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Abstract

Multipotent somatic stem cells have been identified in various adult tissues. However, the stem/progenitor cells of the
peripheral nerves have been isolated only from fetal tissues. Here, we isolated Schwann-cell precursors/immature Schwann
cells from the injured peripheral nerves of adult mice using a floating culture technique that we call “Schwann-spheres.” The
Schwann-spheres were derived from de-differentiated mature Schwann cells harvested 24 hours to 6 weeks after peripheral
nerve injury. They had extensive self-renewal and differentiation capabilities. They strongly expressed the immature-
Schwann-cell marker p75, and differentiated only into the Schwann-cell lineage. The spheres showed enhanced myelin
formation and neurite growth compared to mature Schwann cells in vitro. Mature Schwann cells have been considered a
promising candidate for cell-transplantation therapies to repair the damaged nervous system, whereas these “Schwann-
spheres” would provide a more potential autologous cell source for such transplantation.
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Introduction

In recent years, multipotent somatic stem cells have been
identified in various adult tissues. In the peripheral nerves, stem/
progenitor cells that are self-renewing and multipotent, with the
potential to differentiate into neurons, glial cells, and myofibro-
blast, have been detected and isolated from fetal [1], but not adult
tissues.

After peripheral nerve injury, mature Schwann cells undergo a
reversion in their molecular phenotype, and come to resemble
those observed in fetal immature nerves [2]. However, no report
has explored how far these cells dedifferentiate, even though
recent progress in understanding neural-crest and Schwann-cell
development has revealed a rather complete picture of glial
development in the early peripheral nerves [3]. In the present
study, we sought to determine whether mature Schwann cells in
adult peripheral nerves that dedifferentiate into stem/progenitor
cells after injury could form spheres in floating culture conditions,
even though such spheres cannot be obtained by culturing the
dissociated cells of intact peripheral nerves from neonates [4] or
adult mice [5].

Here, we cultured the dedifferentiated Schwann cells obtained
from the injured peripheral nerves of adult mice at the specific
time-point under the floating culture condition and isolated
Schwann-cell precursors/immature Schwann cells, as spheres,
which we called “Schwann-spheres.” This is the first report
showing that “Schwann-spheres” can be obtained from adult
peripheral nerves. Moreover, their differentiation, myelination,
and neurite growth promoting properties i vitro suggested their
potential use in cell transplantation therapy for the damaged
nervous system.

Materials and Methods

Animals and surgical procedures

Normal, specific pathogen-free, adult C57BL/6] mice were
purchased from CLEA Japan, Inc., Tokyo, Japan. Nestin-EGFP
transgenic mice carry enhanced green fluorescent protein (EGFP)
under the control of the second intronic enhancer of the nestin
gene, which acts selectively in stem/progenitor cells [6].
Transgenic mice expressing Cre recombinase under control of
the MBP promoter (MBP-Cre)[7] were mated with EGFP reporter



mice (CAG-CAT”""*F_ELGFP) [8] to obtain MBP-Cre/Floxed-
CAG-EGFP double-transgenic mice [9].

The adult C57BL/6]J mice, Nestin-EGFP mice, and MBP-Cre/
Floxed-CAG-EGFP mice (female, 7-8 weeks old) were anesthe-
tized using an intraperitoneal injection of ketamine (100 mg/kg)
and xylazine (10 mg/kg). The animals were housed in groups
under a 12-hour light/dark cycle, with access to food and water ad
libitum. The sciatic nerve was exposed through a dorsal gluteal
muscle-splitting approach. The nerve was subjected to a contusive
injury at the sciatic notch using a brain aneurysm clip (Sugita clip;
Mizuho Ikakogyo, Tokyo, Japan). The clip was closed and left in
place for 5 min with a holding force of approximately 50 g. All
interventions and animal care procedures were performed in
accordance with the Laboratory Animal Welfare Act, the Guide
for the Care and Use of Laboratory Animals (National Institutes of
Health), and the Guidelines and Policies for Animal Surgery
provided by the Animal Study Committee of Keio University, and
were approved by the Ethics Committee of Keio University.

Sphere-forming -cultures

Cells were dissociated from the distal portion of sciatic nerves
before the injury and at 6 or 24 hours, 3, 7, or 10 days, or 2, 3, or
6 weeks after the injury. The cells (Ix10° cells/ml) were
transferred to a sphere-forming floating medium consisting of
DMEM/F-12 (1:1) (Gibco, Carlsbad, CA, USA) supplemented
with insulin (25 mg/ml), transferrin (100 mg/ml), progesterone
(20 nM), sodium selenate (30 nM), putrescine (60 nM) (all from
Sigma-Aldrich, St. Louis, USA), recombinant human EGF
(100 ng/ml) (Pepro Tech, Rocky Hill, NJ, USA), human FGF-
basic (100 ng/ml) (Pepro Tech), B27 (20 ng/ml) (modified from
Nagoshi et al. [10]), and 10% FBS (Equitech-Bio, Kerrville, TX,
USA). By comparison, neural crest stem cells (NCSCs) were
dissociated from the E14.5 dorsal root ganglion (DRG) and neural
stem cells (NSCs) were dissociated from the E14.5 striatum [11].
The NCSCs and NSCs were transferred to the sphere-forming
floating medium without FBS. The cells were cultured in an
incubator at 37°C: for 7 days. For clonal sphere expansion, the cells
were cultured in the above medium with 0.8% methylcellulose
(Nacalai Tesque, Kyoto, Japan) [12].

For the secondary sphere formation assays, the 7-day primary
spheres were collected, incubated in 0.25% trypsin-EDTA for
30 min at 37°C, and triturated until a single-cell suspension was
obtained. The cells were centrifuged at 800 rpm for 5 min at 4°C,
and resuspended in the aforementioned sphere culture medium.
The NCSCs and NSCs were resusupended in the sphere culture
medium without FBS.

Characterization of spheres derived from injured
peripheral nerves

Assays using mnestin-EGFP and MBP-Cre/Floxed-EGFP
mice. Spheres obtained from the contused sciatic nerves of 7-8-
week-old adult Nestin-EGFP mice and MBP-Cre/Floxed-EGFP
mice were verified by direct EGFP-fluorescent imaging to be
Nestin-positive and derived from MBP-positive cells.

Immunocytochemistry. Spheres were postfixed for 6 hours
in 4% paraformaldehyde (PFA), soaked overnight in 10% sucrose
followed by 30% sucrose, and embedded in cryomolds for
sectioning at 6-8 um. The spheres were immunostained using
the anti-undifferentiated-cell marker, Nestin (mouse IgG1, 1:200,
BD Pharmingen, San Jose, CA); Schwann-cell markers, PO (PZO;
chick IgG, 1:200, Aves Labs, Tigard, OR, USA) and p75 (rabbit
IgG, 1:200, Chemicon, Billerica, MA, USA), or the proliferative-
cell marker, PCNA (rabbit IgG, 1:500, Oncogene Research
Product, La Jolla, CA, USA), to define the cell population.

Schwann-Spheres from Adult Peripheral Nerves

Immunoreactivity was visualized using secondary antibodies
conjugated with Alexa 488 or Alexa 555 (Molecular Probes).
Nuclear counterstaining was performed with Hoechst 33342
(10 mg/ml, Sigma, St. Louis, MO, USA). The samples were
observed with a universal fluorescence microscope (Axiolmager
M1; Carl Zeiss, Jena, Germany). .

