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Abstract
In response to stroke, astrocytes become reactive astrogliosis and are a major component of a glial scar. This results in the
formation of both a physical and chemical (production of chondroitin sulfate proteoglycans) barrier, which prevent neurite
regeneration that, in turn, interferes with functional recovery. However, the mechanisms of reactive astrogliosis and glial scar
formation are poorly understood. In this work, we hypothesized that repulsive guidance molecule a (RGMa) regulate
reactive astrogliosis and glial scar formation. We first found that RGMa was strongly expressed by reactive astrocytes in the
glial scar in a rat model of middle cerebral artery occlusion/reperfusion. Genetic or pharmacologic inhibition of RGMa
in vivo resulted in a strong reduction of reactive astrogliosis and glial scarring as well as in a pronounced improvement in
functional recovery. Furthermore, we showed that transforming growth factor β1 (TGFβ1) stimulated RGMa expression
through TGFβ1 receptor activin-like kinase 5 (ALK5) in primary cultured astrocytes. Knockdown of RGMa abrogated key
steps of reactive astrogliosis and glial scar formation induced by TGFβ1, including cellular hypertrophy, glial fibrillary
acidic protein upregulation, cell migration, and CSPGs secretion. Finally, we demonstrated that RGMa co-
immunoprecipitated with ALK5 and Smad2/3. TGFβ1-induced ALK5-Smad2/3 interaction and subsequent phosphorylation
of Smad2/3 were impaired by RGMa knockdown. Taken together, we identified that after stroke, RGMa promotes reactive
astrogliosis and glial scar formation by forming a complex with ALK5 and Smad2/3 to promote ALK5-Smad2/3 interaction
to facilitate TGFβ1/Smad2/3 signaling, thereby inhibiting neurological functional recovery. RGMa may be a new therapeutic
target for stroke.

Introduction

Ischemic stroke is a common disease that endangers human
life and health. After stroke, neurological functional
recovery is very difficult, which needs to be improved.
Reactive astrogliosis and glial scar formation is one of the
main cause of functional recovery difficulty after ischemic
stroke, as the presence of which inhibits neurite regenera-
tion [1–3]. In response to stroke, astrocytes, the most
abundant cell type in central nervous system (CNS), con-
vert to a reactive phenotype (so-called reactive astrogliosis)
chiefly characterized by up-regulation of glial fibrillary
acidic protein (GFAP) and cellular hypertrophy [4–6].
Then the reactive astrocytes migrate to the lesion site and
proliferate at the lesion margin to become the major com-
ponents of the glial scar [1, 6]. Reactive astrocytes of the
scar reconstruct into a dense meshwork of entangled fila-
mentous processes that serves as a chief physical barrier of
neurite outgrowth. In addition, the reactive astrocytes
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synthesize and deposit into the extracellular matrix (ECM)
abundant amounts of chondroitin sulfate proteoglycans
(CSPGs) such as neurocan and phosphacan, an important
class of extrinsic growth-inhibitory factors. The high con-
centrations of CSPGs form a chemical barrier to suppress
neurite growth [1, 7]. Thus, the reactive astrocytes of the
formed glial scar act as a main constraint of neurite
regeneration, thereby inhibiting functional recovery of
stroke [1, 2]. Accordingly, a deeper understanding of
mechanisms underlying reactive astrogliosis and glial scar
formation may therefore help to identify novel therapeutic
targets in order to facilitate neurological functional recov-
ery following stroke.

Repulsive guidance molecule a (RGMa) is a
glycosylphosphatidylinositol-anchored membrane protein
which belongs to repulsive guidance molecule (RGM)
family. RGMa is involved in many physiological and
pathological processes of the central nervous system [8–10].
Our previous study found that RGMa expression was
enhanced in the ischemic area in a rat middle cerebral artery
occlusion/reperfusion (MCAO/R) model. Knockdown of
RGMa promoted neurite regeneration [11, 12]. However,
the function of RGMa in reactive astrogliosis and glial scar

formation, which plays an important role in neurite
regrowth inhibition, has not yet been explored.

It has been reported that transforming growth factor β1
(TGFβ1) could stimulate RGMa expression [13]. TGFβ1,
which is rapidly upregulated after CNS injury, is a key
regulator initiating reactive astrogliosis and glial scar for-
mation [1, 6, 14, 15]. TGFβ1 promotes astrocyte cellular
hypertrophy, GFAP expression, migration, and CSPGs
deposition by activating its type I receptor activin receptor-
like kinase 5 (ALK5) to phosphorylate its canonical Smad2/
3 pathway [15–19]. Based on these findings, we hypothe-
sized that after ischemic stroke, RGMa facilitates reactive
astrogliosis and glial scar formation through TGFβ1/Smad2/
3 signaling, thereby inhibiting functional recovery.

Here we first employed a rat MCAO/R model and found
that RGMa contributes to reactive astrogliosis and glial
scarring that, in turn, interferes with functional recovery.
Furthermore, by culturing primary astrocytes, we showed
that RGMa promotes reactive astrogliosis and glial scar
formation through TGFβ1/Smad2/3 signaling. RGMa forms
a molecular complex with ALK5 and Smad2/3 to facilitate
ALK5-Smad2/3 interaction, thereby facilitating TGFβ1-
induced phosphorylation of Smad2/3.

