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Fig. 2. Neuroprotective effect of HGF on facial (a and b) and hypoglossal (c and d) motoneurons in G93A mice. (a and ¢) Photomicrographs of representative Nissl-
stained sections of the facial (a) and hypoglossal (c) nuclei of WT, HGF-Tg, G93A, and G93A/HGF mice at 8 months of age are shown. Scale bars = 50 pm. (band d)
Quantification of the mean numbers of surviving Niss]-stained neuronal cells with a clear nucleolus in the facial (b) and hypoglossal (d) nuclei of 8-month-old mice of
each group. Motoneuron survival is expressed as the neuronal cell count on every fifth section of 16 sections. Data represent the mean =+ S.E. (n = 4 for each group).

*#*%P < 0.01 compared with WT and G93A/HGF mice.

(a microglia marker; Imai et al., 1996) and GFAP (an astrocyte
marker). As shown in Fig. 3a, microglia densely accumulated in
the facial nuclei of G93A mice at 8 months of age, while the
number of microglia was lower in the facial nuclei of WT and
HGF-Tg mice. The mean intensity of Ibal-IR in the facial
nuclei of G93A mice increased 3.7-fold over the WT signal. In
contrast, the mean intensity of Ibal-IR in the facial nuclei of
G93A/HGF mice decreased to 59% of that found in G93A
mice. Similar results were obtained for the hypoglossal nuclei
(Fig. 3a).

Immunofluorescence analyses showed that a large number
of hypertrophic astrocytes (i.e., exhibiting astrocytosis) were
evident in the facial and hypoglossal nuclei of the G93A
mice, while the number of astrocytes was low in the nuclei of
both WT and HGF-Tg mice. Consistent with the reduction of
Ibal-IR and GFAP-IR, the numbers of Ibal-positive and
GFAP-positive cells were lower in G93A/HGF mice
compared with G93A mice (data not shown). These results
demonstrate that HGF is capable of suppressing both
microgliosis (accumulation of activated microglia) and
astrocytosis in the facial and hypoglossal nuclei of G93A
mice.

3.5. HGF suppresses active caspase-1 and monocyte
chemoattractant protein (MCP)-1 in facial and hypoglossal
nuclei of G93A mice

The mechanisms by which HGF suppresses gliosis in the
facial and hypoglossal nuclei of G93A mice were examined.
The mRNA expression of monocyte chemoattractant protein
(MCP)-1 is critical for recruitment of inflammatory cells of the
monocytic lineage after inflammation or injury to the central
nervous system (Berman et al., 1996). Compared with non-
neurological disease controls, MCP-1 is markedly increased in
the spinal cords of ALS patients and in transgenic mice
overexpressing SOD1%*"™® (G37R mice, a model of ALS)
(Henkel et al., 2004, 2006; Baron et al., 2005). Intrathecal
treatment with cyclosporin, which is thought to reduce MCP-1
levels, prolongs survival of late stage G93A mice (Keep et al.,
2001). Therefore, HGF modulation of MCP-1 levels in the
facial and hypoglossal nuclei of 8-month-old G93A mice was
examined using immunohistochemistry. MCP-1-IR primarily
localized to astrocyte-like cells in the facial nuclei of G93A
mice. Double-fluorescence immunostaining revealed that
MCP-1-IR with strong immunoreactivity co-localized well
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Fig. 3. Suppression of gliosis in the facial and hypoglossal nuclei of G93A/HGF mice. (a) Suppression of microglial accumulation in G93A/HGF mice.
Immunofluorescence analysis for Ibal (a marker for microglia) in the facial and hypoglossal nuclei of WT, HGF-Tg, G93A and G93A/HGF mice at 8 months of age.
Scale bar = 100 wm. The intensity of Iba1-IR is shown in the facial (open column) and hypoglossal (closed column) nuclei. Data represent the mean £+ S.E. (n = 4 for
each group). *P < 0.05 vs. WT mice and **P < 0.05 vs. G93A mice. (b) Suppression of astrocytosis in G93A/HGF mice. Immunofluorescence analysis for GFAP (a
marker for astrocyte) in the facial and hypoglossal nuclei of WT, HGF-Tg, G93A and G93A/HGF mice at 8 months of age. Scale bar = 100 wm. The intensity of
GFAP-IR is shown in the facial (open column) and hypoglossal (closed column) nuclei. Data represent the mean = S.E. (n =4 for each group). *P < 0.05 vs. WT

mice and **P < 0.05 vs. G93A mice.

with GFAP, indicating that MCP-1-IR is predominantly
induced in reactive astrocytes (Fig. 4a, upper left panel).
While double-fluorescence immunostaining of MCP-1 and
tubulinBIII showed that weakly immunostained MCP-1-IR

cells in G93A mice were motoneurons, the signal was below the
detection limit in the facial nuclei of WT mice (Fig. 4a, upper
middle panel). In contrast with G93A mice, G93A/HGF mice
showed much lower levels of MCP-1-IR in the facial nuclei
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Fig. 4. Inhibitory mechanisms of HGF on gliosis in the facial nucleus of G93A mice. (a) Suppression of MCP-1 induction in G93A/HGF mice. Upper left panel,
double immunofluorescence analysis of MCP-1 (red) and GFAP (green) or tubulinBIII (green) in the facial nucleus of WT, G93A and G93A/HGF mice at 8 months of
age. Scale bars = 50 um. Arrowheads indicate MCP-1-positive cells lacking GFAP-IR or double labeled with tubulinBIII-IR. A high-magnification view of the area
indicated by the arrow is also shown. Lower left panel, double immunofluorescence analysis of c-Met (red) and GFAP (green) in the facial nucleus of G93A mice. A
high-magnification view of the area indicated by the arrows is also boxed in each photograph. c-Met immunoreactivity was undetectable in reactive astrocytes of the
facial nucleus of G93A mice. Upper right panel, the intensity of MCP-1-IR is shown in the facial nucleus of WT, G93A and G93A/HGF mice. Data represent the
mean + S.E. (n = 4 for each group). **P < 0.01 vs. G93A mice. (b) Suppression of caspase-1 activation in the facial nucleus of G93A/HGF mice. Lefi panel, double-
immunofluorescence analysis of active caspase-1 (red) and tubulinBIII (green) in the facial nucleus of WT, HGF-Tg, G93A and G93A/HGF mice at 6 months of age.
Active caspase- 1-positive neurons are indicated by arrowheads. Right panel, the intensity of active caspase-1-IR is shown in the facial nucleus of WT, G93A and
G93A/HGF mice. Data represent the mean + S.E. (n =4 for each group). **P < 0.01 vs. G93A mice.

(Fig. 4a, upper left and middle panels). The mean intensity of
MCP-1-IR in the facial nuclei of G93A mice increased 5.8-fold
relative to WT mice. Meanwhile, the mean intensity of MCP-1-
IR in the facial nucleus of G93A/HGF mice was decreased, and
was similar to the level observed in WT mice (Fig. 4a, upper right
panel). Similar results were obtained for the hypoglossal nuclei
of WT mice, G93A and G93A/HGF mice (data not shown).
How could MCP-1 induction in G93A mice be attenuated by
HGF? Interleukin (IL)-18 has been postulated to play a role in
the induction of MCP-1 and astrocytosis in vivo (Giulian et al.,
1988; Herx and Yong, 2001) and in vitro (John et al., 2004). IL-
1B is generated by proteolytic cleavage of pro-IL-18 by IL-18-
converting enzyme (ICE)/caspase-1 activation (Thornberry
et al., 1992). Therefore, the effect of HGF on caspase-I

activation, which is abundant long before neuronal death and/or
phenotypic onset (Pasinelli et al., 2000), mediation of disease
processes from the early stage of the disease, was examined.
Active caspase-1-IR was detectable in the facial motoneurons
of G93A mice at 6 months of age (during the middle stage of the
disease when motoneuronal death is not evident), but the
immunofluorescent signal was undetectable in WT and HGF-
Tg mice (Fig. 4b). G93A/HGF mice showed much lower levels
of active caspase-1-IR in the facial motoneurons (Fig. 4b, left
panel). The mean intensity of active caspase-1-IR in the facial
nucleus of G93A mice increased significantly to 4.2-fold higher
than in WT mice. Meanwhile, the mean intensity of caspase-1-
IR in the facial nucleus of G93A/HGF mice was decreased, and
was at almost the same level as in WT mice (Fig. 4b, right
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panel). Similar results were obtained for the hypoglossal
motoneurons (data not shown). Suppression of active caspase-1
induction by HGF might help reduce IL-18 levels in
motoneurons which, in turn, suppresses MCP-1 induction.
This scenario explains the suppressive effect of HGF on gliosis,
despite the observation that c-Met-IR was below the detection
limit in astrocytes (Fig. 4a, lower panel) and microglia (data not
shown) at the developmental stage examined.

