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Themigratory 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

b1-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.
INTRODUCTION

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
of Medicine, Tokyo,

School of Medicine,

al Center, Musashi-

Graduate School of

an

of Medicine, Nagoya

Cell Unit, Graduate

oka, Japan

81 3 3357 5445;

þ81 3 3353 6597;
et al, 2010), in cell replacement strategies is uncontested

(Okano, 2010), numerous obstacles including their potential

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-b is associated with
EMBO Mol Med 3, 682–696 www.embomolmed.org
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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, Ro3303544, 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

Ro3303544 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
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Figure 1. Ro3303544 is more potent than a previously utilized GSK-3 inhibit

A. Treatment of E17 rat hippocampal neurons in vitro with 1mM Ro3303544 for

Scale bars: 20mm.

B. Complete abrogation of Thr514-CRMP2 phosphorylation with Ro3303544 und

compared to SB415286. Data represent mean� SEM of three independent ex

C. Treatment of E17 rat hippocampal neurons in vitro with Ro3303544 for 72 h

Scale bar: 50mm. Data represent mean� SD of three independent experimen
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neurons, which are recognized as very sensitive to any toxicity.

In the absence ofWnt-induced signalling, cytoplasmic b-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 1mM

Ro3303544 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 500 nM
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drastically reduced phosphorylation, in contrast to a partial

effect of SB415286 at 10mM (Fig 1B).

The treatment of E17.5 rat hippocampal neurons with

Ro3303544 for 72 h in vitro resulted in significantly increased

neurite length (mean� SD; 58.83� 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

SCI 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
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Figure 2. Sustained, but not acute, inhibition of GSK-3 by Ro3303544 stimula

A. Treatment for 24 h with 1mM Ro3303544 resulted in the strong nuclear acc

B. The sustained inhibition of GSK-3 by 48-h pretreatment with either Ro3303544

out of Ro3303544 normalized the migration index. Data represent mean� SD

C. Pretreatment for 48 h with Ro3303544 before seeding reduced the spreading

labelled with phalloidin; red: a-tubulin; blue: Hoechst nuclear staining. Scale
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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 Ro3303544 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 24h 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 48 h before
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performing the wound scratch assay in the presence of

aphidicolin, a potent antimitotic drug. However, Ro3303544

treatment sustained over 24 h 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 48h with 1mM 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

S2D). A similar increase observed uponpre-treatmentwith 10mM

SB415286 (2.15� 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 Ro3303544 from 30min 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

Ro3303544 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 15 h of

culture, the astrocytes treated with Ro3303544 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 Ro3303544 (4774� 3650mm2 and 2866� 2064mm2,

n¼ 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
www.embomolmed.org EMBO Mol Med 3, 682–696
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), CD11b-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 Ro3303544 (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 Ro3303544 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 themigration 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-
� 2011 EMBO Molecular Medicine 685
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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

Ro3303544 group at 14 DPI (Fig 5A) but not at 42 DPI (not

shown). Considering that mice harbouring a fibroblast-specific

deletion of GSK-3b 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 IV-

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
� 2011 EMBO Molecular Medicine
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). Themice 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. 1.85� 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

Ro3303544 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 treatment¼ 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).
EMBO Mol Med 3, 682–696 www.embomolmed.org
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Stimulation of astrocyte migration by Ro3303544 is

mediated by unknown mechanisms

What is the mechanism by which sustained Ro3303544

stimulates the migration of astrocytes? The pro-migratory

effect of GSK-3b depletion in fibroblasts relies on the
www.embomolmed.org EMBO Mol Med 3, 682–696
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

1mM) had no effect on the pro-migratory effect of Ro3303544

(Fig S3A), indicating that different molecular mechanisms
� 2011 EMBO Molecular Medicine 687
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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-1a (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, i.e. two different gain-of-function HIF-1a

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 1mM 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, whichwould 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
� 2011 EMBO Molecular Medicine
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

Ro3303544-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 Ro3303544.

