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Laminins have dramatic and varied actions on neurons in vitro. However, their in vivo function in brain
development is not clear. Here we show that knockout of laminin γ1 in the cerebral cortex leads to defects in
neuritogenesis and neuronal migration. In the mutant mice, cortical layer structures were disrupted, and
axonal pathfinding was impaired. During development, loss of laminin expression impaired phosphorylation
of FAK and paxillin, indicating defects in integrin signaling pathways. Moreover, both phosphorylation and
protein levels of GSK-3β were significantly decreased, but only phosphorylation of AKT was affected in the
mutant cortex. Knockout of laminin γ1 expression in vitro, dramatically inhibited neurite growth. These
results indicate that laminin regulates neurite growth and neuronal migration via integrin signaling through
the AKT/GSK-3β pathway, and thus reveal a novel mechanism of laminin function in brain development.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The mammalian adult cerebral cortex exhibits an organized
laminar structure with six neuronal layers. During development,
waves of neuroblasts generated from the ventricular neuroepithelium
migrate towards the pia to form successive cortical layers (Rakic,
1990). Earlier-born neurons travel short distances possibly by somal
translocation (Nadarajah et al., 2001; Nadarajah and Parnavelas, 2002)
whereas later-born neurons migrate further, through the older
neuronal layers by migrating along radial glial fibers (Angevine and
Sidman, 1961; Sidman and Rakic, 1973). The radial glial network is
formed by glial processes extending from the ventricle toward the
surface of the brain with end-feet attaching to the pia basement
membrane (Marin and Rubenstein, 2003).

Neuronal migration is composed of two phases: leading process
extension and forward replacement of the soma and nucleus into the
leading process (Tsai and Gleeson, 2005). Many factors such as cell
adhesion molecules and extracellular matrix (ECM) proteins can
regulate the direction and extension of neuronal processes during
development (Hopker et al., 1999; Kiryushko et al., 2004). Laminins
are major components of ECM and are heterotrimeric molecules
composed of an α, β and γ chain (Timpl, 1996). They are expressed in
the cerebral cortex and play important roles in neuronal plasticity,

degeneration and regeneration (Chen et al., 2003; Chen and Strick-
land, 1997; Grimpe et al., 2002; Indyk et al., 2003; Nakagami et al.,
2000; Yin et al., 2003). Laminins also participate in neurite outgrowth
and axon pathfinding in vitro (Bonner and O'Connor, 2001; Gomez and
Letourneau, 1994; Kuhn et al., 1995; Letourneau et al., 1988; Lucken-
bill-Edds, 1997; McLoon et al., 1988; Rogers et al., 1986; Timpl and
Brown, 1994). For example, hippocampal neurons will extend several
neurites in vitro, but the first neurite to reach a laminin substrate
develops preferentially and becomes the axon (Esch et al., 1999;
Menager et al., 2004). Laminins are also involved in neuronal
migration and brain development (Colognato and Yurchenco, 2000;
Liesi et al., 2001; Luckenbill-Edds, 1997; Miner et al., 1998). During
cortical development, laminin is deposited along the radial glial fibers
(Liesi, 1985, 1990), and antibodies raised against a neurite outgrowth-
promoting site of the laminin γ1 chain inhibit neuronal migration
(Liesi et al., 1992, 1995). In vitro, when neurons migrate on laminin,
they first extend processes and then move the nucleus inside the
process that has formed (Liesi, 1992). This process is very similar to
neuronal migration along radial glial fibers in vivo (Tsai and Gleeson,
2005).

Even though the in vitro effect of laminin on neurons is well
studied, their in vivo function in the CNS is not clear. Mice with a
targeted deletion of the nidogen-binding site of the laminin γ1 chain
show instability of the pial basement membrane in the brain and
abnormal neuronal migration (Halfter et al., 2002). This study
revealed a nidogen-binding dependent function of laminin γ1 in
brain development. Since global knockout of laminin γ1 expression
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leads to early embryonic lethality (embryos die at E5.5) (Mitchell et
al., 2001; Skarnes et al., 1995; Smyth et al., 1999), but mice with
deletion of the nidogen-binding site of laminin γ1 survive until birth
(Willem et al., 2002), some essential functions of laminin γ1 must be
nidogen-binding independent.