3.6. HGF induces XIAP and attenuates pro-apoptotic
protein activation in facial and hypoglossal motoneurons of
G93A mice

The mechanism of the HGF neuroprotective effect on facial
and hypoglossal motoneurons was examined using immuno-
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histochemistry. Previous studies have demonstrated that
caspases are activated in spinal motoneurons of a transgenic
mouse model of ALS at various stages throughout the clinical
course, and that caspase-mediated apoptosis is a mechanism of
motoneuronal degeneration in ALS (Pasinelli et al., 2000; Li
et al., 2000; Guegan et al., 2001; Inoue et al., 2003). Therefore,
the effect of HGF on the activation of caspases-3 and -9 was
examined. Active caspase-3-IR and caspase-9-IR were induced
in facial motoneurons of G93A mice at 6 months of age, while
the signal was not detected in the nuclei of WT or HGF-Tg mice
(Fig. 5aand b). However, G93 A/HGF mice showed much lower
levels of active caspase-3-IR and caspase-9-IR in facial
motoneurons (Fig. 5a and b, left panel). The mean intensities
of active caspase-3-IR and caspase-9-IR in the facial nuclej of
G93A mice increased significantly (5.6- and 6.4-fold,
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Fig. 5. Attenuation of pro-apoptotic protein activation in the facial motoneurons of G93A/HGF mice. (a) Left-panel, double immunofiuorescence analysis of active
caspase-3 (red) and tubulinBIII (green) in the facial nucleus of WT, HGF-Tg, G93A and G93A/HGF mice at 6 months of age. Active caspase-3-positive neurons,
indicated by arrowheads, are evident. Right panel, the intensity of active caspase-3-IR is shown in the facial nucleus of WT, HGF-Tg, G93A and G93A/HGF mice.
Data represent the mean + S.E. (n = 4 for each group). **P < 0.01 vs. G93A mice. (b) Left panel, double immunofluorescence analysis of active caspase-9 (red) and
tubulinBlIl (green) in the facial nucleus of WT, HGF-Tg, G93A and G93A/HGF mice at 6 months of age. Active caspase-9-positive neurons are indicated by
arrowheads. Right panel, the intensity of active caspase-9-IR is shown in the facial nucleus of WT, HGF-Tg, G93A and G93A/HGF mice. Data represent the
mean * S.E. (n = 4 for each group). **P < 0.01 vs. G93A mice. (c) Left panel, double immunofluorescence analysis for XIAP (red) and tubulinBIII (green) in the
facial nucleus of WT, HGF-Tg, G93A and G93A/HGF mice at 6 months of age. XIAP-positive neurons are indicated by arrowheads. A high-magnification view of the
area indicated by the arrow is also shown for G393 A/HGF mice. Scale bars = 50 pm. Right panel, the intensity of XIAP-IR is shown in the facial nucleus of WT, HGF-
Tg, G93A and G93A/HGF mice. Data represent the mean  S.E. (n = 4 for each group). **P < 0.01 vs. G93A mice.
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respectively) relative to WT mice. Meanwhile, the mean  caspase-1 activation, HGF induced XIAP expression in the
intensities of active caspase-3-IR and caspase-9-IR in the facial ~ presence of ALS-toxicity.
nuclei of G93A/HGF mice were decreased, and were at almost
the same level as in WT mice (Fig. 5a and b, right panel). 4, Discussion
Similar results were obtained for the hypoglossal motoneurons ‘
(data not shown). These results suggest that HGF-dependent  4.]. HGF suppresses gliosis in facial and hypoglossal
prevention of facial and hypoglossal motoneuron degeneration  nuclei of a transgenic mouse model of ALS
in G93A mice was mediated, at least in part, by inhibition of
caspase-dependent neuronal cell death. ALS is characterized by a selective degeneration of
X chromosome-linked inhibitor of apoptosis protein  motoneurons, regardless of the type of causal mutation or
(XIAP) is a member of a family of protein inhibitors of = whether the disease is familial or sporadic. Most efforts have
apoptosis. The protein antagonizes the caspase cascade  been directed toward the prevention of motoneuronal degen-
through direct inhibition of the activation of caspases-3, -7 eration. However, several studies have suggested that gliosis in
and -9 (Deveraux et al., 1997). Therefore, the ability of HGFto  the vicinity of degenerating motoneurons may contribute to
modify expression of XIAP in facial and hypoglossal nuclei ~ ALS disease progression, raising the possibility that gliosis
was examined. Immunofluorescence analysis revealed that  might be a good target for curative efforts. In this regard, a
XIAP-IR was markedly induced in facial motoneurons of  single factor with neurotrophic and gliosis-suppressing
G93A/HGF mice at 6 months of age, while the signal was low  activities may be beneficial for curing ALS. This study
in WT and HGF-Tg mice, and below the detection limit in  provides the first evidence that introduction of HGF into the
G93A mice (Fig. Sc, left panel). The mean intensity of XIAP-  nervous system suppresses induction of microglial accumula-
IR in the facial nuclei of G93A/HGF mice increased  tion in the facial and hypoglossal nuclei of G93A mice at 8
significantly to 6.4-fold over G93A mice. Similar results  months of age, in addition to its suppressive activity on
were obtained for the hypoglossal motoneurons (data not  astrocytosis, using double transgenic mice overexpressing
shown). These results suggest that, in addition to attenuationof ~ SOD1%%** and HGF. It was recently reported that using the
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Fig. 6. Proposed working model of the molecular mechanisms of the neuroprotective effect of HGF on G93A mice are shown. In the motoneurons of G93A/HGF
mice, HGF binds to c-Met on cell surface and induces autophosphorylation of the intracellular tyrosine residues of c-Met. Subsequently, HGF inhibits caspase-|
activation, induces XIAP and inhibits its downstream caspases, caspase-3, -7 and -9, thereby effectively dampening caspase-dependent cascades. Therefore, the
neurotrophic action of HGF on motoneurons is, at least in part, promoted by preventing caspase-mediated cell death signals, which are commonly activated in patients
with SALS and FALS, and in G93A mice. In addition to the neuroprotective effect of HGF on motoneurons, HGF also suppresses microglial accumulation, which is
contributed in the progression of motoneuronal degeneration by producing cytotoxic cytokines, in G93A mice. By inhibition of caspase-1 activation in motoneurons
and, presumably, the subsequent reduction of IL-18 levels, HGF also suppresses MCP-1 induction in motoneurons and reactive astrocytes, and suppresses
microgliosis as well as astrocytosis. HGF-induced attenuation of MCP-1 induction, which is thought to be responsible for the recruitment of monocytic lineage cells
including microglia (Meeuwsen et al., 2003), might aid in the lessening of microglial accumulation in the brainstem, thereby presumably leading to a reduction of
cytokine release from accumulated microglia (Weydt et al., 2004). The direct function of HGF on astrocytes may also play an important role, since c-Met is induced in
reactive spinal cord astrocytes of G93A mice. Furthermore, recent study has reported that astrocytes contribute to motoneuronal degeneration by releasing toxic
factors selectively to motoneurons (Nagai et al.. 2007; Di Giorgio et al., 2007), suggesting that suppressing effects of HGF on astrocytosis is also advantageous for the
treatment of brainstem and spinal motoneurons of ALS patients. In addition, other mechanisms may be involved in the neurotrophic activity and gliosis suppressing
activity of HGE.
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Cre-lox system to decrease expression of the mutant SOD1%*'%

transgene by only 25% in microglia of a transgenic mouse
model of ALS significantly prolongs disease duration (Boillee
et al.,, 2006). In microglia/motoneuron co-cultures, microglia
that express mutant SOD1%%** induce more motoneuron death
and decrease neurite numbers and length compared with wild-
type microglia (Xiao et al., 2007). Therefore, even a small
reduction in the number of disease progressing cells (microglia
expressing mutant SOD1693A) (i.e., a small reduction of
microglial accumulation) may be beneficial for retarding
progression of the disease. It can be postulated that the
attenuation of microglial accumulation to 60% in the facial and
hypoglossal nuclei of G93A/HGF mice compared with those of
G93A mice (Fig. 3a) might be sufficient to affect the disease.
This raises the possibility that HGF application would be
valuable for ALS therapy with respect to the reduction of
microglial accumulation and subsequent disease progression.

