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�1 Integrins in Radial Glia But Not in Migrating Neurons Are
Essential for the Formation of Cell Layers in the Cerebral
Cortex
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Radial glial cells in the cerebral cortex serve as progenitors for neurons and glia and guide the migration of cortical neurons. The integrin
�3�1 is thought to mediate interactions of migrating neurons with radial glial cells and to function as a receptor for the reelin signaling
molecule. Here, we challenge this view and demonstrate that �1 integrins in migrating neurons are not essential for the formation of cell
layers in the cerebral cortex. Cortical cell layers also form normally in mice deficient in the integrin �3�1. However, we provide evidence
that �1 integrins in radial glia control the morphological differentiation of both glia and neurons. We conclude that �1 integrins in radial
glia are required for the proper development of the cerebral cortex, whereas �1 integrins in migrating neurons are not essential for
glial-guided migration and reelin signaling.
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Introduction
The mature cerebral cortex consists of cell layers containing dis-
tinct neuronal subtypes that are formed by series of well orches-
trated cell specification and migration events. Excitatory neurons
are generated from precursors in the cortical ventricular zone
(VZ) and subventricular zone (SVZ) and migrate along radial
glial fibers to populate the cortical wall. Later-born neurons by-
pass earlier neurons and come to sit in ever-more-superficial
layers. Most inhibitory interneurons are born in the ganglionic
eminences from where they migrate tangentially and settle into
the emerging cortical cell layers (Hatten, 2002; Marin and Ruben-
stein, 2003; Nadarajah et al., 2003; Kriegstein and Noctor, 2004).

Although the complete composition of the precursor pool in
the VZ and SVZ is not known, it is clear that radial glial cells
constitute an important part of the pool. Radial glial cells there-
fore serve a dual purpose as progenitors for neurons and as a
scaffold to guide their migration (Campbell and Gotz, 2002;
Fishell and Kriegstein, 2003; Kriegstein and Gotz, 2003). Al-
though the intracellular signaling mechanisms controlling neu-
ronal migration are beginning to be defined (such as those in-
volving Lis1, p35, CDK5, doublecortin, and doublecortin-like
kinase) (Bielas et al., 2004; Tsai and Gleeson, 2005; Weimer and
Anton, 2006; Ayala et al., 2007), the receptors that control the

differentiation of radial glial cells and mediate their interactions
with neurons are less well understood. Recent studies have pro-
vided evidence that notch-delta signaling controls the specifica-
tion of radial glial cells (Gaiano et al., 2000), whereas neuregulins
regulates the formation of radial glial processes (Anton et al.,
1997; Schmid et al., 2003). �1 integrins, a family of 12 het-
erodimeric extracellular matrix (ECM) receptors consisting of a
�1 subunit and different � subunits (Hynes, 2002), have also
been implicated in controlling the differentiation of radial glial
cells. Mice that lack expression of the integrin �1 subunit in radial
glial cells (Itgb1-CNSko mice) show perturbations in the forma-
tion of cortical cell layers that are associated with defects in the
anchorage of radial glial fibers at the meningeal basement mem-
brane (Graus-Porta et al., 2001). Similar defects have been ob-
served in mice with mutations in the genes encoding (1) the
integrin �6-subunit or both �3 and �6 (Georges-Labouesse et al.,
1998; De Arcangelis et al., 1999); (2) ECM components of the
meningeal basement membrane (Miner et al., 1998; Costell et al.,
1999; Halfter et al., 2002; Poschl et al., 2004); and (3) the integrin
downstream effectors FAK (focal adhesion kinase) (Beggs et al.,
2003) and ILK (integrin-linked kinase) (Niewmierzycka et al.,
2005). These findings suggest that integrins form a transmem-
brane signaling complex that regulates glial process outgrowth
and endfeet anchorage at the meningeal basement membrane.

Recent studies have shed light on the receptors that mediate
interactions between radial glial cells and migrating neurons. The
gap junctional proteins connexin 26 and 43 are expressed at the
contact points between radial glial fibers and migrating neurons
to provide dynamic adhesive contacts (Elias et al., 2007). Mem-
bers of the �1 integrin family are also thought to control interac-
tions between neurons and radial glial fibers that are critical for
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glial-guided migration. In particular, it has been described that
migrating neurons express the integrin �3 subunit, which het-
erodimerizes with the integrin �1 subunit to form the functional
�3�1 receptor. Function blocking antibodies against �3 perturb
neuron– glia interactions in vitro, and mice with a null mutation
in the integrin �3 subunit gene (Itga3-null mice) have been re-
ported to have defects in the migration of cortical neurons (An-
ton et al., 1999; Schmid et al., 2004). In addition, it has been
reported that �3�1 is a coreceptor for the reelin signaling mole-
cule (Dulabon et al., 2000). Reelin is strongly expressed in Cajal–
Retzius cells in the cortical marginal zone and required for the
proper formation of cortical layers. Reelin binds to very low den-
sity lipoprotein receptor (VLDLR) and apolipoprotein E receptor
2 (ApoER2), and mutations in the genes for these two receptors
lead to cortical layering defects that closely resemble those in
reelin-deficient mice. VLDLR and ApoER2 also bind to the cyto-
plasmic adaptor protein dab-1, which is phosphorylated in a
reelin-dependent manner and required for the formation of cor-
tical layers, suggesting that reelin activates a VLDLR/ApoER2-
dependent signaling pathway (Rice and Curran, 2001; Herz and
Bock, 2002; Tissir and Goffinet, 2003). It has been reported that
the integrin �3�1 also binds to reelin and that this interaction
leads to the termination of cell migration, possibly in a process
involving dab-1 (Dulabon et al., 2000; Sanada et al., 2004; Schmid
et al., 2004). However, it is unclear whether reelin serves as a
signal that terminates cell migration or whether it acts by a dif-
ferent mechanism (Magdaleno and Curran, 2001; Luque, 2004).
In addition, the extent to which the phenotype of Itga3-null mice
resembles reeler mice is unclear. In fact, no defects in neuron– glia
interaction or direct effect on neuronal migration have been ob-
served in Itgb1-CNSko mice, which lack all �1 integrins (includ-
ing the integrin �3�1) in radial glia and migrating neurons
(Graus-Porta et al., 2001).

