading to
incorrect fiber tracking. 1t is also important to understand that
the number of tracts traced by DTT does not necessarily reflect
the actual volume of white matter fiber trajectories (Fig. 3A-E).

With the convincing images obtained in this study, the possi-
bilities and the limitations of spinal cord DTT need to be further
explored. For example, the next step would be DTT of contusion
SCl models. Another significant point that needs to be studied, is
whether DTT has the sensitivity to detect regenerating axons. If
confirmed, DTT would allow tracing studies at multiple time
points in the same animal/patient, becoming an indispensable
tool to monitor and evaluate the effectiveness of any treatment
protocol for spinal cord injury. Whatever the results reveal, DT7T
of the spinal cord is a powerful tool with tremendous potential if
its properties and limitations are fully understood and correctly
applied.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by progressive loss of brainstem and spinal
motoneurons. Although prevention of motoneuronal degeneration has been postulated as the primary target for a cure, accumulating evidence
suggests that microglial accumulation contributes to disease progression. This study was designed to assess the ability of HGF to modulate
microglial accumulation and motoneuronal degeneration in brainstem motor nuclei, using double transgenic mice overexpressing mutated
SOD1%%3*4 and HGF (G93A/HGF). Histological and immunohistochemical analyses of the tissues of G93A/HGF mice revealed a marked decrease
in the number of microglia and reactive astrocytes and an attenuation of the loss of motoneurons in facial and hypoglossal nuclei compared with
G93A mice. HGF overexpression attenuated monocyte chemoattractant protein-1 (MCP-1) induction, predominantly in astrocytes; suppressed
activation of caspase-1, -3 and -9; and, increased X chromosome-linked inhibition of apoptosis protein (XIAP) in the motoneurons of G93A mice.
The implication is that HGF reduces microglial accumulation by suppressing MCP-1 induction and prevents motoneuronal death through
inhibition of pro-apoptotic protein activation. These findings suggest that, in addition to direct neurotrophic activity on motoneurons, HGF-

suppression of gliosis may retard disease progression, making HGF a potential therapeutic agent for the treatment of ALS patients.
© 2007 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegen-
erative disease characterized by progressive degeneration of
motoneurons and their axons in the brainstem and spinal cord,
leading to spasticity, hyperreflexia, generalized weakness of the
limbs, muscle atrophy, and paralysis (Cleveland and Rothstein,
2001). Most cases (90%) are classified as sporadic ALS
(SALS), as they are not associated with a documented family
history. The remaining 10% are inherited and referred to as
familial ALS (FALS). Gene mutations in copper/zinc super-
oxide dismutase | (SOD1) are responsible for 15-20% of
FALS. In addition, mutations in the ALS2/alsin, senataxin
(SETX), synaptobrevin/vesicle-associated membrane protein-

* Corresponding author. Tel.: +81 6 6879 3783; fax: +81 6 6879 3789.
E-mail address: nakamura@onbich.med.osaka-u.ac.jp (T. Nakamura).

associated protein B (VAPB) and dynactin genes recently have
been associated with ALS (Pasinelli and Brown, 2006).
Regardless of the type of gene mutations or whether the
disease is familial or sporadic, motoneuronal degeneration is
thought to constitute a common and primary event in ALS
(Cleveland and Rothstein, 2001). Therefore, most efforts have
been directed toward finding molecules that act directly on
motoneurons in an attempt to reduce their degeneration,
regardless of the effects of gliosis on surrounding motoneurons.
However, treatment with minocycline, an antibiotic that
inhibits microglial activation (Yrjanheikki et al., 1999; Van
Den Bosch et al., 2002; Zhu et al., 2002), was found to slow
disease progression in a transgenic mouse model of ALS that
overexpresses mutated human SOD1¢%34 (G93A) (Kriz et al.,
2002). Boillee et al. (2006) recently used the Cre-lox system to
show that diminishing expression of mutated SOD1%*'R in the
microglia of a transgenic mouse model of ALS prolongs disease
duration and survival. These lines of evidence demonstrate that
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microglia might contribute to disease progression that is caused
by mutant SOD1 toxicity in a transgenic mouse model of ALS
and raises the possibility that reducing the number of activated
microglia could be incorporated as another strategy for ALS
therapy.