The precise mechanism by which HGF attenuates microglial
accumulation has not been elucidated. However, the present
findings suggest two possibilities. The first possible mechanism
is inhibition of caspase-1 activation in motoneurons, which in
turn inhibits proteolytic cleavage of pro-IL-18 to IL-18 through
active caspase-1 (Thomberry et al, 1992). The subsequent
suppression of IL-1B-dependent induction of MCP-1 mRNA is
thought to be crucial for recruiting monocytic cells, such as
microglia (Meeuwsen et al., 2003) (Fig. 6). In the present study,
caspase-1 activation in motoneurons and MCP-1 induction in
reactive astrocytes of the facial and hypoglossal nuclei of G93A
mice were markedly suppressed in G93A/HGF mice (Fig. 4).
Thus, it seems likely that HGF suppresses microglial
accumulation by decreasing IL-18 levels through inhibition
of caspase-1 activation in motoneurons and reduction of MCP-1
levels in reactive astrocytes of the facial and hypoglossal nuclei
of G93A mice, thereby preventing synergism between
microglial accumulation and astrocytosis (Fig. 6). In addition
to its effect through motoneurons, it seems likely that HGF
directly acts on c-Met expressed in astrocytes to reduce IL-1B
and MCP-1 levels, in turn ameliorating astrocytosis and
microgliosis. Support for this supposition is evidenced by
elevated c-Met levels in spinal cord astrocytes of G93A mice at
the end stage of the disease (Sun et al., 2002; data not shown),
and by HGF suppression of MCP-1 in the tubular epithelial
cells (TEC) of the kidney via an NF-kB-mediated process
(Gong et al.,, 2004). Indeed, upregulation of IL-IB in both
spinal motoneurons and reactive astrocytes of G93A mice at 7
months of age is largely attenuated in G93A/HGF mice (Ohya
and Funakoshi, unpublished data). Therefore, HGF may
suppress gliosis via direct and indirect activities on glial cells.
In addition to the above mechanisms, other mechanisms may be
involved in the HGF-dependent suppression of microglial
accumulation, and such possibilities are under the investiga-
tion.

Recent in vitro studies provided evidence that astrocytes
expressing mutant SOD1 contribute to motoneuronal degen-
eration mediated by the release of soluble factors that are toxic
to degenerate primary motoneurons or motoneurons that are
derived from ES celis of mutant SOD1 mice (Nagai et al., 2007,

Di Giorgio et al., 2007). In addition to suppressing microglial
accumulation, HGF also suppresses astrocytosis in the facial
and hypoglossal nuclei of G93A mice. These results raise the
possibility that one of the molecular mechanisms by which
HGF prevents motoneuronal degeneration is mediated by
suppressing both microglial accumulation and astrocytosis.

4.2. Molecular mechanism of HGF neuroprotective effect
on facial and hypoglossal motoneurons against ALS-
toxicity

Caspases are activated in the spinal motoneurons of G93A
mice, and a dominant negative inhibitor of the IL-1B-converting
enzyme (ICE)/caspase-1, anti-apoptotic protein Bcl-2 and a
broad caspase inhibitor, ZVAD-fmk, significantly slow the onset
of ALS in a transgenic mouse model (Friedlander et al., 1997;
Kostic et al., 1997; Pasinelli et al., 2000; Li et al., 2000; Guegan
etal., 2001; Inoue et al., 2003). The results of the present study
provide evidence that caspase-1, -3 and -9 are activated in facial
and hypoglossal motoneurons of G93A mice, while their
activation is suppressed in G93 A/HGF mice (Figs. 4b, 5 and 6).
These results suggest that the effects of HGF on caspase-
dependent apoptosis in motoneurons may retard the early
disease process.

Independent of its caspase-1 inhibition function, the
upregulation of XIAP in brainstem motoneurons by HGF
may also be beneficial in retarding the disease. XIAP functions
as a ubiquitin ligase toward mature caspase-9 and second
mitochondria-derived caspase activator (Smac), which is also
known as direct IAP binding protein with low PI (DIABLO)
and promotes caspase activation in the caspase-9 pathway by
binding IAPs and preventing them from inhibiting caspases
(Shi, 2004), to inhibit apoptosis (Morizane et al., 2005). Inoue
et al. (2003) reported that gene transfer of XIAP attenuates
disease progression without delaying onset through inhibition
of caspase-9 activation in G93A mice, suggesting that caspase-
9 contributes to the duration of the disease. Collectively, the
actions of HGF cause not only caspase-1 inhibition, but also
upregulation of XIAP and inhibition of its downstream caspases
in brainstem motoneurons. These actions of HGF may be, at
least in part, involved in the mechanisms associated with
retarding disease onset and duration, and prolonging the
lifespan in the familial ALS (FALS) mouse model. We
previously reported that HGF delays onset and prolongs
lifespan, but does not extend duration in G93A mice due to
insufficient delivery of HGF in the late stages (Sun et al., 2002).
Thus, improved delivery of HGF may further enhance its effect
at later stages of ALS. '

Immunocytochemical, Western blotting and DNA micro-
array analyses have shown that caspase expression is
upregulated in patients with sporadic ALS (SALS) and/or
FALS compared with non-ALS controls (Ilzecka et al., 2001;
Inoue et al., 2003; Calingasan et al., 2005; Jiang et al., 2005).
These results suggest that activation of these caspases may be a
common pathway of disease progression for both FALS and
SALS. Furthermore, in both SALS and FALS patients, HGF
and c-Met are regulated in a manner similar to that seen in
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FALS mice (Kato et al., 2003). Therefore, HGF delays onset
and may prolong disease duration through inhibition of a
common caspase-dependent pathway in ALS. Post-diagnostic
HGEF therapy could be considered not only for mutant SOD1-
related FALS, but also for SALS.

4.3. HGF may be an effective agent for ALS therapy

Since motoneuronal death is the major and common
characteristic of both FALS and SALS (Cleveland and
Rothstein, 2001), neurotrophic factors have been proposed as
highly potent therapeutic agents for motoneuronal degeneration
(Sendtner et al., 1992; Funakoshi et al., 1995, 1998; Wang et al.,
2002; Sun et al., 2002; Kaspar et al., 2003; Azzouz et al., 2004).
Some neurotrophic factors, including HGF, glial cell-line
derived neurotrophic factor (GDNF), insulin-like growth
factor-1 (IGF-1), and vascular endothelial growth factor
(VEGF), confer neuroprotective properties to spinal motoneur-
ons in a transgenic mouse model of ALS (present study; Sun
et al., 2002; Wang et al., 2002; Kaspar et al., 2003; Azzouz
et al., 2004), raising the possibility of their use as therapeutics.
However, some neurotrophic factors may not prevent the death
of subpopulations of spinal cord and brainstem motoneurons
under degenerative conditions, including ALS-toxicity (Saka-
moto et al., 2003; Guillot et al., 2004). The effects of these
factors on brainstem motoneurons in the transgenic mouse
model of ALS are not well understood. The finding that HGF is
capable of attenuating motoneuronal death in both brainstem
(present study) and spinal motoneurons (Sun et al., 2002),
might be useful in future therapeutic applications of HGF in
ALS patients. The potential of HGF to decrease gliosis,
including microglial accumulation, in addition to its direct
neurotrophic activity on motoneurons might be of further
benefit.

