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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 pg/uL fasudil (Asahi
Kasei Inc., Tokyo, Japan) in saline. The infusion rate was 6.0 L/
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 pL 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 pL

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 (100x60 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
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Table 1 - Experimental groups.

Groups Number Treatment
of rats = 3
Infusion by Transplantation
Alzet pump
Fasudil+BMSC 10 Fasudil BMSC
group
Fasudil-only group 8 Fasudil Saline
BMSC-only group 9 Saline BMSC
Control group 10 Saline Saline

The rats were randomly divided into four groups. The fasudil
+BMSC group (n=10) received fasudil administration by Alzet
osmotic mini pump and BMSC transplantation into the spinal
cord. The fasudil-only group (n=8) received fasudil administration
by Alzet pump and saline injection into the spinal cord. The BMSC-
only group (n=9) received saline administration by Alzet pump and
BMSC transplantation into the spinal cord. The control group
(n=10) received saline administration by Alzet pump and saline
injection into the spinal cord.

time period. The withdrawal threshold was calculated as the
average of six consecutive tests.

Mechanical withdrawal thresholds in rat hind limbs were
tested using a Dynamic Plantar Aesthesiometer (Ugo Basile),
in which a mechanical stimulus was applied via an actuator
filament (0.5 mm diameter), which under computer control
applies a linear ramp 5.0 g/s to the plantar surface of the hind
limb. The withdrawal threshold was calculated as the average
of six consecutive tests. Both tests were performed 8 weeks
after contusion. For comparison with baseline, we also per-
formed both tests with normal rats (n=31).

4.5.  Anterograde labeling of corticospinal tracts with BDA,

Trorinal Tiatol
hemical, and
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gical

Nine weeks after contusion, the corticospinal tract (CST) was
hemilaterally traced under halothane anesthesia with 2.0 pL
biotinylated dextran amine (BDA, molecular weight: 10,000,
10% in 0.01 M PBS, Molecular Probes). A micro-glass pipette
needle attached to a 2 uL Hamilton syringe was stereotaxically
guided, and BDA was slowly injected into four sites in the
sensorimotor cortex for the hind limb at a depth of 1 mm. The
needle was left for an additional 1 min following each injec-
tion to minimize reflux.

Animals were subjected to trans-cardiac perfusion with 4%
paraformaldehyde in PBS (pH 7.4) for 14 days after BDA
injection. At the conclusion of the BDA infusion period (11
weeks after contusion), the spinal cords were dissected and
immersed overnight in 4% paraformaldehyde, then stored in
20% sucrose in PBS. The spinal cords were cut into 20 mm
lengths (10 mm rostral and 10 mm caudal from the lesion site)
and embedded in OCT compound (Tissue Tek, Sakura
Finetechnical, Tokyo, Japan). These blocks were sectioned in
the sagittal plane (section thickness=25 um) using a cryostat.
‘We mounted a set of serial sections on a total of eight poly-L-
lysine-coated slides (Matsunami, Tokyo, Japan) for each
animal. Each slide contained six sliced sections at 200 pm
intervals, and the sections for each slide were offset by 25 um
from the previous slide in the set. By this method, we were
able to cover approximately 1200 ym of the lesion at 25 pm

intervals in these eight slides. We processed the slides for
histological or immunohistochemical staining.

To evaluate lesion size, one slide from one animal was
stained with cresyl violet. The three slices showing the
greatest damage were selected from one slide, and cavity
size was determined with Photoshop 5.5 software (Adobe, San
Jose, CA). Mean lesion size values for each group were calcu-
lated using these three lesions size values for each animal,
and mean size comparisons were performed among the four
groups.

In order to identify cell populations and characterize the
cellular response, sections were immunolabeled with one or
more antibodies. Anti-green fluorescent protein (GFP, rabbit
polyclonal antibody, 1: 1600, Molecular Probes) was used to
identify grafted rat BMSCs. The number of surviving trans-
planted cells and the localization of the cells were evaluated.
Double immunohistochemical staining was performed with
GFP plus either mouse anti-glial fibrillary acidic protein
(GFAP, 1:400, Sigma, St. Louis, MO) or mouse anti-GSTw
(1:400, BD Pharmingen, Franklin Lakes, NJ), or mouse anti-
NeuN (1:400; Chemicon) to evaluate transdifferentiation of
BMSCs into astrocytes, oligodendrocytes, and neurons,
respectively. After reacting with primary antibodies, the
sections were incubated with Alexa Fluor 488-conjugated
anti-mouse or anti-rabbit IgG (Molecular Probes) and with
Alexa Fluor 594-conjugated anti-mouse or anti-rabbit IgG
(Molecular Probes).

