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�1-Integrin Alters Ependymal Stem Cell BMP Receptor
Localization and Attenuates Astrogliosis after Spinal Cord
Injury
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Astrogliosis after spinal cord injury (SCI) is a major impediment to functional recovery. More than half of new astrocytes generated after
SCI are derived from ependymal zone stem cells (EZCs). We demonstrate that expression of �1-integrin increases in EZCs following SCI
in mice. Conditional knock-out of �1-integrin increases GFAP expression and astrocytic differentiation by cultured EZCs without
altering oligodendroglial or neuronal differentiation. Ablation of �1-integrin from EZCs in vivo reduced the number of EZC progeny that
continued to express stem cell markers after SCI, increased the proportion of EZC progeny that differentiated into GFAP� astrocytes, and
diminished functional recovery. Loss of �1-integrin increased SMAD1/5/8 and p38 signaling, suggesting activation of BMP signaling.
Coimmunoprecipitation studies demonstrated that �1-integrin directly interacts with the bone morphogenetic protein receptor sub-
units BMPR1a and BMPR1b. Ablation of �1-integrin reduced overall levels of BMP receptors but significantly increased partitioning of
BMPR1b into lipid rafts with increased SMAD1/5/8 and p38 signaling. Thus �1-integrin expression by EZCs reduces movement of
BMPR1b into lipid rafts, thereby limiting the known deleterious effects of BMPR1b signaling on glial scar formation after SCI.

Key words: astrocyte; BMP; integrin; neural stem cell; spinal cord injury

Introduction
Astrogliosis after spinal cord injury (SCI) involves both an early
hypertrophic phase and a later hyperplastic phase (Fawcett and
Asher, 1999; Barnabé-Heider and Frisén, 2008). The astrocytic
hypertrophy is necessary for repairing the damaged blood– brain
barrier, a beneficial process that limits inflammatory damage and
restores homeostasis (Faulkner et al., 2004; Okada et al., 2006;
Herrmann et al., 2008). However, the hyperplasia leads to forma-
tion of a dense glial scar that inhibits axonal regeneration (Faw-
cett and Asher, 1999; Silver and Miller, 2004). Because global
interruption of gliosis has a negative effect on recovery from in-
jury (Faulkner et al., 2004), therapeutic approaches must seek to
alleviate the negative effects of astrogliosis, largely those caused
by hyperplasia, while maintaining the earlier hypertrophy.

Ependymal cells (EZCs) surrounding the central canal in the
adult spinal cord are stem cells capable of recruitment into cell
cycle and multilineage differentiation following SCI (Barnabé-
Heider et al., 2010). By 4 months after SCI, �50% of new astrocytes
have been generated from EZCs, while the remainder have derived
from proliferation of existing astrocytes (Barnabé-Heider et al.,

2010). EZCs are therefore responsible for generating a significant
portion of astrocytes populating the glial scar following SCI and are
a promising target for therapeutic intervention.

Astrocytic hypertrophy and hyperplasia after SCI are regu-
lated by different molecular pathways (Okada et al., 2006; Herr-
mann et al., 2008). For example, signaling by the BMPR1a
subunit promotes astrocytic hypertrophy whereas BMPR1b sig-
naling plays a role in hyperplastic glial scar progression (Sahni et
al., 2010). However, the precise molecular mechanisms that reg-
ulate different phases of astrogliosis are not known. Since ECM-
interacting proteins have been implicated in regulating both
maintenance of the stem cell state and gliosis (McGraw et al.,
2001; Kazanis and ffrench-Constant, 2011), we focused on the
role of one such protein, �1-integrin, in the response of EZCs to
SCI. Our findings identify a novel mechanism of interaction be-
tween this molecule and members of the BMPR family that reg-
ulates EZC differentiation into GFAP-expressing astrocytes.

Materials and Methods
Transgenic mice. FoxJ1CreER mice (Rawlins et al., 2007) on a yellow
fluorescent protein Cre-reporter background (RosaYFP; The Jackson
Laboratory) backcrossed to C57BL/6 were also bred to �1-integrin flx/flx

mice (The Jackson Laboratory) and studied beginning at age 8 weeks, �5
d. Mice used were of either sex, and genders were evenly distributed
across both genotype groups. Recombination was induced by five daily
intraperitoneal injections of 30 mg/ml tamoxifen (Sigma) in 1:9 ethanol:
corn oil, 180 mg/kg.

SCI and behavioral analysis. All animal procedures were performed in
accordance with the Public Health Service Policy on Humane Care and
Use of Laboratory Animals and all procedures were approved by the
Northwestern University Institutional Animal Care and Use Committee.
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Mice were anesthetized by inhalation with 2.5% isoflurane in 100% ox-
ygen using VetEquip rodent anesthesia equipment. Incisions were made
to expose the vertebral column, and laminectomies performed at spinal
segment T11. SCIs were produced using the Precision IH Impactor,
model 0400, with a 1.25 mm impactor tip, force of 55 kdyn and dwell
time of 60 s. Following SCI, the skin was sutured (Autoclips, 9 mm; BD
Biosciences), and the animals were allowed to recover from anesthesia on
a heating pad. Buprenex (2.5 mg/kg, s.c.) and Baytril (5 mg/kg, s.c.) were
administered to minimize discomfort and infection. Bladders were man-
ually expressed twice daily. A 5 d Baytril treatment course (5 mg/kg daily,
s.c.) was started in the event of hematuria. Behavioral analysis was per-
formed according to a modified Basso, Beattie, and Bresnahan (BBB)
hindlimb scale for mice (Joshi and Fehlings, 2002). Any mice not scoring
0 (for each hindlimb) 1 d post SCI were excluded from the behavioral
analysis, and any mice not displaying tamoxifen-induced recombination
(as per YFP expression in the spinal cord) were retroactively excluded
from the behavioral cohort.

