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Radial glial cells are the neural progenitors of the developing CNS and have long radial processes that guide radially migrating neurons.
The integrity of the radial glial scaffold, in particular proper adhesion between the endfeet of radial processes and the pial basement
membrane (BM), is important for the cellular organization of the CNS, as indicated by evidence emerging from the developing cortex.
However, the mechanisms underlying the maintenance of radial glial scaffold integrity during development, when the neuroepithelium
rapidly expands, are still poorly understood. Here, we addressed this issue in the developing mouse spinal cord. We show that CXCR4, a
receptor of chemokine CXCL12, is expressed in spinal cord radial glia. Conditional knock-out of Cxcr4 in radial glia caused disrupted
radial glial scaffold with gaps at the pial endfeet layer and consequentially led to an invasion of boundary cap (BC) cells into the spinal
cord. Because BC cells are PNS cells normally positioned at the incoming and outgoing axonal roots, their invasion into the spinal cord
suggests a compromised CNS/PNS boundary in the absence of CXCL12/CXCR4 signaling. Both disrupted radial glial scaffold and invasion
of BC cells into the CNS were also present in mice deficient in CXCR7, a second receptor of CXCL12. We further show that CXCL12
signaling promotes the radial glia adhesion to BM components and activates integrin �1 avidity. Our study unravels a novel molecular
mechanism that deploys CXCL12/CXCR4/CXCR7 for the maintenance of radial glial scaffold integrity, which in turn safeguards the
CNS/PNS boundary during spinal cord development.
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Introduction
Radial glial cells are crucial for the making of the vertebrate CNS,
serving indispensable dual roles as neural progenitors and phys-
ical guides for radially migrating neurons. They exhibit radial
morphology with long basal processes extending from cell somas
in the ventricular zone (VZ) all the way to the pial surfaces of the
neuroepithelium and contact the pial basement membrane (BM)
via cone-shaped endfeet (Rakic, 1972; Misson et al., 1988; Mc-
Dermott et al., 2005). Recently, it was suggested in the developing

cortex that an integral radial glial scaffold with proper adhesion
of radial endfeet to the pial BM is crucial for the cortical cellular
organization. Weakening this adhesion in mutants, either by tar-
geting adhesive molecules or their downstream signaling compo-
nents, results in disintegration of the pial BM and overmigration
of cortical neurons into the marginal zone and subarachnoid
space (Graus-Porta et al., 2001; Moore et al., 2002; Beggs et al.,
2003; Niewmierzycka et al., 2005; Belvindrah et al., 2007;
Myshrall et al., 2012). However, it remains elusive how the integ-
rity of the radial glial scaffold is regulated by extrinsic signals and
how it contributes to the cellular organizations of the spinal cord,
which has a unique and intimate interface with the PNS.

Like the rest of the CNS, the developing spinal cord is covered
by the pial BM (Timpl and Brown, 1996; Halfter et al., 2002), the
stability of which is supported by the overlying pial meninges and
the underlying glia limitans, which is composed of intercon-
nected radial glial endfeet during early development (Rakic, 1972,
2003; Sievers et al., 1994; Halfter et al., 2002; Zarbalis et al., 2007).
At the same time, the spinal cord pial BM must be breached at the
ventral motor axon exit point (MEP) and the dorsal root entry
zone (DREZ) for the passage of motor and sensory axons (Fraher,
1997; Golding and Cohen, 1997). Boundary cap (BC) cells, which
are derived from the neural crest and of PNS origin, are posi-
tioned over these breaches in the pial BM from outside of the
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developing spinal cord (Altman and Bayer, 1984; Niederländer
and Lumsden, 1996; Golding and Cohen, 1997). Therefore, the
cellular components of the CNS and PNS are interfaced directly
at the DREZ and MEP.

The chemokine CXCL12 is expressed ubiquitously in devel-
oping pial meninges and, together with its receptors CXCR4 and
CXCR7, regulates a large range of processes during the develop-
ment of the nervous system (Zhu and Murakami, 2012). Previ-
ously, we observed CXCR4 expression in the VZ (suggestive of
radial glia expression) of the developing spinal cord (Y.Z., un-
published observation). The locations of CXCL12 and CXCR4
expression, together with an established proadhesive role of
CXCL12 signaling (Kinashi, 2005), prompted us to postulate that
CXCL12 signaling might be an extrinsic factor that regulates the
radial glial scaffold integrity during spinal cord development.
Here, we investigated this hypothesis and probed the underlying
mechanisms by using null mutants, cell-type-specific conditional
mutants, and in vitro cell adhesion assays.

Materials and Methods
Animals. The generation of Cxcl12 knock-out (Nagasawa et al., 1996),
Cxcr4 knock-out (Tachibana et al., 1998), Cxcr7 knock-out (Sierro et al.,
2007), floxed (fl) Cxcr4 (Tokoyoda et al., 2004), Wnt1-Cre (Danielian et
al., 1998), Nestin-CreER T2 (shortened as Nes-CreER T2; Imayoshi et al.,
2006), and Z/EG responder mice with Cre-mediated recombination
(Novak et al., 2000) have all been described previously. A BAC transgenic
line carrying EGFP under the control of a Cxcr4 promoter/enhancer
element, Tg(Cxcr4-EGFP), was developed by the GENSAT project
(Gong et al., 2003) and purchased from Mutant Mouse Regional Re-
source Center [strain name: Tg(Cxcr4-EGFP)73Gsat]. Compound
transgenic lines used for conditional knock-out experiments were gen-
erated by crossing either the Wnt1-Cre or Nestin-CreER T2 with
Cxcr4(fl/fl) to generate mice with genotype Wnt1-Cre:Cxcr4(fl/�) or
Nestin-CreER T2:Cxcr4(fl/�), which were subsequently crossed with
Cxcr4(fl/fl) to generate embryos of desired genotypes. For expression
studies, timed pregnant wild-type ICR mice (Nihon) were used. For
dissociated culture of spinal radial glia, GFP-positive embryos from
crossing Tg(Cxcr4-EGFP) and ICR mice were used. For embryo staging,
12:00 P.M. of the day on which the vaginal plug was detected was desig-
nated as embryonic day 0.5 (E0.5). Embryos of either sex were analyzed
in this study. All animal maintenance and manipulations were per-
formed in accordance with the Guidelines for Animal Experiments at
Osaka University.

DNA constructs. DNA constructs for generating in situ hybridization
probes are as follows. Cxcr4, Krox20 (a kind gift from Dr. David Wilkin-
son, National Institute for Medical Research, London, UK) and Sox10 (a
kind gift from Dr. Michael Wegner, University of Erlangen-Nürnberg,
Germany) constructs have all been described previously (Wilkinson et
al., 1989; Kuhlbrodt et al., 1998; Zhu et al., 2009). DNA constructs car-
rying a region encompassing nt 352–1442 of Cxcr7 mRNA (accession
BC015254) and nt 2030 –3300 of mouse integrin �1 mRNA (accession
number: NM_010578) were used to generate Cxcr7 and Integrin �1 in
situ probes, respectively.

In situ hybridization and immunohistochemistry. The trunks of mouse
embryos containing the spinal cord at the lumbosacral, thoracic, or cer-
vical level were dissected out in cold PBS, pH 7.4, and fixed in 4% para-
formaldehyde (PFA, 0.1 M PBS) at 4°C for 4 – 6 h. These tissues were then
cryoprotected in 30% sucrose (in PBS) overnight at 4°C and embedded in
OCT (Sakura FineTek). Frozen sections were cut with a cryostat at 20
�m. Sections for CXCR4/Ki67 double immunohistochemistry were cut
at 16 �m.

In situ hybridization (ISH) on frozen sections was performed as de-
scribed previously (Hasegawa et al., 2004). Hybridization of all probes
was performed at 65°C overnight with the exception of Krox20, which
was performed at 70°C. For Cxcr4 and Cxcr7 double fluorescence ISH,
Cxcr4 probe was labeled with digoxigenin (DIG) and Cxcr7 probe with
fluorescein. Procedures up to posthybridization washing were the same

as for color ISH, as described in Hasegawa et al. (2004). Thereafter,
sections were subjected to sequential steps of visualizing fluorescein and
DIG signals. Sections were first incubated with anti-fluorescein-POD
Fab fragment (Roche) and signals were amplified with a TSA plus fluo-
rescein system (PerkinElmer). Then, peroxidase activity was quenched in
3% H2O2 for 1 h, sections were subsequently incubated with anti-DIG-
POD Fab fragment, and signals were amplified with a TSA Plus Cynine3
system (PerkinElmer). All steps essentially followed the instructions of
the TSA Plus system.