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 a1, a3, a6, b5, and b1-like integrins, and

no member of this family was upregulated (Table 1). More-

over, the expression levels of three genes previously reported

to modulate b1-integrin maturation were significantly

affected: N-acylsphingosine amidohydrolase 3-like (Asah3l,

also named Acer2; 4.01-fold increase), talin2 (Tln2; 52%

decrease) and low-density lipoprotein-related protein 1B

(Lrp1b; 72% decrease).
EMBO Mol Med 3, 682–696 www.embomolmed.org
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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, n¼ 5 mice per group). Scale bars: 250mm.

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, n¼ 12 and 13 mice in the control and Ro3303544 groups,

respectively.)
The b1-integrin subunit is synthesized as an 87-kDa

polypeptide that undergoes glycosylations in the endoplasmic

reticulum andGolgi apparatus (Akiyama &Yamada, 1987). Only

the most glycosylated form of b1-integrin, with a mass of

�130 kDa, 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 inAsah3l, Tln2

and Lrp1b suggested that Ro3303544 could cause the reduced

maturation of b1-integrin. Asah3l overexpression is indeed

known to inhibit b1-integrin maturation and thereby reduce

cell adhesion to fibronectin or collagen (Sun et al, 2009).

Furthermore, downregulation of Tln2 and Lrp1b is known to

reduce b1-integrin maturation and cell adhesion (Albiges-Rizo
www.embomolmed.org EMBO Mol Med 3, 682–696
et al, 1995; Salicioni et al, 2004). qPCR confirmed the

downregulation of both Tln2 and Lrp1b after Ro3303544

administration (Fig 7C). Since the b1-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 b1-integrin

Ro3303544 induced similar pro-migratory effects in astrocytes

seeded on transwell membranes coated with laminin or

fibronectin (Fig 8A), which are both ligands for b1-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 48 h with various concentrations of

Ro3303544 revealed a dose-dependent decrease in the expres-

sion level of the �130-kDa mature b1-integrin (Fig 8B). The

intensity of the �110-kDa band, corresponding to the precursor

form of b1-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 b1-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 b1-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 2mg/ml laminin, significantly more control

than Ro3303544-treated astrocytes migrated. Although this

observation may seem to contradict our initial observation of a

Ro3303544 pro-migratory effect at 10mg/ml ECM coating, it is in

good agreement with the model: at above 5mg/ml laminin,
� 2011 EMBO Molecular Medicine 689
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C. Significant changes in Axin2, Tln2 and Lrp1bmRNA levels detected by qPCR confirmed activation of the Wnt/b-catenin pathway in astrocytes upon prolonged

treatment with Ro3303544, as well as the variations in molecules known to modulate b1-integrin signalling. Data represent mean� SEM. ��p<0.01, n¼5

(Mann–Whitney test).

690
treatment with Ro3303544 provided a significant migratory

advantage, consistent with the reduced cell-surface expression

of b1-integrin in Ro3303544-treated cells. Together, these

results suggest that the in vitro pro-migratory effect of

Ro3303544 relies on decreased adhesion strength, especially

through the reduced surface expression of b1-integrin.
Table 1. Gene expression differences of selected gene clusters

Cluster Abbrev Accessio

Wnt/b-catenin pathway Apcdd1 AB0239

Wif1 NM_011

Axin2 NM_015

Ctnnal1 NM_018

Wisp2 NM_016

Integrins Itga3 NM_013

Itgb5 NM_010

Itga6 BC0245

Itga6 NM_008

Itga6 AK0453

Itgbl1 NM_145

Itga1 AK0533

Itga1 AK0533

reported to modulate b1-integrin Asah3l NM_139

Tln2 XM_486

Lrp1b BC0647

P, present; A, absent; (n¼ 2 per group)

� 2011 EMBO Molecular Medicine
Decreased expression of b1-integrin upon Ro3303544

treatment enhances the migration of reactive astrocytes

in vivo

Since our proposed mechanism for the enhanced migration of

astrocytes upon Ro3303544 administration implies the presence

of high ECM concentrations, the changes in laminin expression,
n # Fold change Control Ro3303544

significance significance

57 52.49 P P

915 41.02 P P

732 20.14 P P

761 0.48 P P

873 0.32 P P

565 0.48 P P

580 0.45 P P

71 0.44 P P

397 0.42 P P

91 0.42 P P

467 0.42 P P

77 0.41 P P

77 0.39 P P

306 4.01 A P

227 0.48 P P

65 0.28 P P, A

EMBO Mol Med 3, 682–696 www.embomolmed.org
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Figure 8. Increased migration of astrocytes in vitro upon prolonged Ro3303544 treatment relies on reduced cell adhesion with the ECM due to decreased

surface expression of b1-integrin.