Immunohistochemistry. Mice were killed by CO2 inhalation and per-
fused transcardially with HBSS and then 4% paraformaldehyde (Sigma)
in PBS, pH 7.4. Spinal cords were dissected and removed, postfixed in
paraformaldehyde for 2 h, washed in PBS, and cryoprotected in 30%
sucrose in PBS overnight. Spinal cords were then frozen in Tissue-Tek
embedding compound and 50 �m sections were generated using a Leica
CM3050S cryostat. Tissue sections, mounted onto SuperFrost Plus mi-
croscope slides, were incubated in blocking buffer (10% Normal Swine
Serum in PBS with 0.01% Triton X-100) for 1 h followed by primary
antibody (see below, Antibodies, for sources and dilutions) diluted in
10% blocking buffer in PBS. Primary antibody incubation proceeded
overnight at room temperature, and following washes in PBS, secondary
antibodies (see below, Antibodies) were applied for 1 h at room temper-
ature. Sections were again washed in PBS and mounted underneath cov-
erslips using Prolong Gold hardening mounting reagent (Cell Signaling
Technology).

Neural stem cell cultures. �1-integrin flx/flx or �/� mice were killed on
P1 and either spinal cords, for EZCs (Meletis et al., 2008), or cortical
subventricular zones (Mehler et al., 2000) were isolated. Cells were man-
ually dissociated and plated into neural stem cell media: DMEM/F12
(Gibco) with B27, N2, Pen/strep/glutamine, and EGF (20 ng/ml; human
recombinant; BD). EZC culture media contained, in addition, 10 ng/ml
bFGF and heparin. Cultures were passaged every 4 d. After passage 1,
cultures from pups of the same genotype were combined at 50,000 cells/
ml. After passage 2, cultures were infected with adeno-cre virus (0.1
�l/ml; ViraQuest). After passage 3, dissociated cells were plated either in
suspension again (for harvest after an additional 4 d in neurosphere
form) or plated at 1 � 10 4 cells/cm 2 in adhesion conditions (Neuro-
sphere media containing 0.5 ng/ml EGF, for 7 d) on coverslips or TC
flasks coated with 1:50 PDL (Sigma) in water followed by 1:50 laminin
(Roche) in PBS. Cells treated with BMP received 2–20 ng/ml BMP4 in the
culture media beginning 24 h after plating, such that BMP was present for
6 d before harvesting. Cells treated with noggin received 250 ng/ml on the
same time course. “Mosaic” cultures were obtained using these same
methods, with �1-integrin �/� and �1-integrin flx/flx neural stem cells
(NSCs) or EZCs combined 1:1 at the final passage before plating for
differentiation.

Cell preparation and Western blot. Adherent NSC cultures, having dif-
ferentiated for 7 d, were treated with trypsin-EDTA (2.5%, Invitrogen)
and harvested manually from TC flask surfaces. The trypsinized differ-
entiated NSCs or the NSCs harvested from suspension were collected by
centrifugation, washed in PBS, and lysed in T-PER (Pierce) with Halt
proteinase-phosphatase inhibitor (Pierce) on ice for 15 min with inter-
mittent vortexing, centrifuged at 15,000 g for 20 min, and the resulting
supernatant was saved for Western blot analysis. Lipid raft signaling
fractions were isolated from cell pellets, harvested as described above,
using the ReadyPrep Protein Extraction system (Signal; Bio-Rad). West-
ern blot analysis was performed on whole-cell or lipid raft fraction sam-
ples after resolution on SDS-PAGE and transfer onto nitrocellulose
membranes (Bio-Rad). Membranes were incubated in 5% Blotto (Santa
Cruz Biotechnology) in TBS with 1% Tween 20 for 1 h at room temper-
ature, followed by primary antibody incubation in the same blocking

buffer (see below, Antibodies, for their concentrations) overnight at 4C.
Membranes were then washed in TBST, incubated in secondary antibody
for 1 h at room temperature, and washed again in TBST. Detection was
performed using SuperSignal West Femto Maximum Sensitivity Sub-
strate detection system (Pierce). Immunoblots were stripped and re-
probed using Restore Western Blot Stripping Buffer (Pierce).