To study the role of laminin in cerebral cortex development, we
disrupted laminin expression in the brain using the Cre-loxP system
(Chen and Strickland, 2003; Yu et al., 2005). The brains of these mice
have a disrupted cerebral cortical layer structure, and cortical neurons
show shorter neurites. Knockout of laminin γ1 perturbs neuronal
migration and impairs integrin and AKT/GSK-3β signaling, but cell
proliferation and neuronal cell death are similar between mutant and
control embryos. Our results indicate that laminin plays a critical role
in neuronal morphogenesis and migration in vivo.

Materials and methods

Mouse lines and analysis of Cre activity

The mutant mice used were homozygous for a floxed laminin γ1
allele (Chen and Strickland, 2003) and carried the Cre recombinase
transgene under the Calcium-Calmodulin-dependent protein Kinase II
α promoter (Dragatsis and Zeitlin, 2000) (CaMKII/Cre:fLAMγ1 mice).
Cre recombinase activity was monitored by using the LacZ/EGFP
double reporter mouse line (Novak et al., 2000), and visualization of
EGFP (described below). The floxed allele, Cre and EGFPwere detected
by genotyping mouse tail genomic DNA (Chen and Strickland, 2003).

Histological analysis, TUNEL staining, BrdU incorporation, and Golgi
staining

All animals were maintained according to Animal Welfare guide-
lines at the Rockefeller University. Histology (Chen and Strickland,
2003; Chen and Strickland, 1997), TUNEL staining (Yu et al., 2005),
BrdU incorporation assay (Yu et al., 2005), and Golgi staining using the
FD Rapid GolgiStain kit (FD NeuroTechnologies Inc., Baltimore, MD)
were performed as described.

Luxol fast blue staining

Luxol Fast Blue staining was performed overnight at 60 °C with
0.1% Luxol Fast Blue in 95% ethanol and 0.05% acetic acid. Color was
developed by alternate rinses in 0.05% Li carbonate and 70% ethanol.
The brain sections were dehydrated, and mounted in DPX (Sigma-
Aldrich, St Louis, MO).

Immunostaining

Immunostaining was performed as described (Chen and Strick-
land, 2003; Chen and Strickland,1997). Primary antibodies used were:
calretinin (1:1000, Chemicon MAB1914, Temecula, CA), laminin 1
(1:2000, Sigma, St Louis, MO), laminin γ1 (1:500, ChemiconMAB1914,
Temecula, CA), neurofilament (1:2000, Chemicon AB5539, Temecula,
CA), TuJ1 (1:500, Covance, Berkeley, CA), BrdU (1:500, Abcam,
Cambridge, UK) and SMI32 (1:2500, Sternberger Monoclonals Inc,
Berkeley, CA).

Western blot analysis

Western blot analysis was performed as described (Yu et al., 2005).
Antibodies against p-FAK, FAK, p-paxillin, paxillin, p-Akt, Akt, p-GSK-
3β, GSK-3β, from Cell Signaling (Beverly, MA) were used at 1:1000
dilution. Seven control and mutant embryonic brains were used for
each Western blot and were repeated three times. For loading
controls, each membrane was re-probed with anti-β-actin antibodies
(Sigma, St Louis, MO 1:8000). The Western blot films were digitized

using a scanner (Microtek, Carson, California). The signal intensity of
the Western Blot filmwas quantified by NIH Image and normalized to
actin. The differences of signal intensity between control and mutant
samples for each Western blot were analyzed by Student's t-test.