Immunohistochemistry on frozen sections was performed essentially
as follows. Frozen sections were brought to room temperature (RT) and
washed in PBS before blocking in PBST (PBS with 0.2% Triton X-100)
with 10% of the appropriate animal serum for 1 h at RT. Primary anti-
body binding was performed in PBST overnight at 4°C. After washing,
slides were incubated with secondary antibodies in PBST for 2 h at RT.
The slides were then washed and nuclear stained with 0.03% 4,6-
diamidino 2-phenylindole (DAPI; Nacalai Tesque) for 15 min and
mounted in Mowiol (Calbiochem) with 2.5% 1,4-diazabicyclo-
[2,2,2]octane (DABCO; Sigma-Aldrich). The primary antibodies used
were goat polyclonal anti-CXCR4 (1:300, ab1670; Abcam), rabbit anti-
GFP (1:800, A-11122; Invitrogen), mouse monoclonal antibody to neu-
ronal class III �-tubulin (1:500, clone TUJ1; Covance), rabbit anti-
laminin (1:1000, L9393; Sigma-Aldrich), rabbit anti-Nestin (1:500, a
kind gift from Dr. Yasuyoshi Arimatsu, Mitsubishi Kagaku Institute of
Life Sciences, Japan), RC2 monoclonal antibody (1:50; Developmental
Studies Hybridoma Bank, University of Iowa), rabbit anti-phospho-
histone H3 (1:200, #06 –570; Millipore), and rabbit anti-Ki67 (1:400;
NCL-Ki67p; Novocastra Laboratories). The secondary antibodies used
were Cy3-donkey anti-goat IgG (1:300; Jackson ImmunoResearch) for
CXCR4; Alexa Fluor 488-donkey anti-rabbit IgG (1:500; Invitrogen) for
GFP, laminin and Nestin and phosphor-histone H3, Ki67; FITC-donkey
anti-mouse IgG (1:200; Jackson ImmunoResearch) for TUJ1; and Cy3-
goat anti-mouse IgM (1:200; Jackson ImmunoResearch) for RC2.

For CXCR4/Ki67, BrdU, and integrin �1/laminin immunohistochem-
istry, modified procedures were used. For CXCR4/Ki67 double immu-
nohistochemistry, CXCR4 single immunohistochemistry was first
performed as above. The slides were then postfixed in 4% PFA for 10 min
and subjected to antigen retrieval by incubating in 0.01 M citric acid
buffer, pH 6.0, at 99°C for 20 min and then the slides were immuno-
stained with a Ki67 antibody following the general immunohistochem-
istry protocol above. For BrdU staining, sections were first incubated in
citrate antigen retrieval buffer (0.01 M citric acid, pH 6.0) at 99°C for 20
min, followed by 1 N HCl treatment for 30 min and washing 3 times in
PBST. The rest of the procedure followed the general immunohisto-
chemistry protocol above. Rat BrdU monoclonal antibody (ab6326; Ab-
cam) was used at 1:200, followed by incubation with Cy3-goat anti-rat
IgG (1:200; Jackson ImmunoResearch). For integrin �1/laminin double
immunohistochemistry on tissue sections, sections were first subjected
to antigen retrieval by incubating the slides in HistoVT one (Nacalai
Tesque) at 70°C for 20 min. Integrin �1 immunohistochemistry was
performed using a TSA PLUS DNP system (PerkinElmer). The primary
anti-activated integrin �1 antibody, clone 9EG7 (1:10, 550531; BD Bio-
sciences) was incubated with sections at 4°C overnight, followed by in-
cubation with HRP-conjugated goat anti-rat IgG (1:2000; Jackson
ImmunoResearch) for 90 min at RT. After TSA Plus DNP amplification,
deposited DNP was visualized by incubation with Alexa Fluor 488-
conjugated anti-DNP-KHL (1:500; Invitrogen) for 2 h at RT. The sec-
tions were then immunostained with a laminin antibody as described
above with Cy3-goat anti-rabbit IgG (1:300; Jackson ImmunoResearch)
as a secondary antibody.

Images of ISH and immunohistochemistry on frozen sections were
captured using an upright fluorescence microscope (BX-60; Olympus)
coupled with a CCD camera (Axiocam; Zeiss), with 4� [UPlanApo,
numerical aperture (NA) 0.16], 10� (UPlanApo, NA 0.40), and 20�
(UPlanApo, NA 0.70) objective lenses. Images of CXCR4/Ki67 double
immunohistochemistry were captured using a laser scanning confocal
microscope (TCS SP2 AOBS; Leica Microsystems) with a 20� (N Plan,
NA 0.40) objective lens. High-magnification images of CXCR4/Nestin
and 9EG7/laminin double immunohistochemistry were captured using a
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laser scanning confocal microscope (TCS SP5; Leica Microsystems) with
a 40� (N Plan, NA 0.65) objective lens.

Procedure of tamoxifen induction of Cre-ERT2. Tamoxifen (Sigma-
Aldrich), dissolved in corn oil at 20 mg/ml, was administered by oral
gavage to pregnant mothers made from crossing Nes-CreERT2/
Cxcr4(fl/�) and Cxcr4(fl/fl) lines at 1 mg/10 g of body weight at E9.5 and
again at E10.5.

BrdU pulse labeling. BrdU (Sigma-Aldrich) was administered intra-
peritoneally to pregnant mothers at 0.5 mg/10 g of body weight. The
pregnant mice were killed after 2 h and their embryos were then dis-
sected, fixed, embedded, and sectioned, followed by BrdU immunohis-
tochemistry (see above).

Dissociation of embryonic spinal cord cells. E12.5 embryos of genotype
Tg(Cxcr4-EGFP)/� were dissected quickly in calcium- and magnesium-
free Hank’s buffered salt solutions (CMF-Hanks) to obtain spinal cords.
Segments of the spinal cords were then opened along the roof plate. The
pial meninges and dorsal and ventral roots were then carefully scraped
away with a fire-polished tungsten needle. The cleaned-up spinal cord
tissue fragments from 4 – 6 embryos were then collected into a 14 ml
Falcon tube and washed once in CMF-Hanks. The tissues were then
suspended in 2 ml of a sterilized and preactivated enzymatic mixture of
papain (6 units/ml; Nacalai Tesque) and DNase 1 (30 �g/ml; Sigma-
Aldrich) and rocked gently at RT for 17 min. The enzymes were then
removed and tissue fragments were washed three times in DMEM-F12
(Sigma-Aldrich), followed by trituration with a glass Pasteur pipette for
30 – 40 times and then a flame-bored Pasteur pipette for a further 30 – 40
times. The dissociated solution was then passed through a prewet 70 �m
cell strainer and the cell number was counted for further experiments.

Cell adhesion assay. A 48 well tissue culture plate (Iwaki) was coated
with BM components as follows. For fibronectin, stock fibronectin (1
mg/ml; Sigma-Aldrich) was quickly thawed and diluted in PBS to a
final concentration of 40 �g/ml. For laminin/poly-L-lysine coating,
stock laminin (2 mg/ml; BD Biosciences) was slowly thawed at 4°C
and diluted in H2O (final concentration: 20 �g/ml) with poly-L-lysine
(final concentration: 50 �g/ml; Sigma-Aldrich). Next, 300 �l of either
fibronectin or laminin mixture was laid onto each well and coating
was performed at 4°C overnight. All wells were then washed with PBS
3 times and blocked in 400 �l of 0.5% BSA (dissolved in PBS) for 1 h
at RT. After blocking, the wells were washed once with PBS and kept
in warm DMEM-F12 until use.

The density of dissociated spinal cord cells prepared as described
above was adjusted to 5 � 10 5 cells/ml in DMEM-F12 and the cell sus-
pension was divided into 2 tubes, with 1 serving as a control and the other
receiving recombinant CXCL12 protein (final concentration: 100 ng/ml;
PeproTech). The cells were recovered in a CO2 incubator for 10 min.
DMEM-F12 in each coated well was then replaced with 300 �l of control
or CXCL12-added spinal cord cells. These cells were allowed to adhere at
37°C in a CO2 incubator for 2 h. The plate was then shaken using a
microplate shaker at 1300 rpm for 15 s and washed once in DMEM-F12
to remove loosely attached cells. Cells that remained attached were then
fixed in 4% PFA at RT for 20 min and washed in PBS. GFP-positive
adhered cells were imaged with a laser scanning confocal microscopy
(FV1000; Olympus). On average, 7–9 separate view fields of each well
were imaged with a 10� (CPlanFl, NA 0.30) objective lens under 488 nm
laser excitation for GFP signals.