Antibodies. Primary antibodies used and their dilutions for immuno-
histochemistry (IHC), immunocytochemistry (ICC), or Western blot
(WB) are as follows: rabbit �-GFP (Abcam; IHC 1:1000); chick �-GFP
(Abcam; IHC 1:2000); rat �-�1-integrin (Millipore; IHC/ICC 1:500, WB
1:1000); mouse �-APC (Cal Biochem; ICC 1:500); mouse �-Map2 (Abcam;
ICC 1:500); mouse �-NeuN (Millipore; ICC 1:500); mouse �-nestin (BD;
IHC 1:500); chick �-vimentin (Millipore; IHC 1:1000); rabbit �-GFAP
(Dako; IHC/ICC 1:1000, WB 1:5000); rabbit �-pSMAD1/5/8 (Cell Signal-
ing Technology; IHC/WB 1:500); rabbit �-pp38 (Cell Signaling Technol-
ogy; WB 1:500); rabbit �-ID1, 2, 3, and 4 (Santa Cruz Biotechnology; WB
1:500); mouse �-GAPDH (Millipore; WB 1:5000); rabbit �-BMPR1a (Santa
Cruz Biotechnology; WB 1:1000); rabbit a-BMPR1b (Millipore; WB 1:500);
and rabbit �-Flotillin (Sigma; WB 1:500. Secondary antibodies used in IHC/
ICC were Alexa 647 (infrared), Alexa 555/594 (red), and Alexa 488 (green)-
conjugated secondary antibodies (Invitrogen; all 1:1000). DAPI was used at
1:5000. Secondary antibodies used in WB were HRP-conjugated secondary
antibodies (Santa Cruz Biotechnology; 1:1000).

Image acquisition and analysis. All fluorescent images were acquired
using a Leica TCS SP5 MP confocal microscope (Fixed Stage System
DM6000 CFS); an IR-CCD camera; LAS AG software; and 20�, 40�, or
63� objectives at room temperature through Prolong Gold hardening
sample mounting medium (Cell Signaling Technology). Images were
acquired using sequential scanning of channels to prevent false positive
appearance of colocalization of two antibodies. Images were processed in
ImageJ and Photoshop. Differentiated cell cultures were analyzed by
counting cells positive for GFAP, Map2, NeuN, or APC, while ICC for
�1-integrin was performed in parallel to confirm its successful ablation.
Mosaic cultures were subjected to ICC for both �1-integrin and GFAP on
the same coverslips, and the �1-integrin-null cells neighboring �1-
integrin-expressing cells were analyzed for GFAP expression. For In vivo
experiments, z-stacks of equivalent thickness (30 �M) were obtained
from multiple (four to eight) fields surrounding the lesion site (as indi-
cated in Fig. 3c) or in the area immediately surrounding (within �100
�M of) the EZ (for Fig. 4). Such images were obtained from at least three
separate tissue sections from each animal. In all cases, colocalization was
determined and tracked on a cell-by-cell basis by an experimenter
blinded to the genotype and/or treatment condition.

Statistical analyses. Significance scores were determined using Stu-
dent’s t test or ANOVA using GraphPad software. All experiments cul-
minating in Western blot were performed multiple times, quantified
using Adobe Photoshop, and subjected to statistical analysis. All experi-
ments culminating in immunohistochemistry or immunocytochemistry
were performed multiple times (at least three experiments of �500 cells
scored per experiment for in vitro studies and five experiments of �500
recombined cells scored per experiment for in vivo studies), quantified from
images acquired on the microscope described above, and subjected to statis-
tical analysis. For in vitro studies, each of the three experiments utilized
distinct animals, though the cells within each experiment were pooled from
multiple animals of the same genotype. For in vivo studies, 40 mice were
included in the analyses in total over five experimental groups.

Results
�1-integrin is robustly upregulated in ependymal cells
following SCI
We first examined the expression pattern of �1-integrin in the
injured spinal cord. After injury, there was a robust increase in
�1-integrin expression in cells surrounding the central canal (Fig.
1). To visualize changes in individual EZCs after injury, we bred
FoxJ1creER mice, a tamoxifen-inducible line that expresses cre
recombinase in spinal cord ependymal cells (Meletis et al., 2008),
to a RosaYFP reporter line and induced recombination with 5 d
of tamoxifen administration followed by 5 d of clearance before
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injuring the spinal cord. In uninjured spinal cords, all FoxJ1cre
recombined cells resided in the EZ surrounding the central canal.
By 2 d post injury the number of YFP� cells in the EZ was in-
creased, consistent with previous reports (Barnabé-Heider et al.,
2010), and some YFP� cells had begun to migrate away from the
EZ. A marked increase in �1-integrin expression was evident in
the EZCs compared with those in the uninjured condition (Fig.
1a,b). By 7 d post injury, many YFP� cells had moved throughout
the gray matter and lesion area, and �1-integrin expression over-
lapped with the recombined cell distribution (Fig. 1c,d).