Fig. 1 RGMa expression is increased in reactive astrocytes of glial scar
after MCAO/R. a Western blot analysis for RGMa expression in the
ipsilateral hemisphere at day 7 and 14 after MCAO/R (n= 3). NS, no
significance. Data in bar graphs are means± SEM; one-way ANOVA
with Bonferroni post hoc test, **p< 0.01. b Schematic representation
of a coronal brain section. The gray area indicates ischemic core. The

square fields represent observed regions. c Representative photographs
of immunofluorescence staining for RGMa (green) expression in
reactive astrocytes (GFAP, red) in the glial scar at day 7 and 14 after
reperfusion. Insets show higher magnification images of representative
cells. One representative panel per group out of three rats is shown.
Scale bar, 50 μm
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Results

RGMa expression is upregulated in reactive
astrocytes of glial scar after MCAO/R

We first examined RGMa expression after MCAO/R. Western
blot results showed that RGMa protein expression was
increased in ipsilateral hemisphere 7 and 14 days after MCAO/
R (Fig. 1a). Immunostaining showed that RGMa was barely
detectable in brains of the normal group. After MCAO/R,
RGMa was expressed by multiple types of cells in the
ischemic areas, including GFAP+ reactive astrocytes, NeuN+

neurons, Nestin+ neural stem/progenitor cells, CC1+ oligo-
dendrocytes, NG2+ oligodendrocyte progenitor cells, Iba1+

microglia/macrophages, CD31+ endothelial cells, and α
smooth muscle actin (αSMA)+ vascular smooth muscle cells
(Fig. 1c and fig. S1, A to G). In contrast, RGMa was not co-
stained with ECM molecules fibronectin and collagen I
(fig. S1, H and I). With respect to astrocytes in particular,
which we focused on in the present study, RGMa was strongly
expressed by the reactive astrocytes that have a strong GFAP
immunoreactivity and a hypertrophic morphology in the glial
scar of the ischemic areas at 7 and 14 days following MCAO/
R. But in the normal group, astrocytes barely expressed RGMa
(Fig. 1c). These results suggest that RGMa expression is
upregulated in reactive astrocytes of glial scar after MCAO/R.

RGMa mediates reactive astrogliosis and glial scar
formation in rats after MCAO/R

To investigate the role of RGMa in reactive astrogliosis and
glial scar formation, the RGMa-specific inhibitor six

fibronectin type III (6FNIII) or RGMa-specific recombinant
adenovirus rAd-shRGMa was injected into the right lateral
ventricle of the experimental rats. 6FNIII is a peptide that
inhibits RGMa activity by interacting with RGMa [20, 21].
We have previously shown that genetic knockdown of
RGMa after MCAO/R increases collapsing response med-
iator protein-2 (CRMP-2) protein expression and improve
the scores of staircase test, a behavior assessment used to
assess fine motor function [11, 12]. Here, we found that the
medium (0.5 mg/ml) and high (1.0 mg/ml) concentrations of
6FNIII produced similar increases in CRMP-2 expression
(fig. S2A) and in the number of retrieved pellets in the
staircase test (fig. S2B), and these increases were superior to
those observed at the low 6FNIII concentration (0.25 mg/
ml). For viral infection, the high titer group (2.5× 1010 pfu/
ml) of rAd-shRGMa was shown to infect the ipsilateral
ischemic brain and inhibit RGMa expression most
effectively (fig. S2, C and D). Therefore, 0.5 mg/ml of
6FNIII and 2.5× 1010 pfu/ml of rAd-shRGMa were chosen
to be used in the following in vivo study. In addition,
phosphate-buffered saline (PBS) or rAd-HK (2.5× 1010

pfu/ml) was also administrated into the right lateral ventricle
as controls.

To examine the role of RGMa in astrogliosis and glial
scar formation, we performed a series of experiments with
the timeline denoted in Fig. 2a. First, we detected mor-
phology of GFAP+ cells and GFAP expression by immu-
nostaining. Morphologically, GFAP+ cells in 6FNIII or
rAd-shRGMa group were less hypertrophic than GFAP+

cells in MCAO/R group. Furthermore, compared with
MCAO/R group, rats treated with 6FNIII or rAd-shRGMa
showed an obvious reduction in GFAP immunoreactivity at
14 days following MCAO/R (Fig. 2,b, c). Likewise, western
blot confirmed that 6FNIII and rAd-shRGMa treatment
significantly attenuated GFAP expression at 7 and 14 days
post stroke (Fig. 2d). Similar effects were observed with the
deposition of CSPGs neurocan and phosphacan. MCAO/R
led to an increase in neurocan and phosphacan immunor-
eactivity at 7 and 14 days, and these increases were inhib-
ited by 6FNIII or rAd-shRGMa treatment (Fig. 2e–h).
Together, these results suggest that both 6FNIII and rAd-
shRGMa treatment reduce astrocyte activation and glial
scarring after MCAO/R, indicating a key role for RGMa in
these processes.

RGMa inhibition promotes neurological function
recovery

As glial scar is a main inhibitor of functional recovery [1],
we used staircase test and cylinder test (asymmetries in
forelimb use for postural support) to evaluate neurobeha-
vioral functions at 2 days before as well as 7, 10, and
14 days following MCAO/R. 6FNIII and rAd-shRGMa

Fig. 2 RGMa inhibition reduces MCAO/R-induced reactive astro-
gliosis and glial scar formation in rats and promotes neurological
function recovery. a Timeline of experimental design and animal
group classification. WB, Western blot. b Representative fluorescence
microscope images showing GFAP expression in tissue sections
14 days post reperfusion. Images are representative of three rats per
treatment. (i–iii) Composition of low magnification micrographs (×
40). The dotted lines indicate the boundary of glial scar. Scale bar,
1000 μm. (iv–xv) Higher-magnified view of the squared region (R1-
R6) in (i–iii) respectively; × 100 (iv–ix), × 200 (x–xv). DAPI (blue)
was used to stain cellular nuclei. Scale bar, 100 μm. c Quantification of
GFAP expression at R1-R6 (× 200) (n= 3). IR, immunoreactivity.
**p< 0.01. d Western blot analysis for GFAP expression in the
ipsilateral hemisphere of rats 7 and 14 days after reperfusion (n= 3).
**p< 0.01 vs MCAO/R, PBS, and rAd-HK groups. Representative
micrographs showing anti-neurocan e and anti-phosphacan g staining
in tissue sections 14 days after MCAO/R. Scale bar, 100 μm. Quan-
tification of neurocan f and phosphacan h expression (n= 3). IR,
immunoreactivity. **p< 0.01. Staircase test (I) and cylinder test (J)
were performed at 2 days before as well as 7, 10, and 14 days after
MCAO/R (n= 5). *p< 0.05 vs MCAO/R, PBS, and rAd-HK groups;
**p< 0.01 vs MCAO/R, PBS, and rAd-HK groups. Data in bar and
line graphs are means± SEM (c, d, f, h, i, and j); one-way ANOVA
with Bonferroni post hoc test
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treatment significantly attenuated the MCAO/R-induced
decrease in pellet retrieval in staircase test and the increase
in asymmetry score in cylinder test 7, 10, and 14 days after
reperfusion (Fig. 2i, j). Hence, pharmacological- and
genetic-induced loss of function of RGMa produced
congruent results, promoting recovery of neurological
function.

