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Figure 4. Murinc COPs show ABCG2 expression and the SP cell
phenotype. (A): RT-polymerase chain reaction analysis revealed
Abcg? expression in COP spheres and in cells freshly dissociated
from mouse corncal stroma. (B): Immunofluorescent staining of
ABCG2 in COP spheres. Nuclei were counterstained with 4,6-dia-
midino-2-phenylindole. Scale bar = 100 pm. (C): Approximately
3.3% of sphere cells were SP cells as shown by {low cytometry.
Hypotluorescent SP cells are distinet from MP cells and disappear
when treated with reserpine, an inhibitor of ABCG2. Cells in the
S/G, phase were not gated as SP cells. even though they disappeared
with reserpine treatment. Abbreviations: COP, cornea-derived pre-
cursor; MP. main population: RT, reverse transcription: SP, side
population.

4A, 4B). Reserpine-sensitive SP cells were detected in dissoci-
ated sphere cells, representing 3.3% * 1.2% (n = 8) of viable
cells analyzed by flow cytometry (Fig. 4C).

We also analyzed several stem cell-related surface markers by
flow cytometry. COP spheres expressed CD34 (Fig. 5A, 5B), a cell
surface marker reported in rodent epithelial stem cells in the bulge
area [35, 36]. skeletal muscle stem cells [37, 38]. and comeal
stromal cells [9, 39]. In addition, expression of stem cell antigen-1
(Sca-1), a cell surface protein expressed in BM-derived hemato-
poietic stem cells (BM-HSCs) [40], mammary epithelial stem cells
[41], a subpopulation of BM stromal cells [42], skeletal muscle
stem cells [38], and SKP spheres [12], was found in 56.1% =
19.2% (n = 7) of viable cells (Fig. 5). The expression of CD133,
found in different types of primitive cells such as BM-HSCs,
NSCs, and SKPs [43-46], was not observed (data not shown).
Another cell surface marker, c-kit (CD117), the receptor for stem
cell factor and a marker of BM-HSCs [47], was also not detected
by flow cytometric analysis (Fig. 5) and RT-PCR (not shown).

COPs Are Neural Crest Lineage Cells
Although we found CD34™ cells in COP spheres, Sosnova et al.

[48] reported that all CD34™ cells in mouse corneal stroma are

Cornea-Derived Precursor Cells

Figure 5. Cornea-derived precursors (COPs) express stem cell sur-
face markers. (A): Single cells dissociated from COP spheres were
stained with antibodies for CD435, c-kit, Sca-1, or CD34 and analyzed
by flow cytometry (blue lines). Red lines represent isotype-matched
negative control. COP sphere cells did not express CD4S or ¢-kit but
did express Sca-1 and CD34. (B): Fluorescent images of cells stained
with phycoerythrin-tabeled anti-Sca-1 (left, red) or FITC-labeled
anti-CD34 (right. green). Scale bar = 20 pm. Abbreviation: FITC,
fluorescein isothiocyanate.

CD45" BM-derived cells. In addition, the ability of BM-derived
mesenchymal stem cells (BM-MSCs) to differentiate into mul-
tiple cell types has been reported {49, 50]. However, we found
that COPs did not express CD45 (0.2% = 0.2%, n = 6; Fig.
5A}, indicating a nonhematopoietic origin for these cells. We
further prepared COPs from mice transplanted with GFP™
WBM cells. GFP™ cells were not found in COP spheres pre-
pared from the recipient mice 8 weeks after transplantation (Fig.
6C), although numerous GFP™ cells were observed in the re-
cipient comnea (Fig. 6A, 6B). GFP* cells in sphere culture
preparations were found attached to the bottom of the culture
dish, and immunofluorescent staining showed that the GFP™
cells were CD45™ and some also expressed CD34 (Fig. 6D).
CD34 was therefore expressed in both BM-derived GFP™ cells
as well as GFP-COPs, indicating that WBM-derived cells are
not likely to contribute to COP sphere-initiating cells.

Given that cranial neural crest-derived mesenchymal cells con-
tribute to corneal stroma development, we next investigated
whether COPs were of neural crest origin [6, 7]. COP spheres were
prepared from Wntl-Cre/Floxed-EGFP and PO-Cre/Floxed-EGFP
transgenic mice in which neural crest-derived cells are tagged by
EGFP expression [14, 51]. As expected, COP spheres prepared
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Figure 6. Bone marrow cells do not form cornea-derived precursor
(COP) spheres. Sphere cultres prepared from C57BL6/J mice trans-
planted with whole bone marrow (WBM) cells of green fluorescent
protein (GI'P) mice did not produce GFP™ spheres. (A): Fluorescent
image of a cornca 8 weeks after WBM cell transplantation. Migration of
numerous GFP™ cells into the cornea was observed. (B): High-magni-
fication view of the boxed area in (A). (C): Phase-contrast image
merged with fluorescent image of sphere culture at 7 days after plating.
GFP* WBM-derived cells were found attached to the culture dish
(arrow). whereas GFP” cells were not observed in forming spheres
(arrowhead). (D): Adherent cells were stained with phycoerythrin-la-
beled anti-CD34 antibody (red). CD34 (arrows) was also expressed in
transplanted WBM-derived cells (green). Scale bars = 200 um (C, D).

from both transgenic mice were GFP™ (Fig. 7D, 7E). To visualize
GFP™ neural crest-derived cells in the cornea, sections of Wntl-
Cre/Floxed-EGFP mouse were immunostained using anti-GFP an-
tibody. Expression of GFP was detected in stromal keratocytes,
although the expression level was low in vivo (Fig. 7B). Strong
immunoreactivity was detected in the comeal endothelium (Fig.
7A), which are also neural crest-derived [52, 53]. We also exam-
ined embryonic neural crest-associated genes by RT-PCR analysis.
Twist, Slug, Snail, and Sox9 were expressed in COPs (Fig. 7F).
These data confirm that COPs are neural crest-derived stem cells
that are not recruited from the BM.

DISCUSSION

The expansion of stem cells in vitro while maintaining proper-
ties of progenitor cells is critical from the standpoint of using
stem cells for research as well as medical purposes. Culture
conditions for several adult somatic stem cells, including BM-
HSCs and NSCs, have been well-established. The sphere culture
technique, which was originally developed for culturing NSCs
as neurosphere from the central nervous systern (CNS). was
recently applied to isolate sphere-initiating cells from adult
tissues other than CNS [2, 10-12, 17, 51, 54]. COPs have been
subcultured for more than 13 months (more than 18 passages,
corresponding to more than 90 population doublings) to date. As
we discovered, not only do these cells have the ability to
differentiate into keratocytes, fibroblasts, and myofibroblasts as
observed in primary stromal keratocytes [9], COPs can also be
induced to differentiate into adipocytes, chondrocytes, and neu-
ral cells.
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Figure 7. COPs are neural crest-derived cells. (A-C): Confocal images
ol Wnt1-Cre/Floxed-EGFP mouse (A, B) and WT mouse cornea (C)
staincd with anti-GIFP antibody and cyanine 3-conjugated secondary
antibody. (B): High-magnification view of the boxed region in (A).
Expression of EGFP is detected in keratocytes, although the expression
fevel is low in vivo (B) (arrowheads). Positive staining is also detected
in corneal endothelium, which is also neural crest-derived (A) (arrow).
Cells dissociated from corneal stroma of Wntl-Cre/Floxed-EGFP (D)
(day 14) and PO-Cre/Floxed-EGFP mice (E) (day 6) formed EGFP*
COP spheres. (F): Expression of embryonic neural crest markers by
COPs and comeal stromal tissuc. Gapd was loaded as an internal
control. Expression of Snail, Slug, and Sox9 was upregulated in COP
spheres, whereas Tiwist was found in both COPs and stroma. Mpz was
detected from stromal tissue only. Scale bars = 50 um (A, D, E) and 20
um (B, C). Abbreviations: COP, cornea-derived precursor; EGFP, en-
hanced green f{luorcscent protein; GFP, green fluorescent protein; RT.
reverse transcription; WT, wild-type.

Clonal spheres in this study were initiated using methylcel-
lulose, which is an established method to clone hematopoietic
cells and, more recently, embryonic stem cells and NCSs [17-
24]. Cells within a sphere arising from a single cell were not
necessarily homogeneous, which may be due to the position
within a sphere or to autocrine and paracrine mechanisms. Dark
cells in spheres (Fig. 1) were not GFP-negative but simply had
low fluorescence under the conditions of our photography,
which were set with exposure settings that do not cause satura-
tion of fluorescent levels. This is vital because long exposure
times can give the misleading impression of strong fluorescence
in 100% of the cells, which is not the case.

We have also demonstrated that COPs include a high ratio of
SP cells with Hoechst dye exclusion activity, which are regarded as
a general property of progenitor-candidate cells. Although a higher
percentage of cells seem to be ABCG2-positive by immunocyto-
chemical analysis compared with flow cytometry, not all ABCG2-
positive cells are drawn into the SP gate, which was defined by the
inhibition of functional ABC transporters. Indeed, reserpine-sensi-



tive SP-like cells were found outside the SP gate, which may have
been dividing cells exhibiting higher fluorescent intensity. The
results of ABCG2 expression in COPs and the high fraction of SP
cells suggest that the Hoechst dye exclusion assay may be used to
further characterize COPs. A recent study by Du et al. also dem-
onstrated the presence of SP cells in the human peripheral corneal
stroma, which were shown to express neural and cartilage markers
in addition to keratocyte markers [55]. We have confirmed that
COP SP cells re-formed spheres after cell sorting (data not shown).