�1-integrin ablation from differentiating stem cells increases
GFAP expression
To define the role of �1-integrin in differentiating EZCs, we ex-
amined the effects of cre-lox-inducible deletion of �1-integrin in
cultured postnatal EZCs from �1-integrin flx/flx mice. The cells

were plated onto laminin-coated tissue cul-
ture dishes or coverslips in differentiating
conditions and analyzed immunohisto-
chemically (Fig. 2a–f) for GFAP (astrocytes;
Fig. 2c,d), Map2 (neurons; Fig. 2e,f), or APC
(oligodendrocyte precursors; Fig. 2e�,f�)
expression after 7 d in vitro. �1-integrin-
null EZCs differentiated into GFAP-
expressing astrocytes significantly more
frequently (49 � 3%) than wild-type cells
(27 � 2%; p � 0.01; Fig. 2g). In contrast,
deletion of �1-integrin did not alter either
neuronal or oligodendroglial lineage
commitment. We performed identical ex-
periments with NSCs cultured from the
SVZ of postnatal mouse brain with similar
results: deletion of �1-integrin signifi-
cantly enhanced astrocyte differentiation
without altering neuronal or oligoden-
droglial differentiation (Fig. 2h). Analysis
of �1-integrin and GFAP coexpression in
mosaic cultures, cultures in which some
cells retained �1-integrin expression
while the protein was ablated in others,
revealed that GFAP is elevated in cells
lacking �1-integrin even when those
cells are interspersed with �1-integrin-
expressing cells (Fig. 2i–i	). This observa-
tion suggests that the �1-integrin effect on
astrogliosis may be cell autonomous. To-
gether, these findings indicate that dele-
tion of �1-integrin promotes GFAP
expression and astrocytic differentiation
by both ependymal and SVZ stem cells in
vitro.

We next sought to determine whether
�1-integrin plays a role in astrocytic dif-
ferentiation of EZCs in vivo following SCI.
To address this question, we mated �1-
integrin flx/flx and FoxJ1creER; RosaYFP
mice and then mated the progeny to gen-
erate FoxJ1creER; RosaYFP; �1-integ-
rin�/� (�1�/�) or FoxJ1creER; RosaYFP;
�1-integrin flx/flx (�1 flx/flx) littermates for
use in SCI studies (Fig. 3a). Animals, aged
2 months, received tamoxifen for 5 d, and
an additional 5 d elapsed to allow for

clearing of the drug before the SCI. Following a severe contusion
injury, mice were killed 2 d, 1 week, or 6 weeks later and their
spinal cords were examined immunohistochemically (Fig. 3b,c).

Consistent with previous reports, we found that vimentin, one
marker for ependymal cells (Barnabé-Heider et al., 2010), was
still expressed in the ependymal zone of both �1�/� and �1 flx/flx

mice 6 weeks following injury (Fig. 3d,e). But while there were
still many recombined (YFP�) cells in EZ of the �1�/� mice (Fig.
3d), only a few such cells were present in the �1 flx/flx mice (Fig.
3e), indicating that virtually all of these cells had migrated out of
the ependymal area. We also examined expression of the stem cell
marker nestin and its coexpression with YFP in the glial scar
region in �1�/� and �1 flx/flx mice to assess the relative stem cell
states of ependymal progeny that had migrated into the lesion
(Fig. 3f,g). A significant portion of YFP-expressing cells in the
scar region expressed nestin in wild-type mice (Fig. 3f) indicating

Figure 1. �1-integrin is robustly upregulated in ependymal zone cells following SCI. a– d, DAPI (blue),YFP (green), and
�1-integrin (red) expression in adult spinal cord. a, EZ of intact spinal cord of FoxJ1creER; RosaYFP mice. YFP expression in the EZ
has been induced by tamoxifen administration to FoxJ1creER mice. �1-integrin expression is detected at low levels. b, EZ of
FoxJ1creER; RosaYFP mice 2 d following SCI. �1-integrin is significantly upregulated in EZ cells 2 d after SCI. c, d, Lower magnifi-
cation images demonstrate migration of the EZ cells, which were recombined before SCI (c), away from the EZ by 7 d post SCI (d).
Many of these cells, and others, continue to express �1-integrin (yellow). Scale bars: a, 25 �m; c, 50 �m. M, medial; D, dorsal.
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that the cells remained undifferentiated.
In contrast, in cells lacking �1-integrin
(Fig. 3g), significantly fewer YFP� cells
coexpressed nestin (Fig. 3h), suggesting
that the cells had differentiated. Likewise,
the proportion of EZC progeny in the area
of injury that continued to express vimentin
was also significantly reduced in �1flx/flx mice
(30 � 4%) when compared with�1�/� ani-
mals (57 � 6%; Fig. 3h). Vimentin expres-
sion was correspondingly reduced in
�1 flx/flx cells differentiated in vitro (Fig.
3i). Thus ablation of �1-integrin en-
hanced migration of EZCs and their prog-
eny from the ependymal region, and
reduced the percentage of these cells that
retained stem cell traits.

This suggested that there was increased
migration of the EZCs into the lesion area
with increased astrocytic differentiation
as would be predicted by the culture stud-
ies and our previously published findings
(Pan et al., 2014). Indeed, we found that
YFP� cells in �1 flx/flx animals were more
densely populated within the glial scar re-
gion than in �1�/� mice. A significantly
(p � 0.01) increased proportion of the
YFP� cells in the �1 flx/flx mice expressed
GFAP compared with �1�/� mice (Fig.
3j, quantification in k). Thus ablation of
�1-integrin increased the generation of
astrocytes in the lesion area by enhancing
migration of cells from the ependymal
zone, decreasing their stem cell properties
and increasing GFAP expression within
the cells.