To evaluate residual and regenerative fibers, rabbit anti-
neurofilament polyclonal antibody (1:800, Sigma) and rabbit
anti-serotonin (5-HydroxyTryptamine, 5-HT) polyclonal anti-
body (1:5000, Sigma) were used for pan-nerve fibers. After
reacting with primary antibodies, the sections were incubated
with Alexa Fluor 488-conjugated anti-rabbit IgG (Molecular
Probes) to detect positive signals. The numbers of immuno-
reactive fibers that traversed the virtual lines perpendicular to
the central axis of the grafts were counted at three locations:
the lesion site, 2.5 mm rostral from the lesion site, and 2.5 mm
caudal from the lesion site.

For anterograde labeling of CSTs with BDA, sections were
incubated with Alexa Fluor 594-conjugated streptavidin (1:800;
Molecular Probes). The distance from the end of the labeled
axons to the edge of the lesion site and the number of CST
axons at the lesion site were measured.

The fluorescent signals were observed by fluorescence
microscopy, ECLIPSE E600 (Nikon, Tokyo, Japan), and DP71
(Olympus, Tokyo, Japan). To maintain blinding in this histo-
logical study, observers were kept unaware of treatment
groups.

4.6. Statistical analysis

Data were evaluated by multiple comparisons between
groups. For histological studies, one-way ANOVA followed by
the Bonferroni/Dunn post hoc test was used. For the 9-week
locomotor scale, repeated-measures ANOVA followed by the
Turkey-Kramer post hoc test was used. For fractional BBB score
at each time point, one-way ANOVA followed by the Turkey-
Kramer post hoc test was used. Data are presented as mean
values+SEM. Differences were considered statistically signif-
icant at *p<0.05.
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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
(CNS), 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 SCI.

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) underwent 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 SCI. 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 with its 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 immunohistochemistry, 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
B-tubulin TIT 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-Tujl 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-Tuj1 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 corresponds 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).
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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 ym. (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. CGN's 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 f-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 24 h in a
conditioned media with or without soluble MAG-Fc (20 ug/ml), RGMa (2 ug/ml), or CSPG (1 pg/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 0.5ug/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 f-tubulin IIT protein (1:1000; Covance). Sub-
sequently, the length of the longest neurite for each f-tubulin
IMI-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 2.0 mg/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-um 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 mm 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-5a was observed in the white matter and the signal
was colocalized with the immunoreactivity to neuron-specific
B-tubulin TIT protein (Tujl) (Fig. 1A), demonstrating that
Wnt-5a 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 t-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-5a 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. Inmunoreactivity to Wnt-5a 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-5a-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).

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

A possible role of Wnt proteins in the pathogenesis of SCI 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-5a 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 uM 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-5a
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 4mm 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
SCIL. 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)D), 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
1mm 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
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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-5a activated RhoA in the CGNss, 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 Wnits 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 Wnt-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.

Multiple 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 SCI 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 SCI.

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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Abstract Macrophage migration inhibitory factor (MIF)
is a multipotential protein that acts as a proinflammatory
cytokine, a pituitary hormone, and a cell proliferation and
migration factor. The objective of this study was to eluci-
date the role of MIF in spinal cord injury (SCI) using
female MIF knockout (KO) mice. Mouse spinal cord com-
pression injury was produced by application of a static load
(T8 level, 20 g, 5 min). We analyzed the motor function of
the hind limbs and performed histological examinations.
Hind-limb function recovered significantly in the KO mice
starting from three weeks after injury. Cresyl-violet stain-
ing revealed that the number of surviving neurons in the
KO mice was significantly larger than that of WT mice six
weeks after injury. Immunohistochemical analysis revealed
that the number of NeuN/caspase-3-active, double-positive,
apoptotic neurons in the KO mice was significantly smaller
than that of the WT mice 24 and 72 h after SCI. These
results were related to in-vitro studies showing increased
resistance of cerebellar granular neurons from MIF-KO
animals to glutamate neurotoxicity. These results suggest
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that MIF existence hinders neuronal survival after SCI.
Suppression of MIF may attenuate detrimental secondary
molecular responses of the injured spinal cord.