Other stem cell-related markers, including nestin, Notchl,
and Msil, were also expressed in COP spheres. Although the
upregulation of Nestin is often used as evidence of a NSC
phenotype, expression of this intermediate filament protein in
non-neuronal cells has also been reported [56]. We therefore
prepared COP spheres from transgenic mice carrying EGFP
under the control of a neural-selective enhancer of the nestin
gene [57-59]. Given that no fluorescence was observed in
corneas of these mice, expression of nestin in corneal stromal
cells revealed by RT-PCR analysis is probably due to non-
neuronal expression. However, the fluorescence observed in
COPs prepared from E/nestin-EGFP transgenic mice suggests
that the neural stem/progenitor cell-specific enhancer was acti-
vated. Interestingly, we also found that expression of Msi/ was
upregulated only in COPs but not in the corneal stroma of the
original mice. Recent reports demonstrated that Msil is ex-
pressed by epithelial stem cells in intestine [60, 61] and mam-
mary gland [62], making Msil a candidate marker of adult stem
cells in a variety of tissue sources.

There are only a limited number of reports describing pu-
tative progenitor cells for comeal keratocytes [2, 3]. Stromal
keratocytes develop from mesenchymal cells originating in the
cranial neural crest [6, 7). A recent study demonstrated that late
embryonic keratocytes maintain plasticity to differentiate into
other neural crest-derived tissue when transplanted into embryos
[63]. On the other hand, several reports have shown that BM-
derived cells migrate to the corneal stroma [64, 65]. Recently,
Sosnova et al. [48] reported that keratocytes do not express
CD34 in the mouse corneal stroma and that all CD347 cells
coexpressed CD45 and were therefore BM-derived. However,
Espana et al. [39] reported CD34 expression in cultured human
keratocytes. We found CD347CD45™ cells in COP spheres
(Fig. 5), which were distinct from the CD347CD45™ adhesive
cells isolated from comeas of GFP™ WBM transplanted mice
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(Fig. 6). Given that GFP™ COP spheres were not observed in
GFP* WBM transplanted mice, COPs appear to be non-BM
progenitors that express CD34, at least during sphere cultures.
Furthermore, COPs prepared from Wntl-Cre/Floxed-EGFP and
PO-Cre/Floxed-EGFP mice were EGFP™ (Fig. 7), strongly sug-
gesting that these cells prepared from the cornea are of neural
crest origin. Anti-GFP immunostaining also revealed neural
crest-derived cells in the corneal stroma of Wntl-Cre/Floxed-
EGFP mice, with weaker levels of GFP expression in the stroma
(Fig. 7B) compared with the endothelium (Fig. 7A). The weak
expression of GFP in the stroma is probably due to the thin
dendritic morphology of keratocytes, as well as the fact that
stromal keratocytes are quiescent in vivo [66-68].

Further investigations are required to determine whether
COPs are unique cells that reside in the corneal stroma or
whether they represent a lineage of NSCs common with SKPs
that migrate to the cornea. Although there is still controversy
as to the identity of SKPs [69], the similarity of COPs with
SKPs also has several clinical implications for the possible
use of dermal cells for reconstructing the corneal stroma. If
abundant dermal SKPs can be induced to differentiate into
keratocytes, the development of corneal equivalents using
autologous tissue may become a reality. Further studies to
isolate COPs from humans for regenerative purposes are
under way.
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A selective Sema3A inhibitor enhances regenerative
responses and functional recovery of the injured
spinal cord

Shinjiro Kaneko!™>?, Akio Iwanami>*°, Masaya Nakamural, Akiyoshi Kishino®, Kaoru Kikuchi’,

Shinsuke Shibata?, Hirotaka ] Okano?, Takeshi Ikegamil, Ayako Moriyaz, Osamu Konishi®, Chikao NakayamaS,
Kazuo Kumagais, Toru Kimura®, Yasufumi Sato®, Yoshio Goshima®, Masahiko Taniguchi7, Mamoru Ito?,
Zhigang He?, Yoshiaki Toyama' & Hideyuki Okano?

Axons in the adult mammalian central nervous system (CNS) exhibit little regeneration after injury. It has been suggested that
several axonal growth inhibitors prevent CNS axonal regeneration. Recent research has demonstrated that semaphorin3A (Sema3A)
is one of the major inhibitors of axonal regeneration. We identified a strong and selective inhibitor of Sema3A, SM-216289, from
the fermentation broth of a fungal strain. To examine the effect of SM-216289 in vivo, we transected the spinal cord of adult rats
and administered SM-216289 into the lesion site for 4 weeks. Rats treated with SM-216289 showed substantially enhanced
regeneration and/or preservation of injured axons, robust Schwann celi-mediated myelination and axonal regeneration in the lesion

site, appreciable decreases in apoptotic cell number and marked enhancement of angiogenesis, resulting in considerably better
functional recovery. Thus, Sema3A is essential for the inhibition of axonal regeneration and other regenerative responses after
spinal cord injury (SCI). These results support the possibility of using Sema3A inhibitors in the treatment of human SCI.

Several factors inhibit axonal regeneration after central nervous system
(CNS) traumas such as spinal cord injury (SCI). Myelin-associated
proteins, such as Nogo-A, myelin-associated glycoprotein (MAG)
and oligodendrocyte-myelin glycoprotein (OMgp), have a central
role in the inhibition of axonal regeneration'~®. Neutralization of
Nogo receptor (NgR) signaling leads to marked axonal regeneration
and functional recovery after SCI (ref. 7). In contrast, studies using
Nogo knockout mice®’?, NgR knockout mice!’'? and other
models'*'¢ suggest that the blockade of axonal growth inhibitors
other than myelin-associated proteins may also be important for
axonal regeneration.

Among these factors, extracellular matrix molecules are likely to be
important for the inhibition of axonal regrowth after SCI. CNS injury
results in scar tissue formation at the injury site, which contains
extracellular matrix molecules such as chondroitin sulphate proteogly-
cans (CSPGs)!"8, CSPGs are crucial as axonal growth inhibitors!718;
enzymatic degradation of CSPGs results in axonal regeneration and
functional recovery!®. Sema3A is another extracellular matrix molecule
that may contribute to the inhibition of axonal regeneration!3141¢ by
acting on microtubules and the actin cytoskeleton!®1416.192¢ I

models of conditioning peripheral nerve injury, regenerating DRG
axons halt selectively at Sema3A-enriched regions in the lesion site'®.
Thus, Sema3A may be a crucial extracellular factor that inhibits axonal
regeneration after CNS injury. Neutralization of this molecule may
hence lead to axonal regeneration and functional recovery after SCL
The high lethality of Sera3a™'= mice®, however, has prevented close
and large-scale genetic analyses of the contribution of Sema3A to the
inhibitory environment of the injured spinal cord. An alternative
method for large-scale analysis is to use a pharmacological approach.

Recently, we identified a small molecular agent, SM-216289, from a
fungal extract, which can strongly inhibit Sema3A functions in vitro,
including growth cone collapse and chemorepulsion of neurite exten-
sion2>%, SM-216289 strongly inhibits Sema3A functions in vitro?>2¢
and SM-216289 acts directly on Sema3A to inhibit the binding of
Sema3A to neuropilin-1 (NP-1), putatively by changing its steric
structure. In this study, we investigated the action of SM-216289 in
more detail and examined whether neutralizing Sema3A by adminis-
tering SM-216289 to the injured spinal cord can create a more
permissive environment for axomal regeneration in vivo or
promote other regenerative responses, such as Schwann cell-mediated
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a Fibronectin -2 weeks after injury
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c Fibronectin 14 weeks after injury
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14 weeks after injury
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spinal cord

Sema3A

w-tubulin

myelination and axonal regeneration, inhibition of apoptosis and
enhancement of angiogenesis. Our results support the potential of
this Sema3A inhibitor as a therapeutic agent for human SCI patients.

RESULTS
Expression of Sema3A and other axonal growth inhibitors

In this study, we address the effect of a Sema3A inhibitor on axon
regeneration in the injured spinal cord using a complete transection
model. The transection model has the advan-
tage of reproducibility, which permits a more

represent mean + s.e.m,

Sema3A protein

Time after injury

. - Figure 1 Expression of Sema3A after SCI.
’ In all images, the left side is rostral.
(a-d) Immunochistochemical analyses of the
SV expression of fibronectin, Sema3A and GFAP
in the transected spinal cord. Representative
horizontal sections of the lesion site 2 weeks (a,b)
and 14 weeks (c,d) after transection. Sections
were stained with diaminobenzidine with nickel
g chioride (DAB nickel). Far right, magnified images
of the boxed areas. Scale bars: 500 pm for left
panels. 100 pm for right panels. (e) Sema3a
mRNA expression in the lesion site 2 weeks after
transection, as detected by in situ hybridization.
Representative horizontal sections of the lesion
site. Scale bar, 100 um. (f) Sema3A protein
expression in the lesion site as detected
by immunoblotting.

detected (Fig. lab). Also, 14 weeks after
transection injury, the fibronectin-positive

s scar tissue, delineated by glial fibrillary acidic
o protein {GFAP)-positive glial scar tissues,
L i extended more widely from the lesion epi-

center than at 2 weeks after injury (Fig. 1c,.d).