Integrin �1 antibody binding on living cells and immunocytochemistry.
Twelve-millimeter round coverslips (Matsunami) were cleaned by soak-
ing in 1N HCl solution at 55°C for 4 h, followed by extensive washing and
then sonication and sterilization in 70% ethanol. The coverslips were
then placed into the wells of a 24 well plate (Nunc) and their surfaces were
coated with 450 �l of laminin (20 �g/ml; BD Biosciences) and poly-L-
lysine (200 �g/ml; Sigma-Aldrich) in H2O at 37°C overnight. The cover-
slips were then washed in H2O three times and kept in DMEM-F12 until
use. Dissociated spinal cord cells from E12.5 Tg(Cxcr4-EGFP)/� em-
bryos prepared as described above were plated on these coverslips at 4 �
10 4 cells per well in 500 �l of culture medium comprising DMEM-F12
(Sigma-Aldrich), 1xN2 supplement (Life Technologies), 1xB27 supple-
ment (Life Technologies), and recombinant human bFGF (final concen-
tration, 20 ng/ml; PeproTech). Cells were allowed to adhere to coated

coverslips and cultured in the same medium for 3 d in a 37°C CO2

incubator. The culture medium was then removed and replaced with
37°C DMEM-F12 and the cells were kept in DMEM-F12 at 37°C CO2

incubator for 3 h. Half of the wells were then stimulated with recombi-
nant CXCL12 protein (final concentration: 200 ng/ml; PeproTech) in
DMEM-F12 at 37°C for 30 min and the other half were kept in DMEM-
F12 under the same conditions to serve as a control. The cells were then
incubated with a low concentration of rat anti-mouse integrin �1 chain
antibody (9EG7, 550531; BD Biosciences) at 0.5 �g/ml for 30 min in a
37°C CO2 incubator. Cells were quickly washed twice with DMEM-F12
and fixed in 4% PFA for 20 min at RT, followed by several washes with
PBS. After blocking in PBS with 10% goat serum, cells were incubated
with a secondary antibody of Cy3-anti-rat IgG (1:300; Jackson Immu-
noResearch) in PBS for 2 h at RT followed by several PBS washes. The
coverslips were then mounted in Mowiol/DABCO for imaging. Cells
were imaged with a 20� (UPlanApo, NA0.70) objective lens using an
upright fluorescence microscope (BX-60; Olympus) coupled with a CCD
camera (Axiocam; Zeiss) for GFP and Cy3-detected 9EG7 signals.

Quantification and statistics. For cell adhesion assays, GFP-positive
cells on each imaged view field were counted either manually or with the
aid of an image processing program (ImageJ). Normalized data were
pooled from five or two independent experiments for fibronectin and
laminin/poly-L-lysine (PLL), respectively. The number of cells adhered
were compared statistically between control and CXCL12-treated sample
groups using the Mann–Whitney U test.

For quantitative immunocytochemistry after 9EG7 binding on disso-
ciated radial glia cells, the image-processing program MetaMorph ver-
sion 2.0 (Universal Imaging) was used. Dissociated cells from E12.5
spinal cords and cultured on laminin-coated coverslips in bFGF-
containing medium include many Nestin-positive and �3-tubulin-
negative cells that display bipolar radial morphology (Y.Z., unpublished
observation). We therefore chose GFP-positive cells that showed radial
morphology for quantitative analysis. The outline of each cell was drawn
from its GFP signal profile and the average Cy3 signal over the total cell
area was measured with MetaMorph. Cy3 signals measured from 509
control cells and 634 CXCL12-treated cells pooled from four indepen-
dent experiments were compared statistically using Student’s t test.

Results
Expression of CXCR4 in radial glia and BC cells during spinal
cord development
To address the potential function of CXCR4 and CXCL12 in
radial glial development in the spinal cord, we first examined
CXCR4 expression patterns during the active period of neuro-
genesis between E9.5 and E14.5. ISH showed that Cxcr4 mRNA
was mainly expressed in the motor column at E9.5 and down-
regulated at E10.5 (data not shown; Fig. 1A), consistent with a
previous report (Lieberam et al., 2005). From E10.5, Cxcr4
mRNA within the neural tube was predominantly confined to the
VZ and detectable across the entire dorsoventral span of the VZ,
although the signal was comparatively weaker and patchier
within the dorsal half (Fig. 1A–C, arrowheads). The CXCR4 pro-
tein was expressed in a similar pattern to its mRNA (Fig. 1D,
arrowhead). The spinal cord VZ comprises neural progenitor
cells that are, like their counterparts in the brain, radial glia cells
with basal processes that extend and attach to the pial BM via
their pial endfeet (Misson et al., 1988; Rakic, 2003; Anthony et al.,
2004). We therefore investigated whether CXCR4 was expressed
in radial glia cells. To address this question, we used a mouse
transgenic line in which the expression of EGFP is under the
control of Cxcr4 promoter/enhancer elements (Gong et al., 2003)
that has been shown to recapitulate CXCR4 expression pattern in
the nervous system (Tran et al., 2007). On a transverse section of
the E12.5 spinal cord, an EGFP signal was detected in the VZ as
well as the radial processes that emanated from the VZ (Fig.
1F,G). The EGFP signal in these radial processes was colocalized
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with RC2 antigenicity, a marker for radial glia (Fig. 1G–I) (Mis-
son et al., 1988). Finally, double immunohistochemistry for
CXCR4 and Nestin, the latter a marker for radial glia (Hockfield
and McKay, 1985; Lendahl et al., 1990; Anthony et al., 2004),
revealed a CXCR4-positive signal along the surface of the spinal
cord that is colocalized with the Nestin-positive radial glial end-
feet (Fig. 1 J, J�,J�). These data suggest that CXCR4 was indeed
expressed in the spinal cord radial glial cells.

We noticed that CXCR4 was also expressed in small clusters of
cells immediately adjacent to the neural tube. These cells were
located at positions suggestive of the DREZ and MEP (Fig. 1B–D,
arrows, B, double arrowhead). Because BC cells are known to
position at the DREZ and MEP and to associate tightly with dor-
sal and ventral roots, we investigated whether CXCR4 was ex-
pressed in BC cells. Krox20 (also known as Egr2) is a well
established BC cell marker in mice (Wilkinson et al., 1989;
Schneider-Maunoury et al., 1993; Topilko et al., 1994). We found
that the CXCR4- and Krox20-expressing cell clusters on adjacent
sections were similar in their positioning and appearances (Fig.
1D,E, arrows). Using CXCR4 and TuJ1 double immunohisto-
chemistry, we found that CXCR4-expressing cell clusters associ-
ated tightly with the sensory and motor axon roots at the DREZ
and MEP, respectively (Fig. 1K,L, arrows, and data not shown).
Finally, CXCR4 and Ki67 double immunohistochemistry showed
that �90% of the CXCR4-positive BC cells were proliferating
(Fig. 1M, arrow). These latter two pieces of evidence are consis-
tent with the original definition of BC cells (Altman and Bayer,
1984; Golding and Cohen, 1997). It should be noted that CXCR4
expression in the dorsal BC persisted until at least E14.5, the latest
developmental stage examined in this study, and that CXCR4

expression in the ventral BC appeared weaker in comparison and
became undetectable at E14.5 (Fig. 1B,C, and data not shown).
Together, these data suggest that CXCR4 is expressed in BC cells
of the developing spinal cord.

Defective radial glia development and BC cell positioning in
Cxcl12/Cxcr4-deficient mice
The expression of CXCR4 in radial glia and BC cells raised the
possibility that CXCR4 plays important roles in the development
and function of these cells. To test this possibility, we examined
spinal cords from Cxcl12 knock-out embryos.

First, we examined radial glia and their scaffold by Nestin
immunohistochemistry on E13.5 spinal cords. Nestin, a com-
monly used marker for neural stem cells, is an intermediate
filament enriched in radial glia, their processes, and endfeet
(Hockfield and McKay, 1985; Lendahl et al., 1990; Anthony et al.,
2004). In wild-type spinal cord, we observed that Nestin-positive
radial glial processes extended radially toward the pial surface
and Nestin-positive pial endfeet formed a continuous coverage
over the surface of the spinal cord (Fig. 2A,C,G, n � 3/3). In
contrast, in Cxcl12�/� spinal cord, gaps in the pial endfeet layer
were detected at various positions between the DREZ and MEP
(Fig. 2B,D,H, arrows, n � 4/4). Adjacent to these gaps, the ter-
mini of radial processes appeared stunted and some deviated
from the radial orientation (Fig. 2D,H). Such deviated radial
processes could also be seen deep within the mantle layer (Fig.
2D,H, arrowheads). This defect in the radial glial scaffold was
also observed in Cxcr4 knock-out mice (data not shown). There-
fore, CXCL12/CXCR4 signaling appears to be critical for main-
taining the integrity of the radial glial scaffold.