Keywords Macrophage migration inhibitory factor -
Spinal cord injury - Glutamate - Apoptosis -
Knockout mouse

Introduction

Macrophage migration inhibitory factor (MIF) is a T-cell-
derived, soluble lymphokine [4]. MIF was originally found
to inhibit the migration of macrophages and activate them
at inflammatory loci. Furthermore, MIF functions as a hor-
mone and immunomodulator, and as a proinflammatory
cytokine, and has been identified in many organs (e.g.,
brain, kidney, and liver [11]).

In the normal central nervous system (CNS), MIF is
found in astrocytes, ependymal cells, and epithelial cells of
the choroid plexus [12]. It increases in cerebrospinal fluid
soon after SCI in rats [7] and increases significantly in the
cerebrospinal fluid of patients with multiple sclerosis and
neuro-Behget’s disease [10]. Previously we reported in
detail on the upregulation of MIF after SCI [9]. MIF
mRNA is upregulated in microglia accumulating in the
lesion epicenter three days after SCI and in astrocytes
around the cystic cavity after one week. MIF is chemotactic
for keratinocytes and facilitates wound healing by macro-
phages [1]. MIF production by peritoneal macrophages
may contribute to paracrine and autocrine activation and to
macrophage accumulation in the peritoneal cavity of
women with endometriosis [2]. If macrophages in CNS
play an important role in its regeneration, MIF depletion
could hinder the recovery process after SCI because MIF
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mRNA is upregulated in microglia accumulating around
the lesion. Astrocytes compose glial scars after SCI to
prevent inflammation outflow into circumferential normal
tissue. MIF depletion could also negatively affect glial scar
formation and functional recovery because MIF is upregu-
lated after SCI in astrocytes [9].

The best way to elucidate MIF function in SCI is to use
knockout (KO) mice for a comparison study with wild-type
(WT) mice. We injured MIF KO and WT mouse spinal
cords using a spinal cord compression apparatus and com-
pared their locomotor recovery for six weeks. We detected
a statistically significant difference between KO and WT
mice in locomotor scale, immunohistological studies, and
in-vitro glutamate assault of cerebellar granular neurons
(CGN).

Materials and methods

Animals

In this study, we used female MIF-deficient mice (KO) and
wild-type mice (WT), which were established by Honma
[8]. Both strains were on a Balb/c background and were
bred at Hokkaido University, Japan [13]. All animals were
treated and cared for in accordance with the Chiba University
School of Medicine Guidelines pertaining to the treatment
of experimental animals.

Cell culture

Cerebellar granular neurons (CGN) were prepared from
postnatal day-seven WT and KO mice. Fresh cerebella
were dissected, and the tissue was dissociated with trypsin
(2.5 mg/ml, Invitrogen, Carlsbad, CA, USA) and DNase I
(0.3 mg/ml, Roche Applied Science, Indianapolis, IN,
USA). Cells were plated on poly-L-lysine-coated chamber
slides (Lab-Tek Chamber Slides Permanox, Nalge Nunc
International, Rochester, NY, USA) at a density of
7.0 x 10* cells/cm? in Dulbecco’s modified Eagle medium
(DMEM; Gibco BRL, Grand Island, NY, USA), supple-
mented with 10% fetal bovine serum, penicillin-streptomy-
cin (100 units/ml penicillin G sodium, 100 pg/ml
streptomycin sulfate, Invitrogen, Carlsbad, CA, USA), and
0.02M HEPES. After 16 h in culture, the medium was
replaced with  DMEM supplemented with penicillin-
streptomycin, 20 mM HEPES, N2 supplement (0.01%,
Invitrogen), KCl (20 mM), fibronectin (10 pg/ml), and
cytosine arabinoside (1.0 pM). Cells were maintained in a
humidified atmosphere containing 5% CO, at 37°C.
Following seven-day culture, CGN were treated with
glutamate (100 uM) for 6 h to induce cell death. Recombi-
nant human MIF (R&D Systems, Minneapolis, MN, USA)
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was added to the culture medium of glutamate-treated CGN
from KO mice in different concentrations (5-50 ng/ml) to
assess the effect of MIF on neuronal death. Neuronal death
was detected by double staining with propidium iodide and
calcein using live/dead double staining kit (MBL, Nagoya,
Japan). The numbers of dead cells were counted in two
areas of 400x magnification microscope fields and aver-
aged among four groups.