To clarify the function of �1 integrins during glial-guided
migration and reelin signaling, we have further analyzed the
function of �1 integrins by genetic means in mouse model sys-
tems. We demonstrate here that �1 integrins in neurons are not
essential for the formation of cell layers in the cerebral cortex.
Cortical layers also form normally in Itga3-null mice. We con-
clude that other receptors such as connexin 26 and 43 (Elias et al.,
2007) must control neuronal migration during cortical develop-
ment, either alone or in a redundant manner with �1 integrins. In
contrast, integrin expression in glial cells is critical for the forma-
tion of cortical layers and the morphological differentiation of
both glia and neurons.

Materials and Methods
Animals and antibodies. Itgb1-CNSko mice and Itgb1-NEXKo mice were
generated by crossing Itgb1flox/flox mice (Graus-Porta et al., 2001) with
Itgb1flox/�Nestin-Cre�/� mice (Tronche et al., 1999) or Itgb1flox/�NEX-
Cre�/� mice (Wu et al., 2005). Genotyping was performed as described
previously (Graus-Porta et al., 2001). Itga3-null mice and CRE activity
reporter mice Rosa26lacZ-loxP and Z/EG have been described previously
(Kreidberg et al., 1996; Novak et al., 2000).

Histology and immunohistochemistry. For LacZ staining, embryos at
embryonic day 11 (E11) and E12.5 were fixed in 1% paraformaldehyde
(PFA) for 20 min and then incubated overnight at 37°C in the following
solution: 2 mM MgCl2, 0.02% NP40, 0.01 deoxycholate, 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, and 0.5 mg/ml X-gal, in PBS.
Nissl staining and immunohistochemistry were performed as described
previously (Graus-Porta et al., 2001; Belvindrah et al., 2002). Antibodies
were as follows: polyclonal anti-GFAP (DAKO, Glostrup, Denmark),
polyclonal anti-CRE (Covance, Berkeley,CA), polyclonal anti-calretinin
(Chemicon, Temecula, CA), polyclonal anti-CUX1 (kind gift from C.

Walsh, Boston, MA), monoclonal anti-Neurofilament (Smi32) (Co-
vance, Berkeley, CA), polyclonal anti-microtubule-associated protein 2
(MAP2) (a kind gift from A. Matus, Basel, Switzerland), polyclonal anti-
TBR1 (a kind gift from R. Hevner, Seattle, WA), monoclonal anti-reelin
(G10 clone, Abcam, Cambridge, MA), polyclonal GFP (our own anti-
body raised in rabbits against a GFP-GST fusion protein), polyclonal
anti-dcx (guinea pig, Abcam, Cambridge, MA). For detection, we used
secondary antibodies coupled to fluorochromes (Molecular Probes, Eu-
gene, OR) or ABC detection kit and DAB substrate (Vector, Burlingame,
CA). Nuclei were counterstained with DAPI (1 �g/ml) (Sigma, St Louis,
MO). GFP fluorescence and antibody stainings were analyzed by confo-
cal microscopy (Fluoview-LSM, Olympus, Melville, NY) or deconvolu-
tion microscopy (Deltavision, Applied Precision). Values are mean �
SEM. A Student’s t test was performed.

Flow cytometry. Cortical hemispheres were dissected into cold HBSS
without (w/o) Ca 2� and Mg 2� (Invitrogen, Carlsbad, CA) from E14.5
mice. Cells were dissociated for 6 min at 37°C with 5 mg/ml trypsin
(Worthington, Lakewood, NJ) and 0.1% DNase I (Worthington), disso-
ciated mechanically in sorting buffer (HBSS w/o Ca 2� and Mg 2� and
phenol red, 1 mM EDTA, 25 mM HEPES, pH 7.0, 1% FBS) and filtered
through a 40 �m nylon cell strainer (BD Biosciences, San Jose, CA).
GFP-positive cells were fixed for 10 min at 4°C with 4% PFA and ana-
lyzed for �1 integrin expression by flow cytometry as described previ-
ously (Czuchra et al., 2006), using anti �1 antibody HMB1–1
(Ebiosciences).

Cortical size and cell numbers in cortical layers. The size of the cortex
was measured using SPOT software (Diagnostic Instruments Inc.). Three
sections from three Itgb1-NEXko mice and three control littermates were
analyzed at P60, as well as three Itga3-null mice and three control litter-
mates at P0. Longitudinal distances were measured from the meninges to
the dorsal limit of the corpus callosum, in five different rostrocaudal
levels (see drawing in Fig. 4e). For cell densities, Nissl � cells were
counted in a 5000 �m 2 square in three sections in layers II and III from
three Itgb1-NEXko mice and three littermate controls, and in a 1000 �m 2

square in three sections in three Itga3-null mice and three littermate
controls at P0. Values are mean � SEM. A Student’s t test was performed.
To quantify cell numbers in neuronal cell layers, Tbr-1 � (for layers II–IV
and VI) and Cux1 � (for layers II–III) cells were counted in a 10,000 �m 2

square in three different sections from three Itga3-null mice and three
Itgb1-NEXko mice with their respective littermate controls. Values are
mean � SEM. A Student’s t test was performed.