Cortical cell culture

Cortical cell cultures were prepared from E18.5 embryos homo-
zygous for the floxed laminin γ1 allele (Siao and Tsirka, 2002). After
plating, adenovirus expressing LacZ (Vector Biolabs, Philadelphia, PA,
for control) or Cre (Vector Biolabs, Philadelphia, PA, to knockout
laminin γ1 gene expression) were added to the culture medium. The
cultures were maintained in serum free medium. Three days after
culture, the cover slips were fixed briefly and stained with anti-
laminin and TuJ1 antibodies. For quantitative analysis, the length of
the longest neurites of 150 randomly selected neurons from 3
different cultures in each group were measured using Axiovision 4
(Carl Zeiss) under a Carl Zeiss Axiovert 200 microscope, the
differences between control and mutant neurons were analyzed by
Student's t-test.

Results

Spatial and temporal relationship between Cre expression and laminin
γ1 gene disruption in the mutant cerebral cortex during development

We have demonstrated previously that recombination of the
laminin γ1 gene occurs in CaMKII/Cre:fLAMγ1mice (hereafter termed
mutant mice) in the hippocampus, spinal cord and peripheral nerves,
but not in muscle or heart (Chen and Strickland, 2003). To monitor the
expression of the Cre recombinase within the cerebral cortex, we used
the double reporter mouse strain LacZ/EGFP (Z/EG) (Novak et al.,
2000). In this mouse strain, in the absence of Cre activity, only LacZ is
expressed, and after Cre excision of the LacZ gene, only EGFP is
expressed. We generated mice that were homozygous for the floxed
laminin γ1 allele and also carried both the CaMKII-Cre and the Z/EG
transgenes. In these mice, Cre activity was indicated by EGFP
expression. As shown in Fig. 1, there was very little EGFP expression
in the cerebral cortex on or before E12.5 (Fig. 1A); however, EGFP was
broadly expressed in the cerebral cortex at E14.5 (Fig. 1B). EGFP was
not expressed in the ventricular zone (arrow heads in Fig. 1B). EGFP
expression pattern in the cortex remained consistent thereafter, but
was broader and in more neurons (data not shown). To determine the
spatial and temporal disruption of laminin γ1 gene expression and the
cell types that expressed EGFP, the brain sections from E12.5 and E14.5
embryos were stained with antibodies against laminin γ1, TuJ1
(Neuron) and calretinin (Cajal-Retzius cells). At E12.5, there was no
significant change in laminin γ1 expression in themutant cortex (data
not shown); however, at E14.5, in areas expressing EGFP, laminin γ1
expression was decreased (arrows in Figs. 1C and D, images are from
regions equivalent to boxed area 1 in panel B of Fig. 1). However, in the
adjacent areas that did not show EGFP expression, laminin γ1
expression was high (arrowheads in Figs. 1C and D). Since laminin is
an extracellular matrix protein, disruption of its expression in some
but not all cells could result in a decreased expression in the
surrounding areas of these cells. A comparison of the intensity of
laminin γ1 immunoreactivity between the areas that show EGFP
expression in the cortex of themutant embryos and the corresponding
regions of the control embryos (E14.5) revealed a significant decrease
in the cortex of mutant embryos (Fig. S1). These results showed a
general correlation between Cre expression (indicated by EGFP
expression) and laminin γ1 gene disruption (laminin γ1 immunor-
eactivity decrease).

The cells that expressed EGFP in the cortical plate (region
equivalent to boxed area 1 in panel B of Fig. 1) were TuJ1-positive
cells (arrows in Figs. 1E and F) indicating neuronal identity. At E16.5
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and E18.5 there weremore cells expressing EGFP (Cre) and laminin γ1
was further decreased in the mutant cortices relative to the control
cortices at the same developmental stages (Fig. S2). Wherever Crewas
expressed, laminin γ1 immunoreactivity was decreased. Since most of
the EGFP expressing cells were neurons and laminin γ1 expression
was decreased wherever EGFP was expressed, neurons are probably a
major source of laminin expressed in the cortex. In the marginal zone
near the pia (equivalent to areas in box 2 in panel B of Fig. 1), the EGFP
expressing cells were TuJ1-positive (arrowheads in Figs. 1G and H),
and also calretinin positive (arrowheads in Figs. 1I–K) indicating that
these cells are probably Cajal-Retzius cells (Graus-Porta et al., 2001;
Weisenhorn et al., 1994). EGFP positive cells in these regions
(arrowheads in Figs. 1L and M) did not affect laminin γ1 expression
in pial basement membrane (arrows in Figs. 1L andM) suggesting that
these cells were not meningeal cells. In areas directly beneath the pia
basement membrane laminin was not expressed either in the mutant
(Figs. 1L and M) or in control embryos (data not shown), which was
different than areas shown in Figs. 1C and D.