TGFβ1 upregulates RGMa expression in primary
astrocytes

We next studied if RGMa expression in astrocytes is
modulated by TGFβ1. TGFβ1, which is rapidly upregulated
after CNS injury including stroke, is a master regulator of
reactive astrogliosis and glial scar formation [1, 14]. The
levels of RGMa were increased in primary cultured astro-
cytes after 1–100 ng/ml TGFβ1 treatment for 3 days
(Fig. 3a). And it has been confirmed that the reactive acti-
vation of primary cultured astrocytes could be induced by
10 ng/ml TGFβ1 treatment for 3 days [18, 22], so we used
this concentration in subsequent experiments. Co-
immunostaining analysis confirmed that astrocytes treated
with TGFβ1 (10 ng/ml for 3 days) had higher RGMa and
GFAP immunoreactivity with a hypertrophic morphology
(Fig. 3b). Furthermore, the upregulation of RGMa induced
by TGFβ1 was abolished by pretreatment with an antagonist
of the ALK5, SB431542, which inhibits the TGFβ1
downstream pathways (Fig. 3c, d). These astrocytes pre-
treated with SB431542 also displayed reduced GFAP
immunoreactivity and were less hypertrophic. These data
indicate that RGMa can be upregulated by TGFβ1, con-
comitant with activation of astrocytes.

RGMa regulates key steps of TGFβ1-induced
reactive astrogliosis and glial scar formation

To further explore the role of RGMa in TGFβ1-induced
astrogliosis and glial scar formation, we infected rAd-
shRGMa into cultured astrocytes (fig. S3A), which led to a
significant reduction in RGMa levels (fig. S3B). Because
the process of reactive astrogliosis and glial scar formation
normally involves cellular hypertrophy, upregulation of
GFAP, cell migration and proliferation, and secretion of
CSPGs, we evaluated the role of RGMa in each of these
aspects [1, 4]. Morphologically, TGFβ1-induced astrocyte
hypertrophy was attenuated in the presence of rAd-shRGMa
infection (Fig. 4a). Moreover, rAd-shRGMa infection also

Fig. 3 TGFβ1 stimulates RGMa protein expression in primary astro-
cytes. a Western blot analysis for RGMa expression in primary
astrocytes treated with or without TGFβ1 (1–100 ng/ml) for 3 days (n
= 3). b Representative fluorescence photographs of RGMa (green) and
GFAP (red) expression in cultured astrocytes in the absence or pre-
sence of TGFβ1 (10 ng/ml for 3 days). Similar results were obtained
using two additional cell batches. c Western blot analysis for RGMa
expression in astrocyte cultures pretreated with or without SB431542
(30 μM for 1 h) before TGFβ1 (10 ng/ml for 3 days) stimulation (n=
3). d Immunostaining of RGMa (green) and GFAP (red) expression in
cultured primary astrocytes pretreated with or without SB431542 (30
μM for 1 h) before TGFβ1 (10 ng/ml for 3 days) stimulation. One
representative panel per group out of three independent cell cultures is
shown. Scale bar, 100 μm. Data in bar graphs are means± SEM a and
c; one-way ANOVA with Bonferroni post hoc test, **p< 0.01
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abolished the upregulation of GFAP expression induced by
TGFβ1 treatment (Fig. 4a, b). Next, the transwell cell cul-
ture chambers were used to investigate the function of

RGMa on TGFβ1-induced astrocyte migration. The results
showed that TGFβ1 notably stimulated the migration of
astrocytes, whereas this effect was significantly inhibited in
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the presence of rAd-shRGMa (Fig. 4c, d). As it remains
unclear whether TGFβ1 affects astrocyte proliferation, we
studied the effects of TGFβ1 and rAd-shRGMa on cell
proliferation using CCK8 assay. Neither TGFβ1 nor rAd-
shRGMa significantly altered astrocyte proliferation
(Fig. 4e). Finally, we found that TGFβ1-triggered secretion
of neurocan and phosphacan in astrocyte supernatants was
attenuated by rAd-shRGMa infection (Fig. 4f, g). Collec-
tively, these results show that RGMa is a critical modulator
in TGFβ1-induced reactive astrogliosis and glial scar
formation.

RGMa mediates TGFβ1-induced phosphorylation of
Smad2/3 signaling

The canonical Smad2/3 signaling pathway has been con-
firmed to be responsible for TGFβ1-induced reactive
astrogliosis and glial scar formation [1, 18]. To determine
the effect of RGMa on Smad2/3 pathway, the phosphor-
ylation of Smad2 and Smad3 in astrocytes was examined by
western blot. The infection of rAd-shRGMa in cultured
astrocytes markedly inhibited the TGFβ1-induced phos-
phorylation of Smad2 and Smad3 (Fig. 5a, b), indicating
that RGMa regulates TGFβ1-induced reactive astrogliosis
and glial scar formation through Smad2/3 signaling
pathways.