Surgery

Tissue samples were obtained from WT (n =24) and KO
(n =23) mice. Under halothane anesthesia, laminectomy
was performed at the T7-8 level, leaving the dura intact.
The animals were then placed in a stereotaxic apparatus,
and two adjustable forceps were applied to the spinous pro-
cesses of both T6 and T9 to stabilize the spine. The dural
tube was compressed with a steady load of 20 g for 5 min at
the site of the T 7-8 laminectomy. The tip of the weight
was a 1 x 2-mm rectangular plastic plate [5]. The mice
were kept under a heating lamp until they regained con-
sciousness. Bladder function was observed during the first
few days after trauma for signs of urinary retention. The
mice were kept in a temperature-controlled environment of
20°C and were exposed to alternate light and dark periods
of 12 h. Food and water were given ad libitum. Manual
bladder expression was performed twice a day until recov-
ery of the bladder reflex.

Tissue preparation

Mice were sacrificed 24 h (WT: n=7, KO: n=5), 72h
(WT: n=6, KO: n=7), and 6 weeks (WT: n=11, KO:
n=11) after SCI. Animals were perfused transcardially
with ice-cold 4% paraformaldehyde in phosphate-buffered
saline (PBS) under deep pentobarbital anesthesia. Spinal-
cord segments T 6-9 were excised and fixed overnight in
the same solution. The tissue was then immersed for 48 h in
20% sucrose in PBS at 4°C, embedded in O.C.T. compound
(Tissue-Tek; Sakura Finetech, Tokyo, Japan), and frozen
on dry ice. We sliced 12 um thick cross-sections and
mounted every fifth slice on five sequential slides. Each
slide had 20 slices. This methodology covered 6-mm spinal
cord length around the epicenter of the lesion. The sections
were subjected to histological (six weeks after injury), his-
tochemical (72 h), and immunohistochemical (24 h, 72 h,
and 42 days after injury) examination.

Histological studies
Immunohistochemistry was performed as previously

described [9]. Briefly, the sections were rehydrated in 0.3%
Triton X-100 in PBS for 1 h, washed with PBS for 5 min
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three times, and blocked with blocking solution (0.05 M
Tris-HCI (pH 7.6), 1% bovine serum albumin, Blockace
(Yukijirusi, Sapporo, Japan), 0.15M NaCl, and 0.1%
Tween 20) for 1 h. The sections were then incubated over-
night at 4°C with mouse antineuronal nuclei antibody (NeuN,
1:400 dilution; Chemicon, Temecula, CA, USA), as a marker
for neurons, rabbit anti-caspase-3-active antibody (caspase-
3-active, 1:800 dilution; Genzyme Techne, Cambridge, MA,
USA), as a marker for apoptotic cells, and adenomatous
polyposis coli (APC, 1:800 dilution, CalBiochem, San
Diego, CA, USA), as a marker for oligodendrocytes. The
slides were then washed with PBS three times for 5 min
and incubated with secondary antibodies (goat anti-mouse
Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 594, both
1:800 dilution; Molecular Probes, Eugene, OR, USA) for
30 min at room temperature. The slides were then washed
with PBS three times and sealed with mounting medium
(Dako Cytomation, Copenhagen, Denmark).

Lectin histochemistry was performed using tomato lectin
(0.02 mg/ml; Sigma, St Louis, MO, USA) as a marker for
microglia, followed by Alexa Fluor 488 streptavidin (1:300
dilution; Molecular Probes). The slides were then washed
with PBS three times and mounted as described above.

Cell counts

We counted the NeuN/caspase-3-active or APC/caspase-3-
active double-positive cells 24 and 72 h after injury. The
double-positive cells indicated the presence of apoptotic
cells that were induced by injury. We measured the slices
macroscopically, and designated the two smallest slices as
the lesion epicenter on each slide of an animal. Slices were
selected from the slides and images were captured using a
20x objective lens field. Every cross-section was com-
posed from four images. We printed the images and dou-
ble-positive cells were counted. Averages were compared
between the genotypes. We also counted the tomato-lectin-
positive cells and compared these counts between WT and
KO mice 72 h after injury as previously described. The pos-
itive cells indicated microglia that had gathered in the
injured spinal cord.