A. The pro-migratory effect of prolonged Ro3303544 treatment was similar on fibronectin and laminin. By contrast, migration of astrocytes in the absence of

ECM coating was limited regardless of Ro3303544 treatment.

B. Treatment for 48 h with Ro3303544 dose-dependently decreased the expression level of mature b1-integrin in astrocytes. Histogram data represent

mean� SEM of a representative experiment performed in triplicate. ���p<0.001.

C. Flow cytometric analysis confirmed that 48-h treatment with Ro3303544 decreased the cell-surface expression of b1-integrin on astrocytes. The specificity of

the immunostaining is shown at left. CD29¼b1-integrin. A representative experiment is shown. ���p< 0.001, n¼ 10000 cells per sample (unpaired Student’s

t-test).

D. Migration assays using a function-blocking antibody against b1-integrin demonstrated that functional b1-integrin was required for the migration of the

astrocytes.

E. The effect of Ro3303544 on in vitro astrocytes migration depended on the ECM concentration. While 48-h treatment with Ro3303544 resulted in decreased

migration compared to control cells at low laminin concentrations, a pro-migratory effect was observed at higher concentrations. Data representmean� SD of

three independent experiments. ���p<0.001, n¼9.
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692
as an example ECM protein, were examined following SCI. In

control animals, while the expression of laminin was initially

restricted to blood vessels at 4 and 7 DPI, its expression at the

lesion epicentre was drastically upregulated from 10 DPI and

maintained at 14 DPI (Fig 9A). The time course of laminin

upregulation following injury was not affected by Ro3303544

treatment (not shown). Then, the effect of Ro3303544 admin-

istration on b1-integrin expression levels was evaluated in vivo.

Although the pattern of the different forms of b1-integrin in

spinal cord lysates was much more complex than in astrocytes

in vitro, a significant decrease in the expression level of the

higher molecular-weight b1-integrin band in the Ro3303544-

treated mice was observed at 5 DPI (Fig 9B). Considering that

laminin was upregulated only from 10 DPI, the expression level

of b1-integrin was next examined at this time-point. The results

showed b1-integrin remain significantly reduced in Ro3303544-

treated mice at 10 DPI (Fig 9B).

Together, the observed Ro3303544-mediated reduction in b1-

integrin expression in the spinal cord and the concomitant

spontaneous upregulation of laminin at 10 DPI suggests that the

mechanistic model proposed on the basis of the in vitro data is

relevant in vivo.
DISCUSSION

While the deleterious effects of reactive astrocytes and their

associated glial scar after CNS injury are well established

(Sofroniew, 2009), their beneficial roles have only been

evidenced relatively recently (White & Jakeman, 2008). Using

several conditional knock-out mice targeting STAT3 signalling

in reactive astrocytes, we and others have previously observed
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compared to control mice. Data represent mean� SEM. (��p<0.01, �p< 0.05

� 2011 EMBO Molecular Medicine
that the compaction of inflammatory cells by migrating reactive

astrocytes is associated with enhanced locomotor recovery after

SCI (Herrmann et al, 2008; Okada et al, 2006). Here, we report

that the pharmacological inhibition of GSK-3 using the novel,

highly potent agent Ro3303544 successfully stimulated the

migration of astrocytes both in vitro and in vivo and promoted

functional recovery after SCI.

GSK-3 and cell migration

Current data about the role of GSK-3 in cell migration are

contradictory (Etienne-Manneville & Hall, 2003; Kapoor et al,

2008). Our observations demonstrate first that the effect of GSK-

3 depends on the migration mode involved (interested readers

are invited to read the extended discussion in Supporting

Information). Although the in vivo pattern of endogenous

astrocyte migration following CNS injury is unknown, glial cells

migrate as single cells during development (Klambt, 2009).