Since glial scar formation is a major
impediment to functional recovery after
SCI (Fawcett and Asher, 1999; Silver and Miller, 2004), we asked
whether the increased generation of astrocytes after ablation of
�1-integrin was associated with altered behavioral recovery. We
performed open-field testing of �1�/� and �1 flx/flx mice for 6
weeks following SCI. By 6 weeks post injury, mice tend to display
a modest amount of functional recovery without therapeutic in-
tervention (Joshi and Fehlings, 2002). In fact, �1�/� control
mice recovered from severe contusion injuries to an average of
nearly 4 on the BBB scale (Fig. 3l). However, �1 flx/flx mice, whose
ependymal cells lacked �1-integrin at the time of SCI and during
the recovery period, had significantly reduced behavioral recov-
ery after the SCI (BBB score of 1, p � 0.001). Thus �1-integrin
expression by ependymal cells is important for functional recov-
ery on following SCI.

�1-integrin ablation affects BMPR signaling in affected
stem cells
We next sought to define the molecular mechanisms underlying
the effects of �1-integrin expression by EZCs on astrocytic differ-
entiation. BMP signaling, which increases following SCI (Setogu-
chi et al., 2001; Chen et al., 2005; Fuller et al., 2007), influences
both the beneficial effects of reactive gliosis after SCI and the
detrimental astrocytic hyperplasia that leads to formation of the
glial scar (Setoguchi et al., 2004; Enzmann et al., 2005; Matsuura
et al., 2008). The beneficial effects of BMP signaling are mediated

by the BMPR1a receptor, whereas the effects on astrocytic hyper-
plasia are mediated by BMPR1b signaling (Sahni et al., 2010).
Interactions between TGF-� signaling pathways, including BMP
signaling, and the integrin family of receptors regulate a variety of
physiologic processes in many organ systems (Wipff and Hinz,
2008; Munger and Sheppard, 2011). We therefore investigated
the possibility that �1-integrin exerts effects on astrogliosis by
interacting with the BMP family of receptors.

BMPRs signal though phosphorylation and nuclear transloca-
tion of SMADs1/5/8 (Heldin et al., 1997). We first asked whether
there was a change in phospho-SMAD1/5/8 (pSMAD1/5/8) ex-
pression by YFP� cells that had migrated out of the ependymal
zone in �1 flx/flx mice compared with controls (�1�/�). At 2 d
following SCI, a significantly (p � 0.01) greater proportion of the
�1 flx/flx cell population expressed nuclear pSMAD1/5/8 (Fig. 4a–
c). This indicates that ablation of �1-integrin increases BMP sig-
naling in migrating EZCs after SCI. To further investigate the
extent of interaction between �1-integrin and BMP signaling
pathways, we examined levels of pSMAD1/5/8 by Western blot
analysis in whole-cell lysates prepared from differentiated NSCs.
Since BMPRs also signal by activating p38 (Kamiya et al., 2010),
we also examined levels of phospho-p38 (pp38). Levels of both
pSMAD1/5/8 and pp38 were increased by ablation of �1-integrin
(Fig. 4d). BMP signaling is known to increase astrocytic lineage
commitment by NSCs (Gross et al., 1996) and increases expres-

Figure 2. Deletion of �1-integrin from spinal cord and SVZ-derived NSCs increases GFAP expression in differentiated cells. a–f,
Intact (a) and ablated (b) expression of �1-integrin (red) in adeno-cre-infected spinal cord EZCs derived from �1-integrin �/� (a)
and flx/flx (b) mice. GFAP expression (green) is significantly elevated in �1-null (d) differentiated cultures compared with �1-
expressing (c) cultures. Expression of Map2 (red in e, f ) and APC (red in e�, f�) is unchanged between �1-expressing (e, e�) and
�1-null (f, f�) cultures. g, h, Quantification of GFAP, Map2 (g), NeuN (h), and APC-expressing cells revealed a significant increase
in GFAP � cells in �1-null cultures of both EZ (g) and SVZ (h) origin, with unchanged levels of neuronal and oligodendroglial
lineage cells. i–i�, In mosaic cultures containing both �1-integrin (red)-expressing and �1-integrin-null cells, GFAP expression
(green) was present in a complementary fashion. Scale bars: 50 �m.
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sion of GFAP (Bonaguidi et al., 2005; Agius et al., 2010). We also
found that ablation of �1-integrin markedly increased levels of
GFAP expression (Fig. 4d). The ID proteins are known targets of
BMP signaling, and levels of all four members of this family were

modestly increased in cells lacking �1-integrin (data not shown).
These data indicate that ablation of �1-integrin in NSCs leads to
increased BMP signaling. Having determined this, we also asked
whether BMP signaling has a related effect on �1-integrin. In-