We counted the cresyl violet-positive neurons in the ven-
tral gray matter whose major diameters were larger than
30 pm as alpha motor neurons [18] and compared these
between the WT and KO mice 42 days after injury, as pre-
viously described. We also counted surviving oligodendro-
cytes, which were stained with APC followed by Alexa
Fluor 488-conjugated secondary antibody.

Behavioral test

Functional recovery of the hind limb was determined by
measuring the hind-limb motor-function score as described

previously [6]. Mice were allowed to move freely in an
open field with a rough surface for 5 min at each time
period tested. The hind-limb movements of mice were vid-
eotaped and scored by two independent observers who
were unaware of the groups. Measurement of motor func-
tion was performed before surgery and 1-6 weeks (once a
week) after SCIL. The scale ranged from O to 13. In brief, a
score of O indicated complete paralysis, 1-3 indicated
movement of hind limbs without rhythmical stepping, 4-5
indicated rhythmical motion of hind limbs without weight-
bearing ability, 6-7 indicated weight-bearing ability, 8-12
indicated walking ability with an increase in the hind-limb
gait width, and 13 indicated full recovery.

Statistical analysis

Motor-function scores were subjected to repeated-measures
ANOVA followed by a post hoc test using the Tukey—
Kramer test. The motor-function score of each time point
was statistically analyzed using Student’s ¢ test. The results
of neuronal survival counts 42 days after SCI, apoptotic
neuron counts, and tomato-lectin-positive microglia counts
after 24 or 72 h were subjected to Mann—-Whitney U tests.
The numbers of dead cells from glutamate insult in vitro
were subjected to one-way ANOVA followed by a post hoc
test using the Tukey-Kramer test. Data are presented as
mean values £+ SE. Values of p<0.05 were considered
statistically significant.

Results
MIF deletion attenuated glutamate insult of CGN in vitro

After 6 h of glutamate insult, the number of dead cells was
counted and compared between WT and KO (Fig. 1). The
number of dead cells in CGN from KO mice (3 + 0.6 in
KO; Fig. 1b, d) was significantly fewer than that from WT
(11 £ 1.9 in WT; Fig. la, d). We added recombinant
human MIF to the culture medium of glutamate-treated
CGN from KO mice in different concentrations (5-50 ng/
ml) to assess the effect of MIF on neuronal death. Recombi-
nant human MIF exacerbated the effect of glutamate insult
on CGN in KO mice, and the number of dead cells was
5+ 1.7 (Sng/ml) and 4+ 1.5 (50 ng/ml) (Fig. lc, d).
These results showed that MIF deletion attenuated the
glutamate-induced insult of CGN.

MIF deletion facilitated recovery of hind-limb motor
function after spinal cord compression

We assessed recovery of hind-limb function by measuring
the hind-limb motor-function score, in which the maximum
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Fig. 1 Cerebellar granular
neurons (CGN) from KO mice
were more resistant to glutamate
insults in vitro. Following 7 days
of culture, primary cultured
CGN were treated with gluta-
mate (100 uM) for 6 h to induce
cell death. Live cells (green) and
dead cells (orange) were stained
with live and dead cell staining
kit. a, b More dead cells were
stained in CGN from WT mice
(a) than KO mice (b). ¢ Recom-
binant human MIF (5 ng/ml)
exacerbated neuron death in
CGN from KO mice. d Each bar-
graph shows the number of dead
cells after glutamate insults to
CGN from WT, KO, KO + MIF
(5 ng/ml), and KO + MIF

(50 ng/ml). The number of dead
cells in CGN from KO mice was
significantly fewer than in CGN
from WT mice (p < 0.05).
Although MIF addition resulted
in increased neuronal death in
CGN from KO mice, they did
not reach a statistically signifi-
cant difference. *p < 0.05. Bar
50 pm for a—c