Moreover, the observed increased compaction of inflammatory

cells in vivo after Ro3303544 administration (Fig 4) suggests that

the migration of astrocytes observed in the single-cell transwell

assay more closely resembles the situation of in vivo reactive

astrocytes and reveals that the in vitro wound scratch assay is

not always relevant to in vivo CNS injury.

Mechanism of increased migration by the sustained

inhibition of GSK-3

The historical model for describing the mesenchymal migration

mode (DiMilla et al, 1991; Lauffenburger & Horwitz, 1996;

Palecek et al, 1997) implies that cell migration speed depends on

the strength of cell adhesion to the substratum. In agreement

with the reduced surface expression of b1-integrin, the effect of

Ro3303544 on migration was observed to depend on the
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concentration of the laminin coating. The apparent discrepancy

between the administration period of Ro3303544 in vivo (the

first 5 days after injury) and the observation that the compaction

of inflammatory cells increased compared to control at 14, but

not 7 DPI suggests that the pro-migratory effect of Ro3303544

in vivo indeed depends on the spontaneous upregulation of

ECM proteins following SCI, which we have demonstrated

occurs at 10 DPI. Given the complexity of the lesion

environment, as well as the number of molecules that

potentially modulate the migration of reactive astrocytes, it

seems plausible that the actual mechanism for the in vivo

enhancement of migration by Ro3303544 is more complex

than our proposed model.

Mechanism of improved functional outcome by GSK-3

inhibition

The beneficial effect of GSK-3 inhibition in SCI using less potent

and specific reagents has been previously reported (Cuzzocrea

et al, 2006; Dill et al, 2008). This effect may involve reduced

apoptosis and the direct promotion of axon outgrowth. While

the direct stimulation of axon growth upon GSK-3 inhibition is

still a matter of controversy in the literature (Alabed et al, 2010),

we observed that Ro3303544 promoted the neurite outgrowth of

embryonic hippocampal neurons in vitro, thereby demonstrat-

ing its lack of toxicity. However, to selectively evaluate the

effects of enhanced astrocyte migration in vivo, Ro3303544

administration was restricted to the first 5 days after injury. This

protocol allowed us to distinguish the observed results from

possible direct axon growth-promoting effects of the drug,

because axonal growth is a delayed event.

The observed decrease of astrocyte-devoid spaces filled with

CD11b-positive inflammatory cells and the consistent reduction

in CSPG- (Fitch & Silver, 1997) and collagen IV-positive areas

demonstrated that GSK-3 inhibition at the acute phase of SCI

accelerated the compaction of the lesion. We propose that this

progressive seclusion of inflammatory cells by reactive astro-

cytes significantly contributes to the beneficial effect of GSK-3

inhibition after SCI. Although the local inflammatory reaction

triggered by SCI is known to be capable of enhancing repair,

the involvement of inflammatory cells in secondary neuronal

damage such as demyelination is uncontested (Alexander &

Popovich, 2009). The beneficial effect of walling off inflamma-

tory cells by scar-forming reactive astrocytes is well established

in innate (Bush et al, 1999; Faulkner et al, 2004; Herrmann et al,

2008; Myer et al, 2006; Okada et al, 2006) and adaptive

inflammation (Voskuhl et al, 2009).

The major defects observed after ganciclovir-targeted

death revealed the contribution of the dividing reactive

astrocyte pool to the process of walling off leukocytes after

brain and spinal cord injuries (Bush et al, 1999; Faulkner et al,

2004; Myer et al, 2006; Voskuhl et al, 2009). Themitogenic effect

of Ro3303544 observed in vivo in brain progenitors (Adachi

et al, 2007) and in vitro in astrocytes led us to investigate

whether proliferation was involved in its in vivo effect.

