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Wnt-Ryk Signaling Mediates Axon Growth Inhibition
and Limits Functional Recovery after Spinal Cord Injury
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Abstract

Wnt proteins are a large family of diffusible factors that play important roles in embryonic development, in-
cluding axis patterning, cell fate specification, proliferation, and axon development. It was recently demonstrated
that Ryk (receptor related to tyrosine kinase) is a conserved high-affinity Wnt receptor, and that Ryk-Wnt in-
teractions guide corticospinal axons down the spinal cord during development. Here, we report that the Ryk-Wnt
signal mediates the inhibition of corticospinal axon growth in the adult spinal cord. The expression of Wnt-5a is
induced in reactive astrocytes around the injury site following a spinal cord injury. In vitro, Wnt-5a inhibits the
neurite growth of postnatal cerebellar neurons by activating RhoA /Rho-kinase. In rats with thoracic spinal cord
contusion, intrathecal administration of a neutralizing antibody to Ryk resulted in significant axonal growth of the
corticospinal tract and enhanced functional recovery. Thus, reexpression of the embryonic repulsive cues in adult
tissues contributes to the failure of axon regeneration in the central nervous system.

Key words: axon; regeneration; Rho; spinal cord injury; Wnt

Introduction their ability to repel axons during the developmental stages.
During the development of the nervous system, outgrowing
N THE ADULT MAMMALIAN CENTRAL NERVOUS SYSTEM axons are often required to travel long distances in order to
(CN9), it is well established that injured axons exhibit very = reach their target neurons. In this process, outgrowing neu-
limited regenerative ability. Due to the lack of appropriate rites tipped with motile growth cones rely on repulsive and
axonal regeneration, traumatic damage to the adult brainand  attractive guidance cues present in their local environment.
spinal cord frequently causes permanent neuronal deficits. Therefore, cues that repel axons during the developmental
After a CNS injury, various neurite outgrowth inhibitors are  stage may act as inhibitory molecules for injured axons in
present around the damaged site and are considered to be, at  adults.
least in part, responsible for lesion-induced poor axonal re- Members of the Wnt family of proteins are key regulators of
generation and functional deficits. Among these inhibitors, pivotal developmental processes that include patterning, the
myelin-associated glycoprotein, Nogo, and oligodendrocyte-  specification of cell fate, and the determination of tissue po-
myelin glycoprotein are well characterized (Yamashita et al., larity (Ciani et al., 2005; Zou, 2004). In recent years, evidence
2005). Downstream of these inhibitors, the activation of has accumulated to suggest that Wnt proteins also play im-
RhoA and its effector Rho-associated serine/threonine kinase  portant roles in axon development during the formation of the
(Rho-kinase), after the binding of these inhibitors to the cor- nervous system (Zou, 2004). Wnt proteins have been dem-
responding receptors, has been demonstrated to be a key ele-  onstrated to be bifunctional axon guidance molecules and
ment for axonal growth inhibition (Mueller et al., 2005). In  several Wnt proteins appear to mediate guidance of corti-
addition, recent publications propose roles for other proteins, cospinal tract (CST) axons along the spinal cord via repulsion
including ephrin B3, Sema4D, and repulsive guidance mole-  (Liu et al., 2005). Wnt-1 and Wnt-5a are expressed in the
cule, in inhibiting axon regeneration following spinal cord mouse spinal cord gray matter, cupping the dorsal funicu-
injury (SCI) (Moreau-Fauvarque et al., 2003; Benson et al., lus, in an anterior-to-posterior decreasing gradient along the
2005; Hata et al., 2006). These proteins are well known for cervical and thoracic cord. These Wnt proteins repel CST
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axons in vitro through a conserved receptor, Ryk, which is
expressed in the CST axons. The posterior growth of CST
axons is blocked by a neutralizing antibody to Ryk, thereby
establishing that Wnt proteins are repulsive guidance cues for
developing CST axons. These findings increase the prospects
of navigation for severed axons in adults, and provide evi-
dence to suggest that some repulsive guidance cues act as
inhibitors of axon growth.

In the present study, we assessed whether Wnt proteins act
as inhibitors of axon growth in the adult spinal cord. The
expression of Wnt-5a increased following thoracic SCI in rats.
Importantly, using a function-blocking antibody, we provide
evidence that Wnt-Ryk inhibition promotes axon growth and
functional recovery following SCIL.

Methods

All the experimental procedures were approved by the
Institutional Committee of Chiba University.

Surgical procedure

Anesthetized (2% halothane) female Sprague—Dawley rats
(200-250 gm) uniderwent a laminectomy at the T9/T10 verte-
bral level, thereby exposing the spinal cord. We contused the
spinal cords with an Infinite Horizon Spinal Cord Impactor
(Precision Systems and Instrumentation, Fairfax, VA). The
impact force was. set at 200 kdyn. In: order to perform
the neutralizing antibody treatment in the animal model, the
rats were fitted with an osmotic minipump (200 ul, 0.5 ul/h,
administered for 2 weeks; Alzet 2002; Durect Corp., Cu-
pertino; CA) immediately after SCIL. These pumps were filled
with control rabbit immunoglobulin® G (IgG; 26 animals,
13.0 ug/kg/day, over a 2-week period; Sigma, Saint Louis,
MO) or an anti-Ryk antibody (21 animals, 13.0 ug/kg/day,
over a 2-week period; Abgent, San Diego, CA). The anti-Ryk
antibody was raised against the extracellular domain of Ryk.
The minipump was placed under the skin on the animal’s
back, and a silastic tube connected to the outlet of the mini-
pump was placed under the dura at the spinal cord contusion
site withits tip immediately caudal to the injury site. Fibrin
sealants: (Beriplast; ZLB Behring, King of Prussia, PA) were
allowed to drip on the dura in order to anchor the tube that
was protruding from the dura. Thereafter, the muscle and
skin layers were sutured. The bladder was evacuated by
manual abdominal pressure at least twice a day until the
bladder function was restored. Sham-operated rats (1 =6)
underwent laminectomy at the T9/10 vertebral level, thereby
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exposing their spinal cords. Minipumps that were filled with
0.85% saline and connected to silastic tubes were placed in
three rats. Neither a minipump nor a silastic tube was placed
in the other rats. Subsequently, the muscle and skin layers
were sutured.

We used a section model to examine Wnt expression. The
rats received a laminectomy at vertebral level T9/10, and the
spinal cord was exposed. A no. 11 blade was used for the total
section of the spinal cord, and the muscle and skin layers were
sutured.

Tissue preparation and immunohistochemistry

For immunochistochemistry, tissues were obtained from an
uninjured spinal cord and from spinal cords at 1, 3, and 7 days
after the injury. After administering deep anesthesia using
sodium pentobarbital, the animals were killed by perfusion
with phosphate-buffered saline (PBS) followed by 4% para-
formaldehyde. The animal’s spinal cords were dissected,
postfixed overnight in the same fixative, and cryopreserved in
20% sucrose in PBS. The spinal cord located 5 mm rostral and
5mm caudal to the lesion site (10 mm long) was embedded in
Tissue Tek OCT and immediately frozen in liquid nitrogen at
-80°C. In addition, transverse sections were also collected
from the spinal cord 10 mm rostral to the injury site. Using a
cryostat; a series of 50-um parasagittal or transverse sections
were cut and mounted on poly-L-lysine (PLL)-coated Super-
frost-Plus ‘slides. (Matsunami,  Osaka, -Japan). The sections
were: washed three times with PBS, then blocked with PBS
containing 5% bovine serum albumin (BSA) and 0.1% Triton
X-100 for 1h at room temperature. The sections were incu-
bated overnight with primary antibody at 4°C and washed
three times with PBS. This was followed by incubation with
fluorescein-conjugated secondary antibody (1:1000; Mole-
cular Probes, Eugene, OR) for 1h at room temperature. The
anti-Wnt-5a antibody was prepared in rabbits by immuniz-
ing the animals with a synthetic peptide corresponding to
the mouse Wnt-5a (Kurayoshi et al., 2006). A monoclonal anti-
GFAP antibody (1:200; Chemicon, Temecula, CA), the mono-
clonal antibody (Tujl): that recognizes: the neuron-specific
f-tubulin-III ‘protein (1:500; Covance, Berkeley, CA), or the
anti-Ryk antibody was used as the primary antibody.