Figure 1. Expression of CXCR4 in and around developing mouse spinal cords. A–D, Cxcr4 ISH on transverse sections of spinal cords at E10.5 (A), E11.5 (B), and E13.5 (C) and immunohistochemistry
on an E13.5 transverse spinal cord section (D) showing Cxcr4 mRNA and protein distribution across the VZ (arrowheads) as well as clusters of cells at the DREZ (arrows) and MEP (B, double arrowhead).
E, Krox20 ISH on an E13.5 transverse spinal cord section adjacent to the section shown in D. The arrow indicates the Krox20-positive BC cell cluster. F, A transverse section from an E13.5
Tg(Cxcr4-EGFP) spinal cord shows GFP signals in the VZ and radial processes emanating from it. G–I, High-magnification views of the boxed area in F highlighting the GFP-positive radial processes
(G) colocalized with RC2 antigenicity (H, merged image in I ). J, J�, J�, High-magnification views of an E13.5 spinal cord transverse section with double immunohistochemistry of CXCR4 and Nestin
show that CXCR4 protein is present in the endfeet of the spinal cord radial processes. The region shown is approximately corresponding to the asterisked region in D. K, L, CXCR4 and TuJ1 double
immunohistochemistry on an E13.5 spinal cord section show CXCR4-positive clusters capping the incoming sensory axons at the DREZ, indicating their nature as BC cells. A high-magnification view
of boxed area in K is shown in L. M, CXCR4 and Ki67 double immunohistochemistry show that most CXCR4-positive cells at DREZ are proliferating (arrow). Scale bars: A–F, K, 200 �m; G–I, 100 �m;
J, J�, J�, 25 �m; L, 100 �m; M, 25 �m.
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Next, we examined BC cells and their positions by CXCR4 and
laminin double immunohistochemistry. In E13.5 Cxcl12�/� spi-
nal cord, BC cells at the DREZ appeared highly abnormal. Rather
than capping the DREZ from outside, BC clusters were often seen
to locate further into the spinal cord (cf. Fig. 3B,D vs A,C, n �
4/4). Strikingly, cell clusters that expressed high levels of CXCR4
were found between the DREZ and MEP within the boundary of
the spinal cord delineated by laminin staining (Fig. 3B,D,F, ar-
rowheads, n � 4/4). Krox20 ISH unveiled similarly located ecto-
pic Krox20-positive cells in Cxcl12�/� spinal cords (cf. Fig. 3H vs
G). Given that, at this developmental stage, Krox20 is exclusively
expressed in BC cells in the spinal cord (Topilko et al., 1994), this
result suggested that BC cells had invaded into the spinal cord in
Cxcl12 knock-out mice. Because BC cells express high levels of
CXCR4, the ectopic CXCR4-positive cells seen in Figure 3, B and
D, are highly likely to represent the invaded BC cells. To confirm
that PNS cells indeed invaded into the spinal cord, we performed
ISH using Sox10, a marker of neural crest derivatives that con-
tribute to the formation of PNS glia (Kuhlbrodt et al., 1998;
Britsch et al., 2001). Indeed, we found Sox10-positive ectopic cell
clusters within the Cxcl12�/� (cf. Fig. 3J vs I). Similar results
were obtained when we performed ISH with ErbB3, a marker for
neural crest-derived Schwann cell precursors (data not shown;
Meyer and Birchmeier, 1995). Analysis of Cxcr4 knock-out mice
using the same sets of marker staining showed the same pheno-
type (data not shown), implicating the involvement of CXCL12/
CXCR4 signaling in BC cell positioning. It should be noted that

this defect was the most severe at the lum-
bosacral level (as shown in Fig. 3) and
milder at the thoracic and cervical spinal
cord, with smaller and less frequent ecto-
pic BC clusters (data not shown). Double
immunohistochemistry of Nestin and
CXCR4 showed that, at the lumbosacral
level, gaps in the pial endfeet layer were
frequently associated with the presence of
ectopic CXCR4-positive cells (Fig. 2D–F).
Although gaps in pial endfeet persisted at
the thoracic and cervical levels, they were
often not correlated with the presence of
ectopic CXCR4-positive cells, which were
rare at these levels (Fig. 2H–J).

Together, these results show that defi-
ciency of CXCL12/CXCR4 signaling causes a
disrupted radial glial scaffold with gaps in
the radial endfeet layer and an invasion of
BC cells into the spinal cord.

Conditional Cxcr4 knock-out unveils a
primary defect in radial glia leading to a
secondary defect in BC cell positioning
Above, we described defects in the radial
glial scaffold and BC cell positioning in
Cxcl12/Cxcr4 knock-out spinal cords.
However, it remains unclear whether the
two defects are causally related or inde-
pendent, a question crucial to under-
standing the underlying mechanisms. To
address this question, we created condi-
tional Cxcr4 knock-out mice using Cre
driver lines and a Cxcr4(fl/fl) transgenic
line containing the floxed Cxcr4 allele.

We used a Nestin-CreER T2 (Nes-
CreER T2) driver line to specifically knock out Cxcr4 in radial glial
cells but not in BC cells. We chose the Nes-CreER T2 driver line
because it allows for temporally regulated recombination in CNS
neural progenitors upon tamoxifen administration (Imayoshi et
al., 2006). We then generated a compound transgenic line by
crossing Nes-CreER T2 with the Z/EG reporter line, which ex-
presses EGFP upon Cre-mediated recombination. Using the Nes-
CreER T2:Z/EG line, we tested several tamoxifen administration
times (data not shown) and found that tamoxifen administration
at E9.5 and again at E10.5 resulted in abundant recombination
across the spinal cord VZ and their derivatives (Fig. 4A,B), but
not in BC cells (Fig. 4B–E). Next, using Nes-CreER T2:Cxcr4(fl/
fl), we examined the extent and specificity of the Cxcr4 knock-
out. Tamoxifen administration once at E9.5 and a second time at
E10.5 led to a remarkable reduction of CXCR4 in the spinal cord
VZ, but not in BC cells (Fig. 4F–I, arrow and arrowheads), vali-
dating the suitability of this experimental paradigm to achieve
radial glia-specific conditional Cxcr4 knock-out. It should be
noted that BC cells, as multipotent neural crest stem cells, have
been shown to express Nestin when dissociated and cultured in
stem cell medium (Belmadani et al., 2005; Hjerling-Leffler et al.,
2005; Zujovic et al., 2011). However, Nestin immunohistochem-
istry on spinal cord sections showed that the Nestin expression
level in BC cells was much lower than that in radial glia cells (data
not shown), which may explain why tamoxifen administration at
E9.5 and E10.5 could evade recombination in BC cells. The
CXCR4 reduction in the VZ was much higher than what might be

Figure 2. The radial glial scaffold is disrupted in Cxcl12/Cxcr4 deficient spinal cord. A, B, Nestin immunohistochemistry on E13.5
wild-type (A) and Cxcl12 knock-out (B) spinal cords at lumbosacral levels. C, D, High-magnification views of the boxed areas in A
and B, respectively. The radial glial scaffold appears defective in Cxcl12-knock-out mice with a disrupted pial endfeet layer (arrows)
and derailed and stunted radial processes (B, D, arrowheads). E, F, Same section as in D double immunostained with CXCR4 (E,
merged image in F ) show that ectopic CXCR4-positive cells are often located at gaps of the pial endfeet layer at the lumbosacral
level. G, H, High-magnification views of E13.5 wild-type (G) and Cxcl12 knock-out (H ) spinal cord sections at the thoracic level with
Nestin immunohistochemistry show that the disrupted radial glial scaffold (arrows and arrowheads) persists at the thoracic level.
I, J, Same section as in H double immunostained with CXCR4 (I, merged image in J ) show that gaps in the pial endfeet layer are not
necessarily correlated with the presence of ectopic CXCR4-positive cells, which are themselves rare at the thoracic level. Scale bars:
A, B, 200 �m; C–J, 100 �m.
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expected from the recombination efficiency reported by the Z/EG
line, possibly because of differences in recombination efficacy
between the Cxcr4-flox and Z/EG alleles. We then analyzed the
radial glial scaffold of these conditional knock-out samples by
Nestin immunohistochemistry. Nes-CreER T2:Cxcr4(fl/fl) spinal
cord at E13.5 showed disruptions in pial endfeet and disarrayed
radial processes, phenocopying the defects in Cxcl12 and Cxcr4-