Western blots and primary cell culture. Primary cell cultures were estab-
lished from the cerebral cortex of newborn mice following published
procedures. In short, cortical hemispheres were dissected, the meninges
were removed, and single cell suspensions were prepared as described
previously (Hatten et al., 1998), except that cells were not separated by
Percoll gradient centrifugation. Cells were resuspended in basal medium
Eagle containing glutamine, 0.35% glucose, 10% horse serum, 5% FCS,
and Pen-Strep and plated at a cell density of 4 � 10 5 onto 12-well plates
coated with poly-D-lysine (PDL) and the indicated purified ECM glyco-
proteins. Cells were fixed after 1 or 5 d in culture with 2% PFA and
processed for immunocytochemistry as described above. The length of
GFAP � processes (glia) and MAP2 � processes (neurites) were measured
from the soma to the edge of the growth cone with MetaMorph Software
(Universal Imaging, West Chester, PA). For all three genotypes (wild-
type, Itgb1-CNSko, and Itgb1-NEXko), values were determined from
three different samples, and the mean � SEM was determined. A Stu-
dent’s t test was performed for statistical evaluation.

Results
Characterization of Nex-CRE mice
We have previously described a mouse line that is suitable for the
inactivation of the �1 integrin subunit gene (Itgb1-flox) (Graus-
Porta et al., 2001). We have also shown that inactivation of the
Itgb1 gene in radial glial cells in the CNS, using a nestin-CRE
mouse, leads to severe defects in the formation of cortical layers
that can largely be attributed to defects in the cortical marginal
zone, such as the anchorage of radial glial processes at the men-
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ingeal basement membrane and the for-
mation of the Cajal–Retzius cell layer
(Graus-Porta et al., 2001). However, be-
cause cortical morphology is severely af-
fected in the mutants (referred to in the
following as Itgb1-CNSko mice), we could
not exclude entirely that �1 integrins are
also essential for migration of cortical
neurons.

To address the requirement of �1 inte-
grins for cell migration, we wanted to in-
activate the Itgb1 gene specifically in mi-
grating neurons. For this purpose, we used
the Nex-CRE mouse line, in which CRE is
expressed from the endogenous transcrip-
tional control region of the Nex gene. Us-
ing a GFP reporter mouse line, it has been
shown that Nex-CRE induces CRE-
mediated recombination in transient am-
plifying cells in the SVZ that give rise to
pyramidal neurons (Wu et al., 2005). To
characterize the Nex-CRE mouse line fur-
ther, we crossed them with a reporter
mouse line that carries a Rosa26lacZ-loxP
gene. In this mouse line, expression of a
nuclear localized LacZ is induced by CRE-
mediated recombination (Mao et al.,
1999). In whole-mount stainings, LacZ
could be detected at E11 in early differen-
tiating cranial ganglia (Fig. 1a, arrow). At
E12.5, LacZ expression in cranial ganglia
was more pronounced and was also de-
tected at the mid-hindbrain junction, and in the developing tel-
encephalon and spinal cord (Fig. 1b– d, arrows). Higher-
magnification views of the telencephalon showed a gradient of
LacZ-positive cells with high expression close to the VZ (Fig. 1d,
arrows), and scattered expression throughout the developing
cortical hemispheres. The LacZ expression pattern was consistent
with strong expression in precursor cells in the VZ/SVZ, which
generate migrating neurons that disperse across the cortical
hemispheres giving rise to the scattered appearance of the LacZ
signal. In the adult, LacZ activity was evident throughout all cell
layers of the cerebral cortex, and in the dentate gyrus and CA1-
CA3 regions of the hippocampus (Fig. 1e,g,h). In addition, a sub-
set of cells in the mitral cell layer and below the glomerular layer
of the olfactory bulb was LacZ positive, as well as some cells in the
internal granule cell layer of the cerebellum (Fig. 1e,f,i).

To further define the cells in the cerebral cortex that expressed
LacZ, we analyzed histological sections by staining with molecu-
lar markers. Costaining with GFAP demonstrated that LacZ-
positive cells were negative for GFAP, suggesting that they were
not glial cells (Fig. 2a,b). In contrast, essentially all LacZ-positive
cells were positive for the neuronal marker NeuN and vice versa
(Fig. 2d–f). These findings were confirmed with dissociated cells
in culture. LacZ-positive cells were interspersed between GFAP-
positive glial cells (Fig. 2c), whereas costaining with antibodies to
CRE and the neuronal marker MAP2 confirmed that essentially
all neurons expressed CRE (Fig. 2g).

Together, our findings suggest that Nex-CRE induces efficient
recombination in progenitor cells in the SVZ that give rise to
pyramidal neurons that populate cortical cell layers. Using a CRE
reporter line, we demonstrate that Nex-CRE is already active in
the telencephalon at or before E12.5 and that neurons through-

out all cortical layers undergo CRE-mediated recombination. In
addition, we observed CRE-mediated recombination in cranial
ganglia and a subset of cells in the olfactory bulb, hippocampus,
and cerebellum.

Nex-CRE induces efficient recombination in migrating
neurons and leads to the inactivation of �1 expression in
Itgb1-NEXko mice
The analysis of the lacZ expression pattern induced by Nex-CRE
(Figs. 1, 2) suggested that the vast majority of migrating neurons
that leave the SVZ and populate cortical layers undergo CRE-
mediated recombination. However, whereas expression of LacZ
in individual cells could readily be demonstrated at postnatal ages
(Fig. 2), LacZ expression at embryonic ages was more difficult to
visualize because of the relatively weak expression of the LacZ
transgene from the Rosa26 locus. Therefore, to analyze the extent
of CRE-mediated recombination during embryonic ages, we
crossed the Nex-CRE mice with the Z/EG reporter mouse line,
which expresses high levels of GFP upon CRE-mediated recom-
bination (Novak et al., 2000). Analysis of whole mounts revealed
a recombination pattern similar to that observed with the LacZ
reporter (Fig. 3a– c). In vibratome sections, strong GFP fluores-
cence was detectable throughout the cortical wall (Fig. 3d). To
define more precisely the cells that expressed GFP, we analyzed
coronal sections of E14.5 and E16.5 animals (Fig. 3e–n). GFP
expression was absent from the VZ but clearly detectable within
the SVZ and throughout the cortical plate (Fig. 3e– h), consistent
with the expression in differentiating and migrating neurons.
Costaining with DAPI revealed that the vast majority of cells
within the SVZ and CP were GFP positive (Fig. 3i– k). We next
stained sections with antibodies to doublecortin, which stains