RGMa forms a complex with ALK5 and Smad2/3 to
facilitate phosphorylation of Smad2/3 by ALK5

We next investigated how RGMa activates Smad2/3 sig-
naling in astrocytes. As Smad2/3 is phosphorylated by
TGFβ1 receptor ALK5 directly, Smad2/3 phosphorylation

could be regulated by alteration of ALK5 expression or
ALK5-Smad2/3 interaction [23, 24]. As shown in Fig. 6a,
the expression levels of ALK5 were not affected by the
knockdown of RGMa. In contrast, the ALK5 kinase inhi-
bitor SB431542 attenuated the upregulation of RGMa
induced by TGFβ1 (Fig. 3c, d), indicating that TGFβ1
regulates RGMa expression through ALK5. The effects of
RGMa on the ALK5-Smad2/3 interaction were examined
by a co-immunoprecipitation assay. Reducing RGMa
expression in astrocytes significantly weakened the ability
of ALK5 to form a complex with Smad2/3 in response to
TGFβ1 (Fig. 6a). We also detected RGMa in the ALK5
immunoprecipitates. The amount of RGMa that associated
with ALK5 was increased upon TGFβ1 treatment and this
effect was reduced by rAd-shRGMa infection, which is in
line with the alteration of RGMa expression in cell lysates.
In view of these results, we speculated that RGMa may
form a complex with ALK5 and Smad2/3 to enhance their
interactions to modulate Smad2/3 activity. As expected,
RGMa is able to associate with Smad2/3 and ALK5 in
astrocytes (Fig. 6b). The profiles of the amount of Smad2/3
and ALK5 associating with RGMa and the overall RGMa
expression in astrocytes were similar in that RGMa were
enhanced after TGFβ1 stimulation and it were alleviated by
RGMa knockdown. Taken together, these data suggest that
RGMa facilitates ALK5-induced Smad2/3 phosphorylation
by forming a complex with both ALK5 and Smad2/3.

Discussion

In this study, we present evidence for the critical role of
RGMa in regulation of reactive astrogliosis and glial scar
formation and suggest the following working model
depicted in Fig. 7. After stroke, TGFβ1 expression is rapidly
increased and activates its cell surface receptor ALK5 in
astrocyte, which then enhances RGMa expression. RGMa
forms a complex with ALK5 and Smad2/3 to promote
ALK5-Smad2/3 interaction, facilitating phosphorylation of
Smad2/3. By regulating the TGFβ1/Smad2/3 pathway,
RGMa mediates astrocyte reactive astrogliosis and glial scar
formation. Thus, suppression of RGMa genetically or
pharmacologically in vivo reduces reactive astrogliosis and
glial scarring and promotes functional recovery after stroke.

Initially identified as an axonal repulsive guidance
molecule [25], RGMa now has emerged as a molecule
which could be expressed by a wide variety of cells and
regulates various functions depending on its cellular and
environmental context [8, 26, 27]. However, the role of
RGMa in stroke has not been elucidated. Our current study
shows that RGMa expression is upregulated in a rat MCAO/
R model. Multiple types of cells in the ischemic areas
express RGMa, including reactive astrocytes, neurons,

Fig. 4 Knockdown of RGMa reduces key steps of TGFβ1-triggered
reactive astrogliosis and glial scar formation. a Immunofluorescence of
GFAP (red) in culture of primary astrocytes infected with rAd-
shRGMa or rAd-HK 3 days before TGFβ1 (10 ng/ml for 24 h) treat-
ment. One representative panel per group out of three independent
experiments is shown. b Western blot analysis of GFAP expression in
primary astrocytes infected with rAd-shRGMa or rAd-HK, followed
by TGFβ1 (10 ng/ml for 3 days) treatment (n= 3). c, d The migration
capability of astrocytes determined by a transwell chamber assay. The
astrocytes were cultured in different conditions (Control, TGFβ1,
TGFβ1+ rAd-shRGMa, and TGFβ1+ rAd-HK). c Representative
fluorescence microscope images of the lower surface of the filter. The
cells were stained with DAPI (blue). d Quantification of the cell
number of astrocytes that migrated to the lower side of the filter in
each group (n= 3). e The proliferation ability of astrocytes measured
by a CCK8 assay (n= 3). The cultured astrocytes were infected with
rAd-shRGMa or rAd-HK before exposure to TGFβ1 (10 ng/ml for
3 days). NS, no significance. f, g Western blot analysis of neurocan f
and phosphacan g expression in the supernatant of cultured astrocytes
infected with rAd-shRGMa or rAd-HK 3 days before TGFβ1 (10 ng/
ml for 3 days) treatment (n= 3). Scale bar, 100 μm. Data in bar graphs
are means± SEM (b, d, e, f, g); one-way ANOVA with Bonferroni
post hoc test, **p< 0.01
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neural stem/progenitor cells, oligodendrocytes, oligoden-
drocyte progenitor cells, microglia/macrophages, endothe-
lial cells, and vascular smooth muscle cells. In contrast, we
do not find the presence of RGMa in ECM components
fibronectin and collagen I. Based on these results, we
speculate that RGMa play multiple roles in stroke, which is
associated with the cell types expresses it. Our present study
focuses on the role of RGMa in reactive astrogliosis and
glial scar formation, which has not been studied previously.
We first indicate that RGMa, the expression of which is
strongly increased in reactive astrocytes of the glial scar,
regulates reactive astrogliosis and glial scarring after
MCAO/R. Furthermore, we find that RGMa promotes
TGFβ1-induced astrocyte cellular hypertrophy, upregula-
tion of GFAP, migration, and secretion of CSPGs, all of
which are the key steps of reactive astrogliosis and glial scar
formation [1, 4]. It should be noted that in response to CNS
injury, a portion of reactive astrocytes will proliferate
modestly, which also contribute to the glial scar formation
[1, 6]. However, we find that neither RGMa nor TGFβ1
alter the proliferation of astrocytes. The effect of TGFβ1 on
astrocyte proliferation remains debatable. Although our
results are consistent with a previous study showing that
TGFβ1 do not affect astrocyte proliferation [16], others
have reported that TGFβ1 suppresses the proliferation
ability of astrocytes [28, 29]. This discrepancy may be
attributed to the different experimental conditions or
methods used to assess proliferation.