By in situ hybridization, it has been
demonstrated that a marked induction of
Semna3a mRNA takes place at the lesion site
following SCI in both transection and contu-
sion injuries!®; Sema3a mRNA expression,
detectable between 2 and 4 weeks after injury,
was found to be colocalized with fibroblasts.
Consistent with these results, we also detected
high expression of Sema3a mRNA (by in situ
hybridization) and Sema3A protein (by
immunoblotting) (Fig. le.f). However, quan-
titative and temporal analyses of Sema3A
protein expression after SCI have not been reported before. Therefore,
we performed immunoblotting of spinal cord tissues harvested at
several time points after SCI, in order to examine the temporal
changes in the expression of Sema3A protein and other representative
axonal growth inhibitors after spinal cord transection (Fig. 2a—d). We
found that the expression of Sema3A protein within the transected
spinal cord was upregulated at the lesion site with a peak between
1 and 2 weeks after the injury (Fig. 2a,b). The expression pattern of

Intact brain 2 weeks

accurate assessment of the effect of the treat- a b g s
ment than other SCI models. Furthermore, s os \:P‘é <E ;;2
the transection model is appropriate for the Aterinsry <O a® O \s“a o \gp\@%‘;@& gfg‘ gg
assessment of axonal regeneration. As a first CsPas (NG2) 4o B g o Yo i v 300 kDa gE 20
step, we analyzed the spatiotemporal expres- Nogo-A e SG% SRS seme SH Thve W 200kD2 2 vof
sion of Sema3A protein in the transected SemasA = - 120kD= £
spinal cord. Two weeks after transection ool } 50 0a &AL HF S
_injury, we observed fibronectin-positive scar Time);ﬁe:niu; ©
tissue at the lesion epicenter where Sema3A c = dsso
protein expression was also prominently Ai:% -2 ijg:

g5 <530

w5 &3 25
Figure 2 Temporal and quantitative analysis of gé 2% fg
Sema3A expression after SCI compared with the o g -g 10 B -
expression of other representative axonal growth g g2 lmuL
inhibitors. (a) Temporal immunoblotting analysis. RPN S & W o g &S S
(b-d) Quantitative and temporal analysis. Data « NSRS K « LG A

Time after injury
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NG2, which is representative of CSPGs upregulated after SCI, was
temporally similar to that of Sema3A protein (Fig. 2a,c). In contrast,
expression of Nogo-A, a representative myelin-associated protein, did
not substantially increase within the transected spinal cord. Nogo-A
expression was decreased at 16 weeks after injury, which may be partly
attributable to demyelination of axons and phagocytosis of myelin
debris (Fig. 2a,d).

Expression of NP-1 within the injured spinal cord

The receptor complex mediating Sema3A signals includes NP-1
(refs. 27-29) and plexins®*32. NP-1 has been reported to be the
major component essential for Sema3A signaling and has a binding
site for Sema3A. Therefore, we analyzed the spatiotemporal expression
of NP-1 in the spinal cord after transection injury (Supplementary
Note and Supplementary Fig. 1 online). Considering the temporal
expression patterns of Sema3A (Fig. 2a,b) and NP-1 (Supplementary
Fig. 1) after injury, we administered the Sema3A inhibitor SM-216289
for 4 weeks after transection using an osmotic mini-pump (Alzet) in
all subsequent experiments.

a SemadA”

1
Olomoucina

SM-216289

Lavendustin A

Nogo-Myc-AP
OMgp-Myc-AP

Control

Control

Figure 3 SM-216289 is a sirong and specific Sema3A inhibitor.

(a) Collagen coculture assay using embryonic day 8 (E8) chick DRG and
Sema3A-expressing COS7 cell aggregates. SM-216289 and other
compounds known to have an inhibitory effect on Sema3A, lavendustin

A and olomoucine?3 were added at the indicated concentrations.

(), Sema3A with no additional compounds. (b} Effect of SM-216289,
lavendustin A and olomoucine on growth cone collapse—induced by
mouse Sema3A (1 U/ml or 10 U/ml)—in cultured E8 chick DRG.

(c) The expression of Nogo-66-Myc-AP, MAG-Fc and OMgp-Myc-AP after
transfection intc HEK293T cells was confirmed by immunoblotting.

(d) Growth cone collapse assay using E12 chick DRG. Left two panels,
control growth cones. Right two panels, growth cones after incubation with
MAG, with or without SM-216289. Scale bars, 20 pm. (e) Rate of growth

ARTICLES

Strength and selectivity of the Sema3A inhibitor
As demonstrated previousty”%%, SM-216289 exerts a strong inhibitory
effect on Sema3A. By screening various types of compounds (approxi-
mately 140,000) by growth cone collapse assay and collagen coculture
assay using embroynic day (E) 7 or 8 chick DRG, we found that this
compound has a maximal inhibitory effect on Sema3A. We compared
SM-216289 with the tyrosine kinase inhibitor lavendustin A and the
Cdk inhibitor olomoucine, which exert an inhibitory effect
on Sema3A by acting intracellularly at the post-receptor level”
(Fig. 3ab). SM-216289 had a much stronger inhibitory effect on
Sema3A than did either lavendustin A or olomoucine. In growth cone
collapse assays, lavendustin A and olomoucine produced a minimal,
if any, blockade of Sema3A-induced collapse at 1 U/ml, but not at
10 U/ml (Fig. 3b). In coculture assays in collagen gel, lavendustin A
and olomoucine proved to have toxic effects on axonal extension at
higher concentrations, unlike SM-216289 (Fig. 3a).

To elucidate whether SM-216289’s action is selective for Sema3A,
we examined (using a growth cone collapse assay) whether SM-216289
can inhibit the function of other representative axonal growth

SemalA 1 Umi 100
b 100 ST pccos € a0
= 80 *P<0.01 a0
s 80 - 70p ey
§ 70 ; 60
£ & ' 50
Z 50 ** 40
2 4 30t
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© w0 « Ofomoucine %7 o5 10 15 20 25
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cone collapse after incubation in the presence of Nogo, MAG and OMgp, and various concentrations of SM-216289. (f) Rate of growth cone collapse
after incubation in the presence of Sema3B and Sema3F with SM-216289. (g) Cell growth assay using KB cells with growth dependent on epidermal
growth factor (EGF). Statistical analysis: Mann-Whiiney U-test (a-f) or Student's #test (g; compared with the respective no-drug samples). Data represent

mean + s.e.m. for b,e.f; mean = s.d. for g.
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a SM-216289 PBS
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A :
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b SM-216289 pas
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c SM-216289 PBS
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SM-216280 —
3,500,000 2,500,000
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SM-216288 PBS
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SM-216289 PBS
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Figure 4 SM-216289 enhances axona! regeneration and reduces cavity volume in the injured spinal cord. (a-¢) Immunchistochemical analyses of
neurofilament (RT97), GAP43 and CGRP expression in the transected spinal cord. Representative horizontal sections of the lesion site 14 weeks after
transection. Scale bars, 500 pm. (d-f) Magnified images of the boxed areas in a-c. The left side is rostral. Sections were stained with DAB nickel. Scale
bars: 250 pm for d,e; 150 um for f. {g) Quantitative analysis of the expression of neurofilament (RT97), GAP43 and CGRP in the transected spinal cord 14
weeks after spinal cord transection. (h) Quantitative analysis of the maximal dimension of the cavity area in the transected spinal cord 14 weeks after spinal
cord transection. Sections were stained with DAB nickel. Statistical analysis was performed using the Mann-Whitney U-test. Data represent mean + s.e.m.

inhibitors such as Nogo-A, MAG and OMgp, as well as other Sema3
family members, including Sema3B and Sema3F (ref. 20) (Fig. 3cf).
To prepare soluble AP-Nogo-66-Myc, MAG-Fc, AP-OMgp-Myc,
Sema3A-His, AP-Sema3B and AP-Sema3F proteins, we transfected
the expression plasmids into HEK293T cells and confirmed the
production of these proteins in supernatants from transfected
HEK293T cells by immunoblotting analysis (Fig. 3c). We found
SM-216289 to have almost no effect on growth cone collapse induced
by Nogo-66, MAG or OMgp (Fig. 3d,e). In addition, SM-216289 did
not show any effect on the response to Sema3B and Sema3F, type-3
semaphorins related to Sema3A in sympathetic ganglia (Fig. 3f),
demonstrating that the blockade of Sema3A by this compound is
highly specific.

‘We examined the pharmacological profile of SM-216289 in further
detail. We obtained half-maximal inhibitory concentration (ICsq)
values for receptor and ion channel binding assays, and enzyme and
kinase inhibition tests (Supplementary Table 1 online). Overall, these
ICsg values were much higher than the values for Sema3A (Supple-
mentary Table 1). SM-216289 (30 uM) also demonstrated no agomist
activity toward the receptors (data not shown).