Differentiation analysis. Spheres were plated on poly-L-
lysine (PLL) (Sigma)-coated 8-well chamber slides (Iwaki, Tokyo,
Japan) and cultured for 7 days in the following differentiation
medium: DMEM/F12 (1:1) supplemented with 10% FBS, without
any growth factors [10]. For immunocytochemistry, the cells were
fixed in 4% PFA and stained with the following primary
antibodies: anti-p75 (rabbit IgG, 1:200, Chemicon) and anti-P0O
(PZO; chick IgG,  1:200, Aves Labs), to examine their
differentiation into the mature stage of the Schwann-cell lineage.
Secondary antibodies were anti-rabbit IgG (Alexa 488) and anti- .
chick IgG (Alexa 568).

The distal portions of intact or injured sciatic nerves (day 7 after
the injury) from MBP-Cre/Floxed-EGFP mice were postfixed for
24 hours in 4% PFA, soaked overnight in 10% sucrose followed by
30% sucrose, and embedded in a cryomold for sectioning at
10 pm. The primary antibodies were anti-GFP (goat IgG, 1:200,
Rockland, Gilbertsville, PA) and anti-p75 (rabbit IgG, 1:200,
Chemicon). The secondary antibodies were anti-goat IgG (Alexa
488) and anti-rabbit IgG (Alexa 555). Nuclear counterstaining was
performed with Hoechst 33342 (10 mg/ml, Sigma). The samples
were observed -with a confocal laser scanning microscope
(LSM510, Carl Zeiss).

To examine the tri-lineage differentiation potential, spheres
derived from injured adult sciatic nerves from MBP-Cre/Floxed-
CAG-EGFP mice were plated on PLL-coated 8-well chamber
slides and cultured for 7 days in the above-described differenti-
ation medium. For immunocytochemistry, the cells were fixed in
4% PFA and stained with the following primary antibodies: anti-
GFP (goat IgG, 1:200, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-P0 (PZO; chick IgG, 1:200, Aves Labs), anti-S100
(rabbit IgG, 1:500, Dako, Glostrup, Denmark), anti-B-III tubulin
(mouse IgG2b, 1:500, Sigma), and anti-aSMA (mouse IgG2a,
1:1000, Sigma). Secondary antibodies were the following: anti-
goat IgG (Alexa 488), anti-rabbit IgG (Alexa 555), anti-chick IgG
(Alexa 568), anti-mouse IgG2b (Alexa 488), and anti-mouse IgG2a
(Alexa 647). The samples were observed with a universal
fluorescence microscope (Axiolmager M1; Carl Zeiss).

RT-PCR assay. Total RNA was isolated from each sample
with Trizol reagent (Invitrogen, Carlsbad, CA, USA) and DNase I
treatment. Total RNA (1 pg) was used to synthesize cDNA with
oligo-d(T) primers. The cDNA synthesis was performed at 42°C
for 50 min in a final volume of 20 pl, according to the
manufacturer’s instructions for  Superscript Il reverse
transcriptase (Invitrogen). To normalize the template cDNA, the
ubiquitously expressed f-actin mRNA was used as a reference.
PCR was performed with KOD plus DNA polymerase (Toyobo,
Osaka, Japan) according to the manufacturer’s instructions. The
PCR products were resolved by electrophoresis in 1-3% agarose
gels, and the bands were visualized with ethidium bromide under
UV light [10]. The PCR products were confirmed by sequencing.
The primers are listed in Table 1.

Myelination and neurite-extension assays

DRG neurons were co-cultured with cells derived from intact
sciatic nerves or Schwann-spheres using the modified method of
Hoshikawa et al [13]. The DRGs were taken from adult mice,
dissociated with collagenase and trypsin, and seeded on 8-well
chamber slides coated with poly-L-lysine at 200,000 cells per well.
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Table 1. Primer Sequences.

Schwann-Spheres from Adult Peripheral Nerves

Temp. Size sense antisense
Newn e  CAGCTGAGCCTATAGTTCAACGC  GAAACAAGATCTCAGCAGC
Musashil 60 542 GGCTTCGTCACTTTCATGGACC GGGAACTGGTAGGTGTAACCAG
Pag 60 71 ARCAAGCTGGAGCCAATCAACTG - | CTGAGGTCTGTGGACGGTGCTA -
Sox9 60 CACGGAACAGACTCACATCTC TGCTCAGTI’CACCGATGTCCA
p75 ‘ ' 60 GAGTGCTGCAAAGCCTGCAA
Bacin 60 . TGACAGGATGCAGAAGGAGA

doi:10.1371/journal.pone.0021497.t001

Thereafter, 250,000 cells from the spheres or intact nerves were
seeded onto the DRG cultures in DMEM/F12 medium. The
cocultures were incubated for 2 weeks, and then anti-MBP and
anti-BlI-tubulin antibodies were applied, followed by the
appropriate secondary antibodies. The proportions of MBP-
positive cells (MBP-positive cells/total cells) were counted and
the lengths of the longest BIII-tubulin-positive neurite were
measured in a 0.6 mm? field by surveying six fields. The average
was calculated.

Statistical analysis

All values are presénted as the mean & standard error of the
mean (SEM). Statistical significance was determined as $<0.05
using one-factor ANOVA and the Tukey-Kramer test for the
primary and secondary sphere-forming assays. Student’s #-test was
used to compare the data between groups for the myelination and
neurite outgrowth assays.

Results

Adult injured sciatic nerves include sphere-forming cells
with a high self-renewal capability

To determine whether there were sphere-initiating cells within
adult intact and injured peripheral nerves, we cultured cells derived
from the intact and injured sciatic nerves of adult nestin-EGFP mice
[6]. We succeeded in obtaining spheres from the mjured sciatic
nerves in floating culture, when the nerves were harvested at certain
time points after the injury. In contrast, no spheres were obtained
from intact sciatic nerves. These spheres from nestin-EGFP mice
were positive for EGFP, suggesting that they were Nestin-positive
immature cells (Fig. 1A). The distal part of the sciatic nerves
harvested 24 hours to 6 weeks after crush injury, but not at other
time points, could successfully generate spheres in floating culture.
The sphere-forming capacity peaked in the samples derived from
nerves harvested 3 to 10 days after the injury. Quantitative analysis
indicated that approximately 1% of all the viable cells were sphere-
initiating cells during this time (Fig. 1B).

To assess the self-renewing capacity of these spheres, secondary
sphere-forming assays were performed. Primary spheres derived
from sciatic nerves harvested 7 days after injury were dissociated
into single cells and cultured again in the sphere-forming floating
medium. As positive controls, the primary spheres of neural crest
stem cells obtained from fetal DRG and neural stem cells from
fetal striatum were also dissociated and replated to form secondary
spheres. Secondary spheres were successfully obtained from the
dissociated primary sciatic-nerve-derived spheres, although the
sphere-forming rate was lower than the neural crest stem cells and
neural stem cells (Fig. 1C).

To characterize the sphere-forming cells derived from injured
adult sciatic nerves, frozen sections of the spheres were stained
with various cell markers. The spheres were positive for both the
undifferentiated-cell marker Nestin [14] and the proliferative-cell
marker PCNA (Fig. 1D). Interestingly, most of the cells in the
spheres expressed undifferentiated-Schwann-cell marker, p75, and
a small proportion of them were positive for the myelinating-
Schwann-cell marker, PO (Fig. 1E). These results suggested that
these spheres consisted of Schwann-cell precursors/immature
Schwann cells; we therefore called them, “Schwann-spheres.”