The present study demonstrates that suppression of
RGMa promotes motor function recovery in a rat MCAO/R
model. These findings are consistent with our previous
results demonstrating that RGMa inhibits axon growth and

function recovery [11, 12]. In vitro studies have furthermore
shown that RGMa inhibits neurite outgrowth and induces
growth cone collapse, suggesting that RGMa acts as a
growth-inhibitory factor to suppress neurite regeneration
and functional recovery [11, 30]. The results of our present
study suggest that promotion of reactive astrogliosis and
glial scar formation may be another important mechanism
by which RGMa inhibits neurite regrowth and functional
recovery. The glial scar, mainly formed by reactive astro-
cytes, is widely regarded as a critical impediment of neurite
regeneration and neurological functional recovery after
CNS injury [1, 2]. Although the glial scar may have some
beneficial effects in early stage of injury, such as prevention
of the spread of inflammation, these beneficial effects are
counteracted by the inhibition of neurite regeneration during
the later stage [31]. When reactive astrogliosis and glial scar
formation are experimentally prevented after CNS injury,
such as SCI and MCAO/R, the functional recovery and
neurite regrowth are enhanced [3, 32–34], which is in line
with our results. It should be noted that a recent report using
photothrombosis to induce focal cortical ischemia shows
that axon growth and function recovery are reduced in mice
with gene knockout of GFAP and vimentin, the two major
astrocytic intermediate filament proteins [35]. Unlike
MCAO/R and SCI model, the photothrombosis model may
activate some astrocytes into a subpopulation of lacking
GFAP and vimentin but still secret CSPGs to inhibit neurite
growth. Further study is needed to reveal it.

What induces RGMa expression in reactive astrocytes?
A previous report shows that TGFβ1 stimulates RGMa
expression in human astrocytes [13]. Similarly, we find that
RGMa expression is upregulated by TGFβ1 in rat

Fig. 5 RGMa inhibition
abolishes TGFβ1-induced
phosphorylation of Smad2/3. a,
b Western blot analysis for
phosphorylation and expression
of Smad2 a and Smad3 b in
primary astrocyte cultures
infected with rAd-shRGMa or
rAd-HK 3 days before exposure
to TGFβ1 (10 ng/ml for 3 days;
n= 3). NS, no significance. Data
in bar graphs are means± SEM
(a, b); one-way ANOVA with
Bonferroni post hoc test, **p<
0.01
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astrocytes. Furthermore, we show that RGMa upregulation
is concomitant with activation of astrocytes. In astrocytes,
TGFβ1 mediates its effect by binding to the constitutively

active TβRII to cause heterodimerization and phosphor-
ylation of the ALK5 and the subsequent activation of its
downstream pathways [23, 24, 36]. Here we show that
ALK5 is required for RGMa expression. In addition, it is
well known that CNS injury, including stroke, would
increase the expression of TGFβ1 [1, 14, 37]. Taken toge-
ther, we speculate that after stroke, the rapidly elevated
expression of TGFβ1 may stimulate RGMa expression in
astrocytes through ALK5 activation. It should be noted that
this TGFβ1-dependent RGMa expression appears to be cell
type-specific, given that it has been reported that RGMa do
not mediate TGFβ signaling in HEK 293 cells and LLC-
PK1 cells [38].

TGFβ1 acts through a multitude of pathways to regulate
a wide array of cellular functions [39]. The canonical
Smad2/3 pathway has been widely confirmed to mediate the
TGFβ1-induced reactive astrogliosis and glial scar forma-
tion [15, 18, 19, 40]. However, a recent study indicates that

Fig. 6 RGMa forms a complex with ALK5 and Smad2/3 to facilitate
Smad2/3 phosphorylation by ALK5. a Interaction of ALK5 with
Smad2/3 and RGMa in astrocytes analyzed by a co-
immunoprecipitation assay. ALK5 was isolated by immunoprecipita-
tion from astrocytes infected with rAd-shRGMa or rAd-HK before
exposure to TGFβ1 (10 ng/ml for 3 days), and ALK5-associated pro-
teins were analyzed by Western blot with the indicated antibodies (top
panels). Controls of protein levels in whole-cell lysates are displayed
on the bottom. Similar results were obtained using two additional cell
batches. b Association of RGMa with Smad2/3 and ALK5 in primary
cultured astrocytes infected with rAd-shRGMa or rAd-HK, followed
by TGFβ1 (10 ng/ml for 3 days) stimulation. Smad2/3 and ALK5 that
associated with RGMa were isolated by co-immunoprecipitation with
anti-RGMa and detected by western blot with the indicated antibodies
on the top panels. Controls of protein expression in whole-cell lysates
are shown on the bottom. Similar results were obtained using two
additional cell batches

Fig. 7 Proposed model of RGMa regulation of TGFβ1/Smad2/3 sig-
naling in astrocytes. By binding to a complex of its cell surface type II
receptor (RII) and type I receptor activin-like kinase 5 (ALK5), TGFβ1
activate ALK5, leading to RGMa expression. RGMa forms a complex
with ALK5 and Smad2/3 to facilitate ALK5-Smad2/3 interaction,
promoting phosphorylation of Smad2/3. By regulating TGFβ1/Smad2/
3 pathway, RGMa mediates astrocyte reactive astrogliosis and glial
scar formation

RGMa mediates reactive astrogliosis and glial scar 1511



TGFβ1 induces CSPGs expression through non-Smad-
dependent activation of phosphatidylinositol 3-kinase/Akt
signaling [41]. These contrary results may arise from the
differences of experimental conditions or animal species/
strains used to obtain astrocytes. Our present study shows
that knockdown of RGMa reduces not only TGFβ1-
triggered reactive astrogliosis and glial scarring, but also
the phosphorylation of Smad2/3 induced by TGFβ1, indi-
cating that RGMa facilitates TGFβ1-induced reactive
astrogliosis and glial scar formation via the canonical
Smad2/3 signaling.