Hepatocyte growth factor (HGF) was initially identified and
molecularly cloned as a potent mitogen for mature hepatocytes
(Nakamura et al., 1984, 1989). Subsequent studies revealed that
HGF exerts multiple biological effects, including mitogenic,
motogenic, morphogenic, and anti-apoptotic activities in a wide
variety of cells, including neurons, by binding to the c-Met
receptor tyrosine kinase (c-Met) (Funakoshi and Nakamura,
2003). HGF is one of the most potent in vitro and in vivo
survival-promoting factors for neurons. For example, neuro-
trophic effects of HGF have been demonstrated in cultured
hippocampal neurons (Honda et al., 1995) and in cultured
embryonic spinal motoneurons (Ebens et al., 1996; Yamamoto
et al., 1997; Novak et al., 2000), and its anti-apoptotic activity
in motoneurons is comparable to that of glial cell line-derived
neurotrophic factor (GDNF) (Ebens et al., 1996). Indeed,
reflecting the in vitro neurotrophic activity of HGF on
motoneurons: and the expression of c-Met in motoneurons of
G93A mice, the transgenic overexpression of rat HGF in the
nervous system aitenuates spinal motoneuronal death and
axonal degeneration, delays onset of the disease and prolongs
the lifespan of G93A mice (Sun et al., 2002). However, many
studies have suggested that some neurotrophic factors show
survival-promoting effects only on certain subtypes of
motoneurons in the spinal cord and brainstem (Sakamoto
et al., 2003; Guillot et al., 2004). Therefore, the effects of HGF
on the degeneration of ALS brainstem motoneurons in G93A
mice remain unclear. Furthermore, the role of HGF on
microglial accumulation, another research target in the search
for an ALS cure, is poorly understood. In the present study, the
effects of HGF on microglial accumulation and motoneuronal
degeneration in brainstem (facial and hypoglossal) motor
nuclei of G93A mice were examined using double transgenic
mice overexpressing mutated human SOD1°*# and HGF. The
molecular mechanisms by which HGF functions in suppressing
microglial accumulation and attenuating motoneuronal degen-
eration in G93A mice were also examined.

2. Materials and methods
2.1. Animals

Neuron-specific enolase promoter-driven HGF transgenic (HGF-Tg) mice
were generated as previously described (Sun et al., 2002). Transgenic mice
overexpressing mutated (glycine to alanine in position 93) human SODI
(G93A) [B6SIL-TgN (SOD1-G93A)!'Gurl] (Gurney et al., 1994) were pur-
chased from the Jackson Laboratory (Bar Harbor, ME). This mouse strain has a
low copy number of SOD1°%*” and shows a delayed onset of ALS, slower
disease progression, and a longer lifespan compared with mice carrying a high
copy number of the transgene (G 1H). This strain resembles the slow progressing
phenotype of patients with ALS and is useful for the accurate evaluation of the
molecular mechanisms involved in the action of HGF during disease progres-
sion. HGF-Tg mice were crossed with G93A transgenic mice to generate G93A/
HGF-double transgenic animals. The HGF and G93A transgenic heterozygous
mice were maintained by mating transgenic males with C57/BL6 females.

Mouse genotypes were determined by polymerase chain reaction (PCR) and
Southern blot analysis as previously reported (Gurney et al., 1994; Sun et al.,
2002). Non-transgenic littermates served as controls. Experimental protocols
were approved by the Animal Experimentation Ethics Committee of Osaka
University Graduate School of Medicine. All efforts were made to minimize
animal discomfort and the number of animals used.

2.2. Tissue preparation

Wild-type (WT), HGF-Tg, G93A, and G93A/HGF mice at 6 and 8 months of
age were sacrificed with an overdose injection of pentobarbital sodium salt.
Tissues were fixed by treating them in increasing concentrations of ethanol. After
dehydration, the tissues were treated with xylene and embedded in paraffin. Serial
tissue sections were cut on a microtome to a thickness of 7 um, deparaffinized,
and used for either Nissl staining or for immunohistochemistry.