Characterization of the Schwann-spheres derived from
adult injured sciatic nerve

The majority of the cells in the Schwann-spheres were positive for
p75, a marker for immature and non-myelinating Schwann cells,
whereas very few cells were positive for PO, a marker for myelinating
Schwann cells (Fig. 2A—a and B-a). We next asked whether the
Schwann-spheres could differentiate into mature Schwann cells in
vitro. After being cultured for 7 days in differentiation medium [10],
approximately 37% of the total cells had differentiated into PO-
positive mature Schwann cells (Fig. 2A~b and B—b), which had a
very similar morphology to the mature Schwann cells derived from
adult intact sciatic nerves (Fig. 2A—-c and B-c).

Furthermore, to determine the origin of the Schwann-spheres, we
induced a contusive sciatic nerve injury in MBP-Cre/Floxed-EGFP
mice. In these transgenic mice, transient activation of the MBP
promoter induces Cre-mediated recombination, indelibly tagging
the MBP-positive mature Schwann cells with EGFP expression
[7,8,9]. Double immunostaining for GFP and p75 in frozen sections
of the distal part of the injured sciatic nerves revealed that most of
the GFP-positive cells were positive for p75, whereas very few of the
GFP-positive cells in intact sciatic nerves were p75-positive (Fig. 3A),
suggesting that myelinating mature Schwann cells could de-
differentiate to the immature stage after peripheral nerve injury.
These EGFP-positive cells could form spheres under floating culture
conditions (Fig. 3B), whereas EGFP-negative cells did not (data not
shown). These findings suggested that the spheres were originally
derived from MBP-positive mature Schwann cells in the pre-injury
sciatic nerves, and that the spheres contained Nestin-positive
immature cells (Fig. 1A). We also examined the trilineage
differentiation potential of the spheres derived from the injured
adult sciatic nerves of MBP-Cre/Floxed-EGFP mice. The EGFP+
spheres derived from these injured adult sciatic nerves differentiated
into glial cells (Fig. 3G), but not into neurons or myofibroblasts (Fig.
S1). These spheres could differentiate only into the Schwann-cell
lineage, suggesting that mature Schwann cells de-differentiate into
Schwann-cell precursors/immature Schwann cells, but not into
neural-crest stem cells after injury.
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Figure 1. Sphere-forming capacity of cells derived from the injured sciatic nerves of adult mice. (A) Phase-contrast and direct EGFP-
fluorescent images showing the spheres formed from the injured nerves of adult nestin-EGFP mice were EGFP+ after 7 days in floating culture (pre,
pre-injured; 7d, 7 days after injury; Scale bar represents 50 pm). (B) Percentage of sphere-forming cells derived from intact and injured sciatic nerves
at 6 or 24 hours, 3, 7, or 10 days, or 2, 3, or 6 weeks after injury (mean * SEM; n=6 per group; x, no spheres observed). While the sciatic nerves
harvested 24 hours to 6 weeks after injury could form spheres under floating culture conditions, those harvested at the other time points did not. (C)
Secondary sphere-forming capability of the spheres derived from adult sciatic nerves compared to those derived from neural-crest stem cells (from
fetal DRGs) and neural stem cells (from fetal striatum). Spheres from injured adult sciatic nerve could be passaged and formed secondary spheres,
indicating their self-renewing ability. One-factor ANOVA and the Tukey-Kramer test were applied (mean + SEM; n= per group; *p<0.05). Scale bar
represents 50 pm. (D) The images of immunostained spheres contain Nestin- and PCNA-positive cells. (E) Most of the cells expressed the
undifferentiated Schwann cell marker, p75, whereas few cells were positive for myelinating Schwann cell marker, P0. Scale bar represents 50 pm.
doi:10.1371/journal.pone.0021497.g001

Schwann-spheres derived from injured sciatic nerves
strongly express immature-Schwann-cell markers

in the injured adult sciatic nerves and Schwann-spheres. However,
their expression of these genes was lower than that of spheres

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis was conducted to evaluate the mRINA expression of various
stem-cell and Schwann-cell markers in the injured adult sciatic
nerve-derived spheres and fetal neural crest-derived spheres (Fig. 4).
The spheres derived from injured adult sciatic nerves showed higher
expression of the immature-neural-precursor cell markers Nestn and
Musashi-1 than were seen in the intact and injured adult sciatic
nerves. The neural-crest markers Pax3 and Sox9 were also expressed

derived from fetal sciatic nerves or DRGs. Intact and injured adult
sciatic nerves, fetal sciatic nerves, DRGs, and striatum all expressed
Sox10 as expected, since this gene is expressed at all stages of the
Schwann-cell lineage [15] and is deeply involved in the develop-
ment of the central nervous system [16]. The expression of p75, the
marker of immature and non-myelinating Schwann cells, was
observed in the adult sciatic-nerve-derived Schwann-spheres, as
well in fetal sciatic-nerve- and DRG-derived spheres. Interestingly,
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Figure 2. Differentiation assay of the Schwann-spheres derived from injured adult sciatic nerve. Immunostaining (A) with p75, a marker
for immature and non-myelinating Schwann cells, and PO, a marker for myelinating Schwann cells, and quantitative analysis (B) (a, Sphere from
injured adult sciatic nerves; b, Sphere after differentiation; ¢, Schwann cells from intact sciatic nerve; mean + SEM; n= per group). After inducing their
differentiation, most Schwann-sphere cells differentiated into PO-positive mature Schwann cells, which closely resembled the Schwann cells from

intact sciatic nerves. Scale bar represents 100 um.
doi:10.1371/journal.pone.0021497.g002

the 75 expression i the cells from the injured adult sciatic nerve
increased after sphere formation, but decreased in the fetal sciatic
nerve- and DRG-derived spheres.

Schwann-spheres show higher potentials for myelination
and neurite outgrowth than do mature Schwann cells in
vitro

To examine the Schwann-spheres’ therapeutic potential, we
performed myelination and neurite growth assays @ vitro [17].

DRG neurons were co-cultured with mature Schwann cells or
with Schwann-spheres derived from injured adult sciatic nerves,
and stained for MBP and BIII-tubulin (Fig. 5A). Both the number
of MBP-positive myelin-forming Schwann cells in myelination
assay [13] (Fig. 5B) and the length of the PIII-tubulin-positive
neuritis in neurite outgrowth assay; [18] (Fig. 5C) were
significantly greater in the co-culture with the Schwann-spheres
derived from injured sciatic nerve compared with the co-culture
with mature Schwann cells derived from intact sciatic nerves.
Thus, the Schwann-spheres enhanced myelin formation and
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Figure 3. Expression pattern of EGFP in the injured sciatic nerves of adult MBP-Cre/Floxed-EGFP mice. (A) Double immunostaining for
GFP and p75 revealed that most of the GFP-positive cells derived from the injured distal sciatic nerves were positive for p75, indicating that the
myelinating mature Schwann cells could de-differentiate to an immature stage after peripheral nerve injury. (B) Phase-contrast and direct EGFP-
fluorescent images showing that the spheres formed from EGFP+ cells after 7 days in floating culture of the injured peripheral nerves from adult MBP-
Cre/Floxed-EGFP mice. (C) Trilineage differentiation potential of the spheres derived from the injured adult sciatic nerves of MBP-Cre/Floxed-EGFP
mice. Double immunocytochemistry revealed that the EGFP+ cells were positive for glial-cell markers, S100 and PO. The EGFP+ spheres derived from
the injured adult sciatic nerves differentiated into glial cells, but not into neurons or myofibroblasts (Fig. S1). Scale bar represents 50 um.

doi:10.1371/journal.pone.0021497.g003

neurite outgrowth compared with the effects of mature Schwann
cells wn witro.