TGFβ1 activates Smad2/3 signaling through the inter-
action between ALK5 and Smad2/3. The activated ALK5
phosphorylates Smad2/3, which next complexes with
Smad4 and co-translocates into the nuclei to regulate target
gene expression [24]. Recruitment of Smad2/3 to ALK5 can
be regulated by several proteins, such as Smad anchor for
receptor activation [24, 42]. In this investigation, we iden-
tify a novel ALK5-Smad2/3 interaction regulation protein
that RGMa enhances their interaction by forming a complex
with them, thereby modulating TGFβ1/Smad2/3 activity.

Previous studies have shown that RGMa exerts its
function through two molecular mechanisms. First, RGMa
could bind to the transmembrane protein neogenin, a
member of the immunoglobulin superfamily, to regulate
multiple downstream signaling, including RhoA, PKC, and
focal adhesion kinase [43–45]. RGMa-neogenin has been
reported in many processes that RGMa mediates, such as
neurite growth [43], cell migration [27], and cell death [46].
Secondly, RGMa could function as a bone morphogenetic
protein (BMP) co-receptor [47]. BMPs are a large subgroup
of the TGFβ superfamily and exhibit a diverse array of
biological effects on various cell types, including cell pro-
liferation, differentiation, chemotaxis, and apoptosis. Simi-
lar to TGFβs, BMPs transduce their signals by binding to
their type I and II serine/threonine kinase receptors to
induce Smad1/5/8-dependent and non-Smad dependent
signalings [23, 48]. Though the biological function of BMP
signaling has not been clearly linked to RGMa, RGMa has
been confirmed to bind to BMP2, BMP4, and BMP type I
receptor ALK6, leading to enhancement of BMP signaling
[38, 48]. Our present study reveals a new molecular
mechanism of RGMa that RGMa regulates reactive astro-
gliosis and glial scarring through forming a complex with
ALK5 and Smad2/3 to facilitate TGFβ1-induced Smad2/3
phosphorylation. It is possible that RGMa mediates an
orchestrated cross-talk among TGFβ, neogenin, and BMP
pathways. Further work will be required to clarify the
relationships and interactions among RGMa, neogenin,
BMPs, and TGFβs.

In summary, our findings indicate that RGMa may have
a critical role in reactive astrogliosis and glial scar formation
after stroke. TGFβ1, which is rapidly upregulated after

stroke, induces RGMa expression in reactive astrocytes
through ALK5. RGMa promotes reactive astrogliosis and
glial scar formation by forming a molecular complex with
ALK5 and Smad2/3 to facilitate ALK5-Smad2/3 interac-
tion, thereby facilitating TGFβ1-induced phosphorylation of
Smad2/3. Inhibition of RGMa suppresses reactive astro-
gliosis and glial scar formation, promoting functional
recovery after stroke. RGMa may be a novel target for
stroke treatment.

Materials and methods

Experimental animals

Adult male Sprague–Dawley (SD) rats (male, 200–250 g)
and neonatal (1–3 day old) SD rats were supplied by
Laboratory Animal Center of Chongqing Medical Uni-
versity (Chongqing, China). All animals were maintained
on a 12 h light and dark cycle with free access to water and
food. Adequate measures were taken to minimize pain or
discomfort during surgeries. All animal procedures were
approved by the Ethics Committee of the First Affiliated
Hospital of Chongqing Medical University.

In vivo 6FNIII and adenovirus administration

The rats were anesthetized with 3.5% chloral hydrate (350
mg/kg) and placed in a stereotaxic apparatus. 6FNIII is an
inhibitor of RGMa (provided by Professor Philippe P.
Monnier, Krembil Research Institute, University Health
Network, Toronto, Canada). It was injected into the right
lateral ventricular (anterior–posterior −1.1 mm,
medial–lateral −1.5 mm, dorsal–ventral −4.0 mm from the
bregma; 5 μl/injection) 30 min before MCAO/R and 7 days
after the first injection. For the initial dose–response
experiment of 6FNIII, measurements were made at 7 days
after the first injection without the second injection at
7 days. For rats undergoing adenovirus treatment, 5 μl of
RGMa-specific recombinant adenovirus rAd-shRGMa or
empty carrier recombinant adenovirus rAd-HK (2.5× 1010

pfu/ml, Wuhan Cell Marker Biotechnology Co., Ltd,
Wuhan, China) were injected into the right lateral ventricle
(at the same coordinates used for 6FNIII injection). Two
days later, MCAO/R was performed in these animals. The
efficiency of RGMa knockdown was evaluated with
enhanced green fluorescent protein (EGFP) in brain sections
and western blot analysis in ipsilateral ischemic tissues. The
most appropriate concentration of adenovirus and 6FNIII
was selected from testing three doses and was then selected
for use in the subsequent study. PBS, which was used to
dilute adenovirus and 6FNIII, was also injected into the
right lateral ventricle as a control.
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Middle cerebral artery occlusion/reperfusion model

MCAO/R was performed using the intraluminal filament
method as described previously [49]. In brief, the rat’s right
middle cerebral artery was occluded though the coagulated
external carotid artery stump with a nylon filament suture
rounded by paraffin wax at the head end. After 90 min of
occlusion, the filament was withdrawn to allow blood
reperfusion. Sham-operated rats underwent the identical
surgery except for inserting the suture to the artery.
Regional cerebral blood flow (rCBF) was monitored with
laser-Doppler flowmetry. Other physiological parameters
also were monitored, and body temperature was maintained
at 37.0± 0.5 °C with a heating pad during the whole pro-
cess. Rats without at least a 75% reduction of rCBF during
MCAO or neurological deficits after reperfusion, evaluated
by Longa method [50], were excluded from the study. Rats
were killed at the indicated time.

Behavioral assessment

The staircase test and the cylinder test were performed at
2 days before as well as 7, 10, and 14 days after MCAO/R
to evaluate neurobehavioral function. And both tests were
carried out by an investigator blinded to the experimental
conditions.