null embryos (Fig. 4K,M, arrows and arrowheads, n � 4/4). Nes-
CreER T2:Cxcr4(fl/�) littermates with tamoxifen administration
showed normal radial glial scaffold as in wild-type (Fig. 4 J,L, n �
2/2), suggesting that the observed phenotype was indeed due to
Cxcr4 knock-out and not tamoxifen treatment. Next, the posi-
tions of BC cells were analyzed in these samples by Cxcr4 and
Sox10 ISH. Strikingly, there were many mispositioned BC cells
between the DREZ and MEP in the spinal cords of E13.5 Nes-
CreER T2:Cxcr4(fl/fl) (Fig. 4O,Q, arrowheads, n � 4/4), but not
their Cxcr4(fl/�) littermates (Fig. 4N,P, n � 2/2), phenocopying
the BC cell defects observed in Cxcl12- and Cxcr4-null embryos.
CXCR4 is transiently expressed in newborn motor neurons be-
tween E9.5 and E10.5 to control the proper guidance of motor
axons out of the neural tube (Lieberam et al., 2005). To exclude
any possible confounding effect of Cxcr4 knock-out in motor
neurons, we administered tamoxifen only once at E10.5, which
would lead to recombination after E11. Although this procedure
led to less efficient Cxcr4 knock-out in spinal VZ, we were still
able to detect defects in radial glia and BC cells, albeit to a lesser
extent (data not shown).

We then used a Wnt1-Cre line to knock out Cxcr4 from the
BC cells. Wnt1-Cre has been shown to induce efficient recombi-
nation in neural crest cells (from which BC cells derive) and in the
dorsal progenitor domain of spinal cord (Danielian et al., 1998;
Jiang et al., 2000; Charron et al., 2003; Hari et al., 2012). By
crossing the Wnt1-Cre line with the Z/EG reporter line, we con-
firmed that Wnt1-Cre-mediated recombination took place in
neural crest cells, as indicated by the EGFP-positive dorsal root
ganglia (DRG) and dorsal/ventral roots, as well as a dorsal pro-
genitor domain and its derivatives in the spinal cord (Fig. 5A,B,
arrowhead and arrow). Notably, Cre-mediated recombination
took place in BC cells (Fig. 5C–E), but not in most spinal cord
radial glial cells ventral to the dorsal Wnt1-positive domain (Fig.
5A,B). A triple compound transgenic line was then generated
with Wnt1-Cre, Z/EG, and Cxcr4(fl/fl). In Wnt1-Cre:Z/EG:
Cxcr4(fl/fl) samples, CXCR4 expression was markedly reduced
in BC cells and the dorsal VZ domain (Fig. 5F–J), but preserved
in the VZ ventral to the dorsal Wnt1-positive domain (Fig. 5G).
The specificity of Wnt1-Cre-mediated conditional Cxcr4 knock-
out was further confirmed by Cxcr4 ISH on Cxcr4 (fl/fl) and
Wnt1-Cre:Cxcr4(fl/fl) (Fig. 5O,P, arrow and arrowhead). Nestin
staining on Wnt1-Cre:Cxcr4(fl/fl) samples showed a largely nor-
mal radial glial scaffold (cf. Fig. 5M,N vs K,L, n � 3/3), with the
only exception at the DREZ, where gaps in the radial glial scaffold
were observed (Fig. 5M, arrow). Sox10 ISH on Wnt1-Cre:
Cxcr4(fl/fl) samples showed that invasion of PNS cells into the
spinal cord was mostly absent except at the DREZ, where BC cells
are positioned further into the spinal cord (cf. Fig. 5R vs Q, arrow,
n � 3/3). Therefore, Wnt1-Cre-mediated conditional knock-out
generated localized defects at DREZ, but did not recapitulate the
large scale BC cell invasion and multiple gaps in pial endfeet that
were observed in Cxcl12 and Cxcr4 null embryos (cf. Figs. 5, 2, 3).

The results from the two conditional knock-out experiments
suggest that CXCL12/CXCR4 signaling has a cell autonomous
role in radial glia in regulating the integrity of the radial glial
scaffold. A primary defect in the disrupted radial glial scaffold
leads to a secondary defect in the mispositioning of BC cells
within the CNS. The DREZ-confined radial glia and BC position
defect seen in Wnt1-Cre conditional knock-out mice could
therefore be explained by the reduction of CXCR4 in radial glial
cells within the dorsal Wnt1-positive domain of the spinal cord
VZ, some of which send their radial processes toward the DREZ.

Figure 3. BC cells are ectopically positioned within the Cxcl12/Cxcr4 deficient spinal cord.
A–D, CXCR4 and laminin double immunohistochemistry on transverse sections of E13.5 wild-
type (A, C) and Cxcl12 knock-out (B, D) spinal cords at the lumbosacral levels. C and D are
high-magnification views of the boxed areas in A and B, respectively. E and F show the same
view fields as in C and D, respectively, with laminin and DAPI signals. Cells expressing CXCR4 at
a high level similar to BC cells (B, D, F, arrowheads) are found inside the Cxcl12 �/� spinal cord,
the boundary of which is delineated by laminin immunoreactivity (B, D, F ). G–J, ISH with
Krox20 (G, H ) and Sox10 (I, J ) on wild-type (G, I ) and Cxcl12 knock-out (H, J ) spinal cord
sections confirmed that the ectopic cells positioned within Cxcl12 knock-out spinal cords are BC
cells of PNS origin. Scale bars: A, B, G–J, 200 �m; C–F, 100 �m.
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CXCR7 expression and involvement in spinal cord
development
Although CXCR4 was once thought to be the only receptor for
CXCL12, a second CXCL12 receptor, CXCR7, was later identified
(Balabanian et al., 2005; Burns et al., 2006). The functions of
CXCR7 appear to be context dependent, varying from serving as
a scavenger receptor for shaping its ligand concentration and
distribution to being an independent signaling receptor of
CXCL12 to modulating CXCL12 downstream signaling via het-
erodimerization with CXCR4 (Zhu and Murakami, 2012). We
wondered whether CXCR7 also has a role in spinal cord develop-
ment. We therefore first examined its expression pattern in the
developing spinal cord and then analyzed the Cxcr7 knock-out
embryos (Sierro et al., 2007).

Cxcr7 ISH showed that Cxcr7 was also expressed in the VZ of
the developing spinal cord. At E10.5, Cxcr7 expression was more
uniform within the ventral VZ, but patchy dorsally (Fig. 6A, ar-
row). However, from E11.5, its expression broadened to across
the entire VZ (Fig. 6B,C, arrows) except for a small intermediate

section. Double fluorescence ISH with Cxcr7 and Cxcr4 probes
on E13.5 spinal cord sections showed that the expressions of these
two genes overlapped extensively, with variations observed in
their relative intensities in different regions of the VZ (Fig. 6D–
F). Unlike Cxcr4, Cxcr7 was not detected in BC cells or the DRG
outside of the spinal cord (Fig. 6A–C).

We then analyzed in Cxcr7 knock-out embryos the two as-
pects of spinal cord development that are affected in Cxcl12 and
Cxcr4 mutants. Nestin immunohistochemistry showed that
Cxcr7�/� spinal cord also displayed a radial glial scaffold defect
with gaps in pial endfeet and disarrayed radial processes (cf. Fig.
6H,H� vs G,G�, n � 3/3). Sox10 ISH showed mispositioned PNS
cells within the spinal cord in Cxcr7 mutant (cf. Fig. 6 J, J� vs I, I�,
n � 3/3). Both defects appeared to be milder in Cxcr7 knock-out
mice than in Cxcl12 and Cxcr4 knock-out mice. The fact that
CXCR7 is not expressed in BC cells provides additional support
to the conclusion drawn from the conditional knock-out exper-
iments that BC cell mispositioning is secondary to defects in ra-
dial glial scaffold.