In addition, we also used cell growth assays to determine whether
SM-216289 can affect intracellular signaling pathways (Fig. 3g). KB
cells, whose growth is dependent on epidermal growth factor (EGF),
were incubated for 3 d with SM-216289 or gefitinib (‘Iressa’; an EGF
receptor (EGFR) inhibitor) in the absence or presence of EGF (10 ng/
ml). After incubation, cell growth was measured using Alamar Blue
reagent {Trek Diagnostic Systems). Both SM-21628% (0.78 uM) and

gefitinib (0.02-0.08 pM) inhibited the kinase activity of EGFR in a
cell-free system. Gefitinib inhibited cell growth at a range of ICg,
values corresponding to ICsy values of gefitinib. In contrast,
EGF-dependent cell growth was significantly affected by SM-216289
only at concentrations much higher than those required for kinase
inhibition in vitro (Fig. 3g P < 0.01 at 150 pM). From this cell-
based assay and the profiling data (Supplementary Table 1), we
concluded that, at expected concentrations, SM-216289 at the lesion
site after drug administration has almost no cell growth— or cell
function—altering effects on ion channels, receptors, intracellular
signaling pathways or gene transcription in injured neurons (Supple-
mentary Table 1 and Fig. 3g). These data indicate that SM-216289 is a
strong, selective agent inhibiting Sema3A and thus an excellent
molecular probe for investigating the mechanism underlying
Sema3A function.

We also found that SM-216289 has a strong inhibitory effect on
Sema3A in vivo as well as in vitro (Supplementary Note and
Supplementary Fig. 2 online).

SM-216289 enhances regeneration of injured axons

To examine the effect of a degradation in Sema3A-mediated signaling
on the injured axons, we administered SM-216289 into the transected
spinal cords of adult rats and performed immunohistochemical
analyses 14 weeks after tramsection using specific markers. Given
that Sema3A expression in the transected spinal cord mainly lasts
up to 4 weeks after injury (Fig. 2a,c), we administered SM-216289 or
PBS for 4 weeks using an osmotic mini-pump {Alzet). By inserting the
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Figure 5 SM-216289 enhances axonal regeneration of NP-1-positive axons, including serotonergic (5-HT-positive) raphespinal tract axons, in the injured
spinal cord. In all images, the left side is rostral. (a) Double-staining, in the transected spinal cord, with GAP43 and NP-1. Representative horizontai
sections of the lesion site in SM-216289-administered rat. (b) Immunohistochemical analyses of serotonergic (5-HT—positive) raphespinal tract axons in the
transected spinal cord. Representative horizontal sections of the lesion site 14 weeks after transection in SM-216283—administered and PBS-administered
rats. Sections were stained with DAB nickel. (¢) Magnified image of the boxed areas in b. (d) Quantitative analysis of expression of 5-HT in the transected
spinal cord 14 weeks after spinal cord transection. (e) Double-staining with 5-HT and NP-1 in the transecied spinai cord. Representative horizontai sections
of the lesion site in SM-216289-administered rat. (f) Doubie-staining with 5-HT and GAP43 in the transected spinal cord. Representative horizontal
sections of the lesion site in SM-216289-administered rat. Scale bars: 100 pm in a,c,e,f; 500 um in b.

mini-pump tube just above the lesion epicenter, we ensured that
SM-216289 had direct access to the lesion site. Using immunohisto-
chemical analyses (Fig. 4a-h), we observed only a small number of
neurofilament-positive axons within the lesion site in the control
group, most probably the result of degenerative responses such as
retractions. In contrast, we observed significantly more neurofilament-
positive axons at the lesion site in the SM-216289-administered rats
(P < 0.01; Fig. 4a,d,g). Moreover, we detected significantly more
growth-associated protein 43 (GAP43)-positive axons within the
lesion site in SM-216289-administered rats than in controls (P <
0.01; Fig. 4b,e,g). As GAP43 is a marker for regenerating axons, our
findings suggest more robust axonal regeneration within the lesion site
in the SM-216289-administered rats as compared with controls.
Furthermore, most of the GAP43-positive axons expressed NP-1,
suggesting that these axons can respond to both Sema3A and SM-
216289 (Fig. 5a). However, it is also possible that the observed
phenotypes resulting from the administration of SM-216289 are due
to the enhanced preservation of injured axons. We next decided to
characterize the axons in the lesion site more extensively. The sprout-
ing of peptidergic nociceptive C fibers within the spinal cord after
injury enhances several debilitating responses, such as neuropathic
pain and autonomic dysreflexia®>. We used a representative marker for
these C-fiber axons, calcitonin gene-related peptide (CGRP), and
observed significantly more CGRP-positive axons at the lesion site of
SM-216289-administered rats as compared to controls (P < 0.01).
However, the number of CGRP-positive neurons was very limited
overall when compared with neurofilament-positive or GAP43-
positive axons in the lesion site (less than one-fourth; Fig. 4c.fg).
Furthermore, previous reports have indicated that the abnormal

sensory functions primarily result from the sprouting of uninjured
CGRP-positive axons rather than injured CGRP-positive axons®*.
Considering the nature of the transection model in our experiment,
most of the CGRP-positive axons we observed were most probably
injured axons that had regenerated. However, there may have been
some CGRP-positive axons adjacent to the lesion site that had not
been transected, because CGRP-positive axons could originate from
dorsal roots that enter the spinal cord rostral to the lesion site. To
avoid including such uninjured axons, we counted axons only within
the lesion site. In addition, paw withdrawal tests®**® did not show any
allodynia (data not shown), suggesting that SM-216289 treatment is
not likely to induce abnormal sensory function in this model.
Parvalbumin (PV)-positive neurons are known to be proprioceptive
sensory neurons, and it is possible that these neurons may have
additional beneficial effects on behavioral function. By double-immu-
nostaining for GAP43 and PV, we observed PV-positive axons among
the regenerated axons (Supplementary Fig. 3 online). However, the
overall number of both CGRP-positive and PV-positive axons was
limited, indicating that sensory neurons are not likely to be the major
population among the regenerated axons. We did not observe
the regeneration of ascending dorsal column axons (Supplementary
Fig. 3) or the descending corticospinal tract (CST) through the lesion
site in SM-216289-administered rats, consistent with the results from
Sema3a~'~ mice (data not shown). Notably, although we did not
observe robust regeneration of serotonergic (that is, 5-hydoxytrypta-
mine (5-HT)-positive) descending raphespinal tract axons!'!*® in the
spinal cord in locations far caudal to the lesion site, 5-HT—positive
axons appeared to cross the lesion site quite abundantly (inside the
scar tissue) in the SM-216289-administered group (Fig. 5b-d). We

NATURE MEDICINE ADVANCE ONLINE PUBLICATION



[:]
=
S
k=

@

£

o

A

=

2

<

=
£
£

o

o

o

p
2

«©

c

g

5
=

Q.
=
K=

Q.

=

]

o
S

(o))
£
£
2
]

=

a

@

a

=

2

©

z
©
o
o
N
©

ARTICLES

also confirmed that these serotonergic (5-HT—positive) raphespinal seen in control rats (Fig. 6b). Notably, the myelination of the
tract axons at the lesion site in the SM-216289-administered group  regenerated axons seemed to be of the peripheral type, which is

expressed NP-1 (Fig. 5e) and GAP43 (Fig. 5f). characterized by the presence of Schwann cells, perineuria and basal
lamina. This peripheral-type myelination indicates that Schwann cells
SM-216289 enhances Schwann cell migration migrate into the lesion site’”°, and that these cells contributed to the

We also performed electron microscopic and immunohistochemical —myelination of regenerating fibers more extensively in the SM-
analyses to examine whether the regenerated axons become myeli-  216289—administered rats than in control rats. Therefore, we per-
nated (Fig. 6a,b). We observed that most of the regenerated axons formed immunohistochemistry against PO, a representative marker of
were myelinated in rats administered SM-216289, which was rarely ~ Schwann cells®, and confirmed that migrated Schwann cells exist
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" . I f . Kk - ]
14 weeks after transection from a SM-216289—administered rat. Right, high a DU, 2 S 2 1.500 ¢
o . . . . . " @ 4 Pl ad € 1.000
magnification images of boxed areas in left panel. The left side is rostral. Sections g , b4 5 oo b
were stained with DAB nickel. Scale bar: 1,000 um in left panel; 200 pm in right o o . © o
panel. (b) Electron microscopic analysis of regenerated fibers in the lesion epicenter 0 20 40 &0 8 100
Days after injury Days after injury

14 weeks after transection; SM-216289-administered rat and PBS-administered rat.
Representative transverse sections of the lesion epicenter. Scale bars, 2 um.