Figure 1. Analysis of Nex-CRE mice. Nex-CRE mice were crossed with Rosa26lacZ-loxP mice and analyzed for nuclear localized
LacZ expression (blue). a, At E11, LacZ was expressed in cranial ganglia (arrow). b, c, At E12.5, LacZ was expressed in basal ganglia,
the mid-hindbrain junction, and the telencephalon (arrows in b). Expression was also observed in the spinal cord (arrows in c). d,
At E12.5 prominent LacZ expression was observed close to the ventricular zone (arrows) and in scattered cells throughout the
cortical wall. e–i, Histological sections of adult mice. e, LacZ was prominently expressed throughout the telencephalon and in the
olfactory bulb. f, In the olfactory bulb, LacZ was expressed in the mitral cell layer and in the periglomerular layer. g–i, LacZ was
widely expressed throughout the cortical wall (g), in the hippocampus (h) and in a subset of cells in the internal granule cell layer
in the cerebellum (i). Scale bars: a– c, 1 mm; d, 360 �m; e, 820 �m; f, 260 �m; g, 215 �m; h, 205 �m; i, 260 �m.
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premigratory neurons in the SVZ and migrating neurons within
the cortical wall (des Portes et al., 1998; Francis et al., 1999; Glee-
son et al., 1999). Costaining with antibodies to GFP revealed that
the GFP-positive cells expressed doublecortin (Fig. 3l–n), con-
firming their identity as migrating neurons. Higher-
magnification views revealed that essentially all cells in the dorsal
most aspect of the SVZ expressed GFP (Fig. 3l�–n�). We conclude
that the Nex-CRE transgene is expressed in most if not all neu-
rons that migrate from the SVZ into the cortical wall.

We next wanted to inactivate the Itgb1 gene in migrating neu-
rons by crossing Nex-CRE carrying one Itgb1-null allele (Nex-
CRE/Itgb1�/� mice) with Itgb1-flox mice. Two types of crosses
were performed. In one set of experiments, Itgb1-flox mice were
directly crossed with Nex-CRE/Itgb1�/� mice to obtain mutant
mice that will be referred to as Itgb1-NEXko mice. In a second set
of experiments, we wanted to be able to visualize and isolate cells
that had undergone CRE-mediated recombination. Therefore,
we crossed the CRE-inducible GFP transgene from Z/EG mice
first into the Itgb1-flox background to obtain Itgb1/GFP-flox
mice. These mice were then crossed with Nex-CRE/Itgb1�/�

mice. Mutant offspring from this second intercross will be re-
ferred to as Itgb1-NEXko-GFP mice. Itgb1-NEXko mice and
Itgb1-NEXko-GFP mice were obtained in the expected Mendelian
frequency and gave similar results in subsequent experiments.

To analyze inactivation of the Itgb1 gene, we took advantage of
the GFP reporter in Itgb1-NEXko-GFP. We microdissected the
SVZ and cortical plate from E14.5 Itgb1-NEXko-GFP and ana-
lyzed GFP-positive cells by flow cytometry for expression of the
�1 integrin subunit, using an antibody specific for the extracel-
lular domain of the integrin �1 subunit that is commonly used to
evaluate �1 integrin expression levels (Czuchra et al., 2006). The

experiments were performed with control mice carrying the wild-
type Itgb1 gene and expressing the GFP transgene, and with Itgb1-
deficient mice expressing the GFP transgene (Fig. 3o). Robust
expression of the integrin �1 protein could be detected in control
mice. In contrast, �1 expression was not detected in the mutant
mice, confirming efficient inactivation of the Itgb1-flox gene by
Nex-CRE in migrating neurons.

Cortical development proceeds normally in
Itgb1-NEXko mice
We next stained cortical sections of P60 mice with Nissl to ana-
lyze the organization of the cerebral cortex. Unlike in Itgb1-
CNSko mice that lack �1 integrins in glial cells and neurons,
cortical layers in Itgb1-NEXko mice appeared normal and neu-
rons did not invade the cortical marginal zone (Fig. 4a,b). We also
quantified the cell density in the cerebral cortex, focusing on
layers II and III, where nuclei of individual cells can readily be
distinguished. There was no significant difference in cell density
between wild-type and Itgb1-NEXko mice (Fig. 4d). Measure-
ments of cortical thickness at five anatomically distinct levels did
not reveal any difference between wild-type and Itgb1-NEXko
mice (Fig. 4e).

We next analyzed the formation of cortical layers in detail
using layer-specific molecular markers. These included CUX1, a
marker for layer II–IV neurons (Nieto et al., 2004), and nonphos-
phorylated neurofilament H (clone Smi32), a marker for layer III
and V neurons (Campbell and Morrison, 1989). For better com-
parison, we included not only wild-type and Itgb1-NEXko mice in
the analysis, but also Itgb1-CNSko mice that lack �1 integrins in
both neurons and glia and have undulating cortical layers
(Graus-Porta et al., 2001). CUX1-positive neurons were appro-