Figure 4. Conditional knock-out of Cxcr4 in spinal cord radial glia. A–E, An E13.5 spinal cord section from Nes-CreER T2:Z/EG compound transgenic embryo with tamoxifen administered at E9.5
and E10.5. Double immunohistochemistry with GFP and CXCR4 shows that Cre-mediated recombination (GFP-positive cells) takes place in the VZ and its derivatives, but not in BC cells (B–E). C–E
are high-magnification views of the boxed area in B. F, G, CXCR4 immunohistochemistry on E13.5 Cxcr4(fl/�) (F ) and Nes-CreER T2:Cxcr4(fl/fl) (G) spinal cord sections. H and I are high-
magnification views of the boxed areas in F and G, respectively. CXCR4 expression is selectively knocked out in the VZ (G, arrowheads in I ), but not in BC cells (G, arrow in I ). J–M, Nestin
immunohistochemistry on E13.5 sections from Nes-CreER T2:Cxcr4(fl/�) (J ) and Nes-CreER T2:Cxcr4 (fl/fl) (K ). L and M are high-magnification views of the boxed areas in J and K, respectively. The
radial glial scaffold is disrupted with gaps in the pial endfeet layer (K, M, arrows), as well as derailed and stunted radial processes (M, arrowheads), phenocoping that of the Cxcl12- and Cxcr4-null
mutants. N, O, Cxcr4 ISH on E13.5 Cxcr4(fl/�) (N ) and Nes-CreER T2:Cxcr4(fl/fl) (O) spinal cord sections. The specificity of conditional knock-out of Cxcr4 is reconfirmed to be in the spinal cord VZ but
not in BC cells (O). Ectopic CXCR4-positive cells are observed along the surface of the spinal cord (O, arrowheads). P, Q, Sox10 ISH on E13.5 Cxcr4(fl/�) (P) and Nes-CreER T2:Cxcr4(fl/fl) (Q) spinal cord
sections confirm the ectopic CXCR4-positive cells (arrowheads) are of PNS origin. The BC defects phenocopy those of the Cxcl12- and Cxcr4-null mutants. Scale bars: A, B, F, G, J, K, N, O, 200 �m; C–E,
50 �m; H, I, 100 �m; L, M, 35 �m.
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Proliferation and survival of neural progenitors are unaltered
in Cxcr4/Cxcl12 knock-out mice
To investigate the causes that underlie the defects of radial glial
scaffold in mice deficient in CXCL12 signaling, we first analyzed
whether the proliferation and/or survival of the neural progeni-
tors within the spinal cord VZ were affected in Cxcl12 or Cxcr4
mutants. To investigate cell proliferation, we examined the S
phase and mitotic phase of the cell cycle of radial glia using BrdU
incorporation and phosphorylated histone H3 (pH3) antigenic-
ity, respectively. Pregnant mothers from Cxcr4�/� intercrosses
were pulse labeled with BrdU at E12.5 and killed 2 h later.
We found that there were no differences in the number and dis-
tribution of BrdU-positive or pH3-positive cells between the
Cxcr4�/� and their wild-type littermates (data not shown). Ap-
optotic cell death was examined by immunohistochemistry
against single-strand DNA, a hallmark of apoptotic cells. Again,
the average number of apoptotic cells within the VZ per section
showed no statistically significant differences between the

Cxcr4�/� and their wild-type littermates (data not shown). The
lack of difference in cell proliferation and cell death between
wild-type and a Cxcr4 mutant was also reported by Mithal et al.
(2013) in spinal cords younger than E14. Therefore, these data
suggest that causes other than reduced proliferation or enhanced
cell death of neural progenitors underlie the defect in the radial
glial scaffold in Cxcl2/Cxcr4-deficient mice.

CXCL12 signaling results in increased adhesiveness of radial
glial cells to ECM components and activation of integrin �1
Two aspects of radial glia development may affect the integrity of
the radial glial scaffold: a morphological maturation of radial glia
and adhesion between radial endfeet and the pial BM. We rea-
soned that CXCL12/CXCR4 is more likely to be involved in this
latter aspect for the following reasons. First, the defects observed
in the radial glial scaffold in the present study, which manifested
primarily as gaps in pial endfeet and secondarily as mispositioned
BC cells, occurred randomly and sporadically. Coincidently, de-

Figure 5. Conditional knock-out of Cxcr4 in BC cells. A–E, An E13.5 spinal cord section from Wnt1-Cre:Z/EG compound transgenic embryo with GFP and CXCR4 immunohistochemistry.
Wnt1-Cre-mediated recombination indicated by GFP-positive cells takes place in the dorsal spinal cord progenitor domain (arrow) and in neural crest cells and their derivatives (arrowhead) (A).
Double immunohistochemistry of GFP and CXCR4 show that recombination takes place in BC cells (B–E), but not in the spinal cord VZ ventral to dorsal Wnt1-positive domain (B). C–E are
high-magnification views of the boxed area in B. F–J, An E13.5 spinal cord section from Wnt1-Cre:Z/EG:Cxcr4(fl/fl) triple transgenic embryo with GFP and CXCR4 double immunohistochemistry. H–J
are high-magnification views of the boxed area in G. Knock-out of Cxcr4 expression is efficient in BC cells (H–J ), whereas CXCR4 expression in the VZ ventral to dorsal Wnt1-positive domain is
preserved (G). K–N, Nestin immunohistochemistry on E13.5 Cxcr4(fl/fl) (K, L) and Wnt1-Cre:Cxcr4(fl/fl) (M, N ) spinal cord sections. L and N are high-magnification views of the boxed areas in K and
M, respectively. The radial glial scaffold is mostly normal in Wnt1-Cre:Cxcr4(fl/fl) spinal cord (M, N ), with the only exception at the DREZ, where gaps are detected (M, arrow). O, P, Cxcr4 ISH on E13.5
Cxcr4(fl/fl) (O) and Wnt1-Cre:Cxcr4(fl/fl) (P) spinal cord sections. The specificity of conditional knock-out of Cxcr4 is reconfirm to be in BC cells (P, arrow) and dorsal Wnt1-positive domain (P,
arrowhead), but not in the VZ ventral to the Wnt1-positive domain. Q, R, Sox10 ISH on E13.5 Cxcr4(fl/fl) (Q) and Wnt1-Cre:Cxcr4(fl/fl) (R) spinal cord sections. No large-scale invasion of BC cells into
the neural tube as in Cxcl12- or Cxcr4-null mutants is detected in Wnt1-Cre:Cxcr4(fl/fl) spinal cord (R), with the only exception at the DREZ, where BC clusters can be seen to position inside the spinal
cord (R, arrow). Scale bars: A, B, F, G, K, M, O–Q, R, 200 �m; C–E and H–J, 50 �m; L, N, 100 �m.
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fects observed in disrupted adhesion between radial endfeet and
the pial BM in developing cortex also show a random appearance
(Graus-Porta et al., 2001; Beggs et al., 2003; Niewmierzycka et al.,
2005). Conversely, a defective maturation of radial morphology
causes a general paucity of the radial glial scaffold (Anton et al.,
1997; Hunter-Schaedle, 1997; Förster et al., 2002; Hartfuss et al.,
2003; Yokota et al., 2009). Second, the proadhesive role of
CXCL12 signaling is well established in migrating immune and
cancerous cells and is thought to be achieved mainly by crosstalk
with the integrin system (Kucia et al., 2004; Kinashi, 2005; Ley et
al., 2007). We therefore hypothesized that CXCL12/CXCR4 sig-
naling facilitates adhesion between the radial glia and the pial
BM.

To explore this possibility, we first performed cell adhesion
assays to test the adhesive strength of the dissociated radial glial
cells to pial BM substrates. Spinal cords from Tg(Cxcr4-EGFP)
were used for cell dissociation so that we could focus our analysis
on CXCR4-expressing (EGFP-positive) radial glial cells. Dissoci-
ated E12.5 spinal cord cells with or without CXCL12 stimulation
were plated on fibronectin or laminin, both of which have been
shown to be abundant in the pial BM (Sheppard et al., 1991;
Sievers et al., 1994; Sheppard et al., 1995; Timpl, 1996). Fibronec-
tin was tested alone, whereas laminin was mixed with a small
amount of poly-L-lysine due to poor coating otherwise. The per-
centage of GFP-positive cells that remained adhered after shaking
the culture dish was used as an indicator of the strength of cell–

Figure 6. CXCR7 in spinal cord development. A–C, Cxcr7 ISH on transverse sections of spinal cords at E10.5 (A), E11.5 (B), and E13.5 (C) show Cxcr7 expression in the spinal cord VZ at all these
stages (arrows). D–F, Double fluorescence ISH on an E13.5 spinal cord section shows that Cxcr7 (D) and Cxcr4 (E) mRNA are expressed in an overlapping and complementary manner within VZ.
Merged image is shown in F. G, H, Nestin immunohistochemistry on E13.5 spinal cord sections of the wild-type (G) and Cxcr7-null mutant (H ). G� and H� are high-magnification views of the boxed
areas in G and H, respectively. The integrity of the radial glial scaffold is disrupted with gaps in the pial endfeet layer of the Cxcr7-null mutant (H, H�, arrowheads). I, J, Sox10 ISH on the wild-type
(I ) and Cxcr7-null mutant (J ). I� and J� are high-magnification views of the boxed areas in I and J, respectively. Ectopic Sox10-positive cells are present within the spinal cords of Cxcr7-null mutant
(J, J�, arrowheads). Scale bars: 200 �m in all images, except 50 �m in G�, H�, I�, J�.
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substrate adhesiveness. We detected a small but statistically sig-
nificant increase of cell adhesiveness to fibronectin when cells
were stimulated with recombinant CXCL12 (Fig. 7A). A similar
result was also found on the laminin substrate (Fig. 7B). These
data suggest that CXCL12 signaling increases the adhesiveness of
radial glial cells to pial BM components.