In summary, this study provides the first evidence that HGF
exerts a neuroprotective effect on facial and hypoglossal
motoneurons against ALS-toxicity by preventing motoneuronal
death via suppression of pro-apoptotic protein activation and by
reducing gliosis via inhibition of MCP-1 induction. Although
development of a delivery method for the HGF protein and gene
may be required before clinical application, these findings
suggest that HGF may be an effective therapeutic agent for the
treatment of brainstem and spinal motoneurons in ALS patients.
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Hepatocyte growth factor (HGF) was initially cloned as a mitogen for hepatocytes and has
been identified as a neurotrophic factor for a variety of neurons. However, few attempts have -
assessed the role of HGF in cells of oligodendrocyte lineage. The purpose of this study was to
elucidate the role of HGF in such cells during development. Double immunostaining for
either c-Met/HGF receptor or phospho-c-Met with either NG2 or RIP in rat striatum at
postnatalday 3 (P3), P7, and P14 revealed that c-Met was phosphorylated on tyrosine residues
and thereby activated in NG2* oligodendrocyte progenitor cells (OPCs) at P3-P14 and in RIP*
oligodendrocytes at P14. Intrastriatal injections of recombinant human HGF at both P7 and
P10 revealed that the relative ratio of BrdU*/NG2* cells per total number of NG2* cells
increased, while BrdU*/MBP* oligodendrocyte numbers decreased. Western blot analysis
showed a down-regulation of myelin basic protein (MBP) after HGF injection. Electron
microscopy revealed that the numbers of myelinated nerve fibers decreased after HGF

_ treatment. Furthermore, administration of anti-HGF IgG into the striatum increased the

number of BrdU'/MBP* oligodendrocytes. These findings demonstrated that HGF increases
proliferation of OPCs and attenuates their differentiation into myelinating oligodendrocytes,
presumably by favoring neurite outgrowth that may be inhibited by the myelin inhibitory
molecules on oligodendrocytes. Down-regulation of HGF mRNA in the striatum from P7 to
P14, as revealed by quantitative real-time RT-PCR, may be favorable for OPC differentiation
into myelinating oligodendrocytes. Our findings suggest that c-Met signaling, together with
HGF regulation, plays an important role in developmental oligodendrogenesis.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Proliferation, differentiation, and maturation of oligodendro-
cyte progenitor cells (OPCs) and oligodendrocytes, together

* Corresponding author. Fax: +81 6 6879 3789.

with their mutual communication with neurons, are essential
for the functional development of the nervous system. These
events are tightly and precisely regulated by the communica-
tion of developing oligodendrocyte lineage cells with surround-
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ing cells, such as astrocytes and neuronal axons, especially
during postnatal development. It has been shown that two
different notch signaling pathways play a critical role in the
switching of OPCs from a proliferation state to a differentiation
state at postnatal day 6 (P6) in rodents (Hu et al,, 2003; Hu et al.,
2006). Prior to P6, the astrocyte-expressed Jaggedl protein
transactivates OPCs to induce intracellular notch signaling via
Hairy Enhancer of Split-1 (HES-1), which contributes to the
maintenance of OPCs in an undifferentiated state (Wangetal.,
1998). However, Jagged1l expression sharply decreases at P6, a
time point concurrent with the onset of myelination, and its
inhibitory activity toward OPC differentiation becomes weak.
On the other hand, after P6, levels of the axon-derived notch
ligand “F3/contactin” increase, which in turn transactivate
OPCs, inducing a second intracellular notch signaling molecule
“Deltex1”, which contributes to OPC differentiation into mature
oligodendrocytes. Therefore, the switch from a proliferation
state to a differentiation state is dependent upon the two
different notch pathways, “Jagged1/notch/HES-1" and “con-
tactin/notch/Deltex1” (Hu et al.,, 2003). In addition, other
factors, such as platelet-derived growth factor (PDGF) and
fibroblast growth factor-2 (FGF2), have been found to be
partially involved in these processes during either develop-
ment or adulthood (Bogler et al., 1990; Butt and Dinsdale, 2005b;
McKinnon et al., 1990). While FGF2 is known to be involved in
the induction of demyelination in adult CNS (Butt and Dins-
dale, 2005a), the molecular mechanisms by which OPCs
proliferate, differentiate, and mature during the course of
development are still not fully understood.

Hepatocyte growth factor (HGF) was initially identified and
cloned as a mitogen for primary hepatocytes (Nakamura et al.,
1984, 1989) and was later found to be a novel neurotrophic
factor for various types of neurons in both the CNS and PNS
(Funakoshi and Nakamura, 2003; Maina et al.,, 1998), such as
hippocampus (Honda et al,, 1995), midbrain dopaminergic
neurons (Hamanoue et al., 1996), cerebral cortical neurons (Sun
et al., 2002a), sensory neurons (Funakoshi and Nakamura, 2001;
Maina et al, 1997), motor neurons (Ebens et al, 1996;
Yamamoto et al., 1997), cerebellar granular cells (Zhang et al,,
2000), and cortical interneurons (Powell et al., 2001) in vitro.
HGF was also found to be a neurotrophic factorin vivo in rodent
models of brain ischemia (Ishihara et al., 2005; Miyazawa et al.,
1998) and motor nerve injuries (Hayashi et al., 2006; Okura et al,,
1999). Anxiolytic effects of HGF are also evident (Isogawa et al,,
2005). In addition, we found that HGF gene transfer in the
neurons of a transgenic mouse model of amyotrophic lateral
sclerosis (ALS) overexpressing SOD1°%*4 attenuates the degen-
eration of both spinal and brainstem motor neurons, retards
the progression of functional motor impairment, and improves
thelife span of animals with ALS (Sun et al., 2002b) (Kadoyama,
Funakoshi et al., unpublished data). Taken together, both the
presence and regulation of the HGF-c-Met/HGF receptor
system in familial as well as sporadic patients with ALS suggest
a physiological role for HGF in retarding the progression of the
disease in such patients (Kato et al., 2003). In contrast to its
activities on neurons, little information is available on the role
of HGF in oligodendrocyte lineage cells, except for in vitro
evidence that c-Met is present in both cultured OPCs and
oligodendrocytes, and that HGF is capable of accelerating the
proliferation of OPCs in culture (Yan and Rivkees, 2002).

As null mutations of both HGF and c-met show embryonic
lethality (Bladt et al., 1995; Schmidt et al., 1995; Uehara et al.,
1995), making the analysis of the role of HGF in postnatal
development difficult, we took advantage of two approaches
in the present study to assess the role of HGF in oligoden-
drogenesis during postnatal development in vivo. First, we
used antibodies specific for c-Met as well as antibodies specific
for phospho-c-Met, which recognize the intracellular, phos-
phorylated c-Met tyrosine residues (phospho-Tyr'22%/1234/123%)
for detection of its activation in vivo. Second, we treated
animals with recombinant human HGF (thHGF) or anti-HGF
1gG by stereotaxic injection into the striatum and examined
the in vivo role of HGF in oligodendrogenesis by immunohis-
tochemistry, Western blotting, and electron microscopy. The
results demonstrated that HGF plays an important role in the
promotion of both OPC proliferation and attenuation of its
differentiation into myelinating oligodendrocytes.

2. Results

2.1. c-Met/HGF receptor is present in OPCs and
oligodendrocytes during early postnatal development in vivo

In rat striatum, MBP* oligodendrocytes became prominent as
dense fiber bundles at P14 compared with P7 (Fig. 1a). NG2*
OPCs were evident from P3 to P14 (Fig. 1b), demonstrating the
importance of this early postnatal period in both OPC and
oligodendrocyte development in the striatum. Therefore, to
examine the biological role of HGF in oligodendrocyte develop-
ment, we first assessed whether c-Met was expressed in
oligodendrocyte lineage cells from P3 to P14 by immunostaining

" using a specific antibody against c-Met. Double fluorescence

immunostaining of c-Met and NG2, a marker for OPC, revealed
that c-Met*/NG2* immunoreactivity (IR) (green/red) was evident
in addition to the large numbers of c-Met single-positive cells at
P3 (Fig. 1b, upper panel). At both P7 and P14, NG2 IR overlapped
c-Met IR, demonstrating the presence of c-Met IR in OPCs during
all postnatal periods examined. It has been reported that NG2
staining overlaps with that of another OPC marker, PDGFRq, in
the striatum at P3, and thus NG2 and PDGFRa can serve as
reliable markers for the identification of O2A progenitor cells;
however, there is a small population of NG2* cells that do not
overlap with PDGFRa* cells at late stages of postnatal develop-
ment (Nishiyama et al., 1996). To further confirm the expression
of c-Met in OPCs from the early postnatal striatum, the
population of NG2* cells was compared with PDGFRa™ cells
from P3 to P14. Double immunostaining revealed that NG2* cells
overlapped PDGFRa" cells from P3 to P11; NG2* endothelial cells
were easily distinguishable from OPCs (Fig. 1c). On the other
hand, it should be noted that there is a small population of NG2*
cells that does not overlap with PDGFRa" cells in the striatum at
P14 (data not shown). The presence of c-Met"/PDGFRa" cells at
P14 demonstrated that c-Met is present in OPCs during all
developmental stages examined. Double immunostaining for
c-Met and RIP, a marker for oligodendrocytes, revealed that c-
Met IR was detected in RIP* oligodendrocytes (red) at P14 (Fig. 1b,
lower panel). These findings suggest that both OPCs and
oligodendrocytes are potential target cells for HGF in the
striatum during early postnatal development.
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2.2.  Numbers of OPCs and oligodendrocytes were
reciprocally regulated from P7 to P14