2.3. Motoneuron survival

The neuroprotective effect of HGF on facial and hypoglossal motoneurons
was evaluated by counting the number of motoneurons (i.e., motoneuronal
survival). The number of motoneurons in the facial and hypoglossal nuclei of
WT, HGF-Tg, G93A, and G93A/HGF mice were counted in every fifth section
of 16 Nissi-stained 7-pwm-thick paraffin sections (n=4). Densely stained
motoneurons with a clear nucleolus and in a defined area of facial and
hypoglossal nuclei were counted using Win ROOF analysis software (Mitani
Corp., Fukui, Japan) as previously described (Sun et al., 2002).

24. HGF ELISA

HGF protein levels in the brainstem of WT and HGF-Tg mice were
measured by ELISA using an anti-rat HGF polyclonal antibody (Tokushu
Meneki, Tokyo, Japan) as previously described (Sun et al., 2002).

2.5. Immunohistochemistry

The sections were stained with the following antibodies: (i) c-Met poly-
clonal antibody (1:50; Santa Cruz Biotech, Santa Cruz, CA); (ii) tubulinBIII
monoclonal antibody (1:500; Berkeley Antibody Co. Inc., Richmond, CA); (ii1)
caspase-1 (p10) polyclonal antibody (1:100; Santa Cruz Biotech); (iv) active
caspase-3 polyclonal antibody (1:200; Promega, Madison, WI) (v) cleaved
caspase-9 polyclonal antibody (1:50; Cell Signaling Technology, Beverly, MA);
(vi) X chromosome-linked inhibitor of apoptosis protein (XIAP) monoclonal
antibody (1:50; BD Pharmingen, San Diego, CA); (vit) glial fibrillary acidic
protein (GFAP) monoclonal antibody (1:500; Chemicon International, Teme-
cula, CA); (viii} Ibal polyclonal antibody (1:2000; Wako Pure Chemical,
Osaka, Japan); and (ix) monocyte chemoattractant protein (MCP)-1 polyclonal
antibody (1:100; Abcam, Cambridge, UK). These antibodies were applied to the
sections for 1 h at room temperature (RT) or overnight at 4 °C after blocking
with phosphate-buffered saline (PBS) containing 5% goat serum and 0.1%
Triton X-100 at RT for 1 h. After washing the sections with PBS, immunor-
eactivity (IR) was visualized by incubating them for 20 min at RT with
secondary antibodies conjugated with Alexa Fluor 488 (green) or Alexa Fluor
546 (red) diluted 1:500 (Invitrogen, Carlsbad, CA). When double-immunos-
taining for XIAP and tubulinBIII was performed, antibodies against XIAP and
tubulinBIII were labeled with Alexa Fluor 546 and 488, respectively, using a
Zenon labeling kit according to the manufacturer’s instructions (Invitrogen).
These fluorescence-immunostained sections were observed under a LSM 5
PASCAL confocal microscope (Carl Zeiss, Germany). The staining specificity
of the antibodies was also assessed by the absence with first antibody or by pre-
incubation with an excess amount of immunized peptide. The intensities of
immunoreactivity against GFAP, Iba-1, MCP-1, active caspase-1, -3, -9 and
XIAP were determined as previously described (Sun et al., 2002).

2.6. Statistical analysis

Results were expressed as the mean + S.E. Statistically significant differ-
ences among the four groups of mice were assessed by ANOVA, followed by
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Scheffe’s post hoc test. Siatistical significance was defined as P < 0.05 or
P <00l

3. Results

3.1. c-Met is expressed in facial and hypoglossal
motoneurons in a transgenic mouse model of ALS

The effect of HGF on gliosis and motoneuronal degeneration
was investigated using a mouse model of ALS (G93A) in which
mutated human SOD19%** s overexpressed (Gurney et al.,
1994). Expression of the c-Met/HGF receptor (c-Met) was
examined in the facial and hypoglossal nuclei of wild-type
(WT) and G93A mice. Immunofluorescence analysis with
antibodies against c-Met and tubulinBIII (a neuronal marker)
showed that c-Met immunoreactivity (IR) was detectable in the
facial and hypoglossal nuclei, and that it was localized in the
large-size neurons of WT and G93A mice at both 6 (data not
shown) and 8 months (Fig. la) of age. These results
demonstrate that c-Met is present in facial and hypoglossal
motoneurons of WT and G93A mice at the ages that correspond
to the middle and end stages of the disease.