Neurite outgrowth assay

Cerebellar granule neurons (CGNs) from postnatal rats
pups (P6-P10) were dissociated by trypsinization (0.25%
trypsin in PBS for 10 min at 37°C), followed by resuspension

-

FIG. 1.~ Wnt-5a is induced in astrocytes and microglia/macrophages after spinal cord injury (SCI). (A,B) Wnt-5a is expressed
in rat spinal cord neurons. Fixed: tissues: were obtained for immunohistochemistry from sham-operated (control) adult rat
spinal cords. Parasagittal sections: were stained with the anti-Wnt-5a antibody, and double stained with the anti-Tuj1 anti-
Wnt-5a antibody. Wnt-5a is expressed in the axons in the white matter and neuronal cell bodies in the gray matter. Insets of
the left panel correspond to high-magnification views in the right panels (upper insets correspond to upper panels). (C,D) The
sections were also double stained with the anti-Wnt-5a anti—glial fibrillary acidic protein (GFAP) antibody (C) or the anti-
Wnt-5a anti-myelin/oligodendrocyte-specific protein (MOSP) antibody (D). Wnt-5a was not ‘expressed in astrocytes or
oligodendrocytes. (E) Double labeling with anti-Tujl and anti-Wnt-5a antibodies shows colocalization 1 day after SCI. (F,G)
Double labeling with anti-GFAP and anti-Wnt-5a antibodies shows colocalization in the epicenter area at 1 day (F) and 7 days
(G) after SCI. (H) Immunohistochemistry for Ryk. Axial sections of injured spinal cord 10 mm rostral to the lesion site were
obtained at 7 days after SCI, and were immunostained with the anti-Ryk antibody. The immunoreactivity for Ryk was found
in the ventral part of the dorsal column. An inset of the left panel corrésponds to a high-magnification view of the dorsal
corticospinal tract (CST) in the right panel. Scale bar =500 um (left-side ' panels); 100 um (right panel of H); 50 um (others).

- 101 -



Control |

Wﬁf;%a Tuit “

Control [

Wntsa GFAP
ﬁiﬁa — = z@g? - , ﬁf’é?
Writha GFAP ,

 Whtba o Wntsa GFAP

- 102 -



4 MIYASHITA ET AL.

A +Y27632 +Anti-Ryk B
&
=,

Control E
=3
o
@
P |
2
Whniba ;5)
=
C 25¢ ) D
ol { 60
:é’ ——
2 £
8 1.5F 3
2 &
2 o
& 1t @
o —t
@ 2
051 5
QD
Z
0
Total RhoA il @
3 2
& $
C)OQ s@

FIG. 2. Wnt proteins inhibit cerebellar granule neuron (CGN) neurite outgrowth. (A) CGNs were cultured on poly-L-lysine
(PLL)-coated chamber slides for 24h in a conditioned media with or without soluble Wnt-5a (90 ng/ml). Where indicated,
Y27632 (10 uM) or the anti-Ryk antibody (0.5 ug/ml) was added. Scale bar = 25 um. (B) The mean length of the longest neurite
per neuron. The soluble form of Wnt-5a inhibits neurite outgrowth by a Rho-kinase-dependent mechanism and the anti-Ryk
antibody reverses the effect of Wnt-5a. *P < 0.01 (one-way analysis of variance [ANOVA] followed by Scheffe’s multiple
comparison test). Data are represented as the mean = standard error of the mean (SEM) of three independent experiments. (C)
Wnt-5a activates RhoA in the CGNs. CGNs were treated for 10 min with soluble Wnt-5a (90 ng/ml). The active fraction of
RhoA was detected by a G-LISA Rho activation assay and the relative activity is shown. The bottom panel shows a western
blot for total RhoA in the lysates. *P < 0.05 (Student’s t-test). Data are represented as the mean £ SEM of four independent
experiments. (D) The anti-Ryk antibody does not abolish the effect of MAG, RGMa, or chondroitin sulfate proteoglycans
(CSPG). The mean length of the longest neurite per neuron. CGNs were cultured on PLL-coated chamber slides for 24h in a
conditioned media with or without soluble MAG-Fc (20 ug/ml), RGMa (2 ug/ml), or CSPG (1 ug/ml).

in a serum-containing medium, trituration, and three washes
with PBS. The cultures were grown in serum-free Dulbecco’s
modified Eagle’s medium (DMEM). For the soluble Wnt-5a
assays, neurons were plated on a conditioned media on PLL-
coated chamber slides (Lab-Tek; Nalge Nunc International,
Rochester, NY) and incubated for 24 h. Wnt-5a proteins were
purified to near homogeneity by three successive column
chromatographies (Kishida et al., 2004; Kurayoshi et al., 2006).
The concentration of Wnt-5a were 90 ng/ml. Where indicated,
10 uM Y27632 (Mitsubishi Pharmaceuticals, Tokyo, Japan)
was added to the cultures. For the neutralizing antibody
assay, the anti-Ryk antibody (Abgent) was added to the cul-

ture at a concentration of 0.5 ug/ml. Where indicated, rat
MAG-Fc chimera (25 ug/ml; R&D Systems), chicken extra-
cellular chondroitin sulfate proteoglycans (CSPGs; the major
components of this mixture are neurocans, phosphacan, ver-
sican, and aggrecan; Chemicon), or recombinant mouse
RGMa (1 ug/ml; R&D Systems) were added. The cells were
fixed in 4% (wt/vol) paraformaldehyde and immunostained
with a monoclonal antibody (Tujl) that recognized the
neuron-specific -tubulin III protein (1:1000; Covance). Sub-
sequently, the length of the longest neurite for each f-tubulin
II-positive neuron was determined. The neurite length of 100
neurons was measured for each experiment (1 =3).
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RhoA activity assay

A G-LISA Rho activation assay kit (Cytoskeleton, Denver,
CO) was used according to the manufacturer’s recommenda-
tions. Where indicated, the cultures of the CGNs were incu-
bated with Wnt-5a (90ng/ml) for 10min after which the
cultures were grown in serum-free DMEM for 12-24h. The
protein concentrations of the cell lysates were equalized
between 1.0 and 2.0mg/ml. The surplus cell lysates were re-
tained for further assay. The amount of the total Rho proteins
was determined by western blotting using a monoclonal
antibody against RhoA (Santa Cruz Biotechnology, Santa
Cruz, CA).

Behavioral testing

Behavioral recovery was assessed in an open-field envi-
ronment for 8 weeks after the injury by using the Basso-
Beattie-Bresnahan (BBB) locomotor rating scale (Basso et al.,
1995). Uninjured and sham-operated rats (1 = 6) achieved full
scores. The quantification was performed in a blinded manner
by two observers.

Anterograde CST labeling

Six weeks after injury, descending CST fibers were labeled
with biotin dextran amine (BDA), 10% in saline, 2.0 ul per
cortex {molecular weight [MW] of 10,000; Molecular Probes)
that was injected in the left motor cortex under anesthesia
(coordinates: 0.5-2.5mm posterior to the bregma, 2mm lat-
eral to the bregma, 1.5-mm depth). For each injection, 0.5 ul
BDA was delivered for a 30-s period via a 15-20-pm internal
diameter glass capillary attached to a microliter syringe
(Hamilton, Reno, NV). In total, we examined and compared
the regenerative responses of four control and seven anti-Ryk
antibody-treated rats after SCI. The animals were killed by
perfusion with PBS followed by 4% paraformaldehyde 14 d
after the BDA injection. The animal’s spinal cords were dis-

5

sected, postfixed overnight in the same fixative, and cryo-
preserved in 20% sucrose in PBS. The spinal cord located
between 5 mm rostral and 5 mm caudal to the lesion site (10-
mm long) was embedded in Tissue Tek OCT. These blocks
were sectioned (50 um) in the sagittal or transverse plane,
retaining each section. In both cases, the transverse sections
were also collected from the spinal cord located more than
5mm rostral and caudal to the injury site (15 control and 13
anti-Ryk antibody-treated rats). We used the transverse sec-
tions for quantification, and the sagittal sections for the pre-
sentation of the images. These sections were incubated for 1h
with Alexa Fluor 488-conjugated streptavidin (1:400; Mole-
cular Probes) in PBS containing 0.05% Tween-20.