Figure 2. Nex-CRE mice induce recombination in cortical neurons but not in glia. a, b, Sagittal sections through the cortex were stained for LacZ (blue) and GFAP (brown). GFAP-positive cells
(arrowheads) were LacZ negative. Arrows point to LacZ-positive cells that were interspersed between GFAP-positive cells; cc, corpus callosum. d–f, Sagittal cortical sections were stained for LacZ
(blue) and NeuN (brown). LacZ-positive cells were NeuN positive, confirming their identity as neurons. Note that LacZ staining in d–f was for a shorter time than in a and b. Therefore, the signal
appeared less strong and less diffuse in d–f, revealing strong staining in one or two dots within nuclei (arrows in f ). c, g, Cortical neurons and glial cells from P0 mice were cultured on PDL/LN
substrates and stained. c, LacZ-positive cells (blue) were interspersed between GFAP-positive cells (brown). g, MAP2-positive neurons (red), expressed CRE (green) in nuclei. Scale bars: a, 330 �m;
b, c, 23 �m; d, 115 �m; e, 30 �m; f, g, 18 �m.
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priately localized to layer II–IV in wild-
type and Itgb1-NEXko mice (Fig. 5a,c,d,f).
The cells had also reached layer II–IV in
Itgb1-CNSko mice, but the cell layer had a
wavy appearance and occupied a broader
territory, indicative of defects in layer for-
mation (Fig. 5b,e). Similarly, Smi32-
positive neurons had reached layer III and
V in wild-type, Itgb1-NEXko, and Itgb1-
CNSko mice (Fig. 5g–i). Although the lay-
ers appeared normal in Itgb1-NEXko mice,
they were undulating in Itgb1-CNSko
mice. Higher resolution pictures revealed
that the morphological differentiation of
Smi32-positive neurons was not obviously
affected in Itgb1-NEXko mice (Fig. 5j–m).
To further define whether the number of
cells that populated cortical layers was
affected in Itgb1-NEXko mice, we deter-
mined the number of CUX1 neurons in
cortical layer II–IV. There was no signifi-
cant difference in cell density or the num-
ber of CUX1-positive neurons in wild-
type and Itgb1-NEXko mice (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material).

We have previously shown that the in-
tegrity of the Cajal–Retzius cell layer is af-
fected in Itgb1-CNSko mice (Graus-Porta
et al., 2001). To evaluate similar defects in
Itgb1-NEXko mice, we stained histological
sections with antibodies to reelin. The dis-
tribution of reelin-positive Cajal–Retzius
cells was unaffected in Itgb1-NEXko mice
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
Finally, we determined the presence and
distribution of GFAP-expressing astro-
cytes in the cortex of wild-type, Itgb1-
CNSko, and Itgb1-NEXko mice (Fig. 6). At
P60, we observed a massive accumulation
of GFAP-positive astrocytes in Itgb1-
CNSko mice, but not in Itgb1-NEXko mice
or in wild-type mice (Fig. 6a– c). To define
the time course for the accumulation of
GFAP-positive cells, we stained the cere-
bral cortex at different postnatal ages. At
P0, there was no difference between wild-
type and Itgb1-CNSko mice. GFAP-positive radial glial fibers
were prominent, as well as GFAP-positive astrocytes in the cor-
pus callosum and the cortical marginal zone (Fig. 6d,g). By P10,
cells that were strongly positive for GFAP accumulated in the
cortical wall of Itgb1-CNSko mice but were rarely detectable in
wild-type mice (Fig. 6e,h). By 1 year of age, there was a massive
accumulation of GFAP-positive cells only in Itgb1-CNSko mice
(Fig. 6f–i), and the cells had the characteristic morphology of
astrocytes (Fig. 6k). The appearance of the GFAP-positive cells at
late postnatal ages is consistent with a reactive gliosis indicative of
defects in the function of cortical neurons and/or glial cells. No
gliosis was observed in Itgb1-NEXko at any age analyzed (Fig. 6c)
(data not shown).

Together, our findings show that when �1 integrins are inac-
tivated in the precursors of neurons and glia (Itgb1-CNSko mice),

the formation of cortical cell layers is perturbed. A reactive gliosis
develops postnatally, indicative of defects in the function of neu-
rons and/or glia. In contrast, integrin expression in migrating
pyramidal neurons (Itgb1-NEXko mice) is not essential for the
migration of neurons into cortical cell layers and does not cause
gliosis.

Cortical development proceeds normally in Itga3-null mice
Previous studies that were largely based on in vitro data have
concluded that the integrin �3�1 in migrating cortical neurons
regulates their interactions with radial glial fibers and transmits a
reelin signal into migrating neurons (Anton et al., 1999; Dulabon
et al., 2000; Schmid et al., 2004). Because we did not observe
defects in the formation of cortical layers in Itgb1-NEXko mice,
one may argue that although �3�1 may regulate migration and

Figure 3. Characterization of NEX-CRE mice and analysis of Itgb1 expression by flow cytometry. a–n, Z/EG reporter mice
carrying a CRE-inducible GFP transgene were crossed with NEX-CRE mice to analyze the CRE recombination pattern. a– c, GFP
fluorescence was evident in the developing cerebral cortex of E12.5–E16.5 embryos by whole-mount analysis. d, GFP fluorescence
throughout the cerebral cortex was also evident in vibratome sections. e– h, Coronal sections of mice at E14.5 and E16.5 were
stained with antibodies to GFP. GFP expression was evident in the SVZ and cortical plate (CP), but not in the VZ. In e and g, nuclei
were counterstained with DAPI (blue). i– k, Higher-magnification views of coronal sections stained with DAPI and antibodies to
GFP. The vast majority of cells were GFP positive (arrows). l–n, Sections from E15.5 animals were stained with antibodies to
doublecortin (dcx, red) and GFP (green). (l�–n�) Higher-magnification views of the area outlined in l–n. Note overlapping
patterns of cytoplasmic staining for doublecortin and GFP. o, The expression levels of �1 integrins were evaluated in GFP-positive
cells that had been isolated by FACS sorting from Nex-CRE mice containing a CRE-inducible GFP transgene (control), or from
Itgb1-NEXko mice carrying a CRE-inducible transgene (mutant). The green line shows samples incubated with antibody to �1
integrins (�1 Ab); in the blue line samples, the secondary antibody alone was added (second); and in the red line samples, no
antibody was added. Scale bar: a, 600 �m; b, c, 3.75 mm; d, 2 mm; e, f, 150 �m; g, h, 300 �m; i– k, 37.5 �m; l–n, 150 �m;
l�–n�, 37.5 �m.
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reelin signaling positively, a second �1 integrin heterodimer may
counteract migration and reelin signaling. Removal of the antag-
onistic integrins may lead to no net defect in the formation of
cortical cell layers. To resolve these issues, we analyzed in detail
integrin Itga3-null mice, which completely lack expression of the
Itga3-encoded protein, and therefore the functional �3�1 recep-
tor (Kreidberg et al., 1996). The analysis was performed with P0
animals, because the mutant mice die within the first day of birth,
most likely as a consequence of kidney defects (Kreidberg et al.,
1996). Staining of sagittal sections did not reveal any obvious
defect in the overall organization of the cerebral cortex in Itga3-
null mice, and distinct cell layers could be resolved (Fig. 7a– d;
supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material). In addition, there was no detectable difference
in cell density or thickness of the cerebral cortex (Fig. 7e,f).