To assess the regulation of oligodendrogenesis from P3 to P14,
we examined the number of both PDGFRa* (Fig. 2a) and RIP*
(Fig. 2b) cells since at P14 there is a population of NG2* cells
that do not overlap with PDGFRa. The number of PDGFRa*
OPCs increased from P3 to P7 and decreased from P7 to P14
(Fig. 2a). In contrast, the number of RIP* oligodendrocytes

increased from P7 to P14 (Fig. 2b). Double immunostaining of
the oligodendrocytic markers and c-Met (Figs. 2c, d) revealed
that c-Met was expressed in both PDGFRa® OPCs and RIP*
oligodendrocytes at all developmental stages (from P3 to P14).
Therefore, the numbers of OPCs and oligodendrocytes were
reciprocally regulated from P7 to P14. Additionally, c-Met is
expressed in most populations of OPCs and oligodendrocytes,
suggesting that the HGF-c-Met system plays an important role
in oligodendrogenesis during early postnatal development.
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Fig. 1 - c-Met IR is present in NG2* OPCs from P3 to P14 and in RIP* oligodendrocytes at P14. (a) Inmunostaining for anti-MBP
antibody in the sagittal sections of P7 and P14 rat brains. Slides were counterstained with hematoxylin. Only weak MBP IR is
detected in the striatum at P7, while strong MBP IR with a cingulated pattem is detected in the striatum at P14. Str, striatum. Scale
bar=1 mm. (b) Double fluorescence immunostaining for c-Met (green) and NG2 (red), for c-Met (green) and PDGFRa (red), or for
c-Met(green) and RIP (red) (bottom panel) and counterstained with TOPRO-3 iodide (blue) for nuclear staining in P3 (upper panel),
P7 (middle panel), and P14 (lower panel) rat striatum. Arrowheads indicate double-immunostained cells with NG2/c-Met,
PDGFRao/c-Met, or RIP/c-Met. The insets designate higher (x3.3) magnification views, indicated by arrowheads. Scale

bar=100 pm. (c) Double fluorescence immunostaining for PDGFRa {green) and NG2 (red) in the striatum during development
(upper panel). Lower panel shows the quantification of the ratio of PDGFRa single-positive cells (green) or NG2 single-positive
(red) cells per double-positive cells at P3, P7, and P11. The insets designate higher (x5) magnification views. Scale bar=100 pm.
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2.3. Down-regulation of HGF mRNA and protein from P7
to P14 is correlated with a reduction in both the rate of c-Met
phosphorylation and of OPC numbers in the striatum

To assess whether the regulation of HGF expression is
regulated in accordance with oligodendrogenesis, we deter-
mined the levels of HGF mRNA by quantitative real-time RT-
PCR in the striatum at both P7 and P14. As shown in Fig. 3a,
the relative levels of HGF mRNA, standardized to GAPDH
mRNA, decreased from P7 to P14. Immunostaining of HGF
revealed that HGF IR was detected at low levels in small
neurons of the striatum, while HGF IR was detected at
relatively high levels in large neurons (Fig. 3b, upper panel,
inset) and blood vessels. In contrast, HGF IR was below the
detection limit in PDGFRa™ OPCs (Fig. 3b, lower panel). In
addition, HGF IR was detected in the striatal matrix with a
concentration gradient from the outer surface (higher HGF
levels) to the inner side (lower levels) of the striatum. The
overall levels of HGF IR slightly decreased from P7 to P14. We
next assessed whether the regulation of HGF can contribute to
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the activation of c-Met by taking advantage of an anti-
phospho-c-Met antibody that specifically recognizes the
intracellular phosphorylated tyrosine residues (1230, 1234,
and 1235) of c-Met, which reflect HGF intracellular signaling.
Immunoprecipitation by c-Met and subsequent Western
blotting of both phospho-c-Met and c-Met revealed that the
ratio of phospho-c-Met per c-Met in the striatum decreased
from P7 to P14 (Fig. 3c). Taken together with the finding that
OPC numbers decreased from P7 to P14 (Fig. 2a), our findings
suggest that the down-regulation of HGF in the striatum
correlates with the reduction of both the endogenous activa-
tion rate of c-Met and OPC cell numbers from P7 to P14.

2.4.  c-Met is tyrosine phosphorylated and thereby
activated in OPCs and oligodendrocytes during early postnatal
development in vivo

We next examined which cellular population of oligodendro-
cyte lineage cells was activated by HGF during postnatal
development. NG2 IR (red) overlapped with phospho-c-Met IR
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Fig. 2 - The numbers of PDGFRa* OPCs are reciprocally regulated with those of RIP* oligodendrocytes during postnatal
development. The numbers of PDGFRa* (n=6) (a), RIP* (n=6) (b}, PDGFRa and c-Met double-positive (FDGFRa"/c-Met*) (n=3) (c)
and RIP*/c-Met* (n=3) (d) cells within the field of view (FOV, 0.18 mm?; Fig. S2) of the striatum during development are shown.

The results are expressed as the meanzSE. *p<0.05.
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(green) from P3 to P14 (Figs. 4a-i). PDGFRa IR (red) also
overlapped with phospho-c-Met IR (green) (Figs. 4j-1) and RIP
IR (red) overlapped with phospho-c-Met IR (green) at P14 (Figs.
4m-o). Elimination of phospho-c-Met IR by pre-absorption of
phospho-c-Met antibody with excess amounts of immunogen
validated the specificity of the phospho-c-Met antibody (Figs.
4p-1). These findings demonstrated that c-Met, in both OPCs
and oligodendrocytes, is in fact physiologically activated in
the striatum during early postnatal development.

b

(%)
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2.5.  Proliferation of OPCs is promoted by intrastriatal
treatment with recombinant human HGF

To determine the biological signals transduced by HGF in OPCs
and oligodendrocytes, we assessed whether HGF could
modulate the proliferation of OPCs and their differentiation
into oligodendrocytes by stereotaxic injection of recombinant
human HGF (rhHGF) into the left striatum at both P7 and P10
(0.3 or 1.0 pg per animal in each injection; Fig. 5a) and by
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Fig. 3 - Regulation of the expression of HGF mRNA, localization of HGF IR, and phosphorylation of ¢-Met in the striatum during
development. (a) Quantitative real-time RT-PCR of HGF in the striatum atP7 and P14 is shown (left panel). HGF mRNA levels were
standardized to GAPDHmRNA. The ratio of HGF mRNA levels was expressed relative to those of adult striatum. The results are
expressed as the mean +SE. **p<0.01. (b) Double fluorescence immunostaining of neuronal nuclei (NeuN) and rat HGF (right,
upper) or PDGFRa and rat HGF (right, lower)in the striatum. The insets designate higher (x3.3) magnification views, indicated by
white arrows. Scale bar=100 pm. (c) Immunoprecipitation by c-Met and subsequent Westemn blotting of phospho-c-Met
(phospho-Tyr! 220/1234/1235 1,_c_Met) or c-Met during development. Lower panel shows a quantitative graph. The ratio of p-c-Met
protein level per c-Met protein at P7 or P14 was expressed relative to those of adult striatum. IP, immunoprecipitation; IB,

immunoblotting.
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subsequent analysis of NG2*/BrdU* cells in the striatum at P11.
Two injections of PBS served as controls (Fig. 5a). Delivery of
rhHGF into the striatum was confirmed in P11 rats by
immunostaining using an affinity-purified antibody that was

specific for human HGF and does not cross-react with rat HGF
(Fig. S2). In PBS-injected control animals, substantial numbers
of NG2*/BrdU* (red/green) cells were evident, indicating the
presence of large numbers of proliferating NG2* OPCs at this