The above results show that laminin γ1 synthesis was disrupted in
cortical neurons where Cre recombinase was expressed. However Cre
was expressed in large groups of neurons in localized areas, but not all
neurons in the cerebral cortex, which may explain why the defects
occurred in localized areas (see below).

Disruption of laminin γ1 expression leads to abnormalities in the
cerebral cortex

The majority of mutant mice (81%) showed severe defects in
cortical cytoarchitecture (Fig. 2B compare to normal mice, Fig. 2A,
mice at P0 stage). The thickness of the mutant cortex was similar to
control mice. The laminar structure of the cortex was affected with
cells mostly under-migrated (Fig. 2B). Occasionally, some neurons
migrated to the marginal zone and formed ectopias (data not shown).
The neurons that did not migrate properly gathered together forming
crescent-shaped disruptions in cortical organization (Figs 2B and D).
The reason for this phenomenon is not clear. One possibility is that Cre

Fig.1. Spatial and temporal relationship between Cre expression and laminin γ1 disruption in developing cerebral cortex ofmutant mice. Embryos homozygous for the floxed laminin
γ1 allele and also carrying both CaMKII-Cre and Z/EG transgenes at E12.5 (A) and E14.5 (B-M) were used. Cre expression is indicated by EGFP reporter gene (green). E14.5 embryonic
brain sections were stained with antibodies against TuJ1 (E, F, G and H), calretinin (J) and laminin γ1 (C, D, L, M). Images from C to F are from brain regions equivalent to boxed area 1
in panel B after immunohistochemistry as indicated. Images from G to M are from brain regions equivalent to boxed area 2 in panel B. Scale bars for A and B is 100 μm; C and D is
20 μm; E and F is 10 μm and G-M is 10 μm.
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expression in localized large groups of neurons results in all these cells
not migrating properly while the adjacent wild-type cells still migrate
normally forming a crescent-shaped disruption (Fig. S3).

The phenotype was first observed at E14.5 and worsened until
birth. After birth there was little if any further development of the
defects in the cortex, since in adult mutant mice, the phenotype was
similar to new born pups (data not shown).

This phenotype of neuronal under-migration was different than
that seen in the cerebral cortices of mice with deletion of nidogen-
binding site of the laminin γ1 chain (Halfter et al., 2002). In the
cerebral cortex of the mutant mice used in this study, migration of
neurons into the marginal zone was rare, but most of the defects were
associated with retarded neuronal migration.

To analyze the formation of specific cortical layers in adult mice,
we performed immunohistochemistry using a monoclonal antibody
against a non-phosphorylated epitope of neurofilament heavy chain,
SMI-32 (Figs 2E–H). This antibody labels pyramidal neurons in layers
III and V (Campbell andMorrison,1989). In the control cerebral cortex,
the SMI-32 positive neurons formed two layers that were parallel to

the surface of the brain (Fig. 2E). In contrast, in the mutant adult
brains, layers III and Vwere disorganized and had a ruffled appearance
(Fig. 2F). To determine if the neuronal morphology was changed, we
examined the SMI 32 NF-positive neurons under higher magnifica-
tion. Our results showed that the neuronal morphology in either layer
III or V of the mutant mouse brains was significantly different than in
the controls. The neurons in layer V of the control cortex formed long
straight apical dendrites radial to the surface of the brain (arrows in
Fig. 2G). In contrast, neurons in the mutant cortex did not form long
apical dendrites (arrows in Fig. 2H). Dendrites of mutant neurons
formed multiple branches (arrowheads in Fig. 2H). These results
indicate that laminin is important for normal brain laminar formation
and neuronal morphogenesis.