Data analysis

Fifty-micrometer-thick transverse sections (four control
and seven anti-Ryk antibody-treated rats) were evaluated. For
each section, the number of intersections of BDA-labeled fi-
bers was counted from 4 mun above to 4 mm below the lesion
site. The axon number was calculated as the percentage of the
fibers observed 4 mm above the lesion, where the CST was
intact. The distance beyond the epicenter of the lesion was
scored as a positive distance, whereas the other regions were
scored as negative distances.

Results
Expression of Wnt-5a in the adult rat spinal cord

We first investigated the distribution pattern of Wnt pro-
teins in the adult rat spinal cord. We performed immunohis-
tochemistry on fixed sections of uninjured spinal cords. In
the uninjured spinal cord of adult rats, immunoreactivity
to Wnt-ba was observed in the white matter and the signal
was colocalized with the immunoreactivity to neuron-specific
B-tubulin IIT protein (Tujl) (Fig. 1A), demonstrating that
Wnt-ba was expressed in the spinal cord axons. The Wnt-5a
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FIG. 3. The anti-Ryk antibody promotes locomotor recovery after spinal cord injury (SCI). The Basso-Beattie-Bresnahan
(BBB) score was determined at the indicated times after thoracic contusion in the anti-Ryk antibody-treated (Anti-Ryk),
control immunoglobulin G (IgG)-treated (Control), and sham-operated (Sham) rats. The mean = standard error of the mean
(SEM) of 21, 26, and six rats for each group, respectively. As indicated, the anti-Ryk antibody-treated group is statistically
different from the control group. *P < 0.05 (Student’s f-test) compared with the control.
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immunoreactivity was also observed in the somata of Tujl-
positive neurons in the gray matter (Fig. 1B). Double im-
munostaining with the anti-Wnt-5a antibody and an antibody
against the glial fibrillary acidic protein (GFAP) revealed no
colocalization, demonstrating that Wnt-5a was not present
in astrocytes (Fig. 1C). Double staining using anti-Wnt-5a
anti-myelin/oligodendrocyte-specific protein (MOSP) anti-
bodies demonstrated that Wnt-5a was not expressedin oli-
godendrocytes (Fig. 1D). Thus, Wnt-ba was expressed in
neurons in the adult rat spinal cord.

Expression of Wnt-5a is up-regulated following SCI

In order to address whether Wnt proteins play a role in
pathogenesis after CNS injury, we examined Wnt-5a expres-
sion following SCI in rats. We performed immunohistochem-
istry on fixed sections obtained at 1, 3, and 7 days after injury at
the T9/10 vertebral level. Immunoreactivity to Wnt-ba was
induced around the injury site during the observation period
following surgery. We performed a double-label experiment
after the injury to characterize the Wnt-5a-expressing cells.
GFAP-positive and Wnt-ba-positive cells were detected in the
epicenter area 1 day (Fig. 1F) and 7 days (Fig. 1G) after SCI,
suggesting that Wnt-5a is expressed in the reactive astrocytes
at the lesion epicenter. Immunoreactivity to Wnt-5a was ob-
served in the white matter and the signal was colocalized with
the immunoreactivity to Tujl (Fig. 1E). We did not observe
MOSP-positive/Wnt-5a-positive cells in the lesion epicenter or
in the adjacent white matter (data not shown), suggesting that
oligodendrocytes do not express Wnt-5a.

We then obtained axial sections from injured spinal cord
10 mm rostral to the lesion site and assessed whether one of
the receptors for Wnts (Ryk) was expressed in the spinal cord.
The immunoreactivity for Ryk was found in the ventral part
of the dorsal column—where the dorsal CST runs—at 7 days
after SCI (Fig. 1H), although we found no significant im-
munoreactivity for Ryk in the dorsal column in the sham-
operated rats (data not shown). These findings suggest that Ryk
was expressed in the proximal axons of the CST after injury,
which is consistent with the previous report (Liu et al., 2008).

Whnt-5a inhibits neurite outgrowth by a mechanism
dependent on Ryk in vitro

A possible role of Wnt proteins in the pathogenesis of SCl is
that they contribute to axonal inhibition. In order to address
this hypothesis in vitro, we employed CGNs obtained from
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postnatal rats (P6-P10). These cells are frequently used for
studying the function of the molecules that inhibit neurite
growth (Yamashita et al., 2005). Although neurons from the
adult cerebral cortex may be the optimal system for this type
of study, to date we have been unsuccessful in culturing these
neurons in vitro. For use in this assay, the Wnt-ba protein was
purified to near homogeneity by three successive column
chromatographies (Kishida et al., 2004; Kurayoshi et al., 2006).
The CGNs from postnatal rats were cultured on PLL-coated
slides in the presence or absence of Wnt-5a. At a concentration
of 90ng/ml, Wnt-5a significantly inhibited the neurite out-
growth of the CGNs (Fig. 2A,B). This inhibitory effect de-
pended on Rho-kinase since the treatment of the CGNs with
10 M Y27632—a specific inhibitor of Rho-associated protein
kinase p160 ROCK (Uehata et al., 1997)—attenuated the effect
of Wnt-5a, whereas Y27632 alone had no effect on neurite
growth (Fig. 2A,B). To our knowledge, this is the first report to
suggest that Wnt-5a inhibits neurite outgrowth, presumably
by activating RhoA /Rho-kinase. Therefore, to directly assess
whether RhoA is involved in the effect of Wnt-5a, the activity
of RhoA was determined using the RhoA-binding domain of
the effector protein, Rhotekin (Ren et al., 1999) and the G-LISA
assay system (Fig. 2C). The assay revealed that, within 10 min
of the addition of soluble Wnt-5a, extracts of the cells con-
tained increased amounts of GTP-RhoA compared to those of
the control cells. These results strongly suggest that Wnt-ba
inhibits neurite outgrowth by a mechanism dependent on the
activation of the RhoA/Rho-kinase pathway.

Ryk 'is a high-affinity receptor for Wnt-1, Wnt-3a, and
Drosophila Wnt-5 (Yoshikawa et al., 2003; Lu et al., 2004). Ryk
has been demonstrated to transmit repulsive signals in neu-
rons (Liu et al., 2005; Schmitt et al., 2006; Keeble et al., 2006).
This receptor is expressed in CGNs at a corresponding age
(P6-P10) (Kamitori et al.; 1999). These findings prompted us
to examine whether Ryk is involved in the Wnt-mediated
inhibition of CGN neurite: growth. We used a polyclonal
antibody for the ectodomain of Ryk (anti-Ryk) and tested
whether the anti-Ryk antibody could block Wnt-5a-mediated
inhibition. We observed that the addition of the anti-Ryk
antibody (0.5 ug/ml) efficiently blocked the inhibitory effects
of Wnt-5a at a concentration of 90 ng/ml (Fig. 2A,B), whereas
the anti-Ryk antibody alone had no effect on neurite growth.
However, the anti-Ryk antibody (0.5 ug/ml) did not influence
the inhibitory effect of other neurite growth inhibitors, in-
cluding MAG, RGMa, or CSPG (Fig. 2D), demonstrating the
specificity of this neutralizing antibody. Therefore, Ryk is

FIG. 4. The anti-Ryk antibody promotes the regeneration/sprouting of corticospinal tract (CST) axons after spinal cord
injury (SCI). (A,C,E,G) Representative transverse sections of the spinal cord located 10 mm rostral to the lesion site in the anti-
Ryk antibody-treated (A,C) and control immunoglobulin G (IgG)-treated (E,G) rats. (C,G) Insets of (A) and (E), respectively,
show high-magnification views of the dorsal CST. (B,F) Representative pictures of the spinal cord at 8 weeks after injury;
the rostral site is indicated to the left. The anti-Ryk antibody-treated (B) or control IgG-treated (F) spinal cord at 8 weeks after
the injury. (D,H) Higher magnifications of the boxed regions in (B) and (F), respectively. Anterograde-labeled CST fibers were
observed caudally in rats treated with the anti-Ryk antibody (D), but not in the corresponding regions of the control IgG-
treated rats (H). Scale bar =500 um (A,B,E,F); 200 um (C,D,G,H). (I) The number of labeled corticospinal axons located 10 mm
rostral to the lesion site in rats treated with the control IgG or the anti-Ryk antibody was measured by using the transverse
sections. No significant difference was observed. (J) Quantification of the labeled CST fibers in seven anti-Ryk-treated and
four control IgG-treated animals. Fifty-micrometer-thick transverse sections were evaluated. The x-axis indicates specific
locations along the rostrocaudal axis of the spinal cord. The y-axis indicates the ratio of the number of biotin dextran amine
(BDA)~labeled fibers at the indicated site to those at 4 mm rostral to the lesion site. *P < 0.01 compared with the control
(Student’s t-test).
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required for the inhibitory effect of Wnt-5a on CGN neurite
growth.