hind-limb motor-function score was 13. All mice had a
score of 11 before SCI, and the score was reduced to 0
immediately after compression. There was no significant
difference in motor-function score between the WT and KO
mice until three weeks after injury (Fig. 2). Three weeks
after compression, significant recovery of hind-limb func-
tion was observed in KO mice compared with WT mice
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Fig. 2 Hind-limb locomotor score showed better recovery in KO mice
after spinal cord compression injury. After spinal cord compression
injury, hind-limb locomotor score for each genotype was recorded and
compared. The scores of KO mice always surpassed those of WT mice
and showed a statistical difference from 21 days after spinal cord injury
(n =11 in each genotype). *p < 0.05; **p < 0.01
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(three weeks, p < 0.05; four weeks, p < 0.01, five weeks,
p <0.01; six weeks, p < 0.001). The time course of recov-
ery of hind-limb function showed statistically significant
differences between the genotypes in repeated-measures
ANOVA (p<0.01). The average recovery score in KO
mice six weeks after transplantation was 4.45 + 0.28
(range 2-6), and the corresponding score in WT mice was
2.91 % 0.28 (range 2-5). A score of 4 indicated a gait char-
acterized by stepping and forward-propulsive movements
of one hind limb, but no weight bearing and external rota-
tion of the hind limb. A score of 3.0, however, indicated an
obvious movement of one or more joints in both limbs but
no coordination, alternate stepping movement, or weight-
bearing.

Histochemical assessment shows more neurons survived
in KO than WT mice 42 days after SCI

Cresyl-violet-positive cells larger than 30 pum in major
axis were classified as remaining motor neurons. Figure 3
shows representative slides of WT (a) and KO (b) spinal
cords in the lesion epicenter. In high magnification view,
some neurons were spared in the gray matter of the KO
mice (d) compared with WT mice (c). Many more inflam-
matory cells were stained in the gray matter of WT (c)
compared with KO (d) mice. The average number of
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Fig. 3 More neurons survived
in KO mouse spinal cord

42 days after spinal cord
compression injury. Spinal cord
cross-sections, 42 days after
spinal cord injury, were stained
with cresyl-violet. Motor neu-
rons whose diameter was more
than 30 pm were counted and
compared. a, b Representative
spinal cord cross-sections of the
lesion epicenter 42 days after
spinal cord compression injury
(a=WT, b=KO). ¢, d High
magnification view of a and b.
Some neurons survived in KO
mouse spinal cord in d (arrow
heads). On the other hand, a few
neurons were counted in WT
mouse spinal cord, and more
macrophages were gathered
around the spaces where neurons
were voided (c). e Despite a
large difference in surviving
neuron numbers, there was no
statistical difference between the
genotypes. Bar 1,000 pm for
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cresyl-violet-positive cells larger than 30 um in KO mice
42 days after injury was 45.1 £ 15.0, whereas in WT
mice it was 12.2 + 3.9 (Fig. 3e). Although there was no
statistically significant difference between genotypes
(p = 0.05), the number of remaining neurons was indica-
tive of a better recovery of hind-limb motor function in
KO mice. On the other hand, there was no statistically
significant difference in the number of APC-positive cells
between WT and KO mice 42 days after injury (data not
shown).

Immunohistochemical assessment a few days after injury
showed fewer apoptotic neurons were counted in KO mice;
a similar result was obtained for neuron counts after

42 days

As described earlier, more neurons survived in the lesion
epicenter of KO mice than in that of WT mice after
42 days, and this result influenced better recovery in
hind-limb motor function in KO mice 42 days after SCI.
Moreover, more CGNs from KO mice were resistant to

glutamate insults than those from WT mice. Based on the
above results, we hypothesized that less acute neuronal
death occurred in KO mice within a few days after SCI than
in WT mice. Thus, we counted NeuN/caspase-3-active dou-
ble-positive cells and compared between genotypes 24 and
72 h after SCI.

Figure 4 shows fluorescent immunohistochemistry of
NeuN (a and b), caspase-3-active (¢ and d), and merged
views (e and f) 24 h after SCI. The number of double-
positive cells for NeuN/caspase-3-active in KO mice was
significantly smaller than in WT mice 24 and 72 h after
injury (p < 0.05 after 24 h; p < 0.01 after 72 h). The aver-
age number of double-positive cells for NeuN/caspase-3-
active in KO was 18 + 3.0 24 h after injury and 15.8 & 2.1
72 h after injury, whereas that in WT mice was 27 & 1.9
and 25.2 + 0.6, respectively (Fig. 4g).

There was no significant difference in the number of
microglia 72 h after injury between WT and KO mice
(p = 0.46). The average number of positive cells for tomato
lectin in KO mice 72 h after injury was 372 & 60, whereas
that in WT mice was 436 =+ 48.
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