We further compared neuronal morphology between adult control
and mutant mice by Golgi staining, as shown in Figs. 2I and J. In the
cerebral cortex of the control mice, pyramid neurons formed long
apical dendrites toward to the surface of the brain. In contrast, in the
mutant cerebral cortex, the apical dendrites of the pyramid neurons
were much shorter and branched more. This result further confirmed

Fig. 2.Disruption of laminin γ1 gene leads to cerebral cortical defects. (A–D) Coronal brain sections from newborn pups were analyzed by Cresyl Violet staining. Higher magnification
of boxed areas in A and B are shown in C and D respectively. Arrows indicate normal marginal zone, arrowheads indicate abnormal cortical structures. (E–H) Adult brain sections were
stained with antibodies against non-phosphorylated neurofilament (SMI 32). Arrows indicate cortical layers formed by SMI 32 positive neurons. G and H are higher magnification of
the boxed areas in E and F respectively. Arrows in G indicate apical dendrites of pyramidal neurons in layer V. Arrowheads in H indicate branches frommultiple dendrites (indicated
by arrows) in the mutant cerebral cortex. I and J are Golgi stainings of adult control and mutant brain sections. Arrows in I and J indicate apical dendrites of pyramidal neurons. Scale
bars for A and B is 0.5 mm; C and D is 50 μm; G and H is 50 μm; I and J is 100 μm.
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the morphological changes of the mutant neurons as revealed by SMI-
32 immunohistochemistry.

Axonal pathfinding defects in the cortex of the laminin γ1 mutant mice

Since laminin has been implicated in axonal pathfinding and
axonal guidance (Garcia-Alonso et al., 1996; Hopker et al., 1999;
Kafitz and Greer, 1997), we evaluated the cortex of mutant mice for
evidence of defective axon pathfinding. We stained adult control and
mutant mouse brains with antibodies against neurofilament. As
shown in Fig. 3, the antibody labeled the corpus callosum (arrow-
heads in Figs. 3A and B). In the mutant mouse brain there were
abnormal branches from the corpus callosum extending toward the
surface of the brain (arrows in Fig. 3B). To further confirm the
abnormal axonal guidance, we stained the brain sections with Luxol
Fast Blue which stains the myelin sheath of the myelinated axons. As
shown in Figs. 3C and D, it stained the myelin sheath of the
myelinated axons in the corpus callosum. However, in the mutant
mouse brain, the myelinated axonal bundles from the corpus
callosum extended to the cerebral cortex toward the surface of the
brain (Arrows in Fig. 3D). This result was consistent with the
neurofilament staining and further demonstrated the abnormal
axonal pathfinding in the mutant mice. The reason for the axonal
pathfinding defect in laminin γ1 deficient mice is not clear. One
possible explanation could be that axons release laminin which
guides their pathfinding. Another possibility is that laminin is
expressed by the neurons to which the axons are targeted and serves
to promote axon growth. If these neurons lose laminin expression,
the axons will not be able to correctly find their target.

The above results show that disruption of laminin γ1 gene leads to
abnormal brain development. The defects were only observed in
embryos or mice that were homozygous for the floxed laminin γ1
allele and also carry the Cre transgene, but not in mice that were only
homozygous for the floxed allele and in mice that were heterozygous
for the floxed allele and also carry the Cre transgene.

There were no obvious malformations in the cerebellum of the
mutant mice, where Cre-mediated recombination is minor.