Discussion

This is the first report that Schwann-cell precursors/immature
Schwann cells, in the form of cultured “Schwann-spheres,” can be
isolated from adult peripheral nerves. Mature myelinating and
non-myelinating cells respond to nerve injury by reverting to a
molecular phenotype similar to that of immature Schwann cells, to
provide essential support for axonal regrowth [3]. Therefore, we
hypothesized that undifferentiated spheres could be obtained from
adult injured peripheral nerves. Indeed, here we demonstrated
that adult peripheral nerves harvested at specific time points after

contusive injury could generate de-differentiated spheres under the
floating culture condition with EGF, FGF and fetal bovine serum
(FBS). These Schwann-spheres, which exhibited a high self-
renewal capacity, consisted of Schwann-cell precursors/immature
Schwann cells. Immunocytochemistry and Cre/lox system-medi-
ated lineage tracing analyses showed that the Schwann-spheres
originated from myelinating mature Schwann cells, which de-
differentiated after peripheral nerve injury. In addition, immuno-
histochemical and RT-PCR analyses revealed that the Schwann-
spheres could differentiate into the Schwann-cell lineage, suggest-
ing that mature Schwann cells de-differentiate into Schwann-cell
precursors/immature Schwann cells, but not into neural-crest
stem cells, unlike the spheres derived from fetal sciatic nerves or
DRGs.
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Figure 4. RT-PCR was conducted to evaluate the mRNA expression of various stem-cell and Schwann-cell markers. The injured adult
sciatic nerve-derived spheres showed a higher expression of the immature-cell markers Nestin and Musashi-1 and neural-crest markers Pax3 and Sox9
than the intact and injured adult sciatic nerves. However, their expression of these genes was lower than that of spheres derived from fetal sciatic
nerves and DRGs. The intact and injured adult sciatic nerves, fetal sciatic nerves, DRGs, and striatum expressed Sox10. The expression of p75 was
observed in the spheres derived from injured adult sciatic nerves, fetal sciatic nerves, and DRGs.

doi:10.1371/journal.pone.0021497.g004

Schwann cells are considered a promising candidate for cellular
transplantation therapies to repair the injured central or
peripheral nervous system [19,20,21]. Previous studies have shown
that Schwann cells promote axonal growth, mainly from sensory
and propriospinal neurons [22]. Moreover, Schwann cells
myelinate the ingrowing axons and re-establish axonal conduction
[23]. Although Schwann-cell transplants have shown only limited
results, in that few long-tract axons enter and few axons exit the
grafts [24], a combination therapy of Schwann cells with
neuroprotective agents, molecules that modify the glial scar
[25,26,27], neurotrophic factors [28,29,30], or camp [31],
enhances the ingrowth of long-descending axons and the exit of
fibers, thereby improving functional recovery. There is a strong
current interest in Schwann-cell-based transplantation strategies
for the treatment of spinal cord injuries [17]. However, several
steps are needed to isolate and obtain highly enriched populations
of mature Schwann cells [32,33]. Moreover, it is difficult to use
mature Schwann cells for regenerative medicine because of their
low proliferative rate and poor survival when grafted into the
injured spinal cord [34,35].

Recently, Agudo et al. reported the novel and potentially useful
properties of an early cell in the Schwann-cell lineage, the
Schwann-cell precursor [36]. Unlike mature Schwann cells,
transplanted Schwann-cell precursors thrive in the spinal cord,
where they survive for a long time. However, Schwann-cell
precursors/immature Schwann cells have not been identified in
adult tissues, and they have not been prospectively isolated from
adult animals, although stem/progenitor cells have been detected
in and isolated from fetal peripheral nerves [1].

In the present study, we also demonstrated that the Schwann-
spheres derived from injured adult sciatic nerves demonstrated
much higher potentials for myelin formation and neurite-growth
enhancement than mature Schwann cells isolated from intact
sciatic nerves i wvitro. Skin-derived precursor (SKP)-derived
Schwann cells can myelinate axons [37] and enhance locomotor
recovery better than naive SKPs, when used as a cell-transplan-
tation source after contusion spinal cord injury [36]. Although the
Schwann-spheres differentiated only into the Schwann-cell
lineage, and not into the trilineages of neurons, glial cells, and
myofibroblasts, they provide a more accessible and potential
autologous cell source for transplantation to treat the damaged
peripheral or central nervous system, such as occurs in spinal cord
injury.

Many investigators have studied stem-cell transplantation
therapies for regenerating the central nervous system. Although
the transplantation of fetal neural stem/progenitor cells into the
injured spinal cord can promote functional recovery in adult mice
[38], neonatal rats [39], adult rats [40], and common marmosets
[41], the use of fetal tissue-derived stem cells still generates some
ethical concerns. To regenerate the central nervous system,
multipotent somatic stem cells, which were identified in the adult
skin [36,42] and bone marrow [10], need to differentiate into glial
cells prior to transplantation. In addition, hair follicle stem cells
[43,44] promote repair of peripheral nerve injury [45,46] and
spinal cord injury [47,48]. However, in the results of experiments
using neurospheres derived from pluripotent stem cells (embryonic
stem cells and induced pluripotent stem cells), transplantation of
the gliogenic secondary neurospheres, but not the neurogenic
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Figure 5. Myelination and neurite-growth assays. DRG neurons were co-cultured with mature Schwann cells from intact sciatic nerves or with
Schwann-spheres derived from sciatic nerves harvested 1 week after injury. The cells were then double-stained for MBP and Blll-tubulin (A). The
proportion of MBP-positive cells (MBP-positive cells/total cells) (B, myelination assay) and length of the longest Blil-tubulin-positive neurites (C,
neurite outgrowth assay) in a 0.6-mm? field were measured. Schwann-spheres caused enhanced myelination and neurite outgrowth compared with
mature Schwann cells derived from intact sciatic nerves. Student’s t-test was used to compare the data between groups (mean * SEM; n= per group;

¥ p<0.05; **, p<0.01). Scale bar represents 50 um.
doi:10.1371/journal.pone.0021497.g005

primary neurospheres, promoted axonal growth, remyelination,
and angiogenesis after spinal cord injury [49,50]. Also in such stem
cells, to differentiate into glial cells prior to transplantation might
be effective for promoting the recovery from spinal cord injury.
Interestingly, Widera et al. very recently reported obtaining
spheres from the intact sciatic nerve under serum-free medium
[51], while we reported observing sphere formation only from the
injured nerve under the medium including serum. The former
showed that sphere cells were able to differentiate into ectodermal,
mesodermal and endodermal cells, while the latter showed that the
spheres were able to differentiate only into glial cells. This
discrepancy could be partly because of the differences in the
culture conditions. In addition, in agreement with the results of
others [4,5], we could not identify nestin-positive cells and spheres
in our culture conditions from intact nerves, although we obtained

them from injured nerves. Although the spheres that the former
reported are more interesting from the biological standpoint,
gliogenic spheres such as the spheres in our report might be more
effective for the cell transplantation therapies in the same reason.
Recently, induced pluripotent stem cells (iPS cells) [52] were
recognized as a possible donor source for transplantation therapy,
because of their high pluripotency and potential for proliferation.
However, a major concern associated with iPS cell-based therapies
is tumor formation [53,54], which is correlated with the
persistence of undifferentiated cells that remain after differentia-
tion is induced. In contrast, Schwann-spheres, which contain
Schwann-cell precursors/immature Schwann cells, but not neural
crest stem cells, mostly differentiate into mature Schwann cells
without any specific induction protocol. Taken together, our
findings indicate that Schwann-spheres could be a novel candidate



for cell-transplantation therapies for the injured central or
peripheral nervous system.