(c) Expression of Sema3A receptor components in Schwann cells. Total RNA was prepared from rat brain, primary Schwann cells and two Schwann
celi-derived cell lines, and mRNA expression of Nrpl, Pixnal and Pixna4 were analyzed with quantitative RT-PCR. Data normalized to expression level of rat
brain are shown. {d) Schwann cells migration stripe assay. Schwann cells avoided stripes of immobilized Sema3A. Top left, Schwann cells were cultured on
stripes of Sema3A-Fc and visualized in green by antibody to S$100 (anti-S100; green). Top right, cells of the fibroblast cell line L-829, which do not express
NP-1, were cultured on stripes of Sema3A-Fc and visualized by nuclei staining with 4°,6-diamidino-2-phenylindole (DAPI; blue). Bottom left, Sema3A-Fc
was heat inactivated (65 °C, 30 min) before coating. Bottom right, a mixture of Schwann and L-929 cells was cultured on stripes of Sema3A-Fc and double-
stained with anti-S100 (green) and DAPI (blue). Schwann cells were stained with anti-S100 (green, with blue nuclei); in contrast, L-929 cells were
visualized only by their blue nuclei. Scale bars, 200 um. (e} Ratio of the cell density between areas coated and noncoated with Sema3A-Fc. Bottom right,
ratio of the cell density determined for Schwann celis and 1-929 celis independently. Data represent mean = s.d. (f) SM-216289 atteruates the Sema3A
avoidance exhibited by Schwann celis. After preincubation (16 h), Schwann ceils were incubated for 2 h before (T = -2 h to O h) and after (T=0h to 2 h)
addition of SM-216289 (to be 200 uM as final concentration). Time-lapse photographs taken every hour (-2 h to 2 h) {two representative cell samples—one
sample in each column-—at each time point; arrowheads within a column indicate one particular cell within the sample). T = 0, time point at which
SM-216289 was added to the culture. +, Sema3A-coated areas. Lines, boundaries of Sema3A-coated areas. (g) Relative cell densities (cell number ratio)

at indicated time points in the time-lapse analysis. (h) Temporal functional analysis using BBB scoring (left) and temporal analysis of spontaneous movement
using SCANET (right) up to 14 weeks after transection. Statistical analysis was performed using the Mann-Whitney U-test. Data are mean + s.e.m.
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abundantly in the lesion site in the SM-216289-administered group
(Fig. 6a). We also confirmed the robust expression of Nrpl, Plnal
and Plxna4 mRNA in Schwann cells using quantitative RT-PCR
(Fig. 6c), suggesting that Schwann cells have the ability to respond
to Sema3A or SM-216289. Also, using Sema3A-Fc fusion stripe assays,
we found that Sema3A had a substantial repulsive effect on Schwann
cell migration (Fig. 6d,e). When Schwann cells were cultured on the
Sema3A stripe (made on a poly-L-ornithine substrate), Schwann cells
avoided Sema3A-coated areas and preferentially distributed upon
Sema3A-noncoated areas (Fig. 6d,e). The ratio of cell density between
Sema3A-noncoated and Sema3A-coated areas (Sema3A~/Sema3A™)
was 3.78 + 0.98 (mean * s.d.) in this experimental condition. To assess
whether the behavior of Schwann cells depends on Sema3A signaling,
we also examined the behavior of a Sema3A-insensitive fibroblast cell
line, 1-929, which does not express Nrpl mRNA (Supplementary
Fig. 4 online), on the same stripe as a negative control (in a pilot
experiment, we confirmed using quantitative RT-PCR that the L-929
cells do not express Nrp] mRNA, although they do express Plxnal and
Pixna4 mRNA (Supplementary Fig. 4); therefore, they cannot
respond to Sema3A). L-929 cells were randomly distributed on both
Sema3A-coated and Sema3A-noncoated areas (Sema3A~/Sema3A* =
1.17 % 0.15). We also did not observe the avoiding behavior of
Schwann cells on heat-inactivated Sema3A-Fc (Sema3A~/Sema3At =
1.18 * 0.19; Fig. 6d.e). To confirm cell type-specific behavior on
Sema3A stripes more directly, we cultured both Schwann cells and L-
929 cells on these stripes. Schwann cells, but not L-929 cells, did not
remain on Sema3A (Sema3A~/Sema3A* = 3.05 £ 0.53 in Schwann,
1.19 + 0.08 in L-929; Fig. 6d.e). These results clearly show that
Schwann cells are sensitive to Sema3A and are repelled by Sema3A-
coated areas. To examine more dynamically whether SM-216289
attenuates the repulsive effect of Sema3A against Schwann cells, we
performed a time-lapse video analysis. Schwann cells were cultured on
a Sema3A stripe for 16 h, and, using time-lapse video microscopy, we
recorded the cell distribution on the stripe for 2 h before and after SM
216289 treatment. The population of cells that remained on Sema3A-
noncoated areas markedly decreased even 1 h after SM-216289
treatment (Fig. 6f,g). This result suggests that inhibition of Sema3A
can rapidly trigger Schwann cell migration into Sema3A-coated areas.

Presumably, the presence of peripheral-type myelin, which does
not contain axonal growth inhibitors such as Nogo-A and OMgp
(refs. 1-3,5,6), may contribute to the enhanced axonal regeneration
observed. Qur findings indicate that SM-216289 administration
downregulates Sema3A signaling, upregulates regeneration-associated
proteins in injured neurons and promotes Schwann cell-mediated
myelination and axonal regeneration in the lesion site (Figs. 4,5,6a—g).

SM-216289 inhibits apoptosis and enhances angiogenesis
We found that SM-216289 also has a neuroprotective effect on cells at
the lesion site after spinal cord transection injury (Supplementary
Note and Supplementary Fig. 5 online).

We also found enhanced angiogenesis at the lesion site in the
SM-216289-administered rats (Supplementary Note and Supple-

mentary Fig. 5).

SM-216289 promotes functional recovery after SCI

To examine the effect of SM-216289 on the rats’ behavioral functions,
we used the 21-point open-field Basso-Beattie-Bresnahan (BBB)
locomotor rating scale (BBB scoring) to assess hindlimb movement?!
and the automated animal movement analysis system (SCANET) to
measure spontaneous movement? of the rats. Hindlimb movement
was significantly enhanced by the administration of SM-216289
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(Fig. 6h; P < 0.05 at 5 and 7 weeks after injury; P < 0.01 at 6, 8,
9, 10, 11, 12 and 13 weeks after injury). In all the rats used in this
study, hindlimb movement was abolished immediately after transec-
tion. Whereas hindlimb paralysis showed virtually no recovery in
control rats (average BBB score: 0.55 + 0.21 (mean *+ s.em.) at
14 weeks after injury), hindlimb movement improved significantly in
SM-216289-administered rats from 5 to 14 weeks after transection
injury (average BBB score: 5.13 + 0.57 at 14 weeks after injury). We
also confirmed that the functional recovery resulted from the regen-
eration of axons in the lesion site rather than from recovery of
autonomous function in the spinal cord below the lesion. For this
purpose, the lesion site was retransected 10 weeks after the first
transection, which resulted in a loss of recovered behavioral function
(Supplementary Fig. 6 online). The retransected rats BBB scores
dropped to 0 and remained at or below 1 for at least 5 weeks {n = 5).
These retransection experiments suggested that the significant func-
tional recovery observed in the treatment group was most probably
caused by regeneration across the lesion site and not by compensatory
response below the lesion site. Furthermore, we also found that by
disrupting the serotonergic (5-HT—positive) raphespinal tract using
the serotonin neurotoxin 5,7-dihydroxytryptamine (DHT) as pre-
viously described!!, the functional recovery observed in the SM-
216289-administered group (P < 0.05 at 4, 9 and 10 weeks after
injury; P < 0.01 at 6, 7 and 8 weeks after injury) could be substantially
attenuated (Supplementary Fig. 6). This suggested that the enhanced
regeneration of serotonergic (5-HT-positive) raphespinal tract was at
least partly responsible for the improved functional recovery observed
in the SM-216289-administered group.

Spontaneous movement was also significantly enhanced in the SM-
216289-administered rats when compared with control rats (P < 0.05
at 3 d and 8, 11 and 13 weeks after injury; Fig. 6h). However, at some
early time point, we observed a significant difference in spontaneous
movement that was not reflected in BBB scores (Fig. 6h), indicating
that the observed early effects of SM-216289 may have resulted from
mechanisms other than axonal regeneration across the lesion site—for
instance, local neuroprotective effects.

DISCUSSION

The current study has two major findings: first, that Sema3A con-
tributes considerably to the inadequate axonal regeneration at the
spinal cord lesion site after transection injury; and second, that SM-
216289 strongly inhibits the Sema3A signal both in vive and in vitro,
and is an effective promoter of regenerative responses including axonal
regeneration and/or preservation, Schwann cell-mediated myelination
and axonal regeneration, angiogenesis, and the inhibition of apoptosis
after spinal cord transection.

The involvement of Sema3A in an in vivo experimental animal
model of SCI has been described in several reports'>'*16, For instance,
a previous study showed using in situ hybridization that Sema3a
mRNA expression is upregulated within the fibronectin-positive
scar tissue following transection and contusion injuries in the
adult rat spinal cord. The same study also showed that two major
descending spinal cord motor pathways, the corticospinal and
rubrospinal tracts, continue to express mRNA of receptor compo-
nents for Sema3A after injury, suggesting that these axon tracts
may be potentially sensitive to Sema3A within the scar tissue. Con-
sistently, most descending fibers did not penetrate the Sema3a
mRNA-—expressing portion of the scar tissue at the lesion site!s.
These results suggest that Sema3A contributes to the inhibitory
properties of the scar tissue, thereby inhibiting successful regeneration
of injured axons.
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These findings, however, do not provide direct evidence that
Sema3A contributes significantly to the inhibitory properties of the
lesion site in the spinal cord after injury. But as mentioned earlier,
because the high lethality of Sen1a3a/~ mice preciudes an adequate
genetic assessment of the contribution of Sema3A to the limited
regeneration of the injured spinal cord, we decided to use a pharma-
cological approach as an alternative method. In this study, neutralizing
Sema3A created a permissive environment for the regeneration of
injured spinal cord axons. Our findings thus indicate more directly
that Sema3A contributes substantially to the inhibitory properties of
the lesion site in the spinal cord after transection. However, we also
observed that in SM-216289-administered rats, there was no axonal
regeneration of long axon tracts other than 5-HT-positive raphespinal
tract axons {which include CST and ascending dorsal column fibers),
consistent with the results from Sema3a™~ mice. Our data thus
indicate that the contribution of Sema3A to regenerative incormpe-
tency is considerable but limited.