Figure 3. EZC progeny lacking �1-integrin express less vimentin and nestin and more GFAP than wild-type cells following SCI. a– c, Schematic representation of experimental paradigm. a,
FoxJ1creER; RosaYFP mice were bred to �1-integrin flx/� mice to generate both �1 �/� and �1 flx/flx littermates. b, Eight-week-old FoxJ1creER; RosaYFP (�1 �/�) or FoxJ1creER; RosaYFP;
�1-integrin flx/flx (�1 flx/flx) mice received tamoxifen to induce recombination in ependymal cells, followed by a clearing period before SCI. Animals were killed (sac) 2 d, 1 week, and 6 weeks
following injury. c, Schematic of coronal, thoracic-level spinal cord sections indicating location of dorsal lesion site (les.), EZ (green circle), and boxes demonstrating regions from which images were taken and
quantifications generated. d, e, YFP (green) and vimentin (red) expression in EZCs 6 weeks post SCI in�1 �/� (d) and�1 flx/flx (e) mice. EZCs continue to express vimentin at this time point, but fewer EZCs that
had been recombined before injury (green) remained in the EZ in �1 flx/flx animals than in �1 �/�. f, g, Nestin expression (red) in glial scar regions 6 weeks post SCI in �1 �/� (f ) and �1 flx/flx (g) mice show
a moderate amount of coexpression of YFP (green), with a significantly lower amount of coexpression in �1 flx/flx than �1 �/� controls. h, Percentage of YFP � cells coexpressing nestin (left bars) or vimentin
(right bars) in the glial scar region 6 weeks post SCI. i, Western blot analysis of whole-cell lysates from NSCs differentiated in vitro for 1 week shows decrease in vimentin expression in�1 flx/flx cells. Quantification
of three independent trials illustrated in graph to the right. j, k, High-magnification images of recombined cells (green) show higher coexpression (arrows) of YFP and GFAP (red), which upon quantification (k)
was significantly ( p � 0.01) different (percentage of recombined cells that also express GFAP; WT figure normalized to 1 for each flight; six flights analyzed). l, BBB scoring to measure hindlimb recovery from
paralysis revealed �1 flx/flx mice to be significantly ( p � 0.001) more impaired than �1 �/� control mice by 6 weeks post SCI. Scale bars: 50 �m. M, medial; D, dorsal.
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triguingly, treatment of NSCs with BMP4
led to an increase in �1-integrin expres-
sion, suggesting the relationship between
�1-integrin and BMP signaling may exist
to temper one another homeostatically
(Fig. 4e–f	).

Because both �1-integrin and the
BMPRs are cell-surface molecules that can
physically complex with other proteins in
the cell membrane (Sekiya et al., 2004; Nohe
et al., 2005), we next asked whether BMPRs
physically interact with �1-integrin in
NSCs. Coimmunoprecipitation studies
revealed that BMPR1a and 1b (Fig. 5a),
but not BMPRII or downstream signalers
SMAD1/5/8 and p38 (data not shown) in-
teracted with �1-integrin in NSCs. The
physical interaction between �1-integrin
and BMPRs 1a and 1b was also detected in
adult spinal cord lysates (data not shown).
Binding of �1-integrin and BMP at the
receptor level suggests the inhibitory ef-
fect of �1-integrin on BMP signaling may
be downstream of BMP ligand activity. To
investigate this supposition, we asked
whether GFAP expression increases in
�1-integrin-null NSCs even in the pres-
ence of the BMP ligand inhibitor noggin.
Indeed, �1-integrin ablation results in
elevated GFAP expression in a ligand-
independent manner (Fig. 5b).

We next investigated how this phys-
ical interaction might regulate BMP sig-
naling. Cell membranes contain areas of
detergent-resistant lipid domains known
as lipid rafts. Many molecules have en-
hanced signaling capability when present
in lipid rafts (Decker et al., 2004), and
binding to �1-integrin can influence the membrane compart-
ment localization of other signaling molecules (Bi et al., 2013;
Srikanth et al., 2013; Wang et al., 2013). We therefore examined
BMPR expression and localization by Western analyses in both
whole-cell lysates and lipid raft fractions isolated from �1�/� and
�1 flx/flx NSCs. Total levels of both BMPR1a and 1b were slightly
decreased in �1 flx/flx NSCs compared with �1�/� NSCs (Fig.
5c,d) despite the significant increase in BMP signaling in these
cells (Fig. 4). However, levels of BMPR1b in the lipid raft frac-
tions were markedly increased after ablation of �1-integrin�/�

(Fig. 5c,d). This suggested that signaling by BMPRs in the lipid
rafts is responsible for the increase in BMP signaling in �1 flx/flx

cells. To determine whether the BMP signaling in NSCs occurs
through lipid rafts, we examined the effects of the lipid raft-
interrupting drug M-�-cyclodextran (M�CD; Klein et al.,
1995; Yanagisawa et al., 2004). Treatment with M�CD pro-
foundly reduced pSMAD expression 5 h after drug exposure
(Fig. 5e), and GFAP expression 5 d after drug exposure (data
not shown), indicating that lipid rafts are critical for BMP
signaling in NSCs and for the resultant GFAP upregulation. In
toto, these observations suggest that �1-integrin attenuates
GFAP expression by physically interacting with BMPRs in the
cell membrane and limiting their ability to move into lipid
rafts and signal.