Supporting Information

Figure S1 TIrilineage differentiation potential of the spheres
derived from the injured adult sciatic nerves of MBP-Cre/Floxed-
EGFP mice. EGFP+ spheres derived from the injured adult sciatic
nerves differentiated into glial cells (Fig. 3C), but not into neurons
or myofibroblasts. Glial-cell markers, S100, p75, and P0; neuronal
markers, NeuN and Hu; myofibroblast marker, SMA. BIII tubulin
and peripherin can label peripheral glia in culture, although they
are also known as neuronal markers. Scale bar, 50 um.
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INTRODUCTION

The migratory response of astrocytes is essential for restricting inflammation and
preserving tissue function after spinal cord injury (SCI), but the mechanisms
involved are poorly understood. Here, we observed stimulation of in vitro
astrocyte migration by the new potent glycogen synthase kinase-3 (GSK-3)
inhibitor Ro3303544 and investigated the effect of Ro3303544 administration
for 5 days following SCI in mice. This treatment resulted in accelerated migration
of reactive astrocytes to sequester inflammatory cells that spared myelinated
fibres and significantly promoted functional recovery. Moreover, the decreased
extent of chondroitin sulphate proteoglycans and collagen IV demonstrated that
scarring was reduced in Ro3303544-treated mice. A variety of in vitro and in vivo
experiments further suggested that GSK-3 inhibition stimulated astrocyte
migration by decreasing adhesive activity via reduced surface expression of
Bl-integrin. Our results reveal a novel benefit of GSK-3 inhibition for SCI and
suggest that the stimulation of astrocyte migration is a feasible therapeutic
strategy for traumatic injury in the central nervous system.

et al, 2010), in cell replacement strategies is uncontested
(Okano, 2010), numerous obstacles including their potential

Spinal cord injury (SCI) currently has no satisfying cure. While
the therapeutic potential of stem/progenitor cells from various
sources, including induced pluripotent stem (iPS) cells (Tsuji
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tumourigenicity (Miura et al, 2009) must be overcome.
Alternative, potentially complementary, therapeutic strategies
are thus still required.

Recently, using several conditional knock-out mice targeting
STAT3 signalling in reactive astrocytes, we and others have
observed that the compaction and seclusion of infiltrating
inflammatory cells in the lesion centre by migrating reactive
astrocytes during the sub-acute phase of SCI is associated with
improved locomotor recovery (Herrmann et al, 2008; Okada
et al, 2006). These findings suggest that reactive astrocyte
migration may constitute a new therapeutic target for the early
phase of SCI (Renault-Mihara et al, 2008).

Glycogen synthase kinase-3 (GSK3)-a and B are serine/
threonine kinases originally identified as regulators of glycogen
synthase. Based on their involvement in several signalling
pathways (Forde & Dale, 2007), they are considered potential
therapeutic targets for several diseases (Chico et al, 2009). The
fibroblast-specific genetic deletion of GSK3-8 is associated with
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accelerated skin wound closure in mice (Kapoor et al, 2008).
Furthermore, GSK-3 inhibition was reported to be beneficial for
SCI, possibly by reducing apoptosis and promoting axonal
growth (Cuzzocrea et al, 2006; Dill et al, 2008).

Taking advantage of a novel, potent specific inhibitor of GSK-
3, R03303544, we investigated the effects of GSK-3 inhibition on
astrocyte migration capability. The observation that sustained
inhibition of GSK-3 stimulated astrocyte migration in vitro
led us to administer Ro3303544 after contusive SCI in mice and
examine the effects of this treatment in vivo.

RESULTS

R03303544 is more potent than a previously utilized GSK-3
inhibitor

Although the potency and specificity of Ro3303544 have been
evaluated in kinase assays (Adachi et al, 2007), its potency was
evaluated in more detail in primary cultures of hippocampal

A otrl R03303544
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neurons, which are recognized as very sensitive to any toxicity.
In the absence of Wnt-induced signalling, cytoplasmic $-catenin
is constitutively phosphorylated by GSK-3 and degraded by the
ubiquitin-proteasome system (Inestrosa & Arenas, 2010). Upon
initiation of the Wnt signal and subsequent inhibition of GSK-3
activity, B-catenin accumulates in the cytoplasm, translocates
into the nucleus and promotes the transactivation of various
genes. Treatment of E17.5 hippocampal neurons with 1 uM
R03303544 for 48 h resulted in a strong nuclear and peri-nuclear
accumulation of B-catenin as expected (Fig 1A).

The potency of Ro3303544 was then compared to another
GSK-3 inhibitor, SB415286 (Coghlan et al, 2000), previously
used in vivo (Dill et al, 2008). To quantify the level of GSK-3
inhibition at various concentrations chosen according to their
respective IC50s (0.6 and 78 nM for Ro3303544 and SB415286,
respectively), the phosphorylation level of collapsin response
mediator protein 2 {(CRMP2) at Thr514, a specific site for
phosphorylation by GSK-3 (Yoshimura et al, 2005), was
examined in hippocampal neurons. Ro3303544 at 500nM
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Figure 1. Ro3303544 is more potent than a previously utilized GSK-3 inhibitor.
A. Treatment of E17 rat hippocampal neurons in vitro with 1 pM Ro3303544 for 48 h resulted in dramatic nuclear and perinuciear accumulation of B-catenin.

Scale bars: 20 pm.

B. Complete abrogation of Thr514-CRMP2 phosphorylation with Ro3303544 under the same conditions as in A confirmed the higher potency of Ro33034544

compared to SB415286. Data represent mean +SEM of three independent experiments. ***p < 0.001; "p < 0.05.
C. Treatment of E17 rat hippocampal neurons in vitro with Ro3303544 for 72 h significantly promoted neurite outgrowth. Green: Blli-tubulin, blue: Hoechst.
Scale bar: 50 pm. Data represent mean + SD of three independent experiments performed in triplicate. **'p < 0.001.
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drastically reduced phosphorylation, in contrast to a partial
effect of SB415286 at 10 uM (Fig 1B).

The treatment of E17.5 rat hippocampal neurons with
R03303544 for 72 h in vitro resulted in significantly increased
neurite length (mean =+ SD; 58.83 4 12.24%; Fig 1C). Together,
these experiments demonstrated the high potency of Ro3303544
and its lack of toxicity at the concentrations used.

Sustained inhibition of GSK-3 stimulates the migration of
astrocytes in vitro

Since the compaction of inflammatory cells in the lesion
epicentre by reactive astrocytes during the sub-acute phase of
SCl is associated with enhanced locomotor recovery (Herrmann
et al, 2008; Okada et al, 2006), the stimulation of astrocyte
migration is an attractive approach for the treatment of SCI
during the early phase (Renault-Mihara et al, 2008). Considering
that activation of the Wnt/B-catenin pathway results in the
increased migration of numerous cell types in a variety of

pathophysiological contexts, inhibition of GSK-3 leading to
activation of B-catenin was speculated to stimulate astrocyte
migration. This hypothesis was first tested in vitro.