Phospho-c-Met

g -Met

'ty

phospho-c-Met,
vithimmunogen
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developmental stage in the striatum (Fig. 5b, upper panel,
arrows). In HGF-treated animals, larger numbers of BrdU*/
NG2* OPCs were evident compared with controls (Fig. 5b). The
relative ratio (%) of BrdU‘/NG2* cells per total number of NG2*
cells increased to 121% and 139% by intrastriatal treatment
with 0.3 pg and 1.0 pg of HGF, respectively, compared with PBS
treatment (Fig. 5¢, and Table 1, upper panel) as revealed by
quantitative analysis in the striatum (see details in Experi-
mental procedures; Fig. $2). These findings suggested that OPC
proliferation was increased by HGF in the striatum. To further
confirm the role of HGF in OPCs, we analyzed effects on the
corpus callosum (white matter tissue) since larger numbers of
OPCs are present in the corpus callosum compared with the
striatum and phospho-c-Met IR is present physiologically in
NG2* OPCs of the corpus callosum during development (Fig.
5d, e and Fig. 51). When rhHGF was injected into the striatum,
we detected human HGF IR in the corpus callosum (Fig. S2).
Double fluorescence immunostaining of both BrdU and NG2
revealed that the relative ratio (%) of BrdU*/NG2* cells per total
number of NG2* cells increased to 141% by HGF (1.0 ug)
treatment compared with PBS treatment in the corpus
callosum (Table 1, lower panel). Therefore, HGF promoted
the proliferation of NG2" OPCs in both the striatum and corpus
callosum.

2.6. The extent of OPC differentiation into MBP*
oligodendrocytes is slightly diminished by HGF treatment but
is slightly increased by anti-HGF IgG treatment

We next assessed whether HGF could modulate OPC differ-
entiation into oligodendrocytes by stereotaxic injection of
rhHGF into the left striatum at both P7 and P10 (0.3 or 1.0 ug per
animal in each injection; Fig. 6a) and by subsequent analysis of
the numbers of MBP'/BrdU* cells at P11 (Fig. 6a). Two
injections of PBS served as controls. In PBS-injected control
animals, substantial numbers of MBP*/BrdU* (red/green) cells
were evident, indicating the presence of large numbers of
newly formed MBP" oligodendrocytes at this developmental
stage (Fig. 6b, upper panel). In HGF-treated animals, smaller
numbers of BrdU*/MBP* oligodendrocytes were evident com-
pared with PBS-treated animals (Fig. 6b). The relative number
of BrdU*/MBP" cells decreased to 65% and 69%, by intrastriatal
treatment with 0.3 ug and 1.0 pg of HGF, respectively (Fig. 6c),
as revealed by quantitative analysis (see details in Experi-
mental procedures; Fig. $2). In contrast, injection of anti-HGF
“functional blocking” antibody increased the relative numbers
of BrdU'/MBP" cells. These findings suggest that de novo
formation of oligodendrocytes was decreased by HGF but
increased by anti-HGF IgG. Therefore, it seems most likely that
HGF contributes to the attenuation of endogenous and

exogenous differentiation of OPCs into oligodendrocytes in
the striatum.

2.7.  Western blot analysis of MBP reveals a reduction in
MBP protein levels after treatment with HGF

To further assess the role of HGF in the modulation of MBP
protein levels, Western blot analysis was performed in striatal
tissues using the same injection protocol as described for Fig. 5
without BrdU (Fig. 7a). The average level of MBP protein,
standardized to GAPDH protein in the striatum, decreased to
42% compared with controls after treatment with HGF (Figs. 7b,

c).

2.8.  HGF reduces the levels of MBP* myelin sheaths in the
striatum :

To determine whether the reduced levels of MBP protein in the
striatum is associated with the reduced myelination of MBP*
oligodendrocytes, animals were treated with either HGF or PBS
using the same injection protocol as described in Fig. 7a, and
the levels of MBP* myelin sheaths were quantified in the
striatum at P14 (4 days after the last treatment), according to
the method described by Butt and Dinsdale (2005b) with slight
modification (see details in Experimental procedures). Briefly,
the numbers of MBP* myelin sheaths were quantified using a
grid of 20 x 20 points to yield a total of 400 points within the field
of view (FOV) (3850 pm?), and a myelin index was calculated as
the percentage of points intersected by a myelin sheath. MBP IR
in the HGF-treated group was lower than the PBS-treated group
(Figs. 8a, b). These findings suggested that the levels of MBP*
myelin sheaths decreased in the striatum after HGF treatment.

2.9.  Striatal myelination is attenuated by HGF treatment

To examine the effects of HGF on myelination at the ultra-
structural level, we treated animals with either rhHGF or PBS at
both P7 and P10 using the same injection protocol as described
inFig.7a. Coronal sections of the P14 rat striatum were analyzed
using a HITACHI electron microscope. Fig. 9 shows representa-
tive views. In PBS-treated animals, mature myelinated axons
were largely evident, while in HGF-treated animals, the
numbers of myelinated axons markedly decreased. It seems
unlikely that the attenuation of myelination by HGF is caused by
HGF activity on neurites since immunostaining and Western
blot analysis of the neurite marker, neurofilament200 (NF200),
revealed that intrastriatal HGF treatment did not reduce
neuritogenesis in the striatum (Figs. S3a, b). These findings
suggest that HGF has an inhibitory effect on the differentiation
and maturation of oligodendrocytes. .

Fig. 4 ~ Phospho-c-Met IR is present in NG2* OPCs from P3 to P14 and in RIP* oligodendrocytes at P14. Double fluorescence
immunostaining for phospho-c-Met (green) and NG2 (red) (a-i), for phospho-c-Met (green) and PDGFRa (red) (j-1), or for
phospho-c-Met (green) and RIP (red) (m-o), counterstained with TOPRO-3 iodide (blue) in P3 (a~), P7 (d-f), and P14 (g-1) rat
striatum. Arrowheads indicate double-immunostained cells with NG2/phospho-c-Met (a-i), PDGFRa/phospho-c-Met (j-1), or
RIP/phospho-c-Met (m-o). Bottom panel (p-1) shows the immunostaining for phospho-c-Met that is pre-absorbed with excess
amounts of immunogen. Arrows indicate the positions of the bundles of innervating nerve fibers and their growth cones. The
insets designate higher (x3.3) magnification views, indicated by white arrowheads. Black arrowheads indicate NG2 (red) or

PDGFRa (red) single-positive cells. Scale bar=100 pm.
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3. Discussion

Here we provided the first evidence that c-Met and tyrosine
phosphorylated, and thereby activated c-Met are highly
evident in both NG2* (PDGFRa') OPCs and RIP* oligodendro-
cytes from P3 to P14 in vivo, suggesting a role for HGF in these
cells. Furthermore, we also provided evidence that HGF
promotes the proliferation of NG2* OPCs in vivo by double
immunohistochemical analyses of NG2'/BrdU" cells after
intrastriatal treatment with HGF at both P7 and P10, immedi-
ately after the critical point of the switch of the notch signals
from Jagged1/notch/HES-1 to contactin/notch/Deltex1. This is

a P7 P8 P9

consistent with the previous in vitro finding that HGF promotes
OPC proliferation (Yan and Rivkees, 2002), suggesting that it
might result from a direct action of HGF on OPCs. In addition,
we found that HGF could inhibit both the differentiation of
NG2* OPCs and the myelination of oligodendrocytes.
Although a precise molecular mechanism of this HGF effect
is unclear, it has been shown that HGF has the ability to induce
HES-1 mRNA production in MDA-MB-435-p4 cells and that the
activation of notch leads to c-Met inhibition by the binding of
HES-1 to the c-met promoter (Stella et al., 2005). Additionally,
cultured bone marrow cells in the presence of HGF express
both notch and Jagged!l on day 3 (Okumoto et al., 2003),
suggesting a link between the HGF-c-Met signal and the notch
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Table 1 - Relative values of BrdU* and/or NG2* cells in the striatum and corpus callosum after HGF or PBS treatment