There are several possible explanations for the markedly enhanced
functional recovery observed in SM-216289~administered rats.
Although we detected the enhanced regeneration and/or preservation
of axons in the lesion site, we did not observe that axons in some long
axon tracts such as the CST penetrated the lesion site (Figs. 4 and 5).
However, past studies using complete transection injury models have
rarely provided convincing evidence of corticospinal tract regenera-
tion, most probably due to the existence of a gap of a few millimeters
between the severed ends of the spinal cord (which results in
enormous scar tissue area) in the lesion site after transection injury.
Notably, although we did not observe extensive serotonergic raphesp-
inal tract axons'>* in the spinal cord at locations far caudal to the
lesion site in either group, we did identify considerably more 5-HT-
positive axons within and across the lesion site (Fig. 5b—d) in the SM-
216289-administered group. Furthermore, we also found that by
disrupting the serotonergic raphespinal tract using 5,7-DHT as pre-
viously described', the functional recovery observed in the SM-
21628%-administered group could be markedly attenuated, which
suggests that a considerably enhanced regeneration of raphespinal
tract fibers may be at least partly responsible for the improved
functional recovery observed in this group. It has been reported that
disrupting Nogo receptor signaling using genetic approaches could
promote the regeneration of serotonergic raphespinal tract axons
across the lesion site into the side far caudal to the lesion sitell.
Therefore, it is possible that in order to obtain further regeneration of
serotonergic fibers in the raphespinal tract, inhibitory signals other
than Sema3A may also need to be disrupted.

1t is also plausible that the regenerated axons observed in the lesion
site of SM-216289—administered rats may include preserved and
regenerated short projection neurons or interneurons. The increased
number of axons in the lesion site in the SM-216289-administered
group may have arisen from enhanced neuroprotection, which pro-
tects axons from retraction or degeneration and gives them a higher
probability of regeneration. A recent study reported that regenerating
local axons, consisting mainly of interneurons, can form intraspinal
neural circuits in the lesion site after spinal cord injury and make
synaptic connections with CST collaterals®’. Although this study used
a hemisection model, which is different from our current model, it is
plausible that this kind of mechanism, with signal relay via short
regenerated neuronal fibers, may also be responsible for the functional
recovery®. In addition, our retransection experiments suggest that the
functional recovery observed in the treatment group is most probably
caused by regeneration within and across the lesion site, and not by
compensatory responses below the lesion site.

A second possible mechanism involves the enhancement of
Schwann cell migration by SM-216289 administration, along with a
guidance role for Schwann cells in axonal regeneration and in the
promotion of myelination of the regenerated fibers. Sema3A has been
reported to be involved in some forms of cell migration®”%°, In SM-
216289—administered rats, most of the regenerated axons were mye-
linated by Schwann cells, an observation rarely made in control rats
(Fig. 6b). These findings indicate that Schwann cells had extensively
migrated into the lesion site in SM-216289-administered rats, that
they had guidance roles in axonal regeneration and that they con-
tributed to the myelination of regenerated fibers. In support of this
hypothesis, we confirmed the robust expression of Nipl, Plxnal and
Plxna4 mRNA in Schwann cells (by quantitative RT-PCR) (Fig. 6¢).
Using an in vitro stripe assay, we also found that Sema3A
repels Schwann cells (Fig. 6d,e) and, furthermore, that SM-216289
attenuates this repulsive response (Fig. 6f,g). These results support the
hypothesis that Schwann cell migration into the lesion site may be
affected by Sema3A activity. Also, considering a previous report
describing the effect of Sema3A on neural crest cell migration®, it is
also possible that immature neural crest—derived cells putatively
present in the peripheral nerve’* can migrate into the lesion site
within the injured spinal cord, where they may then mature into
Schwann cells. This peripheral-type myelination, which does not
involve axonal growth inhibitors such as Nogo-A and OMgp, is
considered to be favorable for axonal regeneration and may play a
guidance role in axonal regeneration.

Two other potential mechanisms are discussed in the Supplemen-
tary Discussion online. We consider these and the two possibilities
discussed above to be the major mechanisms that may be responsible
for the functional recovery observed in this study.

As mentioned earlier, studies using Nogo®? and Nogo receptor
knockout mice' 12, as well as other reports'>~1¢, support the idea that
axonal growth inhibitors other than myelin-associated proteins are
present, and that these must be overcome for adequate axonal
regeneration to occur. Among them, extracellular matrix molecules
have been regarded as key molecules limiting axonal regeneration
after SCI.

In this study, we targeted Sema3A (refs. 13,14,16,19-24), which, in
addition to CSPGs (refs. 15,17,18), has been reported to be a major
extracellular matrix molecule inhibiting axonal regeneration. We
consequently demonstrated that SM-216289 (refs. 25,26) can strongly
and selectively inhibit Sema3A signaling both in vitre and in vive, and,
most importantly, provided evidence that this compound is a poten-
tially effective agent for promoting axonal regeneration after spinal
cord transection.

To achieve further axonal regrowth, including the regeneration of
long fiber tracts, the concomitant use of SM-216289 with other
therapeutic modalities such as neurotrophic factors®, soluble Nogo
receptors7, chondroitinase ABC (ref. 15), or tissue or cell trans-
plantation®, could potentially be beneficial. As a model for SCI,
the transection protocol is appropriate for assessing axonal regenera-
tion, but it does not fully parallel SCI in the clinical setting. In
contrast, the contusion model may be more representative of human
SCI because it reveals features similar to those seen in the clinical
context. Therefore, future studies should focus on the concurrent use
of SM-216289 with other treatments, its application to contusion
lesions, or its application to nonhuman primates. In conclusion,
this study demonstrates that Sema3A plays an essential role in
regenerative failure (including the inhibition of axonal regeneration)
after SCI and that SM-216289 may be a possible therapeutic agent for
human SCI.
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METHODS

Animals and surgical procedures. We used adult female Sprague-Dawley rats
weighing 200~250 g in this study. All aspects of animal care and treatment were
carried out according to the guidelines of the experimental animal care
committee of Keio University, School of Medicine. Anesthetized (sodium
pentobarbital, 40 mg per kg body weight) rats received complete spinal cord
transections at the Th8 lamina level using procedures described previousty™.
Briefly, after Th8 laminectomy, the dura was opened, and the spinal cord was
transected using a surgical blade (Feather). The severed ends of the cord
typically retracted about 3 mm and were inspected under a surgical microscope
to ensure complete transection. The muscles and skin were closed in layers. The
administration of SM-216289 is described in detail in a later section. After the
operation, the rats were kept warm, placed on beds of sawdust, and given
manual bladder evacuation twice per day and intramuscular injection of
ampicillin (50 mg once per day up to 1 week after transection) to prevent
infections. To prevent dehydration, rats were hydrated with up to 20 ml per day
of lactated Ringer’s solution or normal saline injected intraperitoneally (i.p.).
Food was provided on the cage floor, and the rats had no difficulty reaching
their water bottles. Supplemental oral feedings were given as necessary.
Surgeries for retransection were performed 10 weeks after the first transection
in the same manner (n = 5).

For axon tract tracing, rats received six stereotaxic injections of 10%
biotinylated dextran amine (BDA, Molecular Probes) in the sensorimotor
cortex of the bilateral forelimb and hindlimb region (n ~ 6) 8 weeks after
the transection injury. For each injection, 0.5 pul BDA was delivered over a
period of 2 min by means of a glass pipette (inner diameter 10-15 pm)
attached to a nanoinjector (Stoelting). These BDA-injected rats were killed 14 d
after the injection. Nine weeks after transection, cholera toxin B subunit (CTB,
1%, List Biological Lab) was injected into the sciatic nerves bilaterally (n = 4).
For each injection, 5 pl CTB was delivered over a period of 20 s by means of
a glass pipette (inner diameter 10-15 pm) attached to the nanoinjector
{Stoclting). These CTB-injected rats were killed 5 d after the injection.

For the rats receiving bilateral intracerebroventricular (i.c.v.) injections of
the serotonin neurotoxin DHT (300 pg dissolved in 5 pl of 0.2% ascorbic acid
in normal saline), the procedure was performed as described!! with slight
modification 10 weeks after complete transection {(n = 8: 4 each in the
SM-216289 and PBS groups). Thirty minutes before the 5,7-DHT injection,
we administered the monoamine uptake inhibitor desipramine (25 mg/kg,
i.p.; Sigma).