Ryk neutralization leads to functional improvement

The binding of Wnts to Ryk repels CST axons during the
developmental stages both in vitro and in vivo (Liu et al., 2005),
and Ryk is expressed in the CST of adult rats after SCI (Fig.
1X,Y). The above-mentioned results suggest the possibility
that Wnt proteins, by virtue of their ability to inhibit neurite
outgrowth, act as a barrier to the regrowth of injured axons
after SCI, and that the blockage of these proteins may enhance
recovery after SCI. We employed a rat spinal contusion model
since this is relevant to clinical conditions. The spinal cords at
the thoracic level (Th9/10) were contused by an impactor. The
anti-Ryk antibody or a rabbit IgG control was administered
for 2 weeks via osmotic minipumps connected to intrathecal
catheters placed near the thoracic injury site. The locomotor
performance of the animals was monitored over an 8-week
period after the injury. The sham-operated rats (Fig. 3)
achieved full scores according to the BBB locomotor rating
scale (Basso et al., 1995). All rats with a SCI became almost
completely paraplegic from days 1-3 after the injury. As in-
dicated by their BBB scores, these animals gradually exhibited
partial recovery of locomotor behavior (Fig. 3). At 2-8 weeks
after the injury, the locomotor performance of rats treated with
the anti-Ryk antibody tended to exhibits a better recovery than
in those treated with the control IgG. On average, the control
IgG-treated rats attained a BBB score of 12.0, whereas those
treated with the anti-Ryk antibody achieved a significantly
higher BBB score of 14.2 at 8 weeks after the surgery (Fig. 3).
Thus, the anti-Ryk antibody treatment significantly improved
locomotor recovery following the spinal cord contusion in rats.

Ryk inhibition induces growth of injured corticospinal
fiber tracts

Finally, we examined whether Wnt-Ryk signaling contrib-
utes to the inhibition of axon regeneration/sprouting after the
SCI. The integrity of the dorsal CST in previously tested rats
was assessed by injecting BDA into the unilateral sensory-
motor cortex. The total number of labeled fibers located
10mm above the lesion was not different between the anti-
Ryk antibody-treated and the control IgG-treated rats (Fig.
4A,CE,G,I), thus indicating that the extent of BDA uptake was
identical between the groups. For a group of animals (four
control and seven anti-Ryk antibody-treated rats), blocks that
extended 5mm rostral and 5mm caudal to the center of the
injury were sectioned in the sagittal plane (Fig. 4B,F). It is no-
table that labeled fibers with typical irregular meandering
growth patterns were frequently observed in the tissue caudal
to the lesion in the anti-Ryk antibody-treated rats (Fig. 4B,D),
whereas no BDA-labeled CST fibers were detected in the con-
trol IgG-treated rats (Fig. 4F,H). We then reconstructed the
transverse sections of the injured spinal cord and estimated the
number of labeled fibers. Compared to the number of labeled
fibers that were observed 4 mm rostral to the lesion site, more
than 20% of the labeled fibers were observed 1-2 mm caudal to
the lesion epicenter in the anti-Ryk antibody-treated rats.
However, only a small percentage of the labeled fibers (0% at
1 mm and 3% at 2 mm caudal to the injury site) were observed
in the control IgG-treated rats (Fig. 4]). Labeled fibers were
detected in the gray matter of injured animals treated with the

MIYASHITA ET AL.

anti-Ryk antibody (Fig. 4D). Since we observed no labeled fi-
bers in the normal locations of the dorsal CST caudal to the
lesion site in any of the injured rats (data not shown), the in-
crease in the labeled fibers after the anti-Ryk antibody treat-
ment was not due to an increased survival of the dorsal CST.
Thus, these results demonstrate that treatment with the anti-
Ryk antibody promoted significant fiber growth from the intact
ventral CST or the injured dorsal CST after SCI. Ryk appears to
mediate the inhibition of CST axon growth following SCL

Discussion

Our study demonstrates that Wnt-5a was induced in the
reactive astrocytes surrounding the site of injury after SCI in
rats. Importantly, continuous infusion of the anti-Ryk anti-
body by osmotic minipumps resulted in the enhancement of
the locomotor activity as well as the sprouting of the labeled
CST. As our in vitro data demonstrate that neurite growth
inhibition mediated by Wnt-5a is dependent on Rho-kinase,
and that Wnt-ba activated RhoA in the CGN, it is suggested
that RhoA/Rho-kinase plays a role in the Wnt-mediated in-
hibition of axon growth in vivo.

Intracellular signals of axon growth inhibitors converge
at RhoA and Rho-kinase

Several proteins in the CNS have been identified as in-
hibitors of axonal regeneration following the injury to the CNS
in adult vertebrates. Three major inhibitors, Nogo, myelin-
associated glycoprotein, and oligodendrocyte-myelin glyco-
protein—expressed by oligodendrocytes and myelinated fiber
tracts—have been identified (Yamashita et al., 2005). All these
inhibitors were observed to bind to the Nogo receptor in
complex with p75 or TROY, members of the TNF receptor
family, and LINGO-1. The ligands binding to this receptor
complex induce activation of RhoA and Rho-kinase and this
signal transduction is necessary for axonal growth inhibition,
at least in vitro (Mueller et al., 2005). Other studies have
demonstrated that neurite outgrowth inhibitors, such as
CSPG, and members of the semaphorin, ephrin, and repulsive
guidance molecule families, also utilize the RhoA /Rho-kinase
pathway for their inhibitory functions (Mueller et al., 2005).
Our study demonstrates that the inhibitory effects of Wnt-5a
depended on Rho-kinase in vitro, and that RhoA was activated
in the CGNs when treated with Wnt-5a. Previous observa-
tions have demonstrated that these Wnts signal through RhoA
and Rho-kinase. Activation of Rho-kinase by Wnt-3a induces
neurite retraction from N1E-115 neuroblastoma cells (Kishida
et al., 2004). Furthermore, a genetic study using zebrafish
embryos demonstrated that the disruption of convergence
and extension movement in Wnt-5 or Wni-1 mutants was
rescued by ectopic expression of RhoA or Rho-kinase, sug-
gesting that RhoA /Rho-kinase act downstream of these Wnts
(Zhu et al., 2005). Therefore, Wnt proteins expressed in cells
surrounding the injured site may limit axon growth by acti-
vating RhoA /Rho-kinase in the neurons after SCI. Our find-
ings suggest new candidates for the role of inhibitors of axon
regeneration, which presumably employ common signaling.

Glial cells express axon growth inhibitors

In this study, we observed the induced expression of
Wnt-5a in the reactive astrocytes surrounding the injury site
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after SCI. CNS myelin derived from oligodendrocytes was
first postulated as a major source of inhibition and several
myelin-associated components that can inhibit axon out-
growth in vitro have been identified. In addition to the three
above-mentioned myelin-derived inhibitors, the transmem-
brane semaphorin 4D (Moreau-Fauvarque et al., 2003), ephrin
B3 (Benson et al., 2005), and repulsive guidance molecule
(Hata et al., 2006) were proposed as members of the myelin-
derived inhibitors. It is clear that CNS myelin exerts multiple
layers of inhibitory influences in vivo as well as in vitro (Ya-
mashita et al., 2005), although the extent of the relative con-
tribution of each molecule remains to be determined. In
addition to myelin, another important source of inhibition is
the glial scar that forms after CNS injury. Many astrocytes in
the injured area often become hypertrophic and adopt a re-
active phenotype, releasing CSPG (McKeon et al., 1991). After
injury, CSPG expression is rapidly up-regulated by reactive
astrocytes, forming an inhibitory gradient that is highest at the
center of the lesion. The intrathecal administration of chon-
droitinase ABC—an enzyme that removes GAG chains from
the protein core—following SCI promoted the regeneration of
various axon tracts as well as functional recovery (Bradbury
et al., 2002; Moon et al., 2001). In addition, mutant mice that
are deficient in both GFAP and vimentin exhibit reduced as-
troglial reactivity and this results in supraspinal sprouting
and functional recovery after SCI (Menet et al., 2003), sup-
porting the supposition that astrocytes may contribute to the
inability of the injured spinal cord to regenerate. Therefore,
our data, in combination with these findings, suggest that
multiple inhibitors expressed in the reactive astrocytes, as
well as myelin from the oligodendrocytes, may constitute a
barrier that inhibits axon sprouting and functional recovery.