Discussion
Injury to the spinal cord resulted in a marked increase in expres-
sion of �1-integrin by EZCs. Ablation of �1-integrin from these
cells decreased stem cell markers in progeny and increased their
GFAP expression and astrocytic differentiation. The increased
astrogliosis appeared to be mediated by increased partitioning of
BMPR1b into the lipid raft fraction of the cell membrane with a
resultant increase in BMP signaling. We conclude that �1-
integrin expression by EZCs after SCI regulates the generation of
GFAP-expressing astrocytes, and that �1-integrin directly inter-
acts with BMP receptors, an interaction that may be responsible
for its ability to limit the known deleterious effects of BMPR1b
signaling on the formation of the glial scar.

�1-integrin expression by EZCs limits astrocyte generation
and helps to maintain the stem/progenitor cell state
Our findings both in culture and in vivo indicate that �1-integrin
helps to maintain the stem cell state of EZCs and to limit astrocyte
differentiation. We found similar effects of �1-integrin in SVZ-
derived NSCs. These observations agree well with prior observa-
tions of the developing nervous system, in which integrins have
been shown to play multiple roles (Milner and Campbell, 2002).
�1-integrin is highly expressed by NSCs and in fact has been used
as a cell-surface marker for NSC enrichment (Hall et al., 2006;
Pruszak et al., 2009). �1-integrin regulates both the survival and

Figure 4. �1-integrin signaling and BMP signaling oppose one another in differentiating NSCs. a– c, Recombined EZCs (green)
in �1 �/� (a) and �1 flx/flx (b) animals are detected both in the EZ and migrating away from the EZ at 2 d post SCI. pSMAD � cells
(red) are detected near the EZ in both genotypes, but coexpression of YFP and pSMAD is significantly ( p � 0.01) greater in �1 flx/flx

animals (c). d, Western blot analysis of whole-cell SVZ-derived NSC lysates demonstrating increased BMP signaling activity in
�1 flx/flx cultures. Quantification of three independent trials illustrated in graph to the right. e, Western blot analysis of BMP4-treated cell
lysates illustrates upregulation of �1-integrin relative to GAPDH. BMP4 was added to the culture media at concentrations of 2, 10, and 20
ng/ml throughout differentiation. f, DAPI (blue) and �1-integrin expression (red) in differentiated SVZ-derived NSCs under increasing
BMP4 media concentrations. Scale bars: 50 �m.
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proliferation of NSCs in response to cues from the extracellular
matrix (Leone et al., 2005). Higher levels of �1-integrin expres-
sion by cultured NSCs correlate with a higher capability for self-
renewal mediated via the MAPK cascade (Campos et al., 2004).
�1-integrin signaling has been shown to limit astrocyte differen-
tiation from NSCs (Pan et al., 2014), as well as influence the
morphology of mature astrocytes, their polarity and gene expres-
sion, including GFAP expression, but not proliferation (Peng et
al., 2008; Robel et al., 2009). Our observation that �1-integrin
signaling limits the generation of astrocytes by EZCs after spinal
cord injury suggests the signaling system as a potential therapeu-
tic target for limiting glial scar formation after SCI.

Therapeutic strategies to modify astrogliosis and to limit the
detrimental effects of glial scar formation after SCI must accom-
plish this while still preserving the beneficial effects of astrogliosis
(Faulkner et al., 2004; Sofroniew, 2005; Okada et al., 2006; Herr-
mann et al., 2008). EZC progeny exert beneficial effects on recov-
ery from SCI (Sabelström et al., 2013), but they also contribute
approximately half of the new astrocytes that are generated after
SCI and contribute to the cells that constitute the glial scar
(Barnabé-Heider et al., 2010). Our observations suggest that �1-
integrin expression by EZCs helps to maintain the beneficial ef-
fects of the progeny while limiting the detrimental effects.
Specifically, we found that ablation of �1-integrin from EZCs
profoundly worsened functional recovery after SCI. Our data
suggest that the loss of �1-integrin increases expression of GFAP
in ependymal-derived NSCs migrating toward the injury site and
accelerates their differentiation into astrocytes that are harmful
to functional recovery. This raises the possibility that enhancing

�1-integrin expression and signaling in
EZCs might be beneficial therapeutically.

Interaction of �1-integrin with BMP
receptors regulates GFAP expression
We next focused on identifying the mo-
lecular mechanisms underlying the effects
of �1-integrin on astrocytic differentia-
tion. Previous studies have shown that as-
trocytic lineage commitment both by SVZ
NSCs (Gross et al., 1996) and by glial re-
stricted progenitor cells (Mabie et al.,
1997; Cheng et al., 2007) is regulated by
BMP signaling. BMP levels increase fol-
lowing spinal cord injury (Setoguchi et al.,
2001; Chen et al., 2005), and this increase
may in fact lead to the observed increase
in �1-integrin expression in the injured
spinal cord: we found that treatment of
NSCs in vitro with BMP4 increased �1-
integrin expression in a dose-dependent
manner (Fig. 4e–f	). It is possible that �1-
integrin increases in response to elevated
BMP in a homeostatic manner; elevated
BMP signaling would be attenuated by a
subsequent increase in �1-integrin, and
the BMP effect on the cell would therefore
be tempered. Regardless of whether it
causes the observed upregulation of �1-
integrin in vivo, BMP signaling appears to
contribute to both the beneficial and the
deleterious effects of gliosis after SCI
(Setoguchi et al., 2004; Enzmann et al.,
2005; Matsuura et al., 2008; Sahni et al.,