In this study, we also used Semma3a-deficient mice as described in a previous
report?2. We obtained Sema3a™~ homozygous mutant mice through in vitro
fertilization and applied almost identical surgical procedures as described above
for rats to the Sema3a~'~ mice and control wild-type C57/BL6 mice, using
smaller dosages of tracers.

See Supplementary Methods online for details of the primary antibodies
used; the immunohistochemistry, #71 sity hybridization and immunoblotting
procedures; the preparation of SM-216289 by fermentation of the Penicillium
sp. strain SPF-3059; the pharmacological profiling of SM-216289; and the cell
growth assay.

Quantification for immunohistochemistry. Quantification of each marker’s
immunoreactive density was performed using the MCID Elite System (Imaging
Research Inc.) as described* with slight modifications*”#. Details are available
in the Supplementary Methods.

Growth cone collapse assay. The growth cone collapse assay was performed as
described in ref. 20 with slight modifications?%. Details are available in the
Supplementary Methods.

Co-culture assay in collagen gel. Collagen co-culture experiments were
performed as described previously*® with slight modifications®. Details are
available in Supplementary Methods.

Administration of SM-216289 into the injured spinal cord. At the time of
transection injury, we placed an osmotic mini-pump (Alzet) underneath the
back skin and guided the attached tube into the lesion site. We performed this
tubing procedure so that the exit from the osmotic mini-pump’s tube was set
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just above the lesion epicenter, thus ensuring that SM-216289 had direct access
to the lesion. We administered SM-216289 (0.1 mg/ml, 0.174 mM) through the
osmotic mini-pump for 4 weeks (0.25 pl/h, 0.6 pg/d) after the injury. For the
control rats, we delivered the same amount of PBS instead of SM-216289.
After the administration of SM-216289 into the injured spinal cord, we
conducted an immunoblotting analysis of the molecules downstream of
Sema3A, and also analyzed the apoptotic cells. Details of both procedures are
in Supplementary Methods, along with information pertaining to the electron
microscopic analysis, quantitative RT-PCR and behavioral analysis.

Schwann cell migration stripe assay. Schwann cells were prepared from sciatic
nerves of P7 Wistar rats as described®® with slight modifications. Details are
available in the Supplementary Methods.

Note: Supplementary information is available on the Naturc Medicine website.
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Abstract

Deficient RNA editing of the AMPA receptor subunit GluR2 at the Q/R site is a primary cause of neuronal death and recently has been reported
to be a tightly linked etiological cause of motor neuron death in sporadic amyotrophic lateral sclerosis (ALS). We quantified the RNA editing
efficiency of the GluR2 Q/R site in single motor neurons of rats transgenic for mutant human Cw/Zn-superoxide dismutase (SOD1) as well as
patients with spinal and bulbar muscular atrophy (SBMA), and found that GluR2 mRNA was completely edited in all the motor neurons examined.
It seems likely that the death cascade is different among the dying motor neurons in sporadic ALS, familial ALS with mutant SOD1 and SBMA.
© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: ALS; SOD1; Spinal and bulbar muscular atrophy; Motor neuron; RNA editing; GluR2; AMPA receptor; Neuronal death

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease with selective loss of both upper
and lower motor neurons, and familial cases are rare. The
etiology of sporadic ALS remains elusive but recently deficient
RNA editing of AMPA receptor subunit GluR2 at the Q/R site is
reported in motor neurons in ALS that occurs in a disease-
specific and motor neuron-selective manner (Kawahara et al,,
2004; Kwak and Kawahara, 2003). Moreover, underediting of
the GluR2 Q/R site greatly increases the Ca®* permeability of
AMPA receptors (Hume et al., 1991; Verdoorn et al., 1991;
Burnashev et al., 1992), which may cause neuronal death due to
increased Ca”" influx through the receptor channel, hence mice
with RNA editing deficiencies at the GluR2 Q/R site die young
(Brusa et al., 1995) and mice transgenic for an artificial Ca?*-

* Corresponding author. Tel.: +81 3 5800 8672; fax: +81 3 5800 6548.
E-mail address: kwak-tky @umin.ac.jp (S. Kwak).
! Present address: The Wistar Institute, Philadelphia, PA, USA.

permeable GIuR2 develop motor neuron disease 12 months
after birth (Kuner et al., 2005). Such evidence lends strong
support to the close relevance of deficient RNA editing of the
GIuR2 at the Q/R site to death of motor neurons in sporadic
ALS. However, although we and other researchers have
demonstrated that dying neurons in several neurodegenerative
diseases exhibit edited GluR2 (Kwak and Kawahara, 2005), it
has not yet been demonstrated whether the underediting of
GluR2 occurs in dying motor neurons in motor neuron diseases
other than ALS. Such investigation is of particular importance
since it will help clarify whether the molecular mechanism of
motor neurons death is common among various subtypes of
motor Neurons.

ALS associated with the SOD1 mutation (ALS1) is the most
frequent familial ALS (Rosen et al., 1993), and mutated human
SOD1 transgenic animals have been studied extensively as a
disease model of ALS1, yet the etiology of neuronal death in
the animals has not been elucidated. Another example of non-
ALS motor neuron disease is spinal and bulbar muscular

-atrophy (SBMA), which predominantly affects lower motor

neurons with a relatively slow clinical course. Since the CAG

0168-0102/$ — see front matter © 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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Table 1
RNA editing efficiency of single motor neurons in SBMA

Case Age at death Sex No. of CAG Postmortem GluR2(+) MN with 100% editing efficiency
(year) repeats’ delay (h) MN" (% of GluR2(+) MN)

SBMA, case 1 71 M 48 25 12 12 (100)

SBMA, case 2 78 M 42 2.5 16 16 (100)

SBMA, case 3 60 M 44 1 16 16 (100)

# Number of CAG repeats in the androgen receptor gene.

b Motor neurons in which GluR2 RT-PCR amplifying product was detected.

repeat expansion in the androgen receptor gene has been
demonstrated in SBMA (La Spada et al, 1991), and
pharmacological castration is therapeutically effective in
animal models (Katsuno et al., 2002, 2003), the death cascade
responsible for SBMA is likely different from sporadic ALS. In
this paper, an investigation is carried out into whether or not the
dying mechanism underlying sporadic ALS is the same as
ALS! and SBMA by determining the editing status of the
GluR2 Q/R site in single motor neurons.

2. Materials and methods

The animals used in this study were SOD1%%3 and SOD1™*R 1ransgenic
male rats (Nagai et al., 2001) (n=3 each) that had exhibited progressive
neuromuscular weakness with their littermates as the control (n=3 each)
(Table 2). The first sign of disease in these rats was weakness of their hindlimbs,
mostly exhibited by the dragging of one limb. Onset of motor neuron disease
was scored as the first observation of abnormal gait or evidence of limb
weakness. The mean age of onset of clinical weakness for the SOD1%%4
and SOD1746R lines was 122.9 + 14.1 and 144.7 + 6.4 days, respectively. As
the disease progressed, the rats exhibited marked muscle wasting in their
hindlimbs, and then in the forelimbs. The mean duration after the clinical
expression of the disease in the SOD1%%* and SOD1"*® lines was 8.3 + 0.7
and 24.2 £ 2.9 days, respectively (Nagai et al., 2001). The rats were killed 3
days and 2 weeks after the onset for the SODI1%%3 and SOD1P*5 lines,
respectively, and we examined their fifth lumbar cord. Animals were handled
according to Institutional Animal Care and Use Committee approved protocols
that are in line with the Guideline for Animal Care and Use by the National
Institute of Health. Spinal cords were isolated after deep pentobarbiturate
anesthesia. In addition, spinal cords were obtained at autopsy from three
genetically confirmed patients with SBMA (Table 1). Written informed consent
was obtained from all subjects prior to death or from their relatives, and the
Ethics Committees of Graduate School of Medicine, the University of Nagoya
and the University of Tokyo approved the experimental procedures used. Spinal
cords were rapidly frozen on dry ice and maintained at —~80 “C until use.

Table 2
RNA editing efficiency of single motor neurons in mutated human SOD!
transgenic rats

Case (1) GluR2(+) MN with 100%
MN?® editing efficiency
(% of GluR2(+) MN)
SOD1%%%4.1 13 13 (100)
SOD19%4.2 21 21 (100)
SOD16%34.3 21 21 (100)
SOD]H46R_1 19 19 (100)
SOD1H46R.) 23 23 (100)
SOD1H4R 3 20 20 (100)
SOD1%%** ittermates (3) 22 22 (100)
SOD174R Jittermates (3) 20 20 (100)

* Motor neurons in which GluR2 RT-PCR amplifying product was detected.