Muttiple molecular targets for the treatment of SCI

Liu et al. (2008) reported that Wntl and Wnt5a were in-
duced in the gray matter after unilateral hemisection of the
spinal cord. Ryk was also induced in the CST axons. Injection
of function blocking antibody to Ryk into the dorsal bilateral
hemisectioned spinal cord prevented the retraction of CST
axons or promoted growth of CST. Our results are consistent
with these observations, although we have novel data, in-
cluding in vitro experiments. Importantly, we observed im-
provement of the locomotor function after spinal contusion,
which is more relevant to clinical conditiones, by the anti-Ryk
antibody treatment. Although a growing number of candi-
date molecules are suggested to be implicated in the inhibition
of the regeneration of injured CNS axons, the extent of the
relative contribution of each molecule remains to be deter-
mined. Combination therapies designed to target multiple
inhibitors may be more effective than those that target an
individual component. As many of these inhibitors utilize
common signals, such as RhoA /Rho-kinase, for axon growth
inhibition, it may be postulated that the inhibition of RhoA or
Rho-kinase would be one of the most effective approaches for
the treatment of SCI patients. Indeed, the pharmacological
inhibition of RhoA or Rho-kinase has been demonstrated to
promote axon growth and locomotor activity (Dergham et al.,
2002; Fournier et al., 2003; Hara et al., 2000; Sung et al., 2003;
Tanaka et al., 2004). However, it should be noted that phar-
macological inhibitors are not cell type specific and, therefore,
act not only on neurons but also on other cell types, including

9

astrocytes and oligodendrocytes. Anti-Ryk antibody treat-
ment for the first 2 weeks was sufficient in our study, and this
is the case for the Rho-kinase inhibitor treatment (Tanaka
et al., 2004). Therefore, there seems to be some critical thera-
peutic period for the treatment of SCIL It is important to
elucidate the whole network of the signal transduction
mechanism of axon growth inhibition; therefore, our study
provides evidence for a promising molecular target for the
treatment of SCL

Our observations strongly suggest that Wnt-Ryk signalling
contributes significantly to the inability of the adult CNS to
regenerate after injury. Although the CST axons are propelled
down the spinal cord by a gradient of Wnt-1 and Wnt-5a
acting through Ryk during the developmental stage, the
severed CST axons in adults are stunted by the Wnt-Ryk
signalling. The anti-Ryk antibody provides an effective ther-
apeutic strategy for the treatment of CNS injury.
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ARTICLEINFO ABSTRACT
Article history: In light of reports that the administration of fasudil, a Rho-kinase inhibitor, improved rats
Accepted 25 July 2009 locomotor abilities following spinal cord injury, we hypothesized that combining fasudil
Available online 3 August 2009 with another type of therapy, such as stem cell transplantation, might further improve the
level of locomotor recovery. Bone marrow stromal cells (BMSCs) are readily available for
Keywords: stern cell therapy. In the present study, we examined whether fasudil combined with
Spinal cord injury BMSC transplantation would produce synergistic effects on recovery. Adult female
Rho-kinase inhibitor Sprague-Dawley rats were subjected to spinal cord contusion injury at the T10 vertebral
Fasudil level using an IH impactor (200 Kdyn). Immediately after contusion, they were
Bone marrow stromal cell (BMSC) administrated fasudil intrathecally for 4 weeks. GFP rat-derived BMSCs (2.5x10°% were
Cell transplantation injected into the lesion site 14 days after contusion. Locomotor recovery was assessed for 9

weeks with BBB scoring. Sensory tests were conducted at 8 weeks. Biotinylated dextran
amine (BDA) was injected into the sensory-motor cortex at 9 weeks. In addition to an
untreated control group, the study also included a fasudil-only group and a BMSC-only
group in order to compare the effects of combined therapy vs. single-agent therapy.
Animals were perfused transcardially 11 weeks after contusion, and histological
examinations were performed. The combined therapy group showed statistically better
locomotor recovery than the untreated control group at 8 and 9 weeks after contusion.
Neither of the two single-agent treatments improved open field locomotor function.
Sensory tests showed no statistically significant difference by treatment. Histological and
immunohistochemical studies provided some supporting evidence for better locomotor
recovery following combined therapy. The average area of the cystic cavity was
significantly smaller in the fasudil+BMSC group than in the control group. The number
of 5-HT nerve fibers was significantly higher in the fasudil+BMSC group than in the control
group on the rostral side of the lesion site. BDA-labeled fibers on the caudal side of the
lesion epicenter were observed only in the fasudil+BMSC group. On the other hand, only
small numbers of GFP-labeled grafted cells remained 9 weeks after transplantation, and
these were mainly localized at the site of injection. Double immunofluorescence studies
showed no evidence of differentiation of grafted BMSCs into glial cells or neurons. The
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Rho-kinase inhibitor fasudil combined with BMSC transplantation resulted in better

locomotor recovery than occurred in the untreated control group. However, the data failed

to demonstrate significant synergism from combined therapy compared with the levels of

recovery following single-agent treatment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recent efforts to improve treatment for spinal cord injury
(SCI) have included stem cell transplantation, drug therapy,
and cytokine therapy in various model systems (Ackery et al.,
2006; Nishio et al., 2007; Rossignol et al.,, 2007). However, SCI
remains the most devastating type of trauma for patients due
to the long lasting disability and the limited response to
acute drug administration and efforts at rehabilitation.
Although many studies have shown statistically significant
recovery following single-agent drug treatment (Baptiste and
Fehlings, 2006; Nishio et al., 2007}, recovery is generally far
from complete. We hypothesized that combined therapies for
the appropriate time periods could yield better clinical
recovery than a single-agent regimen.

Myelin-associated inhibitors often limit axonal regeneration
after SCI (Mueller et al,, 2005) as they stimulate intracellular Rho-
ROCK kinase activation, leading to neuronal death and growth
cone collapse. Targeting Rho-ROCK inhibition is a promising
strategy to achieve neuroprotection and axonal regeneration.
Fasudil is a ROCK inhibitor, marketed for the treatment of
cerebral vasospasm after subarachnoid hemorrhage. Intrape-
ritoneally administered fasudil has significantly improved loco-
motor recovery after spinal cord injury (Hara et al,, 2000). In an
experimental spinal cord injury rat study, fasudil significantly
improved the BBB score and yielded better outcomes compared
with C3 exozyme or Y-27632 (Sung et al., 2003).

Cell transplantation is another approach to neuroprotec-
tion and axonal regeneration because it compensates. for
tissue loss from the SCI. Many cell sources have been used and
multiple types of stem cells are now recognized, including the
following: ES cells, iPS cells, neural stem cells, adipose tissue-
derived stem cells, hematopoietic stem cells, umbilical cord-
derived stem cells, and bone marrow-derived stem cells. We
previously demonstrated improved locomotion following
transplantation of hematopoietic stem cells into mice (Koda
et al,, 2005; Koshizuka et al., 2004) and bone marrow stromal
cell-derived Schwann cells into rats (Kamada et al., 2005).

With respect to stem cells, bone marrow stromal cells
(BMSCs) are readily available as they can be collected from the
patient and expanded. BMSC transplantation after SCI has
resulted in improved locomotor recovery (BBB score) in several
previous reports (Chopp et al., 2000; Hofstetter et al., 2002; Ohta
et al,, 2004; Wu et al., 2003). Some studies have indicated that
BMSCs may express trophic factors which improve cell survival
(Himes et al, 2006), while others have hypothesized that
transplanted BMSCs possess neuroprotective effects (Chen
et al,, 2005; Chopp and Li, 2002; Neuhuber et al., 2005; Song et
al., 2004). Moreover, BMSCs can differentiate to neurons and
Schwann cells (Akiyama et al., 2002; Azizi et al,, 1998; Chopp and
Li, 2002; Deng et al., 2001; Dezawa et al., 2004; Hofstetter et al,,
2002; Kim et al,, 2002; Kopen et al., 1999; Lee etal,, 2004; Sanchez-
Ramos et al., 2000; Woodbury et al., 2000, Woodbury et al., 2002).
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Neurons derived from clonal lines of MSCs have expressed
synaptophysin (Woodbury et al., 2002). BMSC-derived neurons
have action potentials compatible with those characteristic of
functional neurons (Dezawa et al.,, 2004), suggesting that BMSCs
may have the capacity to replace damaged neuronal cells in the
spinal cord and form synapses with healthy neurons. On the
other hand, transplanted BMSCs do not express neuronal
markers (Koda: et al., 2005; Lu et al.,, 2005; Yoshihara et al,,
2006}, and transplantation does not improve repair or recovery
in rats with thoracic contusion injuries (Yoshihara et al., 2006).
These discrepancies among spinal cord injury studies will likely
require additional studies before they can be resolved.