Inhibition of GSK-3 by R03303544 was found to compromise
the recolonization of a wounded area (Supporting Information,
Fig S1A and Supplemental Movie 1), in agreement with the role
of GSK-3 in polarization (Etienne-Manneville & Hall, 2003).
Sustained GSK-3 inhibition before the migration assay was
reasoned to be necessary for activating B-catenin-responsive
genes. Treatment for 24 h with Ro3303544 resulted in the nuclear
accumulation of B-catenin in astrocytes (Fig 2A) in a dose-
dependent manner (Fig S2A and S2B). In agreement with the
mitogenic effect of activated B-catenin in various cell types, these
doses of Ro3303544 were observed to promote bromodeoxyur-
idine (BrdU) incorporation in astrocytes in vitro (Fig S2C).

Considering that additional treatment time would allow the
completion of downstream events, we attempted to extend
the Ro3303544 treatment time of astrocytes to 48h before
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Figure 2. Sustained, but not acute, inhibition of GSK-3 by Ro3303544 stimulates the migration of astrocytes and reduces their spreading in vitro.

A. Treatment for 24 h with 1 .M Ro3303544 resulfted in the strong nuclear accumulation of B-catenin in astrocytes (white arrowheads). Scale bar: 20 pm.

B. The sustained inhibition of GSK-3 by 48-h pretreatment with either Ro3303544 or SB415286 greatly increased astrocyte migration in a transwell assay. Wash-
out of R63303544 normalized the migration index. Data represent mean = SD of three independent experiments. ***p < 0.001.

C. Pretreatment for 48 h with Ro3303544 before seeding reduced the spreading of astrocytes onto coverslips coated with 10 ug/ml laminin. Green: F-actin
Jabelled with phalloidin; red: a-tubulin; blue: Hoechst nuclear staining. Scale bars: 50 pm.
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performing the wound scratch assay in the presence of
aphidicolin, a potent antimitotic drug. However, Ro3303544
treatment sustained over 24h was observed to disrupt the
astrocytic monolayer without inducing toxicity (Fig S1B and
S1C). Since intercellular contacts, mainly through adherens
junctions (Dupin et al, 2009), are required for the effective
recolonization of wounded astrocytic monolayers, this mono-
layer disruption prohibited the evaluation of ‘B-catenin-activated’
astrocyte migration in this assay. Therefore, a modified Boyden’s
chamber assay or ‘transwell’ assay was used, which quantifies
the migration of dissociated cells through a porous membrane.
Treatment of astrocytes for 48 h with 1 1M Ro3303544 before the
transwell assay resulted in a 2.73:0.33-fold increase in cell
migration compared to control-treated astrocytes (Fig 2B and Fig
$2D). A similar increase observed upon pre-tréatment with 10 pM
SB415286 (2.15 4+ 0.30-fold increase) indicated that the stimula-
tion of astrocyte migration was indeed due to the sustained
inhibition of GSK-3, rather than to the effect of Ro3303544. The
acute inhibition of GSK-3 by R03303544 from 30 min prior to the
transwell assay until its end (15 h), a time window similar to that

for the wound assay, had no significant effect on cell migration

(Fig S2E) indicating that the effect of GSK-3 depended on the cell
migration mode.

Dysregulated activation of the Wnt/B-catenin. pathway is a
common phenomenon in numerous tumours and is associated
with metastatic potential (Nguyen et al, 2009). To investigate
whether sustained GSK-3 inhibition promoted an irreversible,
cancerous transformation of the astrocytes, Ro3303544 was
removed after the initial 48h treatment, and the astrocytes
were maintained in control medium for an additional 2 days
before testing their migration properties. This wash-out procedure
completely normalized the migratory ability of the cells (Fig 2B),
suggesting that the pro-migratory effect of sustained Ro3303544
treatment was not related to cancerous cell transformation.

Sustained inhibition of GSK-3 reduces astrocytic spreading

in vitro

Since alterations in cell migratory properties are often
associated with morphological changes, the effects of prolonged
Ro03303544 treatment on astrocytic morphology were examined
by staining for F-actin and a-tubulin. Ro3303544 or control
solution was applied for 48 h, and then the cells were replated at
a low density onto laminin-coated coverslips. After 15h of
culture, the astrocytes treated with Ro03303544 remained
rounded with intense peripheral actin rings (Fig 2C), in contrast
to their control counterparts, which adopted a typical astrocytic
morphology. Quantitative morphometric analysis confirmed a
significant reduction of the mean area per cell after treatment
with R03303544 (47743650 p,mz and 2866 - 2064 wm?,
n=977 and 756 analysed cells in the control and Ro3303544
group, respectively), thus demonstrating that sustained inhibi-
tion of GSK-3 reduces the spreading of astrocytes.

inhibition of GSK-3 by Ro3303544 promotes the compaction
of infiltrated inflammatory cells after spinal cord injury

Next, the in vivo effects of Ro3303544 after SCI were examined.
To focus on the compaction of inflammatory cells by

Francois Renault-Mihara et al.

reactive astrocytes, the protocol consisted of intraperitoneal
administration of Ro3303544 for only the first 5 days after
thoracic contusive SCI in mice (Fig 3A). This is in contrast
to a previous report in which Dill et al (2008) administered
SB415286 for 3-4 weeks after SCI and reported increased
axonal growth and improved functional recovery. Axonal
growth is a delayed event that commences after the
inflammatory reaction has subsided, while the compaction
of inflammatory cells by reactive astrocytes occurs during the
sub-acute phase of SCI, namely the first 2 weeks after injury in
mice (Okada et al, 2006).

First, the efficiency of the protocol was evaluated. Analysis by
confocal microscopy revealed that at 4 days post-injury (DPI),
while phosphorylated active B-catenin (van Noort et al, 2002)
was weakly expressed and localized exclusively to the
cytoplasm of neurons in the spinal cords of control mice,
administration of Ro3303544 resulted in B-catenin upregulation
and nuclear accumulation in neurons and reactive astrocytes
(Fig 3C). Immunoblotting of spinal cord lysates collected at 5
DPI quantitatively confirmed this B-catenin activation in vivo
after administration of Ro3303544 (Fig 3B).

The effect of Ro3303544 on the compaction of inflammatory
cells after SCI was then investigated. As previously observed
(Okada et al, 2006), CD1lb-positive inflammatory cells
appeared as a diffuse infiltrate at the lesion centre of the
injured spinal cord parenchyma at 7 DPI in both groups (Fig 4A)
and were progressively compacted by the surrounding GFAP-
positive reactive astrocytes at 14 and 42 DPI. Three-dimensional
measurement of the lesion volume through the analysis of
GFAP-negative areas in serial sagittal sections revealed that
while the initial infiltration of inflammatory cells at 7 DPI was
similar in both groups, the compaction of inflammatory cells at
14 DPI was significantly accelerated by Ro3303544 administra-
tion, consistent with the in vitro stimulation of astrocyte
migration by Ro03303544 (Fig 4B). At 14 DPI, confocal
microscopic examination of the boundary between reactive
astrocytes and the lesion centre visualized through laminin
confirmed the potent walling off of the lesion by reactive
astrocytes in the Ro3303544-group (Fig 4C).