PBS HGF 0.3 ug HGF 1 pg HGF 0.3 ng/PBS (%) HGF 1 ug/PBS (%)
Striatum

BrdU”* cells (a) 101.7£7.0 116.8:7.0 127.0+26 114.9:6.9 124.9£2.6
NG2"* cells (b) 88.0+8.5 104.0:3.4 100.0+4.1 118.2:7.7 113.624.7
BrdU*/NG2* cells (c) 263%3.8 37.842.3" 420108 143.4£8.5" 159.5£3.1*
Ratio of ¢/a (%) 26.0£2.5% 325£2.1% 33.5+1.3% 125.0£8.0 128.8+5.1
Ratio of c/b (%) 30.7+1.7% 37.0:£1.7% 42.8:1.9%" 120.7+5.6 139.4:6.3'
Corpus Callosum

BrdU* cells (a) 45.8:4.2 525122 57.2+7.0 1146+4.8 124.9:15.3
NG2* cells (b) - 97.849.3 107.7+12.1 100.2+9.7 110.1£12.4 102.5£9.9 -
BrdU*/NG2"* cells (c) 27.8+1.6 28.7:6.2 41759 103.2+£22.3 150.0221.2
Ratio of c/a (%) 61.1£2.1% 53.929.4% 72.5£2.7% 88.2+15.4 118.7:4.4
Ratio of ¢/b (%) 29.3:4.6% 26.0:2.6% 41.2£23%" 887189 140.6:7.8"

The absolute cell number in the FOV (0. 18 mm?) of P11 striatum or the FOV (0 045 mm’) of P11 corpus callosurn (Fig. $2) that had been treated with

PBS or HGF was expressed ds mean + SE (*p<0.05).
a, the absolute number of BrdU* cells in the FOV.
b, the absolute number of NG2* cells in the FOV.
¢, the absolute number of BrdU*NG2* cells in the FOV.

pathway in certain types of cells. It is postulated that HGF may
have the capability to induce notch signaling, presumably via
a HES-1 signal in OPCs. Hence, HGF may favor proliferation of
NG2* OPCs but can also inhibit the differentiation of OPCs into
mature oligodendrocytes even after P6.

Alternatively, it remains possible that the HGF-c-Met
signals function independently of the notch signals in these
processes. Colognato et al. (2004) reported a working model of
the cooperation of growth factor and integrin signaling
pathways. The PDGFRa-aVB3 integrin complex induces pro-
liferation, while axonal contact induces laminine2 binding to
the a641 integrin complex with ErbB2/4 and, in turn, enhances
survival, differentiation, and myelin formation (Colognato
et al., 2004). Therefore, the modulation of such signaling path-
ways by HGF might be an alternative molecular mechanism.
The promotion of OPC proliferation and the inhibition of its
differentiation into mature myelinating oligodendrocytes may
permit neurite outgrowth in the striatum at this develop-
mental stage. The promotion of OPC differentiation into
mature oligodendrocytes may lead to the presentation of
myelin inhibitory proteins that inhibit axon outgrowth, such
as NOGO-A/NI-220, myelin-associated glycoprotein (MAG),
and oligodendrocyte-myelin glycoprotein (OMgp), on the

mature oligodendrocyte cell surface (Chen et al., 2000;
McKerracher and Winton, 2002). In addition, it should be
noted that NG2* glial cells have been shown to provide a
favorable substrate on which to grow axons (Yang et al., 2006).
Indeed, this developmental stage is important for neurite
outgrowth in the striatum. In the rat nigrostriatal dopaminer-
gic system, as in all rat striatal areas where dopaminergic
innervation rapidly increases from P4 to P6 (Burke, 2003; Voorn
et al, 1988), higher levels of HGF mRNA might be beneficial for
both OPC proliferation and inhibition of OPC differentiation to
permit neurite outgrowth in a developmental stage-depen-
dent manner. The reduction of HGF mRNA levels from P7 to
P14 may permit OPC differentiation into myelinating oligo-
dendrocytes. HGF may also play a role in differentiated oligo-
dendrocytes; the clarification of this role is the next important
issue to be examined.

In summary, we provided the first evidence that the c-Met/
HGF receptor is activated in OPCs and oligodendrocytes during
postnatal development and that HGF promotes the prolifera-
tion of OPCs and attenuates their differentiation into myeli-
nating oligodendrocytes in the rat striatum. Our findings
suggest a role for the HGF-c-Met system in oligodendrocyte
development in concert with neuritogenesis.

Fig. 5 - NG2" OPC proliferation is promoted by HGF treatment in both the striatum and corpus callosum during development.
(a) The schematic illustration of the experimental protocol. Either thHGF (0.3 or 1.0 pg per injection) or PBS was stereotaxically
injected into the left striatum at both P7 and P10. BrdU (100 mg/kg) was intraperitoneally injected daily from P7 to P10. The
animals were sacrificed at P11 for histological analyses. (b) Double immunostaining for NG2 and BrdU in the striatum of P11 rats
that were treated with either PBS (upper panel) or rhHGF (lower panel) (1.0 g per injection) at both P7 and P10. Arrows indicate
NG2* OPCs. Arrowheads indicate NG2* blood vessels. Insets are the higher (x5) magnification views. Scale bar=100 pm. (c) A
quantitative graph of the relative ratio of BrdU*/NG2* cells per total number of NG2* cells in the striatum. The results are
expressed as the mean+SE and tested for significance with ANOVA and Scheffe’s post hoc tests (*p<0.05). The average ratio of
BrdU*/NG2" cells per total number of NG2 cells in the striatum of PBS-treated rats was defined as 100%. {d) Double
immunostaining for NG2 and BrdU in the corpus callosum of P11 rats that were treated with either PBS (upper panel) or rhHGF
(lower panel) (1.0 ug per injection) at both P7 and P10. Scale bar=100 pm. (e) A quantitative graph of the relative ratio of
BrdU*/NG2" cells per total number of NG2* cells in the corpus callosum. The results are expressed as the mean+SE and tested
for significance with ANOVA and Scheffe’s post hoc tests ("p<0.05). The average ratio of BrdU*/NG2" cells per total number of
NG2 cells in the corpus callosum of PBS-treated rats was defined as 100%.
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4. Experimental procedures

4.1.  Recombinant human HGF and anti-HGF IgG

Recombinant human HGF (thHGF) was purified from the
conditioned medium of Chinese hamster ovary cells that
were transfected with an expression vector containing
human HGF cDNA as described earlier (Nakamura et al.,
1989; Seki et al., 1990). The purity of the rhHGF was greater
.than 98% as determined by SDS-PAGE. Anti-rat HGF antibody
was raised in rabbits after immunization of animals with
recombinant rat HGF and the IgG fraction was purified using
protein A-Sepharose (Pharmacia Biotech, Uppsala, Sweden),
as previously described (Ohmichi et al., 1998). This anti-rat

HGF antibody does not cross-react with human HGF. One
microgram of anti-rat HGF IgG neutralizes the biological
activity of at least 5 ng rat HGF.

4.2. Animals

Timed-pregnant Sprague-Dawley (SD) rats were purchased
from SLC (Shizuoka, Japan) and were housed in individual
cages in a temperature-controlled room under a 12-h light/12-h
dark cycle. The acquisition, care, housing, use, and disposition
of animals were in compliance with institutional laws and
regulations of the Osaka University Graduate School of
Medicine. All efforts were made to minimize animal discomfort
and the number of animals used. For developmental analysis,
we used SD rat pups of the following developmental time
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Fig. 6 - Differentiation of OPCs into MBP"* oligodendrocytes is slightly diminished by HGF treatment and slightly increased by
anti-HGF IgG treatment. (a) The schematic illustration of the experimental protocol. rhHGF (0.3 or 1.0 pug per injection), anti-HGF
“functional blocking” IgG, normal IgG, or PBS was stereotaxically injected into the left striatum at both P7 and P10. BrdU

(100 mg/kg) was intraperitoneally injected daily from P7 to P10. The animals were sacrificed at P11 for histological analyses.
(b) Double immunostaining for MBP and BrdU in the striatum of P11 rats that were treated with PBS (upper panel), rhHGF (middle
panel) (1.0 ug per injection), or anti-HGF IgG (lower panel) at both P7 and P10. Insets are the higher (x5) magnification views.
Scale bar=100 pm. (c) A quantitative graph of MBP*/BrdU" cell numbers. The results are expressed as the mean+SE and
tested for significance with ANOVA and Scheffe’s post hoc tests (*p<0.05). The average MBP*/BrdU* cell number of PBS-treated

rats was defined as 100%.
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Fig. 7 - HGF reduces MBP protein levels in the striatum. (a) The schematicillustration of the experimental protocol. Either thHGF
(1.0 pg per injection) or PBS was stereotaxically injected into the left striatum at both P7 and P10. The animals were sacrificed
at P11 for Western blot analysis. (b) Westemn blotting for MBP and GAPDH in the striatum of P11 rats that were treated with
either PBS (P) or thHGF (H). Arrowheads indicate molecular marker sizes. (c) Relative MBP protein levels were quantified and
expressed as the meanz SE. The relative mean level of MBP to GAPDH proteins in the PBS-treated group was defined as 100%.