Single motor neurons were isolated and collected into respective single test
tubes that contained 200 pl of TRIZOL Reagent (Invitrogen Corp., Carlsbad,
CA, USA) using a laser microdissection system as previously described
(Kawahara et al., 2003b, 2004) (LMD, Leica Microsystems Lid., Germany)
(Fig. 1a). After extracting total RNA from single neuron tissue, we analyzed the
RNA editing efficiency at the GluR2 Q/R site by means of RT-PCR coupled
with digestion of the PCR amplified products with a restriction enzyme Bbv-1
(New England BioLabs, Beverly, MA, USA) (Takuma et al., 1999; Kawahara
et al., 2003a, 2004), and the editing efficiency was calculated by quantitatively
analyzing the digests with a 2100 Bioanalyser (Agilent Technologies, Palo Alto,
CA, USA), as previously described (Kawahara et al., 2003a). Briefly, after gel
purification using Zymoclean Gel DNA Recovery Kit according to the man-
ufacturer’s protocol (Zymo Research, Orange, CA, USA), PCR products were
quantified using a 2100 Bioanalyser. An aliquot (0.5 p.g) was then incubated at
37 °C for 12 h with 10 x restriction buffer and 2 U of BbvI in a total volume of
20 ul and inactivated at 65 °C for 30 min. The PCR products had one intrinsic
BbvI recognition sites, whereas the products originating from unedited GluR2
mRNA had an additional recognition site. Thus, restriction digestion of the PCR
products originating from edited rat (278 bp) and human (182 bp) GluR2
mRNA should produce two bands (human GluR2 in parenthesis) at 219
(116) and 59 (66) bp, whereas those originating from unedited GluR2 mRNA
should produce three bands at 140 (81), 79 (35), and 59 (66) bp. As the 59
(66) bp band would originate from both edited and unedited mRNA, but the 219
(116) bp band would originate from only edited mRNA, we quantified the
molarity of the 219 (116) and 59 (66) bp bands using the 2100 Bioanalyser and
calculated the editing efficiency as the ratio of the former to the latter for each
sample.

The following primers were used for PCR for rat and human GluR2
(amplified product lengths are also indicated): for rat GluR2 (278 bp): 1F
(5-AGCAGATTTAGCCCCTACGAG-3') and 1R (5-CAGCACTTTCGAT-
GGGAGACAC-3). for human GluR2, the first PCR (187 bp): hG2F1 (5'-
TCTGGTTTTCCTTGGGTGCC-3') and hG2R1 (5'-AGATCCTCAGCACT-
TTCG-3); for the nested PCR (182bp): hG2F2 (5'-GGTTTTCCTTG-
GGTGCCTTTAT-3) and hG2R2 (5'-ATCCTCAGCACTTTCGATGG-3).
We confirmed that these primer pairs were situated in two distinct exons with
an intron between them and did not amplify products originating from other
GluR subunits (data not shown). PCR amplification for rat GluR2 was initiated
with a denaturation step that was carried out at 95 °C for 2 min, followed by 40
cycles of 95 “C for 30 s, 62 °C for 30 s, and 72 °C for 1 min. PCR amplification
for human GluR2 began with a 1 min denaturation step at 95 °C, followed by 35
cycles of denaturation at 95 °C for 10s, annealing at 64 °C for 30 s and
extension at 68 °C for 60 s. Nested PCR was conducted on 2 pl of the first
PCR product under the same conditions with the exception of the annealing
temperature (66 “C).

3. Results

The number of motor neurons was severely decreased in the
spinal cord of SBMA patients, and we analyzed 44 neurons
dissected from three cases (12 from case 1, 16 from cases 2 and
3). Restriction digestion of the PCR products yielded only 116
and 66 bp fragments but no 81 or 35 bp fragments as seen in
ALS motor neurons in all the SBMA motor neurons examined.
Likewise, restriction digestion of the PCR products from motor
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Fig. 1. (a) A single motor neuron from an SBMA patient before (left) and after (right) the dissection with a laser-microdissector. (b and ¢) An example of
electropherogram by a 2100 Bioanalyser. Samples are the Bbv-1-digest of PCR product from tissues of a single motor neuron from an SBMA patient (b) and from a
mutated human SOD1%%%4 transgenic mouse (c). LM: lower marker (15 bp), HM: higher marker (600 bp).

neurons of mutated human SODI1 transgenic rats yielded only
219 and 59 bp fragments (Fig. 1). Therefore, the values of RNA
editing efficiency at the Q/R site of GluR2 were 100% in 44
motor neurons from three SBMA cases (Table 1), 55 single
motor neurons from three SOD19%** transgenic rats, 62
neurons from three SOD 146k transgenic rats, as well as in 42
neurons from three littermate rats of each group (Table 2). The
consistent finding that the GluR2 Q/R site is 100% edited in
motor neurons of SBMA patients and transgenic rats for
mutated human SODI1 is in marked contrast to the finding in
ALS motor neurons that the editing efficiency widely varied
among neurons ranging from 0% to 100% (Kawahara et al.,
2004).

4. Discussion

Compared to the significant underediting reported for the
GIuR2 Q/R site in motor neurons of sporadic ALS (Kawahara
et al., 2004), GluR2 mRNA in all the examined motor neurons
of the mutated human SOD1 transgenic rats with two different
mutation sites and SBMA patients was completely edited at the
Q/R site. We have confirmed that postmortem delay hardly
influenced the editing efficiency at the GluR2 Q/R site
(Kawabhara et al., 2003b), hence the significant difference in the
postmortem delay between the SBMA patients in this study and
ALS patients in the previous report (Kawahara et al., 2004)
would not have affected these results. We examined the motor
neurons in the spinal cord segment corresponding to the
hindlimb of mutated human SOD1 transgenic rats after their
hindlimbs had become weak, indicating that the motor neurons
examined were already pathologically affected. Likewise, we
found that only a small number of motor neurons remained in
the spinal cord of SBMA patients. Thus our results indicate that
GluR2 RNA editing was complete in the dying motor neurons
in both the mutated human SOD] transgenic rats and SBMA
patients, implying that the neuronal death mechanism is not
due to the underediting of GluR2 mRNA seen in sporadic
ALS. Since the pathogenic mechanism underlying ALST is
considered to be the same as in mutant human SOD1 transgenic
animals, motor neurons in affected ALS1 patients would be
expected to have only edited GluR2 mRNA. Indeed, an
association study of the SOD1 gene in a considerable number of
patients with sporadic ALS reported no significant association
with mutations of the SOD1 gene (Jackson et al., 1997). Due to

the lack of appropriate animal model for sporadic ALS, mutant
human SOD1 transgenic animals have been used as a model
for ALS in general, particularly in studies searching for
therapeutically effective drugs. However, it should be kept in
mind that mutated human SOD1 transgenic animals are merely
a suggestive model for sporadic ALS and a gain of toxic
function in mutated SOD1 kills motor neurons via mechanisms
other than the demise of RNA editing. There are likely multiple
different death pathways in motor neurons, and motor neurons
in sporadic ALS, ALS1 and SBMA die by different death
cascades.
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Abstract

Excitotoxicity mediated by a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptors has been pro-
posed to play a major role in the selective death of motor
neurons in sporadic amyotrophic lateral sclerosis (ALS), and
motor neurons are more vulnerable to AMPA receptor-medi-
ated excitotoxicity than are other neuronal subclasses. On the
basis of the above evidence, we aimed to develop a rat model
of ALS by the long-term activation of AMPA receptors through
continuous infusion of kainic acid (KA), an AMPA receptor
agonist, into the spinal subarachnoid space. These rats dis-
played a progressive motor-selective behavioral deficit with
delayed loss of spinal motor neurons, mimicking the clinico-
pathological characteristics of ALS. These changes were
significantly ameliorated by co-infusion with 6-nitro-7-sulf-

amobenso(f)quinoxaline-2,3-dione (NBQX), but not with b(-)-
2-amino-5-phosphonovaleric acid (APV), and were exacer-
bated by co-infusion with cyclothiazide, indicative of an AMPA
receptor-mediated mechanism. Among the four AMPA
receptor subunits, expression of GIuR3 mRNA was selectively
up-regulated in motor neurons but not in dorsal horn neurons
of the KA-infused rats. The up-regulation of GIuR3 mRNA in
this model may cause a molecular change that induces the
selective vulnerability of motor neurons to KA by increasing
the proportion of GluR2-lacking (i.e. calcium-permeable)
AMPA receptors. This rat model may be useful in investigating
ALS etiology.

Keywords: amyotrophic lateral sclerosis, AMPA receptor,
excitotoxicity, GIuR3, GluR2, RNA editing.
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The most common motor neuron disease, amyotrophic
lateral sclerosis (ALS), is a progressive neurodegenerative
disease characterized by selective upper and lower motor
neuron loss that is initiated in mid-life and leads to death
as a result of respiratory muscular weakness. ALS has a
uniform worldwide prevalence (five cases per 100 000
individuals), of which sporadic ALS accounts for more
than 90% of all cases and only the remaining 5% of cases
are familial (FALS) (Roland er al. 2005). Despite the fact
that a good animal model is indispensable for investigating
the etiology and for developing novel therapies for a
disease, few appropriate animal models for sporadic ALS
have been developed. Among the animal models tested,
animal lines transgenic for the mutated human Cu/Zn
superoxide dismutase (SODI) gene (Gumey et al. 1994;
Nagai et al. 2001; Howland et al. 2002) are regarded as a
candidate disease model for all types of ALS, but the
etiology of the FALS caused by the SOD/ gene mutation
is not necessarily the same as that of sporadic ALS.

© 2006 The Authors

Indeed, the extent of neuropathological changes is not
confined to motor neurons in these animals (Gumey ef al.
1994), and although SOD! gene mutations have been
found in a small population of patients with sporadic ALS,
no significant association has been detected between
sequence variants in the SODI locus and sporadic ALS
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