To examine the possibility that the increased compaction of
inflammatory cells upon Ro03303544 administration in vivo
resulted from enhanced proliferation of reactive astrocytes,
BrdU incorporation experiments were performed. Mice in the
control and Ro3303544 groups received daily intraperitoneal
injections of BrdU for 14 days after the injury. Quantitative
analysis revealed no significant difference in the number of
BrdU-labelled reactive astrocytes surrounding the lesion,
implying that the increased compaction of infiltrated inflam-
matory cells by Ro3303544 results from the migration of reactive
astrocytes rather than from astrocyte proliferation (Fig 4D).

Treatment with Ro3303544 reduces the size of the lesion
scar and demyelination

The lesion scar in traumatic SCI consists of a fibrous scar at the
lesion core surrounded by a glial scar. Among the numerous
molecules that are upregulated in CNS lesions (Sofroniew,
2009), chondroitin sulphate proteoglycans (CSPG) were exam-
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Figure 3. In vivo administration of R03303544 for the first 5 days after SCl in mice is effective.

A. Experimental design.

B. Immunoblot of spinal cord lysates at 5 DPI revealed that intraperitoneal injections of Ro3303544 potently increased the levels of a phosphorylated active form
of B-catenin in vivo. Histogram displays the mean + SEM of one experiment (four mice per group) (*p < 0.05, Wilcoxon rank-sum test).

C. At4 DPI, confocal analysis showed that while active B-catenin is weakly expressed and localized exclusively to the cytoplasm of neurons in the spinal cords of
control mice (arrows), injections of Ro3303544 resulted in drastic upregulation and nuclear accumulation of B-catenin in neurons (arrowheads). Note that the
relative upregulation of active B-catenin is even more pronounced in reactive astrocytes (asterisks).

ined first. Seminal studies have shown that CSPG staining
overlapped with areas of inflammatory cell infiltration (Fitch &
Silver, 1997). Quantitative analysis indicated that the area of
CSPG immunoreactivity was significantly reduced in the
R03303544 group at 14 DPI (Fig 5A) but not at 42 DPI (not
shown). Considering that mice harbouring a fibroblast-specific
deletion of GSK-3 exhibit accelerated wound closure as well as
excessive scarring characterized by elevated collagen produc-
tion (Kapoor et al, 2008), immunostaining for collagen IV, a
major component of the fibrous scar (Klapka & Muller, 2006),
was performed. A significant reduction of collagen IV was
observed in the Ro3303544 group at 14 DPI (Fig 5B), but again
not at 42 DPI (not shown). The reduction of both collagen 1V-
and CSPG-immunoreactive areas confirms that the stimulation
of astrocyte migration by Ro3303544 is associated with reduced
scar formation.

An association between compaction of inflammatory cells
by migrating reactive astrocytes and a reduction in delayed
neuronal damage, such as demyelination, has been previously
reported (Herrmann et al, 2008; Okada et al, 2006). Accordingly,
while eriochrome cyanine blue staining revealed severe
demyelination, as expected, at the lesion level in the control

group at 42 DPI, significantly reduced demyelination was
observed in the mice treated with Ro3303544 (Fig 6A).

Administration of Ro3303544 improves motor function
recovery after spinal cord injury

The recovery of motor function was then monitored over
42 days using the Basso Mouse Scale open-field score (BMS)
(Basso et al, 2006). The mice in the Ro3303544 group exhibited a
tendency for greater motor function recovery compared to the
control group as early as 7 DPI (1.08 +0.97 vs. 1.854 1.12 in the
control and Ro3303544 groups, respectively). Control mice,
with a mean BMS score of 2.95+1.21 at 42 DPI, could not
support their weight on their hind limbs. By contrast, mice in the
R03303544 group had a mean BMS score of 5.00-2.05 at 42
DPI, and many mice in this group were able to walk with
forelimb-hindlimb coordination. The BMS score of the
Ro3303544 group was statistically better than that of
the control group (two-way repeated measures ANOVA: p-value
related to an effect of the treatment = 0.0151), and Bonferroni’s
multiple comparisons test at each time-point demonstrated
statistical significance from 21 DPI until the end of the
observation period, i.e. 42 DPI (Fig 6B).
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Figure 4. Administration of Ro3303544 after SCl accelerates the compaction of infiltrated inflammatory cells by stimulating reactive astrocyte migration.

A. The compaction of CD11b-positive inflammatory cells surrounded by GFAP-positive reactive astrocytes was significantly accelerated upon Ro3303544
administration. Right panels display the separate immunostaining at 14 DPL Red: GFAP; green: CD11b; blue: Hoechst nuclear staining. Scale bars: 500 p.m.

B. Lesion volume was significantly reduced at 14 DPI in the Ro3303544 group compared to control. Data represent mean + SEM. *p=0.011 (Mann-Whitney test,
n=>5 mice per group at 7 DP| and 42 DPI, n=12 and 10 mice at 14 DPI in the control and Ro3303544 groups, respectively.).

C. At 14 DPI, confocal imaging of the boundary between reactive astrocytes and the lesion centre visualized through laminin revealed reactive astrocytes potently

walling off the lesion in Ro3303544 group. Scale bar: 50 pm.

D. Quantification of BrdU incorporation during the first 2 weeks after the lesion did not evidence any significant difference between groups, indicating that the
increased compaction did not rely on increased astrocyte proliferation in vivo. Confocal imaging (middle panel) illustrates BrdU/GFAP positive cells at high
magnification. Histogram data represent mean =+ SEM. 'p <0.05 (Wilcoxon rank-sum test, n=>5 and 6 mice in the control and Ro3303544 groups,
respectively). Red: GFAP; green: BrdU. Scale bars: 50 and 10 um in the left and middle panels, respectively.

Stimulation of astrocyte migration by Ro3303544 is
mediated by unknown mechanisms

What is the mechanism by which sustained Ro03303544
stimulates the migration of astrocytes? The pro-migratory
effect of GSK-3B depletion in fibroblasts relies on the

enhanced expression of endothelin-1 (Kapoor et al, 2008). In
the case of astrocytes, the concomitant blockade of both
endothelin receptors A and B by BQ-123 and BQ-788 (each
1 M) had no effect on the pro-migratory effect of Ro3303544
(Fig S3A), indicating that different molecular mechanisms
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mediate the pro-migratory effect of GSK-3 inactivation/inhibi-
tion in astrocytes.

Next, considering that hypoxia-inducible factor 1-a (HIF-1a)
promotes cell migration (Le et al, 2004) and that GSK-3
inhibition stabilizes HIF-la (Flugel et al, 2007), Ro3303544
treatment was investigated to determine whether it could
activate HIF signalling. Glioma cells were transfected with
reporter constructs in which the expression of firefly luciferase
was driven by hypoxia-responsive elements (HRE), and
luciferase reporter assays were performed at various time-
points during Ro3303544 treatment. While transfection with
positive controls, ie. two different gain-of-function HIF-la
mutants, enhanced HIF-dependent luminescence, treatment
with Ro3303544 had no effect at any time-point (Fig S3B). This
experiment thus ruled out the possible involvement of HIF
signalling in the pro-migratory effect of Ro3303544. These
results led to the conclusion that the stimulation of astrocyte
migration by the sustained inhibition of GSK-3 could
involve previously unreported mechanisms.