Proliferation is normal and apoptosis is not induced in the cerebral
cortex of the mutant mouse during development

Since laminin is involved in cell proliferation in the peripheral
nervous system (PNS) (Yu et al., 2005), one possible cause for the
cortical abnormalities could be defects in cell proliferation. In the
developing cerebral cortex, cell proliferation occurs in the ventricular
zone. As shown in Fig. 4A, at E16.5, EGFP was not expressed in the
ventricular zone (Figs. 4Aa and Ab). At E18.5 the EGFP expression
patternwas similar to E16.5. Nevertheless,weused BrdU incorporation
to compare cell proliferation in the ventricular zone of control and
mutant cerebral cortex. BrdU was injected into pregnant mice at
gestational day 16.5, and embryos were collected fifteen min later for
BrdU incorporation analysis. The number of BrdU positive cells was
similar between control and mutant embryos in the ventricular zone
(Fig. 4Ac–g). Cell proliferation rates in the ventricular zone between
control andmutant embryos at E12.5, E14.5 and E18.5were also similar
(data not shown). These results demonstrate that in thismutantmouse
line, Cre was not expressed in the ventricular zone of the cerebral
cortex during development and cell proliferation was not affected.

Since laminin is implicated in cell death (Chen and Strickland,1997;
Yu et al., 2005) and since the regions that showed defects contained
fewer cells (Figs. 2B and D, Figs. 4Bb and Cb), apoptotic cell death may
contribute to the defects. We then examined cell death using a TUNEL
assay. As shown in Fig. 4B, the regions that showed defects (arrows in
Fig. 4Bb) did not show signs of apoptosis (arrows in Fig. 4Bd).
Examination of brain sections from E12.5, E14.5 and E18.5 embryos
revealed no increased cell death in themutant cerebral cortex (data not
shown). Immunohistochemistry using antibodies against activated
caspase-3 and caspase-7 showed no staining in the affected areas in the
mutantmouse brain (data not shown). This result indicates that during
cortical development, loss of laminin γ1 does not induce cell death.

Neuronal migration defects in the mutant cortex

Tightly controlled neuronal migration is critical for laminar
formation of the cerebral cortex. Since neither cell proliferation nor

Fig. 3. Abnormal axonal pathfinding in the cerebral cortex of mutant mice. Fixed adult control (A and C) and mutant (B and D) mouse brain sections were stained with anti-
neurofilament antibody (A and B) or Luxol Fast Blue (C and D). In mutant mouse brains, axons in the corpus callosum (arrowhead) branch into the cortex toward the surface of the
brain (arrows in B and D). Scale bars for A and B is 0.5 mm and C and D is 200 μm.
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apoptosis are abnormal in the mutant cerebral cortex during
development, another possible cause for the cortical defects is
impairment in neuronal migration. To investigate this possibility,
we tracked neuronal migration in vivo, using BrdU to label neurons.
We injected BrdU in pregnant mice at gestational day15.5, and 24 h
later, the position of BrdU-labeled neurons was visualized by anti-
BrdU immunohistochemistry on brain sections. As shown in Fig. 4C,
in the control cortex, neurons migrated throughout the cortex and
reached the superficial layers (arrows in Fig. 4Ca). In contrast, in
the mutant cortex only few neurons migrated to the superficial
layers of the cortex (arrows in Fig. 4Cb). More neurons accumulated
in the ventricular zone in the mutant embryos (arrowheads in Fig.
4Cb) as compared to the controls (arrowheads in Fig. 4Ca).
Quantitative analysis revealed that there were significantly fewer
neurons migrating to the cerebral cortex in the mutant than in the
control mice especially in the superficial layers (Fig. 4Ca–c). These
results indicated that neuronal migration in the mutant cortex is
affected.