3.2. Introduction of HGF into the brainstem of transgenic
mice overexpressing HGF (HGF-Tg)

The role of HGF was examined using transgenic mice
overexpressing rat HGF (HGF-Tg) (Sun et al., 2002). In HGF-
Tg mice, exogenous rat HGF mRNA is located specifically in
the brain and spinal cord, as evidenced by an RNase protection
assay (Sun et al., 2002). An HGF ELISA, which specifically
recognizes rodent HGF, revealed that the levels of HGF in the
brainstem of HGF-Tg mice were 2-fold higher than in WT mice
(Fig. 1b) with no effect on serum HGF levels (data not shown),
demonstrating the successful introduction of HGF into the
brainstem of HGF-Tg mice.
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3.3. Neuroprotective effect of HGF on facial and
hypoglossal motoneurons in G93A mice

The effect of HGF on facial and hypoglossal nuclei against
ALS was evaluated by generating double transgenic mice
(G93A x HGF-Tg) that overexpressed a mutated form of
human SOD1%%** and rat HGF (G93A/HGF). This mating
resulted in the generation of four groups of mice: (1) WT, (2)
HGF-Tg, (3) G93A and (4) G93A/HGF. Nissl staining showed
that the facial motoneurons of G93A mice at 8 months of age
were atrophic and were present in lower numbers compared
with WT and HGF-Tg mice (Fig. 2a), i.e., 55% of WT (Fig. 2b).
In contrast, the facial motoneurons of G93A/HGF mice
exhibited a healthier morphology (i.e., less atrophic) than
those of G93A mice (Fig. 2a). The mean number of facial
motoneurons in G93A/HGF mice was significantly larger than
that of the G93A mice, and was almost the same as that of WT
mice (Fig. 2b).

The hypoglossal motoneurons of G93A mice also were
atrophic, and reduced in number compared with WT and
HGF-Tg mice (Fig. 2¢), with a decrease in mean number to
57% of WT mice (Fig. 2d). Similar to the facial motoneurons
of G93A/HGF mice, the hypoglossal motoneurons of G93A/
HGF mice also exhibited a healthier morphology than did
those of G93A mice (Fig. 2c). The mean number of
hypoglossal motoneurons of G93A/HGF mice was signifi-
cantly larger than that found in G93A mice (Fig. 2d). These
results demonstrate that HGF exerts a neuroprotective effect
on brainstem motoneurons against ALS-associated neuro-
toxicity.

3.4. HGF suppresses gliosis in facial and hypoglossal
nuclei of G93A mice

The effect of HGF on gliosis in facial and hypoglossal nuclei
of G93A mice was examined using antibodies against Ibal

Hypoglossal nucleus
G93A

X%

40 -

20

HGF content
(ng/g adult brainstem)

wWT HGF-Tg

Fig. 1. Expression of c-Met and HGF in the brainstem. (a) Double-immunofluorescence analysis for c-Met (red) and tubulinBIII (green; a marker for neurons) in the
facial and hypoglossal nuclei of WT and G93A mice at 8 months of age. A high-magnification view of the area indicated by the arrow is also boxed in each photo. c-
Met immunoreactivity was detectable in large-sized neurons of the facial and hypoglossal nuclei. Scale bar = 50 m. (b) Protein levels of HGF in the brainstems of 6-
month-old wild-type (WT) and HGF transgenic (HGF-Tg) mice were analyzed by ELISA (n=6 in each group). Data represent the mean + S.E. **P < 0.01

compared with WT mice.