In the present study, we combined fasudil treatment with
BMSC transplantation in a rat spinal cord contusion model. Fasu-
dil administration was started immediately after spinal cord
contusion, and BMSCs were injected into the spinal cord 2 weeks
later. We assessed the locomotor scale weekly and performed
sensory tests 8 weeks after contusion. Histological studies were
conducted after 11 weeks to assess tissue preservation and
regeneration. In order to detect possible synergistic effects of
fasudil and BMSC transplantation, we compared combined
(fasudil+BMSC) treatment with single-agent treatments (fasudil
alone, BMSCs alone) and with a control group of untreated rats.

2. Results

2.1. BMSCs showed stem: cell-like characteristics in vitro

Primary. cultured BMSCs: from GFP-transgenic rats showed
fibroblast-like 'morphology, and their characteristics were
maintained over several passages. Because no cell-specific
marker for BMSCs has yet been identified, we employed a
combination of antibodies in the present study as an alternate
approach to detect BMSCs. We based our choice of antibodies
on 'the results: of several previous studies (Vimentin and
fibronectin, Someya et al., 2008; Nestin, Sauerzweig et al,,
2009; CD44, Zhu et al;; 2006). Immunocytochemistry showed
that primary: cultured BMSCs- were positive for nestin,
fibronectin, vimentin; and CD44 (Fig. 1).

2.2. Grafted BMSCs survived but did not differentiate into
glial cells or neurons in contused spinal cords

GFP-labeled BMSC: grafts 'survived both in the fasudil+BMSC
group and in the BMSC-only group for 9 weeks after trans-
plantation: The majority of the grafted cells remained close to
the injection site. The number of donor cells was low in both the
fasudil+BMSC group and the BMSC-only group: the mean num-
ber of survived transplanted cells was 48.6+44.1 in the Fasudil+
BMSC group and 15.4%10.9 in the BMSC-only group. There was
no statistically significant difference between these two groups
{p=0.52). To determine whether grafted rat BMSCs differentiated
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Fig. 1 - In vitro fluorescent immunocytochemical study of GFP-labeled BMSCs. Celis were positive for nestin (a), fibronectin
(b), vimentin (c), and CD44 (d), four known markers for BMSC. Original magnification: x200 for a and d, x400 forb and c.
Scale bar=200 pm for a and d, 100 pm forb and c.

into neural cells, we performed double immunofluorescence of separate from GFAP-positive astrocytes (Fig. 2b). GFP-labeled
cell-specific markers and GFP (Fig. 2a). GFP-labeled BMSCs did BMSCs also did not co-localize with two other neuronal markers,
not co-localize with the astrocytic marker GFAP but were clearly GSTw (data not shown) and NeuN (data not shown).

Fig. 2 - Transplanted BMSCs survived in situ and showed original markers for BMSC. GFP-labeled BMSCs in representative
spinal cord section from the fasudil+BMSC group 9 weeks after transplantation. (a) Representative sagittal spinal cord section
demonstrating double immuriofluorescence of GFP (green) and GFAP (red). Rostral is to the left. Note that GFP positive cells
remained close to the injection site. (b) None of the GFP-labeled cells expressed the astrocytic marker, GFAP, Scale bars=1 mm
for a, 200 pm forb.
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Fig. 3 ~ Multiple comparisons of cystic cavity formation among four groups. The mean cystic cavity size was smaller for the
fasudil+BMSC group than for the control group. *p<0.05. The fasudil-only group and BMSC-only group also had smaller cavities
than the control group, but these differences were not statistically significant.

2.3. Combined fasudil infusion and BMSC transplantation
reduced the size of the cystic cavity

To elucidate the efficacy of fasudil treatment and BMSC trans-
plantation for tissue protection or tissue sparing after SCI,
we measured the area of the cystic cavity with cresyl violet
staining 9 weeks after transplantation. The average area of the
cystic cavity was significantly smaller in the fasudil+BMSC
group than the control group (p=0.023; Fig. 3). The average cystic
cavity area did not significantly differ between the other groups.

2.4. The number of 5-HT nerve fibers was significantly
higher following combined therapy with fasudil and
BMSC transplantation

To evaluate axonal survival and regeneration, we counted the
number of immunoreactive fibers., We found no statistically
significant difference in the number of neurofilament nerve
fibers among the four groups (data not shown). The number of
5-HT nerve fibers was significantly higher in the fasudil+BMSC
group than in the control group and BMSC-only groups on the
rostral side of the lesion site (p=0.012, Fig. 4).

*
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2.5.  Combined therapy with fasudil and BMSC
transplantation improved CST regeneration/sprouting

Representative images of traced axons on sagittal sections are
shown in Fig. 5. While the groups did not significantly differ
from each other in the number of BDA-labeled fibers at the
levels of the lesion, BDA-labeled fibers on the caudal side of
the lesion epicenter were observed only in the fasudil+BMSC
group (Figs. 5Sa—c). The distance from the tip of the axons to the
rostral edge of the scar was measured to assess the degree of
axon sprouting; no significant differences among the groups
were observed (data not shown).

2.6. Combined therapy with fasudil and BMSC
transplantation enhanced functional recovery in BBB score
after SCI

All groups showed an initial deficit in BBB score following
contusion and showed recovery in hind limb function over
the next 9 weeks (Fig. 6a). Transplantation surgery did not
worsen the behavioral recovery. Hind limb function had
recovered significantly in the fasudil +BMSC group at 8 weeks

Omm +2.5mm

B Fasudil+BMSC

8 Fasudil only

GaBMSConly Ocontrol

Fig. 4 - Serotonergic fiber counts at rostral, lesion epicenter, and caudal sites of injured spinal cord 11 weeks after SCIL The
number of 5-HT nerve fibers in the fasudil+BMSC group was significantly higher than the number in the control and BMSC-only
groups on the rostral side of the lesion. No statistically significant differences in 5-HT nerve fiber counts among the groups
were observed on the caudal side or at the lesion epicenter. p<0.05.
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100um

Fig. 5 - Fluorescent histochemistry of corticospinal tract tracing. Representative spinal cord sections of BDA-labeled corticospinal
tracts from the fasudil+BMSC group 11 weeks after contusion. (a) Low magnification image of spinal cord sagittal sections. White
dotboxes indicate white (b) and gray (c) matter on the caudal sites of the spinal cord lesion. (b, ) Residual or sprouted corticospinal
tracts were stained for white (b) and gray (c) matter (arrows) on the caudal sites of the spinal cord lesion. No BDA-labeled
corticospinal tracts caudal from the spinal cord lesion are seen in the other groups. Scale bar=1 mm for a, 100 pm forb and c.
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Fig. 6 - Locomotor and sensory recovery from SCI among the four groups. (a) Hind limb function recovered significantly in
the fasudil+BMSC group compared with the control group 6 weeks after transplantation. The fasudil-only group and the
BMSGC-only group also showed better courses of recovery than the control group over time but these improvements did not
reach statistical significance. (b} Thermal nociceptive thresholds in rat hind limbs were evaluated using a Hargreaves device.
All contused rats showed statistically significant thermal hyperalgesia compared with normal rats. None of the differences in
mean thermal latency among the four experimental groups were statistically significant. *p<0.05.
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after transplantation compared with the control group
{p=0.011 at 8 weeks; p=0.010 at 9 weeks). The average BBB
score in the fasudil+BMSC group 9 weeks after transplanta-
tion reached 12.9x£0.4, whereas the average BBB score in the
control group was significantly lower (10.8+0.5). The best
recovery score in the fasudil+BMSC group was 15. The fasudil-
only group and the BMSC-only group showed better courses
of recovery than the control group over time but these
improvements did not reach statistical significance. These
results demonstrate that fasudil treatment combined with
BMSC transplantation promoted recovery of open field
locomotor function after contusion of the spinal cord in
rats. Neither single treatment with fasudil nor transplanta-
tion of BMSCs alone in this study protocol improved open
field locomotor function.