In vivo BrdU incorporation experiments suggest that the

contribution of proliferation to the effect of Ro3303544 in vivo

is not significant.
www.embomolmed.org EMBO Mol Med 3, 682–696
What is the mechanism whereby the accelerated compaction

of inflammatory cells improves functional recovery? Although

lesions ultimately demonstrated similar compaction levels

at the last time-point examined (42 DPI), locomotor function

was permanently superior in the Ro3303544 group compared

to control. This observation highlights the critical role

of this sub-acute period after the lesion in the recovery

process, as previously suggested (Okada et al, 2006). The

finding also strongly suggests that white matter sparing is

crucial to recovery, as we and others have previously

observed when reactive astrocytes wall off inflammatory

cells (Faulkner et al, 2004; Herrmann et al, 2008; Okada

et al, 2006). Whether remyelination also contributes to

the increased myelin staining is difficult to analyse experi-

mentally, as is the conflicting literature concerning the role

of b-catenin signalling in remyelination (Azim & Butt, 2011;

Fancy et al, 2009).

Given the wide actions of GSK-3 and Wnt/b-catenin, and the

role of GSK-3 in inflammation (Jope et al, 2007), additional

direct effects of Ro3303544 on inflammatory or immune cells are

likely. Nevertheless, the normal infiltration of CD11b cells

observed at 7 DPI, the peak of their invasion (Beck et al, 2010),

suggests that Ro3303544 does not affect the recruitment of

inflammatory cells.

A major question arising from this study is whether our

current observation is relevant to other animalmodels or human

SCI. In rat and human, cystic cavity formation is a common

complication of brain and spinal cord damage. Unfortunately,

these cystic cavities are not observed in most mouse strains,

including the C57 BL6/J mice used for this study. In vitro

studies have suggested that the development of these cavities is

closely related to the relationship between inflammatory

cells and reactive astrocytes (Fitch et al, 1999). While it is

speculated that the physical contraction of the fibrous scar

may also contribute to cavity formation in some previous

reports (Klapka & Muller, 2006), two recent studies using

different experimental approaches have observed that

reduction of the scarring was associated with reduced cystic

cavities in rat (Iannotti et al, 2006; Xia et al, 2008). However,

further studies in relevant models are needed to examine

whether the stimulation of reactive astrocyte migration through

GSK-3 inhibition does indeed limit the development of these

cystic cavities.

In conclusion, our findings reveal a novel beneficial effect of

GSK-3 inhibition for SCI and suggest that the pharmacological

stimulation of reactive astrocyte migration holds promise as a

new therapeutic strategy for the treatment of SCI.
MATERIALS AND METHODS

Antibodies and reagents

The antibodies used are listed in Supporting Information. Ro3303544

was developed by Roche and kindly provided by Dr Gary Pelz

(Department of Genetics and Genomics, Roche, Palo Alto, California,

USA). The initial characterization of Ro3303544 has been reported

elsewhere (Adachi et al, 2007). All the experiments reported in
� 2011 EMBO Molecular Medicine 693
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The paper explained

PROBLEM:

Scarring is a general tissue response after injury to promote

wound healing and to separate the injured tissue from the

external environment. During the sub-acute phase of contusive

SCI, reactive astrocytes migrate to the lesion epicentre and

seclude infiltrating inflammatory cells there. This process has

been shown to promote functional recovery using several strains

of genetically modified mice and models of both innate and

adaptive immunity. It is not yet known whether this property of

astrocytes can be exploited to aid in the development of better

treatment strategies for brain and spinal cord trauma.

RESULTS:

Taking advantage of a novel, highly potent specific inhibitor of

GSK-3, Ro3303544, the authors show that inhibition of GSK-3

stimulates astrocyte migration by regulating the expression of

b1-integrin both in vitro and in vivo. Administration of

Ro3303544 for the first 5 days after contusive SCI resulted in

faster migration of reactive astrocytes, preservation of more

myelinated fibres, and significantly improved recovery of

movement. Labelling for CSPG and collagen IV confirmed that

Ro3303544 treatment reduced the size of the lesion scar.

IMPACT:

Here, for the first time, the authors were able to pharmacolo-

gically stimulate the beneficial effect of reactive astrocytes on

immune cell restriction and scar formation. These findings reveal

a novel effect of GSK-3 inhibition that could improve recovery

from SCI and suggest that the pharmacological stimulation of

reactive astrocyte migration holds promise as a new therapeutic

strategy for the treatment of SCI.
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this study compared the effect of Ro3303544 dissolved in DMSO

to a control solution that included an equivalent concentration of

DMSO (0.1%). BQ-123, BQ-788 and SB415286 were from Sigma.