We next stained sections with a variety of molecular markers
such as (1) �III-tubulin (Tuj1), to reveal the overall appearance
of the cortex; (2) calretinin and reelin, to determine the position
of Cajal–Retzius cells and interneurons in the cortical marginal
zone (Weisenhorn et al., 1994); (3) TBR1, to stain neurons in
layers II–IV and VI (Englund et al., 2005); (4) CUX1, to stain
neurons in layers II–IV (Nieto et al., 2004); and (5) Smi32, to
stain neurons in layers III and V (Campbell and Morrison, 1989)
(Figs. 8, 9) (data not shown). Staining with Tuj1 did not reveal
any difference between wild-type and mutant mice (Fig. 8a,b);
the positioning of interneurons and Cajal–Retzius cells in the
cortical marginal zone was unaffected (Fig. 8c– h); neuronal sub-
types as revealed by staining with antibodies to TBR1 (layers
II–IV and VI) and CUX1 (layers II-III) assembled into appropri-
ate layers without any obvious perturbations at any cortical level
(Fig. 9). We also counted the number of TBR1-positive cells in
layer II–IV and VI, and did not observe any defect in the mutant
mice (supplemental Fig. 4, available at www.jneurosci.org as
supplemental material), demonstrating that the correct number
of cells had reached their appropriate target cell layers. Finally,
migrating interneurons invading the cortical wall could be de-

tected in both wild-type and mutant ani-
mals (Fig. 8e,f, arrows). Together, these
findings demonstrate that the integrin �3
subunit is not essential for the formation
of cell layers in the cerebral cortex. The
data also demonstrate that the phenotype
of Itga3-null mice is clearly distinct from
the phenotype of reeler mice, because no
inversion of cell layers or intermingling of
neurons from different cell layers was ob-
served. We therefore conclude that the
�3�1 integrin is also not essential for ree-
lin signaling.

Glial control of neuronal development
An analysis of the morphological differen-
tiation of cortical neurons with MAP2
staining revealed that the dendritic trees of
cortical neurons in wild-type mice were
aligned perpendicular to the brain surface,
whereas those in Itgb1-CNSko mice pro-
jected in abnormal angles (Fig. 10a,b). The
defects in Itgb1-CNSko mice were already
obvious before birth, but absent in devel-
oping and adult Itgb1-NEXko mice (Fig.
10c). These findings suggest that radial
glial cells may control the morphological

differentiation of cortical neurons. Alternatively, the disruptions
in the cortical marginal zone in Itgb1-CNSko mice (Graus-Porta
et al., 2001) may secondarily affect neuronal morphology. Unfor-
tunately, because radial glial cells are the precursors for cortical
neurons, it has so far not been possible to generate CRE mice that
selectively inactivate integrins in radial glia but leave expression
in cortical neurons intact. Therefore, to test more directly for
effects of glial cells on the morphological differentiation of corti-
cal neurons, we turned to explant cultures. Cortices were dis-
sected from mice, and the cells were dissociated and maintained
for several days in culture (Fig. 10d–n). The length of the longest
processes formed by neurons and glial cells was determined (Fig.
10m,n). After 1 d in culture, staining of cortical cultures from
wild-type mice with antibodies to MAP2 revealed that neurons
had formed short neurites (Fig. 10d). After 5 d in culture, the
neurites were substantially longer as expected (Fig. 10e,m). Stain-
ing of the cultures with GFAP revealed that glial cells had also
undergone morphological maturation and formed long pro-
cesses (Fig. 10f,n). In cultures that were derived from Itgb1-
CNSko mice, in which both neurons and glial cells lack the ex-
pression of �1 integrins, the formation of cell processes was
severely affected in both cell types (Fig. 10g–i,m,n). In striking
contrast, no morphological defects were observed in either glia or
neurons derived from Itgb1-NEXko mice. Glial cells formed elab-
orate projections, and even the �1 integrin-deficient neurons
extended long neurites (Fig. 10j–n). Together, these findings
show that the defect in neurite outgrowth of �1 integrin-deficient
neurons is rescued when glial cells express �1 integrins and un-
dergo normal morphological differentiation, suggesting that the
perturbations in neurite outgrowth are a secondary consequence
of defects in glial cells.

Discussion
We provide here genetic evidence that �1 integrins, and in par-
ticular the integrin �3�1, are not required for glial-guided migra-
tion and reelin signaling. This model is supported by the findings