Staircase Test. The staircase test was used to evaluate
fine motor function [51, 52]. Rats were given 1 week of
daily training before the MCAO/R surgery. The rats were
placed into a staircase apparatus consisting of a chamber
with a central platform for the rat to climb onto and a set of
seven steps located on either side. Three chow pellets (45
mg) were placed in the wells of each stair. The number of
pellets grasped by their affected forelimb was recorded
during each 15 min test.

Cylinder Test. The cylinder test was used to assess
asymmetries in forelimb use for postural support [52, 53].
Rats were placed in a transparent cylinder (20 cm diameter
and 30 cm height). Vertical movements of rats along the
cylinder wall were recorded: (a) independent use of the right
or left forelimb for contacting the wall, (b) simultaneous use
of both the left and right forelimb for contacting the wall,
and (c) subsequent use of the other forelimb against the wall
following unilateral forelimb placement was scored as ‘both’
as well. A total of 20 movements were recorded during a
10-minute trial. The final score was calculated as 100×
(ipsilateral forelimb use+ 1/2 bilateral forelimb use)/total
forelimb use.

Culture of primary astrocytes

Primary astrocytes were isolated from the cerebral cortex of
neonatal (1–3 days old) SD rats as described previously

with slight modifications [16]. In brief, brain cortices were
mechanically dissociated, digested with 0.25% trypsin
(SH30042.01 Hyclone, Logan, WV, USA), centrifuged, and
resuspended into single-cell suspension. The dissociated
cells were plated into 25 cm2

flasks and grown in Dulbec-
co’s Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F-12; C11330500BT Gibco, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS;
P30-2602 PAN-Biotech, Adenbach, Germany) and 1%
Penicillin/Streptomycin (C0222 Beyotime, Shanghai,
China) at 37 °C and 5% CO2 atmosphere. The culture media
were replaced every 3 days. When confluent, astrocytes
were purified by shaking overnight (260 rpm, 37 °C) to
remove microglia and oligodendrocytes. After rinsing with
PBS, the adherent cells were trypsinized and re-seeded in
the culture media. After reaching confluency, the astrocytes
were used for experiments. Culture purity was considered
satisfactory when more than 95% of the cells were positive
for GFAP.

In vitro drug treatment and adenovirus infection

Astrocytes were starved in serum-free media for 24 h prior
to drug treatments. To detect RGMa expression, astrocytes
were treated with different concentrations of TGFβ1 (240-B
R&D Systems, Minneapolis, MN, USA) for 3 days without
media change. SB431542 (30 μΜ; S4317 Sigma-Aldrich,
Schnelldorf, Germany), an ALK5 kinase inhibitor, or
dimethyl sulfoxide, the solvent for SB431542, were added
to the media 1 h before TGFβ1 treatments. For knockdown
of RGMa expression, astrocytes were treated with media
containing rAd-shRGMa (MOI= 4) or rAd-HK (MOI= 8)
for 2 h, and then replaced back to the regular media and
cultured for 2 days. The efficiency of RGMa knockdown
was assessed by EGFP fluorescence and western blot. To
determine the involvement of RGMa in reactive astro-
gliosis, after infecting with adenovirus and serum starva-
tion, astrocytes were incubated with TGFβ1 (10 ng/ml) for
3 days.

Sample preparation and western blot

Sample preparation. To extract protein of ipsilateral hemi-
sphere brain tissues and cultured astrocytes, tissues and
cells were lysed in radio immuno precipitation buffer
(P0013B Beyotime) with protease and phosphatase inhi-
bitor cocktail (78441 Thermo Fisher, Waltham, MA, USA)
and cleared of debris by centrifugation at 14000 g for 15
min at 4 °C. After measuring protein concentrations by
bicinchoninic acid (BCA) protein assay reagent (P0010S
Beyotime), the lysates were boiled with SDS for 10 min.
For detection of astrocyte-secreted neurocan and phospha-
can, astrocyte conditioned media was obtained and
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concentrated by Amicon Ultra-15 Centrifugal Filter Devices
(UFC905096 Millipore, Darmstadt, Germany) according to
the manufacturer’s instructions. BCA protein assay reagent
was used to measure protein content. The samples were
treated with 0.01 U/ml chondroitinase ABC (C3667 Sigma-
Aldrich) for 3 h at 37 °C to remove chondroitin sulfate
sidechains and then heat denatured with SDS at 100 °C for
10 min. All protein samples were stored at −80 °C until
needed.

Western blot. Equal amounts of protein were loaded into
SDS-PAGE gels. The gels were electrophoresed and
transferred to a 0.45 μm polyvinylidene fluoride membrane
(IPVH00010 Millipore). The membranes were blocked with
5% nonfat milk or bovine serum albumin, according to the
instructions provided by manufactures of primary anti-
bodies, in tris-buffered saline containing 0.1% Tween 20 for
2 h. The membranes were then incubated overnight at 4 °C
with the following primary antibodies: anti-RGMa
(1:10000, ab169761 Abcam, Cambridge, UK), anti-GFAP
(1:1000, 12389 Cell Signaling Technology, Leiden, The
Netherland), anti-neurocan (1:5000, N0913 Sigma-Aldrich),
anti-phosphacan (1:5000, P8874 Sigma-Aldrich), anti-
Phospho-Smad2 (1:1000, 3108 Cell Signaling Technol-
ogy), anti-Smad2 (1:1000, 5339 Cell Signaling Technol-
ogy), anti-Phospho-Smad3 (1:1000, 9520 Cell Signaling
Technology), anti-Smad3 (1:1000, 9523 Cell Signaling
Technology), anti-ALK5 antibody (1:750, ab31013
Abcam), anti-Smad2/3 (1:1000, 8685 Cell Signaling
Technology), anti-Phospho-Smad2/3 (1:1000, 8828 Cell
Signaling Technology), anti-GAPDH (1:1000, 2118 Cell
Signaling Technology), and anti-β-Actin (1:1000, 4970 Cell
Signaling Technology). After being washed, membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies (1:1000, A0208 goat anti-rabbit IgG
or A0216 goat anti-mouse IgG, Beyotime) for 1 h at room
temperature. Images were captured and quantified by
Fusion FX5 image analysis system (Vilber Lourmat, F-
77601 Marne-la-Vallée cedex 3, France).