2.7.  Fasudil and/or BMSC transplantation did not increase
abnormal neurogenic pain

Analysis of normal rats with a Hargreaves device revealed a
mean thermal latency of 17.0+0.3 s (Fig. 6b) compared with
mean values of 12.6+0.7 s in the fasudil+BMSC group, 13.5%
1.3 s in the fasudil-only group, 13.6+1.1 s in the BMSC-only
group, and 12.3+1.1 s in the control group 8 weeks after
contusion. Thus, while all contused rats showed significant
thermal hyperalgesia compared with normal rats
(p=0.00087), none of the differences in mean thermal
latency among the four experimental groups were statisti-
cally significant.

Mechanical thresholds using a dynamic plantar aesthe-
siometer showed a mean of 32.6x1.2 g in normal rats,
decreasing to 32.2+2.1 g in the fasudil+BMSC group, 31.5%
3.7 g in the fasudil-only group, 32.0+£2.5 g in the BMSC-only
group, and 31.2+5.8 g in the control group 8 weeks after
contusion. All contused rats showed more mechanical allo-
dynia compared to normal rats; however, no statistically sig-
nificant increase in allodynia as a function of treatment was
observed (data not shown). These two studies indicate that
fasudil and/or BMSC transplantation did not increase abnor-
mal neurogenic pain.

3. Discussion

In our study of rats with spinal cord contusion injury, we
found that combined therapy with fasudil infusion and BMSC
transplantation improved functional recovery and reduced
cystic cavity size compared with controls.

3.1. Fasudil infusion

Rho and Rho-kinase exert their effects through regulation of
the actin-myosin network (Amano et al., 2000; Dickson, 2001).
Rho-kinase stimulates actin-myosin contractility by phos-
phorylating the myosin light chain and inhibiting myosin
phosphatase. Following SCI, scar tissue containing myelin-
derived inhibitors and chondroitin sulfate proteoglycans
(CSPG) inhibits neurite outgrowth or induces growth cone
collapse by activating the Rho/Rho-kinase signaling pathway
(Mueller et al., 2005). The effects of myelin-derived inhibitors

and CSPG are abolished when Rho-kinase is inhibited (Kubo
and Yamashita, 2007; Monnier et al., 2003). Fasudil or Rho-
kinase inhibition also has neuroprotective effects, as
evidenced by studies showing that fasudil infusion reduced
MPO activity in rats (Hara et al.,, 2000} and hindered ischemia-
induced delayed neuronal death in gerbils (Satoh et al., 2007).
Another study reported that fasudil application reversed Rho
activation and reduced the number of TUNEL-labeled cells by
approximately 50% in mice and rats with SCI (Dubreuil et al.,
2003).

We hypothesized that fasudil infusion overcomes myelin-
derived inhibition after spinal cord injury by inhibiting Rho-
ROCK-kinase. We also hypothesized that a longer duration of
fasudil administration would improve axonal regeneration or
neuronal survival, which we tested in the present study by
continuing fasudil administration for four weeks. However,
our study found that the fasudil-only group did not show a
statistically significant difference in locomotor recovery
compared with the control group. One possible explanation
for this observation is that after a certain point, further fasudil
infusion becomes counterproductive and increases myelin
inhibition, thereby slowing axonal regeneration for locomotor
recovery. Support for this explanation comes from a recent
study which discovered that another Rho-kinase inhibitor,
Y27632, increased CSPG (Chan et al., 2007).

The extent of penetration of fasudil into the spinal cord is a
critical concern. One report demonstrated that intraperitoneal
administration of fasudil reduced MPO activity in injured
spinal cords (Hara et al.,, 2000). Another study found that
intrathecal fasudil treatment reduced thermal hyperalgesia in
post-sciatic nerve ligation rats (Shiokawa et al,, 2007). These
two studies thus represent evidence that fasudil does
permeate into the spinal cord.

3.2, BMSC transplantation

BMSC transplantation is a potential therapy for central
nervous system (CNS) diseases because BMSCs secrete a
variety of growth factors and cytokines that could contribute
to the repair of CNS injuries. Following stimulation of TNF-
alpha, ELISA assay findings indicate that BMSCs increase the
release of IL-6, MCP-1, and BDNF (Himes et al., 2006). BMSCs
trigger the endogenous survival signaling pathway Erk1/2
and also trigger Akt phosphorylation in neurons (Isele et al,,
2007). BMSCs have the potential to support the survival of
neurons in the marginal region of SCI (Yano et al., 2006).
BMSCs are also capable of differentiating into a variety of
tissues. Some studies have suggested that BMSCs can
differentiate into cells with neural phenotypes (Chopp
et al, 2000). Others have reported that the apparent
acquisition of a neuronal phenotype by BMSCs results from
cell fusion or cell phagocytosis (Alvarez-Dolado et al., 2003;
Hess et al,, 2004; Terada et al.,, 2002; Ying et al,, 2002). In an
earlier experiment, we transplanted BMSC-derived Schwann
cells to treat rat spinal cord defects and identified signifi-
cantly improved locomotor recovery compared with controls
(Kamada et al., 2005). Some studies by other researchers
have reported significant functional recovery after trans-
planting BMSCs (Chopp et al,, 2000; Hofstetter et al., 2002;
Ohta et al, 2004, Wu et al, 2003), while others have
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identified only modest or inconsistent recovery (Himes et al,,
2006; Lu et al,, 2005; Neuhuber et al,, 2005; Yoshihara et al,,
2006). In the present study, our assessments of behavior and
histology following BMSC transplant-alone did not detect
significantly different locomotor recovery compared with the
control group.

Lack of a significant therapeutic effect following BMSC
transplantation alone might be attributable to the timing of
the transplantation. We chose to perform cell transplanta-
tion 2 weeks after SCI because some interval for cell cultu-
ring is required in actual clinical autograft transplantation.
However, our treatment timing might have hindered
efficacy, as evidenced by the low number of surviving
cells. Furthermore, if our aim were to enhance host neural
survival by BMSC transplantation, this 2-week delay would
have caused the intervention to be too late to save neurons
from consecutive death after SCI because neural death
after spinal cord injury often happens within one day (Liu
et al, 1997).

Another possible reason for the poor response was the site
of the transplantation. We injected BMSCs into rostral and
caudal sites to facilitate migration of BMSCs and re-myelina-
tion of regenerative fibers. However, histological examination
found that residual BMSCs were scarce and that they did not
migrate as we had expected they would. Thus, transplanting
BMSCs directly into the site of injury might yield better
outcomes.

3.3. Combined therapy

In our study, fasudil+BMSC therapy increased 5-HT-positive
fibers on the rostral side of the lesion, enhanced CST rege-
neration and/or sprouting, and significantly reduced mean
cystic cavity size compared with the control group. These
histological results were consistent with a significant im-
provement in locomotor activity.

As we discussed previously, increased fasudil infusion
beyond a certain point might become counterproductive and
increase myelin inhibition. One study found that BMSCs
stimulated neurite outgrowth over CSPG, myelin-associated
glycoprotein, and Nogo-A in vitro (Wright et al,, 2007). Thus,
the sprouting of CST and serotonergic fibers observed under
combined treatment might reflect the effect of BMSC trans-
plantation, which can stimulate neurite outgrowth over
inhibitory proteins. On the other hand, another study revealed
that Rho-pathway inhibition after cervical dorsal rhizotomy in
rats increased the density of serotonergic fibers in the dorsal
horn (Ramer et al., 2004). Correspondingly in the present
study, fasudil, a Rho-pathway inhibitor, likewise may have
taken part in the regeneration of serotonergic fibers observed
in the fasudil+BMSC group. Overall, Fasudil-induced Rho-
kinase inhibition and BMSC transplantation each appear to
provide some degree of neuroprotection against neuronal
death (Chen et al., 2005; Chopp and Li, 2002; Dubreuil et al,,
2003; Neuhuber et al.,, 2005; Satoh et al., 2007; Song et al., 2004).