Figure 4. Analysis of the cerebral cortex of adult Itgb1-NEXko mice. a, b, Sagittal section through the cerebral cortex of
Itgb1-NEXko mice and control littermates (wt, wild-type) at P60 were stained with Nissl. The overall morphology of the cerebral
cortex appeared unaffected in the mutant mice. c, Cell density was determined in layer II/III in three wild-type and three Itgb1-
CNSko mice. There was no difference in cell density. d, e, The thickness of the cerebral cortex was determined at five anatomical
levels as indicated in the diagram. There was no significant difference between wild-type and Itgb1-CNSko mice. Scale bars: a, b,
400 �m.
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that the formation of cell layers is not af-
fected in Itgb1-NEXko mice, which specif-
ically lack �1 integrins in neurons that mi-
grate along radial glial fibers from the VZ
into the emerging cortical wall, and in
Itga3-null mice, which do not express the
integrin �3 subunit (and therefore the
�3�1 receptor) in any cell type including
the migrating neurons. However, in Itgb1-
CNSko mice, which lack �1 integrins in
both radial glia and neurons, the forma-
tion of cortical cell layers is affected be-
cause of defects in the cortical marginal
zone that include perturbations in the an-
chorage of glial endfeet (Graus-Porta et al.,
2001). Interestingly, in Itgb1-CNSko mice
the morphology of the apical dendrites of
pyramidal neurons is also perturbed. This
defect is not seen in Itgb1-NEXko mice that
lack �1 specifically in neurons, suggesting
that the morphological abnormalities are
caused, at least in part, by defects in glial
cells. Consistent with this model, neurite
outgrowth in mixed neuron– glia cultures
is not dependent on �1 integrin expression
in neurons, but outgrowth is affected
when �1 integrins are inactivated in both
neurons and glia. Although further studies
are necessary to address this point, our
findings suggest that interactions between
neurons and glia that are mediated by di-
rect cell contact or secreted signaling mol-
ecules are critical for proper neuronal dif-
ferentiation. Overall, our findings suggest
that �1 integrins in glial cells but not in
pyramidal neurons are essential for the de-
velopment of properly organized cell lay-
ers in the cerebral cortex. Other receptors
such as connexins (Elias et al., 2007) con-
trol the migratory behavior of cortical
neurons, either alone or in combination
with �1 integrins.

Integrins and glial-guided migration
The function of �1 integrins in cell mi-
gration during cortical development has
been controversial. Initially, it was re-
ported that the integrin �3 subunit is ex-
pressed in migrating neurons and that
function-blocking antibodies against �3
affect neuron– glia interactions in cul-
ture (Anton et al., 1999). It has also been
reported that the integrin �3�1 is re-
quired for the migration of cortical neu-
rons along radial glial fibers. However,
neurons are assembled into layers in
Itgb1-CNSko mice, which lack all �1 integrins in the develop-
ing cerebral cortex, suggesting that �1 integrins (including
�3�1) are not required for radial glial-guided migration. The
findings that we present here strongly support this latter view.
First, we demonstrate that the cortical layers form normally
when the Itgb1 gene is inactivated in the precursors of migrat-
ing neurons with Nex-CRE. Previous studies (Wu et al., 2005)

and our characterization of the Nex-CRE mice show that CRE
is expressed efficiently in the SVZ in transient amplifying cells
and premigratory neurons that give rise to pyramidal neurons.
CRE activity is prominent in the SVZ by E12.5, suggesting that
there is sufficient time for inactivating expression of genes
such as �1 integrins in the period of cortical development that
stretches until postnatal ages. Consistent with this interpreta-

Figure 5. Cortical layers form normally in Itgb1-NEXko mice. a–f, Sagittal sections through the cerebral cortex of wild-type,
Itgb1-CNSko, and Itgb1-NEXko mice at P60 were stained with antibodies to CUX1 (brown), to reveal layer II–IV neurons. CUX1-
positive neurons in Itgb1-NEXko mice were confined to cortical layers II–IV. CUX1-positive neurons in Itgb1-CNSko mice were also
present in cortical layers II–IV, but the layer had a wavy appearance and appeared to be broader than in wild-type mice. g–m,
Sagittal sections through the cerebral cortex were stained with an antibody to a nonphosphorylated form of neurofilament
(Smi32) (brown), which specifically stains a subset of layer III and V neurons, as well as a subset of cells in the hippocampus.
Neurons in wild-type, Itgb1-CNSko mice, and Itgb1-NEXko mice were appropriately located in layer III and V, but layer in Itgb1-
CNSko mice appeared wavy (g–i). Higher-magnification views revealed that dendritic process in layer III (j, k) and the hippocam-
pus (l, m) were not noticeably affected in Itgb1-NEXko mice. Scale bars: a– c, 400 �m; d–f, 125 �m; g–i, 450 �m; j–m, 70 �m.
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tion, we show �1 protein expression is abolished in the mi-
grating CRE-expressing cells in Itgb1-NEXko-GFP mice. In
addition, we have analyzed the cortex of Itga3-null mice,
which completely lack expression of the �3 protein, and there-
fore the functional �3�1 receptor, in all cell types. We have
studied the mice with a panel of molecular markers that have
allowed us to determine the identity of neurons in different
cortical layers, as well as cell numbers. These markers were
largely not available when the Itga3-null mice were initially
described. We also made sure that we study mice from the

same source as used in previous experi-
ments (Kreidberg et al., 1996) to exclude
allele-specific variations in phenotype.
Stainings with antibodies to ����-
tubulin, calretinin, TBR1, CUX-1, and
reelin did not reveal any defects in the
position of cortical neurons or in the or-
ganization of cortical layers at any ana-
tomical level. Neuronal cell density and
cortical size were also unaffected in the
mutants. How can these data be recon-
ciled with earlier published data? As one
possibility, there may be minor defects
in the motility of neurons in Itga3-null
mice that may have been detected in ear-
lier in vitro studies, but that are not im-
portant for the development of cortical
cell layers in vivo. Interestingly, culture
experiments have been performed to
study the function not only of the inte-
grin �3 subunit but also of the �� sub-
unit in cortical development (Anton et
al., 1999). Although these in vitro studies
have led to the conclusion that both the
integrin �3 and �� subunits control neu-
ron– glia interactions, genetic studies
now demonstrate that neurons still mi-
grate normally in the cortex of mice with
a CNS restricted knock-out of the Itgav
subunit gene (McCarty et al., 2005). �1
and �� integrins may possibly control
neuron– glia interaction in collaboration
with other yet to be defined receptors.
Neurons in the in vitro setting may rely
more strongly on integrins, whereas a
second class of receptors may compen-
sate in vivo for the loss of integrin ex-
pression. Similar observations have been
made for integrin functions in other set-
tings. For example, �1 integrins control
motor neuron outgrowth in vitro on pu-
rified extracellular matrix substrates but
are not essential for axon outgrowth by
motor neurons in vivo (Schwander et al.,
2004).