Co-immunoprecipitation

Co-immunoprecipitation was performed using a cross-link
immunoprecipitation kit (26147 Thermo Fisher) according
to the manufacturer’s instructions, which could eliminate
antibody contamination. First, the Protein A/G Plus Agar-
ose was incubated with anti-RGMa (ab169761 Abcam) or
anti-ALK5 antibody (ab31013 Abcam) on a rotator for 1 h
at 4 °C. Then, to cross-link the bound antibody, the dis-
uccinimidyl suberate was added to the Protein A/G on the
resin and incubated for 1 h at room temperature. After
washing and centrifuging, the lysates of astrocytes pre-
cleared by the Control Agarose Resin were added into the
antibody-crosslinked resin and incubated overnight at 4 °C.

After being washed, the antigen was eluted by the Elution
Buffer. After adding the Lane Marker Sample Buffer and
heating for 5 min, the samples were used for Western blot
performed as described above.

Cell migration

Astrocyte migration was assessed by a transwell chamber
assay (8 μm pore size; MCEP24H48 Millipore). Astrocytes
were cultured in different conditions: (1) DMEM/F-12
(Control); (2) TGFβ1 (10 ng/ml); (3) TGFβ1 (10 ng/ml)+
rAd-shRGMa (4) TGFβ1 (10 ng/ml)+ rAd-HK. The cells
then were trypsinized and added into the upper chamber
without FBS (1×105 cells/chamber). To induce migration,
the lower chambers were filled with 600 μl serum-free
DMEM/F-12 with 10 ng/ml TGFβ1. After 24 h of incuba-
tion, free cells and debris were removed from the upper
surface of the filters. Then the filters were fixed with ice-
cold methanol and subjected to 4',6-diamidino-2-pheny-
lindole (DAPI) (C1005 Beyotime) staining. Finally, the
average number of migrated cells on the lower surface of
each filter was evaluated by counting four randomly
selected microscopic fields at × 100 magnification with a
fluorescence microscope (IX71, Olympus, Tokyo, Japan).

Cell proliferation

The proliferation of astrocytes was measured by Cell
Counting KIT-8 (CCK8, CK04 Dojindo Laboratories Inc.,
and Ku mamoto, Kumamoto, Japan) according to the
manufacturer’s instructions. After infecting with rAd-
shRGMa or rAd-HK, astrocytes were seeded into a 96-
well plate and starved in serum-free DMEM/F-12 for 24 h.
Then, the cells were incubated with or without 10 ng/ml
TGFβ1 for 3 days, after which 10 μl CCK8 solution was
added to each well and incubated with cells at 37 °C for 2 h.
The absorbance was measured using a microplate reader
(MB-530, Heales, Shenzhen, China) at 450 nm. The cell
number was correlated with the optical density.

Immunofluorescence

For brain tissue staining, rats were transcardially perfused
with cold saline followed by 4% paraformaldehyde under
anesthesia. Brain samples were removed, post-fixed, and cut
into 10 μm sections. After antigen retrieval using sodium
citrate buffer, sections were permeabilized using 0.1%
Triton X-100 and blocked with 10% normal donkey serum.
Then the sections were incubated overnight at 4 °C with
specific primary antibodies as follows: anti-GFAP (1:100,
BM0055 Boster, Wuhan, China), anti-RGMa (1:50,
ab26287 Abcam), anti-NeuN (1:50, MAB377 Millipore),
anti-Nestin (1:100, ab11306 Abcam), anti-CC1 (1:50,
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ab16794 Abcam), anti-NG2 (1:100, ab50009 Abcam), anti-
Iba1 (1:50, NB100-1028 Novus, Littleton, CO, USA), anti-
CD31 (1:50, ab64543 Abcam), anti-αSMA (1:50, ab21027
Abcam), anti-fibronectin (1:50, 610077 BD Biosciences,
Franklin Lakes, NJ, USA), anti-collagen I (1:100, ab90395
Abcam), anti-neurocan (1:100, N0913 Sigma-Aldrich), and
anti-phosphacan (1:100, P8874 Sigma-Aldrich). On the
following day, the sections were washed using PBS and
incubated with appropriate secondary antibodies conjugated
with Alexa Fluor 488 (1:200, A-21206 Thermo Fisher) or
555 (1:200, A0460 Beyotime; or 1:300, A-21432 Thermo
Fisher) for 1 h at 37 °C. For cultured astrocyte staining, cells
were fixed with 100% methanol for 10 min. After washing
with PBS, cells were blocked by 10% normal donkey serum
for 1 h at 37 °C and incubated overnight at 4 °C with pri-
mary antibodies including anti-RGMa (1:50, ab169761
Abcam) and anti-GFAP (1:100, BM0055 Boster). Cells
were washed and for 1 h at 37 °C incubation with secondary
antibodies conjugated with Alexa Fluor 488 (1:200, A-
21206 Thermo Fisher) or 555 (1:200, A0460 Beyotime).
Sections or cells were stained for DAPI (C1005 Beyotime)
to visualize nuclei. Images were captured using confocal
laser scanning microscope (A1+R, Nikon, Tokyo, Japan)
and analyzed by Image J software (National Institutes of
Health).

Statistical analyses

All data presented represent results from at least three inde-
pendent experiments. Quantitative data were expressed as
mean± standard error of the mean (SEM). SPSS 17.0 for
windows was used to perform statistical analyses. Statistical
differences among groups were compared by using one-way
analysis of variance with Bonferroni post hoc test. A differ-
ence was considered statistically significant when p< 0.05.
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