In the present study, the mean cystic cavity area was
significantly smaller in the fasudil+BMSC group than in the
control group. Since neither fasudil alone nor BMSCs alone
significantly changed the size of the cystic cavity compared
with the control group, these findings together suggest it was

the combination of fasudil infusion and BMSC transplantation
that produced reductions in cystic areas that neither agent
alone could achieve. These histological findings also suggest
that fasudil and BMSC transplantation in combination had
anti-inflammatory activity which suppressed local inflamma-
tory reactions from SCI. Several published studies have also
reported that fasudil exhibited anti-inflammatory activity.
Intraperitoneal administration of fasudil in rats with collagen-
induced arthritis significantly reduced synovial inflammation
and ROCK activity (He et al., 2008). In vitro treatment with
fasudil or Y27632 decreased production of tumor necrosis
factor alpha (TNFalpha), interleukin-1beta (IL-1beta), and IL-6
by synovial membrane cells, peripheral blood mononuclear
cells, and fibroblast-like synoviocytes from patients with
active rheumatoid arthritis (He et al., 2008).

Because the number of residual transplanted BMSCs was
low in all BMSC transplantation groups 9 weeks after
transplantation, improved locomotor recovery is unlikely to
have resulted from BMSCs alone, Also, the BMSC-only group
did not show significantly greater recovery than the level of
recovery in the control group. Thus, it appears that better
locomotor recovery results from the combination of fasudil
and BMSC, the effectiveness of which might arise from BMSCs
acting to reverse the putative toxicity of high total dosage
fasudil treatment.

The BBB score for combined therapy reached 12.9 while the
control group BBB score reached 10.8. Although rats in both
groups could perform weight-bearing plantar stepping, only the
rats in the combined treatment group had coordination of fore
limbs and hind limbs. These results indicate that combined
therapy could enhance recovery of a central pattern generator.

In summary, combined therapy showed better locomotor
recovery compared with controls, and histological studies of
cavity volume and serotonergic fiber counts confirmed the
locomotor results. Future studies are required to identify the
effect of combined fasudil infusion and BMSC transplantation
to clarify any potential clinical application to damaged spinal
cords in humans.

4, Experimental procedures
4.1, Bone marrow stromal cell culture

Bone marrow stromal cells (BMSCs) were collected from the
femurs and tibias of 8-week-old female GFP transgenic
Sprague-Dawley rats (SLC, Hamamatsu, Japan). Briefly, ani-
mals received an overdose of pentobarbital to induce deep
anesthesia and were then decapitated. Bone marrow was
flushed with PBS and centrifuged at 1500 rpm for 5 min. Cells
were plated in «-MEM (Sigma, St. Louis, MO) plus 10% fetal
bovine serum supplemented with 100 U/mL penicillin G and
100 pg/mlL streptomycin (Molecular Probes, Eugene, OR) and
then incubated at 37 °C in 5.0% CO2. After non-adherent cells
were removed just before confluency, adherent cells were
detached using 0.25% trypsin with EDTA, centrifuged, and re-
plated as BMSCs. BMSCs were used for transplantation and in
vitro induction experiments between passages four to eight.
To characterize the BMSCs in vitro, we performed immu-
nocytochemistry using the following primary antibodies: anti-
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vimentin mouse monoclonal antibody (1:200; Dako Cytoma-
tion, Copenhagen, Denmark), anti-fibronectin mouse mono-
clonal antibody (1:400; Chemicon International, Temecula,
CA), anti-nestin rabbit polyclonal antibody (1:400; Chemicon
International), and anti-CD44 mouse monoclonal antibody
(1:400; Serotec Ltd., Oxford, England). Cell nuclei were stained
with DAPI (1:1000, Molecular Probes). We omitted the primary
antibodies for negative controls. After reacting with primary
antibodies, sections were incubated with appropriate second-
ary antibodies.

4.2.  Animal surgery

For experimental spinal cord injury (SCI}), we used a total of 37
female Sprague-Dawley rats aged 8-10 weeks (weight 174-236
g, SLC). Fig. 7 shows the time line of the present study. Rats
were anesthetized with 1.6% halothane in 0.5 L/min oxygen.
Laminectomy was performed at the T9-T10 levels, and
contusion injury was introduced using the Infinite Horizon
impactor (IH impactor, 200 Kdyn, Precision Systems and
Instrumentation, Lexington, NY). Immediately after SCI, a
thin silicone tube was inserted into the subarachnoid space at
the laminectomized L1 level using a surgical microscope. The
tube was connected to an Alzet osmotic mini pump (model
2004; Alza, Paolo Alto, CA) containing 30 ug/ulL fasudil (Asahi
Kasei Inc., Tokyo, Japan) in saline. The infusion rate was 6.0 uL/
day resulting in the infusion of 180 pg/day of fasudil. The
infusion was continued for 4 weeks, resulting in a total fasudil
infusion of approximately 5.04 mg /animal. Rats were group-
housed in the animal facility and maintained under constant
temperature and humidity conditions. Food and water were
provided ad libitum. Manual bladder expression was performed
twice a day until recovery of the bladder reflex. All animals
were given antibiotics (500 pl/day; Bactramin, Chuugai
Pharmaceutical, Tokyo, Japan) by subcutaneous administra-
tion once a day for 3 days.

Fourteen days after injury, the injured site was re-exposed
and the same volume of BMSCs or saline was injected by
micro-glass pipette needle attached to a 10 uL Hamilton
syringe (Hamilton Company, Reno, NV). The injection was
made at several depths during drawback in each injection,
and the needle was left in the spinal cord for one additional
minute following injection in order to minimize reflux. The
injection sites were located at 4 mm intervals on the rostral
and caudal edges of the lesion site (5.0x10° cells/uL, 2. 5 uL

each, 2.5x10° cells/total). All animals, including control
groups, were immunosuppressed with cyclosporine A (San-
dimmun, Novartis, Basel, Switzerland) for the remaining
experimental period (20 mg/kg on Monday and Wednesday,
40 mg/kg on Friday) (Wennersten et al., 2004). None of the
animals showed abnormal behavior. All the experimental
procedures were performed in compliance with the guide-
lines established by the Animal Care and Use Committee of
Chiba University.

4.3. Experimental groups

The rats were randomly divided into four groups (Table 1). The
fasudil+BMSC group (n=10) received fasudil by Alzet osmotic
mini pump, as explained above and BMSCs were transplanted
into the spinal cord. The fasudil-only group (n=8) received
fasudil by Alzet pump and saline injection into the spinal cord.
The BMSC-only group (n=9) received saline by Alzet pump and
BMSC transplantation into the spinal cord. The control group
(n=10) received saline via Alzet pump and saline injection into
the spinal cord. One animal of BMSC-only group was sacrificed
to make sure that BMSC was survived three weeks after BMSCs
transplantation.

4.4, Assessments of sensory motor functions

4.4.1. BBB open field locomotor test

Hind limb function was assessed in an open field (100x 60 cm
plastic pool) using the BBB open field locomotor test (Basso
et al, 1995). Measurements were performed 3 days after
contusion injury and weekly thereafter for 9 weeks. Tests
were videotaped and scored by two trained observers who
were unaware of the treatment group.

4.4.2. Sensory tests

Thermal nociceptive thresholds in rat hind limbs were
evaluated using a Hargreaves device (Ugo Basile, Varese,
Italy). The rat was deposited into individual transparent
acrylic boxes with the floor maintained at 28 °C. A heat
stimulus (150 mcal/s/cm?) was delivered using a 0.5 cm
diameter radiant heat source positioned under the plantar
surface of the hind limb. The heat source was placed
alternately under each hind limb to avoid anticipation by the
animal. A cutoff time of 22 s was used, as it had been
ascertained that no tissue damage would result within this

MBSC transplantation (2weeks after injury, 2.5million, intramedullary)

SCI 1 M cyclosporineA d
BDA perfusion
Fasudil (0-4 weeks, pump, via subarachnoid space) ‘
% P
0 1 2 3 4 5 7 8 9 10 11week(s)

Fig. 7 - Experimental protocol. Immediately after SCI (T9-T10 levels; IH impactor, 200 Kdyn), fasudil was administered by an
Alzet mini-osmotic pump via the subarachnoid space into the injury site for four weeks. Two weeks after contusion, 2.5x10°
GFP-tagged BMSCs were transplanted into the lesion site. All animals were immunosuppressed with cyclosporin A for the
remaining experimental period. BDA was injected into the sensory-motor cortex 9 weeks after contusion. Animals were
perfused transcardially, and histological examination was performed eleven weeks after contusion.
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