Integrins and reelin signaling
The integrin �3�1 has also been re-
ported to bind to reelin and to transmit a
reelin detachment/stop signal into mi-
grating neurons (Anton et al., 1999;
Dulabon et al., 2000; Schmid et al.,
2004). Although we cannot exclude that

�3�1 binds reelin, recent studies by others and our findings
presented here provide strong evidence that this integrin is not
an essential component of the reelin signaling pathway: (1)
our staining with a panel of layer-specific molecular markers
shows that the inside-out sequence of cortical layers is not
obviously altered in Itga3-null mice, Itgb1-CNSko mice, and
Itgb1-NEXko mice, and therefore clearly different from the
phenotype in reeler mice; (2) although dab-1 phosphorylation
is instrumental in reeling signaling (Howell et al., 2000), �3�1
integrins does not control dab-1 phosphorylation (Dulabon et

Figure 6. Reactive gliosis in Itgb1-CNSko mice. a– c, Histological sections were stained at P60 with antibodies to GFAP and
processed with secondary antibodies coupled to peroxidase. In Itgb1-CNSko mice, astrocytes that strongly express GFAP (brown)
were abundantly present. d– k, GFAP expression was evaluated by immunofluorescence microscopy (green) at different postnatal
ages. At P0, GFAP-positive cells were detectable in the meninges and corpus callosum close to the VZ of wild-type (d) and
Itgb1-CNSko mice (g). At P10, patches of astrocytes expressing high amounts of GFAP started to be detectable within the cortical
wall of Itgb1-CNS knock-out mice (h), but not in wild-type mice (e). GFAP-positive cells were much more abundant in Itgb1-CNSko
mice by 1 year of age and distributed throughout the cerebral cortex (f, i). j, k, High-magnification view of the cortex of mice at 1
year of age. Note that the GFAP-positive cells in Itgb1-CNSko mice show the characteristic morphology of astrocytes. Scale bars:
a– c, 60 �m; d–i, 200 �m; j, k, 50 �m.
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al., 2000); (3) recent genetic evidence suggests a promigratory
function for reelin molecule from deeper cortical layers (IV–
VI) (Magdaleno et al., 2002; Meyer et al., 2004; Yoshida et al.,
2006) that would be incompatible with a mechanism by which
binding of reelin to �3�1 inhibits migration; (4) mice with
mutations in the reelin receptors VLDLR�/� and Apo-
ERII�/� have a reeler-like phenotype (Trommsdorff et al.,
1999). In summary, these studies suggest that reelin signaling
is mediated by the VLDLR and ApoERII receptors indepen-
dently of any �1 integrin (Magdaleno and Curran, 2001;
Luque, 2004).

Integrins and the development of the cerebral cortex
Although our findings show that �1 integrins in cortical neu-
rons are not essential for the formation of cortical layers, �1
integrins have important functions for corticogenesis. Studies
by several laboratories have demonstrated that �1 integrins
and their ligands and signaling effectors are required for the
outgrowth of radial glial fibers and their attachment at the
meningeal basement membrane. In the absence of integrin
signaling, radial glial processes show defects in morphology,
and the meningeal basement membrane is not properly re-
modeled/maintained (Miner et al., 1998; Costell et al., 1999;
Graus-Porta et al., 2001; Halfter et al., 2002; Beggs et al., 2003;
Poschl et al., 2004; Niewmierzycka et al., 2005). In addition,
we show here that the defects in radial glial cells affect the

morphological differentiation of pyramidal neurons. Accord-
ingly, the projection pattern of dendrites is perturbed in the
cortex of Itgb1-CNSko mice but not in Itgb1-NEXko mice.
Because the Itgb1 subunit gene is inactivated in cortical neu-
rons in Itgb1-NEXko mice, whereas recombination occurs in
both neurons and glia in Itgb1-CNSko mice, defects in neurons
are likely a secondary consequence of defects in glial cells. In
agreement with this hypothesis, in primary cells in culture,
defects in neurite outgrowth are observed only in coculture of
�1-deficient neurons and glia, but not in coculture of �1-
deficient neurons with �1-expressing glia. As one possibility,

Figure 7. Histological analysis of the cerebral cortex at P0 in Itga3-null mice. a– d, Overall
brain morphology and the organization of the cerebral cortex appeared unaltered when ana-
lyzed by Nissl staining. e, f, Cell density in layers V/VI and cortical thickness (at similar anatom-
ical levels as shown in Fig. 4d) was not significantly altered in Itga3-null mice. Scale bars: a, b,
425 �m; c, d, 690 �m.

Figure 8. The cortical marginal zone is unaffected in Itga3-null mice. Sagittal sections
through the cerebral cortex of wild-type and Itga3-null mice at P60 were stained with antibod-
ies to ����-tubulin (Tuj1 clone, green), to reveal overall organization of the cortex (a, b);
calretinin (calret, red), to visualize cells in the cortical marginal zone and interneurons that
migrate into cortical layers (arrows in e, f ) (c–f ); reelin (green), to reveal Cajal–Retzius cells
(nuclei are stained with DAPI and shown in blue) (g, h). Scale bars: a, b, 70 �m; c, d, g, h, 80
�m; e, f, 40 �m. mz, Marginal zone.
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direct contact between neurons and glia may be important to
control neuronal development. Alternatively, glial cells may
secrete proteins that control the development of cortical neu-
rons. Interesting candidates are members of the throm-
bospondin family, which have been identified as glial-derived
proteins that control synapse formation (Christopherson et
al., 2005).

In summary, the findings presented here suggest that �1 inte-
grins in radial glial cells are critical for the formation of cell layers
in the cerebral cortex. In contrast, �1 integrin expression in neu-
rons is not essential for glial-guided migration and reelin
signaling.
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