Integrin �/� heterodimers are the main type of receptors for
fibronectin, laminin, and several other BM components (Hynes,
2002; Yurchenco and Wadsworth, 2004). In addition, several
lines of evidence have implicated integrin and integrin-mediated
signaling in the regulation of adhesion between radial endfeet and
the pial BM in the developing cortex (Georges-Labouesse et al.,
1998; De Arcangelis et al., 1999; Graus-Porta et al., 2001; Beggs et
al., 2003; Niewmierzycka et al., 2005; Belvindrah et al., 2007). We
therefore hypothesized that CXCL12 signaling may activate in-
tegrin in radial glial cells, thereby increasing their adhesiveness to
the pial BM. To test this possibility, we focused on integrins con-
taining integrin �1 for the following reasons. First, the integrin
�1 subfamily is highly expressed in the developing nervous sys-
tem (Clegg et al., 2003) and, indeed, ISH showed that the integrin
�1subunit was expressed across the spinal cord VZ at E12–E13
(Fig. 7C). Second, integrin �1 is the shared �-type subunit that
mediates binding to laminin and fibronectin (Hynes, 2002;
Yurchenco and Wadsworth, 2004). Third, CXCL12/CXCR4 sig-

naling has been shown to crosstalk to and activate integrin �1 in
immune and cancerous cells (Peled et al., 2000; Parmo-Cabañas
et al., 2004; Hartmann et al., 2005; Jones et al., 2007; Petty et al.,
2009). Last, integrin-�1-deficient mice show a disrupted radial
glial scaffold in the developing cortex, a defect thought due to
compromised adhesiveness between basal processes and the pial
BM (Graus-Porta et al., 2001; Belvindrah et al., 2007). To evalu-
ate the status of activated integrin �1, we used an integrin anti-
body, clone 9EG7, which recognizes an epitope only exposed on
the extracellular domain of the activated integrin �1 (Lenter et
al., 1993; Bazzoni et al., 1995). We first performed 9EG7 binding
on living radial glial cells dissociated from Tg(Cxcr4-EGFP) spi-
nal cords with or without prior stimulation of CXCL12. The
amount of cell surface binding of 9EG7 was then evaluated after
secondary antibody staining and quantitative fluorescence im-
munohistochemistry. CXCL12 stimulation increased the level of
9EG7 antigenicity compared with control, indicating an increase
in the active form of integrin �1 (Fig. 7D,E). We then performed
9EG7 immunohistochemistry directly on tissue sections from
Cxcl12�/� and wild-type spinal cords because it has been shown
previously that 9EG7 binding can be used to reflect the activated
state of integrin �1 on fixed tissues (Daley et al., 2011). Despite
the dominating 9EG7 signal in blood vessels in and around the
neural tube and the mesenchyme, we could discern a weak signal

Figure 7. CXCL12 signaling enhances radial glia adhesion to pial BM substrates and activates integrin �1. A, B, Histograms showing quantification of cell adhesion assays on two pial BM
substrates, fibronectin (A) and laminin (mixed with PLL) (B). A, GFP-positive cells were counted from 107 images of control and 114 images of CXCL12-stimulated conditions from five independent
experiments. Normalized data were pooled and statistical analysis shows that CXCL12 stimulation causes a small but significant increase in adhesiveness to fibronectin compared with control (*p 	
0.05). B, GFP-positive cells were counted from 22 images of control and 23 images of CXCL12-stimulated conditions from two independent experiments. Normalized data were pooled and statistical
analysis shows that CXCL12 stimulation causes a small but significant increase in adhesiveness to laminin (mixed with PLL) compared with control (*p 	 0.05). C, Integrin �1 ISH on an E12.5 spinal
cord section shows that integrin �1 is expressed across the spinal cord VZ. D, Three representative cells from either control or CXCL12-stimulated cell populations after 9EG7 binding on living
dissociated cells from E12.5 Tg(Cxcr4-EGFP)/� spinal cord followed by immunostaining with a fluorescent secondary antibody. Top, GFP signal, which reports the expression of CXCR4 and outlines
the cell morphology. Bottom, Signal of the 9EG7 integrin �1 antibody. E, Histogram showing quantitative levels of 9EG7 signals in cells under control and CXCL12-stimulated conditions. The 9EG7
signal averaged over each cell’s area was measured from 509 controls cells and 634 CXCL12-stimulated cells. Normalized data from four independent experiments were pooled. Statistical analysis
showed a small but highly significant increase in the 9EG7 signal level in the CXCL12-stimulated population (**p 	 0.0005). F, G, 9EG7 immunohistochemistry on fixed E13.5 wild-type (F ) and
Cxcl12 knock-out (G) spinal cord sections. F1–F3 and G1–G3 are high-magnification views of the boxed areas in F and G, respectively, showing separately 9EG7 signal, the coimmunostained laminin
signal to delineate the surface of the spinal cord, and the merged images. Very weak signals can be detected in the spinal cord VZ of both wild-type and Cxcl12 knock-out. In wild-type, 9EG7 is
detected in a thin layer overlying the surface of the spinal cord (F ) that is colocalized with the laminin-positive BM layer (F1–F3), suggesting that integrin �1 is activated in the pial endfeet layer.
In contrast, the 9EG7 signal in the pial endfeet layer in the Cxcl12 �/� spinal cord is much weaker, and disrupted (G, G1–G3). Scale bars: C, 200 �m; D, 10 �m; F, G, 200 �m; F1–F3, G1–G3, 50
�m. Error bars in histograms indicate 
 SEM.
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in the spinal cord VZ of both genotypes (Fig. 7F,G). In the wild-
type spinal cord, we detected a 9EG7 signal as a discrete line along
the spinal cord surface (Fig. 7F), which appeared to colocalize
with the laminin-positive BM (Fig. 7F1,F2,F3), suggesting the
abundance of activated integrin �1 in the pial endfeet layer. In
Cxcl12�/�, however, the 9EG7 signal in the pial endfeet layer was
markedly weakened (Fig. 7G,G1,G2,G3), suggesting a reduction
of 9EG7 activation in the pial endfeet in Cxcl12�/� spinal cords.
The in vitro and in vivo experiments presented here complement
each other and support the notion that CXCL12 signaling acti-
vates integrin �1 in spinal radial glia.

Together, these results show that CXCL12/CXCR4 down-
stream signaling within the radial glial cells facilitates the adhe-
siveness of these cells to the pial BM components, which is likely
to be achieved at least in part by the ability of CXCL12 signaling to
activate integrin �1.

Discussion
In this study, we have demonstrated that CXCL12/CXCR4 sig-
naling plays a cell autonomous role in maintaining the integrity
of the radial glial scaffold during spinal cord development. The
signaling serves this function, at least in part, by facilitating the
adhesion of radial glia to the pial BM, probably via activation of
integrin �1. Gaps in the radial glial scaffold due to defective
CXCL12 signaling further causes an invasion of BC cells into the
neural tube. Our study implicates the necessity of maintaining
the integrity of the radial glial scaffold to safeguard a healthy
CNS/PNS boundary and unravels a novel molecular mechanism
that involves chemokine signaling in helping to achieve this at the
spinal cord level.