points: P3, P7, P11, P14, and postnatal week 8 (8w). To assess the
role of HGF in striatal oligodendrogenesis, each SD rat that was
injected with rhHGF was paired with a littermate that received
injections of PBS on the same day. For injections, rats were
anesthetized by intraperitoneal injection of 30 mg/kg ketamine
and 5 mg/kg xylazine. The skull was placed in a stereotaxic
apparatus and a 1.5-mm hole was created in the cranium. The
stereotaxic coordinates for injections into the striatum were
0 mm caudal to bregma, 2.5 mm lateral to the midline, and
4.0 mm below the surface of the skull (Sherwood, 1970). Using a
30-gauge needle (Hamilton, Reno, NV) and a 10-uL Hamilton
microsyringe, 0.3 pg or 1.0 pg rhHGF (1.5 or 0.5 pg/pL in PBS) (n=4
each), 10 pg anti-rat HGF IgG (5 pg/uL in PBS) (n=4), normal rabbit
IgG (5 pg/ul in PBS) (n=3), or PBS (n=3) were stereotaxically
injected into the striatum at 0.25 uL/min. After injection, the
needle was left in place for 5 min to prevent reflux and

slowly withdrawn in several steps over 5 min. Three days
after the injection (i.e,, at P10), animals were re-injected with
the same liquid into the same coordinates. The animals were
sacrificed under deep anesthesia for both Western blotting at
P11 and immunohistochemical analyses at either P11 or P14.
For BrdU incorporation, BrdU (100 mg/kg, Nacalai Tesque,
Kyoto, Japan) was intraperitoneally injected daily for 4 days
from P7 to P10.

4.3.  Tissue preparation

Animals at P3, P7, P11, or P14 were transcardially perfused
with ice-cold PBS followed by ice-cold 4% paraformaldehyde
(PFA) in PBS under deep anesthesia. The brains were excised
and immersed in the same fixative for 1.5 h at 4 °C and the
striatum was dissected prior to immunohistochemistry. Fixed
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Fig. 8 - HGF reduces the number of MBP* myelin sheaths in the striatum. (a) Immunostaining for MBP in the left striatum at
P14 in animals treated with PBS (left panel) or thHGF (right panel) (1.0 pg per injection) at both P7 and P10 using the same
injection protocol described for Fig. 7a. Scale bar=100 pm. (b) The quantitative numbers of MBP* myelin sheaths in the

HGF-treated and PBS-treated striata are shown. The relative mean number of MBP* myelin sheaths in the PBS-treated group
was defined as 100%. The results are expressed as the mean+SE and tested for significance with ANOVA and Scheffe’s post

hoc tests (*p<0.05).
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Fig. 9 - Ultrastructural examination by electron microscopy reveals the reduction of myelinated axon numbers by HGF
intrastriatal treatment. Representative electron micrographs of coronal sections of the striatum at P14 in animals that were
treated with either PBS (left panel) or HGF (right panel) (1.0 pg per injection) using the same injection protocol as described in
Fig. 7a are shown. In the HGF-treated group, thick myelinated axons were rarely observed compared with those in the

PBS-treated group. Scale bar=0.8 pm.

tissues were immersed in 20% sucrose in PBS overnight at 4 °C,
frozen in CO,, and cut into either 20-um thick transverse or
longitudinal sections using a cryostat.

4.4.  Immunohistochemistry

Cryosections were incubated in blocking buffer consisting of 5%
normal goat serum (S26-100 mL, CHEMICON, CA) and 0.3%
Triton X-100 in PBS for 30 min at room temperature (RT)
followed by one of the following primary antibodies for 1.5 h at
RT: (1) rabbit polyclonal anti-c-Met antibody (1:100; sc-162,
Santa Cruz, CA); (2) rabbit polyclonal anti-phospho-c-Met
antibody (phospho-Tyr!#¥123#1235 1:100; QCB44-888, Bio-
source-Invitrogen, CA); (3) rabbit polyclonal anti-MBP antibody
(1:100; 01417, Stem Cell Technologies, USA); (4) mouse mono-
clonal anti-NG2 antibody (1:100; MAB5384, CHEMICON); (5)
mouse monoclonal anti-RIP antibody (1:10000; MAB1580,
CHEMICONY); (6) affinity-purified rabbit polyclonal anti-human
HGF antibody (1:100) (Yamada et al., 1995); (7) rabbit polyclonal
anti-PDGFRa antibody (1:500, kindly provided by Dr. W.B.
Stallcup); and (8) goat polyclonal anti-PDGFRa antibody (1:20,
AF1062, R&D, Minneapolis). Specificity of rabbit and goat anti-
PDGFRa antibodies was confirmed by double immunostaining
of these antibodies as presented in Fig. S4. Immunolabeling
was visualized by either fluorescence or diaminobenzidine
(DAB) immunostaining. For fluorescence immunostaining,
sections were incubated with secondary antibodies conjugated
with either Alexa488 or Alexa546 (1:600; Invitrogen) and
TOPRO-3 iodide (1:1000; Invitrogen) for nuclear staining in
blocking buffer for 20 min at RT, washed with PBS, mounted
with Crystal mount (Biomeda, CA), and observed under an LSM
5 PASCAL confocal microscope (ZEISS, Germany). For DAB
immunostaining, sections were treated with 3% hydrogen
peroxide for 5 min to quench endogenous peroxidases prior
to the first antibody reaction. The sections were then incubated
with primary antibody in blocking buffer for 1.5 h at RT. After
washing with PBS, sections were incubated with Envision*
System Labeled Polymer-HRP anti-mouse or anti-rabbit (Dako-
Cytomation, CA) as the second antibody for 30 min at RT,

stained with DAB (0.05%), counterstained with Mayer’s hema-
toxylin (WAKO, Japan), washed with PBS, and mounted with
EUKITT (O. Kinder, Germany). The images were captured using
an Olympus System Microscope BX51 (Tokyo, Japan).

4s. BrdU incorporation

Cryosections were treated with acetone for 10 s, air-dried,
washed with PBS, and incubated with 2 N HC for 30 min at RT.
After incubation with blocking buffer, sections were incubated
overnight at 4 °C with rat monoclonal anti-BrdU antibody
(1:100; OBT0030, Oxford Biotech. Ltd., UK), and then with either
mouse monoclonal anti-NG2 antibody (1:100; MAB5384, CHE-
MICON) or rabbit polyclonal anti-MBP antibody (1:100; 01417,
Stem Cell Technology) in blocking buffer and washed with
PBS. The sections were incubated with secondary antibodies,
conjugated with either Alexa488 or Alexa546 (1:600; Invitro-
gen), and then with TOPRO-3 iodide (1:1,000; Invitrogen) for
nuclear staining. Specimens were observed under an LSM 5
PASCAL confocal microscope.

4.6. Electron microscopy

P14 rats were transcardially perfused with 2% PFA and 2%
glutaraldehyde in PBS under deep anesthesia. The brains were
excised and immersed in the same fixative overnight. Tissue
blocks were post-fixed in 2% osmium tetroxide in PBS for 2 h at
4 °C, dehydrated through an ethanol gradient, and embedded
in Epon. Ultrathin sections (90 nm) were cut with an
ultramicrotome (Ultracut, Reichert-Jung) and stained with 4%
uranyl acetate for 20 min at RT and with 1% Pb for 10 min atRT
prior to examination by electron microscopy (H-7100, HITACHI,
Japan).

4.7. Immunoprecipitation and Western blotting
Striatal lysates were prepared from the P7, P14, and 8-week-old

rats in lysis buffer [SO mM Tris-HCl (pH 7.5), 150 mM NaCl, 1%
Triton X-100, 10% glycerol, 25 mM p-glycerophosphate, 50 mM
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