Cell culture

See Supporting Information for detailed cell culture methods. Briefly,

astrocytes in primary cultures were prepared as previously described

(Araujo et al, 1993) from 1-day postnatal wild-type C57BL/6J mice.

Modified Boyden’s chamber assay (transwell assay)

Polyethelene terephthalate (PET) filters with 8-mm pores

(BD Biocoat), used to separate the upper and lower chambers, were

coated with 10mg/ml fibronectin (Sigma) or various concentrations of

laminin for 3 h at 378C. Astrocytes were trypsinized on day 13 in vitro,

stained with trypan blue, and counted using a hemocytometre. A total

of 3�104 cells were resuspended in MEM-F12 complete medium

containing 1% FBS, 10mg/ml aphidicolin (Sigma), and the indicated

Ro3303544 concentrations, and the cells were allowed to migrate

towards the same culture medium supplemented with 10% FBS in the

lower chamber. After 15 h at 378C, the filters were fixed for 20min at

room temperature with 4% paraformaldehyde in PBS (pH 7.5), and the

non-migrated cells were removed by wiping the upper side of the

membranes with cotton swabs. Cell nuclei were stained using Hoechst

33258, and the filters were mounted on slides in Fluoromount

medium (Diagnostic Biosystems). Using Axiovision1 software con-

nected to an epifluorescence microscope (Zeiss, Axioplan 2), 12 fields

per membrane were captured, and the cells were counted manually.

SCI model

All surgical and animal-care procedures were in accordance with the

Laboratory Animal Welfare Act, the Guide for the Care and Use of

Laboratory Animals (National Institutes of Health, USA), and the

Guidelines and Policies for Animal Surgery provided by the Animal

Study Committee of Murayama Medical Center, and they were
� 2011 EMBO Molecular Medicine
approved by the ethics committee of Murayama Medical Center. Adult

female C57BL/6J mice (8 weeks of age) were anesthetized with an

intraperitoneal injection of ketamine (100mg/kg) and xylazine

(10mg/kg). The dorsal surface of the dura mater was exposed through

a laminectomy at the 10th thoracic vertebra, and SCI was induced

using an Infinite Horizon impactor (60 kDyn; Precision Systems &

Instrumentation, Lexington KY) as previously described (Scheff et al,

2003). Actual impact forces did not differ between groups (control,

62.83�2.55 kDyn; Ro3303544, 62.61�1.98 kDyn). The mice were

injected intraperitoneally with 0.5ml Ro3303544 at 500mM,

dissolved in saline or saline containing an equivalent concentration

of DMSO (0.1%) twice daily for 5 days, beginning immediately after

SCI. The mice were returned to their cages and given free access to

water and food.

Behavioural analysis

Hindlimb motor function was evaluated 1, 3, 7, 14, 21, 28, 35 and

42 days after the injury using the locomotor rating of the BMS (Basso

et al, 2006). A team of three experienced examiners evaluated each

animal for 4min and assigned an operationally defined score for each

hindlimb, which were then averaged. Animals with incomplete

paralysis at 1 DPI (BMS score not equal to zero) were excluded from

the study. Data were analysed with two-way repeated measures

ANOVA followed by Bonferroni post-hoc test (n¼12 and 13 mice in

the control and Ro3303544 groups, respectively).

Immunohistochemistry

Techniques and protocols for immunohistochemistry-based analyses

are detailed in Supporting Information.

Gene microarray analysis

Microarray processing was performed by the Core Instrumentation

Facility of Keio University School of Medicine. Detailed procedures are

described in Supporting Information. The data set has been deposited
EMBO Mol Med 3, 682–696 www.embomolmed.org
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in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/

geo/) and is accessible through GEO series accession number

GSE25770.

Statistical analysis

Data were analysed with one-way ANOVA and Bonferroni’s multiple

comparison test, unless otherwise specified in the figure legends, using

GraphPad Prism software version 5.00 for Windows (GraphPad

Software, San Diego, CA, USA).
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