CXCR4 expression in BC cells
BC cells are derived from ventrally migrating neural crest and
become selectively arrested at the DREZ and MEP (Niederländer
and Lumsden, 1996; Golding and Cohen, 1997). These cells play
dual functions in keeping motor neuron somas within the CNS
(Vermeren et al., 2003) and constitute a source of neural stem
cells that contributes neurons and glia to the PNS (Maro et al.,
2004; Hjerling-Leffler et al., 2005). Conditional Cxcr4 knock-out
in BC cells does not affect the initial formation of BC clusters at
the DREZ and MEP, suggesting the initial migration, specifica-
tion, and arrest at the DREZ and MEP do not require CXCL12/
CXCR4 signaling. It is possible that CXCR4 expression in BC cells
contributes to the stem cell properties of BC cells. Initial tests with
Ki67 and CXCR4 double immunohistochemistry showed that
the percentage of proliferating (Ki67-positive) among total BC
cells (CXCR4-positive) at the DREZ was comparable between
wild-type (90.76 
 2.09%) and Cxcl12 mutant (88.92 
 2.37%)
mice, suggesting that CXCL12/CXCR4 signaling is not required
for BC cell proliferation. Whether CXCL12/CXCR4 regulates the
self-renewal, range of multipotency, differentiation, and progeny
migration of BC cells is of future interest.

Primary function of CXCL12/CXCR4 in radial glia
development and the underlying mechanisms
The present study and others have demonstrated the expression
of CXCR4 in radial glia (Stumm et al., 2007; Mithal et al., 2013).
Our data suggest that CXCL12/CXCR4 play a primary function
in radial glia, whereas the mispositioning of BC cells is a second-
ary defect. This conclusion is mainly drawn from analysis of the
radial-glia-specific Cxcr4 conditional knock-out mice. In sup-
port of our conclusion, Mithal et al. (2013) also reported recently
the expression of CXCR4 in spinal cord radial glia and a disrupted

radial glial scaffold in a Cxcr4 conditional knock-out. However,
that study did not investigate the consequences of the defective
radial glial scaffold nor the underlying mechanisms. In addition,
using a Cxcr7-EGFP reporter line, Mithal et al. (2013) concluded
that CXCR7 is not expressed in spinal cord radial glia. In contrast,
we show clearly that Cxcr7 is expressed in the spinal cord VZ by in
situ hybridization and, more importantly, we demonstrate that
Cxcr7 mutants have similar albeit milder phenotype to Cxcl12/
Cxcr4 mutants. The precise function of CXCR7 in spinal cord
radial glia remains ambiguous at present. It may act as a signaling
receptor either independently or cooperatively with CXCR4. It is
also possible that CXCR7 serves as a scavenger receptor to seques-
ter CXCL12 to prevent excessive CXCL12-mediated CXCR4
downregulation via endocytosis, similar to what has been dem-
onstrated for CXCR7 in the migration of the cortical interneu-
rons (Abe et al., 2014).

Here, we provide evidence showing that CXCL12 stimulation
increases radial glia adhesiveness to BM components and that it
activates integrin �1, although we cannot completely rule out a
possible involvement of CXCL12 signaling in promoting the
morphological maturation of radial glia, for example, by affecting
the reelin or notch pathways indirectly. However, we do not think
it likely that CXCL12 affects reelin pathway, because both the
reelin effector DAB1 and a radial glia phenotype in the reeler
spinal cord appear to localize to MEP (Lee and Song, 2013).
Therefore, drawing from our current data, we think a plausible in
vivo scenario is that CXCL12 secreted from pial meninges signals
through CXCR4 receptors at pial endfeet, which in turn facilitates
radial endfeet adhesion to the pial BM via activation of integrin
�1. This enhanced adhesion would help radial processes remain
attached to the pial BM when the neuroepithelium expands rap-
idly. Mithal et al. (2013) showed that CXCL12-mRFP fusion pro-
tein expressed from a BAC transgenic line is associated with and
ingested by the pial endfeet of spinal radial glia, indicating that
signaling events could take place locally at this subcellular region.
The activation of integrin �1 by CXCL12 is most likely via inside-
out signaling, in which the avidity of the integrin heterodimer is
enhanced by intracellular signaling pathways affecting the intra-
cellular domain of integrin � (Ginsberg et al., 2005; Moser et al.,
2009). Heterotrimeric Gi protein downstream of CXCL12 signal-
ing is capable of inducing such inside-out signaling via a variety of
effectors, including Rap1, Dock2, PI3K, and RhoA (Kinashi,
2005; Ley et al., 2007). Whether any of these effectors regulates
the maintenance of the integrity of the radial glial scaffold in the
spinal cord requires further study.

The present study suggests that CXCL12 is a meninges-
derived extrinsic signal that regulates the adhesive signaling
within radial glia to ensure the continuous adhesion of their
endfeet to the pial BM at the spinal cord level. Do such
meninges-derived extrinsic signals also operate in other CNS
regions, for example, the neocortex? CXCR4 expression was
not detected in the VZ of the cortex during the period of
neurogenesis (Y.Z., unpublished observations; López-Bendito
et al., 2008); therefore, CXCL12/CXCR4 signaling is unlikely
to be involved in the development of the cortical radial glia.
However, meninges are a rich source of other signaling mole-
cules, including TGF-�1 (Flanders et al., 1991), BMP7 (Seg-
klia et al., 2012), and Wnt5a (Hayashi et al., 2008). Although
the function of these meninges-derived signals have been little
explored, it is conceivable that some of them may crosstalk to
adhesive signaling in radial glial cells.
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Maintaining CNS/PNS boundary in developing spinal cord
How cellular mixing is prevented at the DREZ and MEP without
the pial BM is a special issue concerning the spinal cord (and the
hindbrain). In the mature spinal cord, the apposition of glia limi-
tans from astrocyte processes in the CNS and Schwann cells in the
PNS defines the CNS/PNS interface at the DREZ and MEP (Fra-
her, 1997; Golding et al., 1997; Fraher, 2002). During develop-
ment, BC cells at the MEP were shown to keep motor neurons
within the spinal cord (Vermeren et al., 2003). We demonstrate
here that radial glial processes and their endfeet contribute to
preventing cellular mixing at the DREZ and MEP by keeping BC
cells out. This role of radial glia is further supported by a recent
study showing that an intact radial glial scaffold in the ventral
spinal cord helps to confine motor neurons within the spinal cord
(Lee and Song, 2013).

We suspect that ectopic BC cells probably enter the spinal cord
from the DREZ and MEP because the pial BM elsewhere remains
intact in mutants (Fig. 3). The DREZ might be the main entrance
for the invasion because these ectopic BC cells express a high level
of CXCR4 similar to BC cells at the DREZ. We envisage that,
under normal conditions, the dense endfeet from fully extended
radial processes terminate onto the pial BM that encircles the
DREZ and the BC cells (Y.Z., unpublished observations) to deny
entry of the BC cells into the neural tube. In Cxcl12/Cxcr4 mu-
tants, retraction of some radial processes around the DREZ al-
lowed some BC cells to move in. Such localized invasion could be
seen in Wnt1-Cre-mediated conditional knock-out mice, in
which Cxcr4 was depleted only from the dorsal VZ domain. The
additional gaps in the radial endfeet layer ventral to the DREZ
then invited further BC cell invasion. Exactly what signals induce
this further invasion remains highly speculative. One possibility
is that the retraction of radial processes from adhesions on the
pial BM might cause debris of the pial BM, radial endfeet and
their cytoplasmic content to disperse into the environment, akin
to a localized mild lesion. Lesion-induced molecular and cellular
consequences may attract BC cells, which are highly migratory
neural crest stem cells. The preferential migration of neural stem
cells toward sites of lesions and pathology has been shown in the
postnatal neural system (Arvidsson et al., 2002; Müller et al.,
2006). In addition, when isolated BC cells were transplanted into
demyelinated spinal cord, they migrated toward the lesion site
and differentiated mainly into myelin-forming Schwann cells
(Zujovic et al., 2010). It should be noted, however, that the inva-
sion of BC cells is severe at the lumbosacral level but rare at the
rostral spinal cord despite the presence of radial glia defects there.
This might be due to the temporal gradient of the maturation of
spinal cord along its rostrocaudal axis. Therefore, when defects in
the radial glial scaffold begin to emerge, BC cells at the rostral
spinal cord might already form tightly associated clusters at nerve
roots, whereas those at the caudal spinal cord might still be loose
and highly mobile, making them more susceptible to respond to
disturbances from within the neural tube. We speculate that mis-
positioning of BC cells within the CNS may cause a reduction of
cellular components of the DRG and dorsal/ventral roots because
the displaced BC cells should have difficulty in supplying neurons
and glia to these PNS structures. Although this possibility was not
tested directly in the present study, Cxcr4-null mice indeed have
smaller and malformed DRG, which, interestingly, appeared to
be more severe at the caudal spinal cord (Belmadani et al., 2005).
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