2010). More specifically, signaling by the BMPR1b subunit me-
diates deleterious effects of BMP signaling after SCI whereas sig-
naling by the BMPR1a subunit mediates beneficial effects (Sahni
et al., 2010). The effects of ablation of �1-integrin following SCI
mirrored the effects of activated BMPR1b signaling, consistent
with our observation that BMP signaling (pSMAD1/5/8, pp38)
increases in EZC progeny both in vivo and in culture when �1-
integrin is absent. These findings suggest that the presence of
�1-integrin in the cell membrane inhibits BMP signaling in the
cell. Furthermore, the increase in GFAP resulting from �1-
integrin loss occurred even in the presence of the BMP ligand
inhibitor noggin (Fig. 5b), suggesting �1-integrin’s effect on
BMP signaling is independent of BMP ligand presence. This
raised the possibility that �1-integrin directly interacts with BM-
PRs to modify their signaling. Indeed, coimmunoprecipitation
assays demonstrated complexing between �1-integrin and the
BMP type 1 receptor subunits in both NSCs differentiating in
vitro and in adult whole spinal cord lysates.

There are a number of possible mechanisms that could ex-
plain how this physical interaction attenuates BMP signaling.
Caveolin binding to BMPRII has been shown to inhibit the inter-
action of RII with R1a, inhibiting BMP signaling (Nohe et al.,
2005). During Xenopus neural induction, BMP receptor activa-
tion is curtailed by direct interaction with Dullard, which colo-
calizes BMPRs to caveolin, where they are degraded (Satow et al.,
2006). In the case of �1-integrin loss, however, the overall expres-
sion levels of BMPR1a and R1b were diminished, not increased,
as would be the case if �1-integrin normally contributed to their
degradation. Alternatively, there are many examples of integrin

Figure 5. �1-integrin tempers BMPR signaling through physical interaction and exclusion from lipid raft signaling fractions. a,
Coimmunoprecipitation of BMPR1a and 1b and immunoblotting for �1-integrin reveals a physical interaction between the type 1
receptor subunits. b, Differentiated NSC GFAP increases in the absence of �1-integrin even in the presence of the BMP inhibitor
Noggin. c, Left, Western blot analyses of whole-cell lysates of SVZ-derived NSCs demonstrate that expression levels of BMPR1a and
1b are decreased in �1 flx/flx cultures. Right, Western blot analyses of lipid raft (LR) fractions isolated from SVZ-derived NSCs
demonstrate that while BMPR1a is decreased in �1 flx/flx LRs, to a degree reflective of expression in the whole cells (b), BMPR1b is
markedly increased in the LR fraction of �1 flx/flx cells. d, Quantification of representative Western blot signals (c) from multiple
independent trials illustrated graphically. e, Disruption of lipid rafts by M�CD treatment diminishes BMP signaling through
pSMADs. Quantification of pSMAD signal from multiple independent trials illustrated in graph below. Veh, vehicle.
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and growth receptor cross talk that regulate cell proliferation,
differentiation, and migration (Ivaska and Heino, 2011). In a
prior study, we found that �1-integrin altered the localization of
EGFRs within lipid rafts in glioblastoma stem cells, and that this
altered EGFR signaling (Srikanth et al., 2013). A shift in BMPR
localization to portions of the cell membrane that are more con-
ducive to their signal transduction could explain the elevation in
BMP signaling despite the observed decrease in receptor expres-
sion in cells lacking �1-integrin. Indeed, our finding that ablation
of �1-integrin leads to preferential partitioning of BMPR1b into
lipid rafts with a concurrent increase in BMP signaling suggests
that the presence of �1-integrin inhibits BMPR1b-mediated sig-
naling by preventing its localization into the lipid raft. Despite the
increase in BMP signaling, the total level of BMPR expression
appeared to decrease. This is similar to what has been observed in
interactions between �1-integrin and other receptors, such as
PDGFR, which cause a change in the signaling propensity of that
receptor opposite to the resulting change of expression (Zemskov
et al., 2009). It is therefore not unprecedented that a receptor may
experience a change in its signaling strength due to an interaction
with �1-integrin, regardless of the receptor’s expression level.

In summary, expression of �1-integrin by EZCs after SCI is a
beneficial response that both enhances the migration of EZC
progeny into the area of injury where the cells facilitate recovery
(Sabelström et al., 2013) and limits differentiation of the cells into
GFAP-expressing astrocytes, while restricting the entry of
BMPR1b into lipid rafts. These studies highlight the importance
of �1-integrin in the regulation of astrogliosis, and suggest �1-
integrin as a potential target for therapeutic intervention for SCI.

References
Agius E, Decker Y, Soukkarieh C, Soula C, Cochard P (2010) Role of BMPs

in controlling the spatial and temporal origin of GFAP astrocytes in the
embryonic spinal cord. Dev Biol 344:611– 620. CrossRef Medline
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