DNA microarray analysis suggests a global attenuation of
integrin signalling in astrocytes by Ro3303544
To gain insight into the molecular mechanism underlying the
pro-migratory effect of Ro3303544 treatment, DNA microarray
analysis was performed using astrocytes in primary culture
treated for 48 h with 1 uM Ro3303544 or control. Considering
that wash-out of Ro3303544 normalized astrocyte migration
(Fig 2B), this condition was also included as a control for genes
that remained highly up- or downregulated after the wash-out
period, which would therefore not be relevant to the Ro3303544-
enhanced migration.

Figure 7A illustrates the changes in gene expression after
treatment with Ro3303544 and demonstrates that the wash-out

Figure 5. Treatment with Ro3303544 reduces the
size of the lesion scar at 14 DPI.
A. The extent of CSPG was significantly reduced at 14
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DPI in Ro3303544-treated mice.
B. The fibrous scar, assessed by collagen IV, was also
* significantly reduced at 14 DPi in Ro3303544-
treated mice. In A and B, data represent mean
+ SEM. *p < 0.05 (unpaired t-test, n=6 mice per
group). Scale bars: 100 pm.
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procedure partially reestablished the normal pattern. Among
the 26,734 flags expressed in astrocytes, 1601 and 1638 genes
were up- or downregulated more than twofold, respectively, in
Ro03303544-treated astrocytes compared to control astrocytes
(Fig 7B). In the wash-out versus vehicle groups, 1148 and
591 genes were up- or downregulated, respectively, more than
twofold. Only 211 genes were upregulated and 573 genes
downregulated in both the Ro3303544-treated and wash-out
astrocytes compared to the control cells. Of these overlapping
genes, all those for which the ratio of intensity (i.e. expression
level) between the Ro3303544 and washout groups was below
twofold were excluded.

To summarize these findings, strong variations were first
observed in molecules belonging to the Wnt/B-catenin
pathway (Table 1), consistent with the activation of this
pathway by the sustained GSK-3 inhibition of R03303544.
As an example, real-time polymerase chain reaction (qPCR)
confirmed the upregulation of Axin2 (Fig 7C). Considering
that the prolonged administration of Ro3303544 drastically
affected cell spreading and morphology (Fig 2C), genes
related to cell adhesion were then focused on. Integrins
are prototypical adhesion receptors that link the extracellular
matrix (ECM) to the intracellular actin cytoskeleton. They
are heterodimers consisting of an «a- and a B-subunit. Within
the integrin family, Ro3303544 led to downregulation
of the genes for al, a3, a6, B5, and B1l-like integrins, and
no member of this family was upregulated (Table 1). More-
over, the expression levels of three genes previously reported
to modulate Bl-integrin maturation were significantly
affected: N-acylsphingosine amidohydrolase 3-like (Asah3l,
also named Acer2; 4.01-fold increase), talin2 (TIn2; 52%
decrease) and low-density lipoprotein-related protein 1B
(Lrplb; 72% decrease).
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Figure 6. Administration of Ro3303544 reduces demyelination and

promotes functional recovery after contusive SCI.

A. Quantitative analysis of eriochrome cyanine-positive areas in the ventral
white matter at 42 DPI revealed that treatment with Ro3303544 reduced
injury-associated demyelination. Data represent mean = SEM (""p < 0.01,
*p < 0.05, n=>5 mice per group). Scale bars: 250 pm.

B. Hindlimb movement evaluated using the Basso mouse scoring scale
improved significantly in the Ro3303544 group compared to the control
group from 21 DPI. Data represent mean = SEM. ("p < 0.05, *p <0.01,
**p < 0.001; 2-way repeated measures ANOVA followed by Bonferroni post
hoc test, n=12 and 13 mice in the control and Ro3303544 groups,
respectively.)

The PBl-integrin subunit is synthesized as an 87-kDa
polypeptide that undergoes glycosylations in the endoplasmic
reticulum and Golgi apparatus (Akivama & Yamada, 1987). Only
the most glycosylated form of Bl-integrin, with a mass of
~130kDa, is found at the cell surface and functions in cell
adhesion or cell signalling, justifying its denomination as the
mature form. Importantly, the changes observed in Asah3l, Tin2
and Lrplb suggested that Ro3303544 could cause the reduced
maturation of Bl-integrin. Asah3l overexpression is indeed
known to inhibit pl-integrin maturation and thereby reduce
cell adhesion to fibronectin or collagen (Sun et al, 2009).
Furthermore, downregulation of TIn2 and Lrplb is known to
reduce Bl-integrin maturation and cell adhesion (Albiges-Rizo

Francois Renault-Mihara et al.

et al, 1995; Salicioni et al, 2004). gPCR confirmed the
downregulation of both Tin2 and Lrplb after Ro3303544
administration (Fig 7C). Since the Pl-integrin subunit is a
component of most integrin receptors expressed by astrocytes
(Takada et al, 2007), the role of this specific subunit was focused
on next.

In vitro pro-migratory effect of Ro3303544 relies on
decreased cell adhesion strength through a reduced

surface expression of Bl-integrin

R03303544 induced similar pro-migratory effects in astrocytes
seeded on transwell membranes coated with laminin or
fibronectin (Fig 8A), which are both ligands for Bl-integrin-
containing heterodimers. By contrast, sustained treatment
with Ro3303544 did not stimulate astrocyte migration in the
absence of any coating, indicating that the pro-migratory effect
of Ro3303544 did not result from a switch to an adhesion-
independent migration mode.

Immunoblot analysis of total protein lysates prepared from
astrocytes treated for 48h with various concentrations of
R03303544 revealed a dose-dependent decrease in the expres-
sion level of the ~130-kDa mature Bl-integrin (Fig 8B). The
intensity of the ~110-kDa band, corresponding to the precursor
form of Bl-integrin, was inversely correlated with that of
the mature form, suggesting that the process of maturation
through glycosylation was indeed inhibited by Ro3303544. Flow
cytometry confirmed that the reduction in the ~130-kDa mature
form of Bl-integrin seen with immunoblotting corresponded to
reduced cell-surface expression (Fig 8C). Furthermore, the
wash-out procedure partially reversed this reduction of cell-
surface B1-integrin, consistent with its involvement in the effect
of Ro3303544. Complete abrogation of astrocyte migration by
a function-blocking monoclonal antibody against $1-integrin
demonstrated that this subunit is necessary for the migration of
astrocytes under the conditions in which Ro3303544 exerts its
pro-migratory effect (Fig 8D).

In integrin-dependent two-dimensional migration models,
the highest migration speeds result from an intermediate level of
cell-substratum adhesion strength (net adhesion), which allows
both rapid focal contact formation and the generation of traction
forces (DiMilla et al, 1991). At low net adhesion, migration rates
are indeed impaired because the reduced binding strength
lowers the force generated at the leading edge (Gaudet et al,
2003; Palecek et al, 1997). Conversely, high net adhesion slows
cells down and favours cell immobilization through delayed
rear-process retraction. Three factors define net adhesion:
substrate ligand level, integrin expression level, and the
integrin-ligand binding affinity.

Reduced expression levels of integrins provide a " pro-
migratory advantage at high ECM protein concentrations
(Palecek et al, 1997). Therefore, the effect of Ro3303544 on
migration was examined with increasing concentrations of
laminin (Fig 8E). At 2 ug/ml laminin, significantly more control
than Ro03303544-treated astrocytes migrated. Although this
observation may seem to contradict our initial observation of a
Ro03303544 pro-migratory effect at 10 pg/ml ECM coating, itis in
good agreement with the model: at above 5pg/ml laminin,
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