Knockout of laminin γ1 expression in the cerebral cortex impairs the
phosphorylation of integrin associated molecules

The above results show that knockout of laminin γ1 expression in
neurons in the cerebral cortex leads to neuronal morphology and
migration abnormalities, and these phenotypes (neuronal morpholo-
gical and migration abnormalities) are similar to that of integrins or
FAK knockout mice (Schmid and Anton, 2003, Beggs, et al., 2003, 501)
but with some differences (most mutant neurons under-migrate in
laminin γ1 knockout mice, while in integrin or FAK knockout mice,
some neurons under-migrate but most of them over-migrate into the
marginal zone). It is not clear whether laminin participates in cortical
development through the integrin signaling pathway and whether
lack of laminin expression in the cerebral cortex affects the activation
of integrin receptors. FAK is a non-receptor tyrosine kinase and is
strongly activated following integrin binding to extracellular matrix
proteins (Parsons, 2003) and plays important roles in integrin-
mediated signaling transduction. To investigate whether the

Fig. 4. Cell proliferation is normal and apoptosis is not induced, but neuronalmigration is affected in the cerebral cortexof themutantmouse during development. (A) Cell proliferation
in the ventricular zone ofmutant embryos is comparable to that of control embryos during development. Brain sections fromembryos homozygous for the floxed laminin γ1 allele and
also carrying both CaMKII-Cre and Z/EG transgenes at E16.5 were analyzed for EGFP expression in the ventricular zone (Aa and b). EGFP is not expressed in this region. BrdU
incorporation assaywas done on E16.5 embryos. Pregnantmicewere injectedwith BrdU at gestational day 16.5, and 15min (Ac and d) later, the embryoswere collected. Brain sections
were stained with anti-BrdU antibodies. The numbers of BrdU-positive nuclei in the ventricular zone of control and mutant mice were similar (Ac–g). Higher magnification of the
boxed areas in c and d are shown in e and f. For quantitative analysis, BrdU-positive nuclei in similar regions of the ventricular zone between control and mutant mice were counted
(7 embryos for each genotype were analyzed) per microscope field. The differences between control and mutant were not significant as analyzed by Student's t-test. Scale bars for
panel A is: a and b 20 μm; c and d 100 μm; e and f 20 μm. (B) Knockout of laminin γ1 expression in the cerebral cortex during development does not induce apoptosis. E16.5 control (Ba
and c) andmutant (Bb and d) embryonic brain sectionswere stainedwith TUNEL kit (Bc and d) and counterstainedwith DAPI (Ba and Bb). In the regionswhich showdefects (arrows in
Bb), therewas no detectable cell death (arrows in Bd). Scale bars for Ba–d is 200 μm. (C) Abnormal neuronalmigration in themutant cerebral cortex. Pregnantmicewere injectedwith
BrdU at gestational day 15.5, and 24 h (C a and b) later, the embryos were collected. Control (Ca) and mutant (Cb) embryonic brain sections were stained with anti-BrdU antibody and
counterstainedwith DAPI. For quantitative analysis, BrdU-positive nuclei in the cortical platewhich is between the two lines shown in C a and bwere counted. One of the two lineswas
drawn beneath the pia (which is obvious under a microscope) and another line was approximately 500 μm away from the pia; the area between these two lines was cortical plate
(roughly). The differences in BrdU-positive nuclei between control and mutant embryos were analyzed by Student's t-test (7 embryos for each genotype were used). Scale bars for Ca
and b is 200 μm.
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activation of FAK is affected in the mutant cerebral cortex, we
compared the phosphorylation levels of FAK between control and
mutant cerebral cortex. As shown in Fig. 5A, the total levels of FAK in
the cortex of mutant mice were similar to that of the controls.
However, the levels of phosphorylated FAK were significantly
decreased, indicating that knocking out laminin γ1 expression in the
cortex impaired the activation of integrin receptors and downstream
molecules.

Paxillin is a focal adhesion-associated adaptor protein involved in
integrin-mediated signaling (Schaller, 2001). Binding of FAK to
paxillin can regulate its phosphorylation (Thomas et al., 1999). Paxillin
also controls cell migration (Schaller, 2001). However, its function in
CNS development is not clear. To investigate whether paxillin levels
changed in the mutant cerebral cortex we examined its phosphoryla-
tion level. As shown in Fig. 5B, the phosphorylation level of paxillin
was dramatically decreased compared to that of the control. However
the total protein levels were similar between these two groups. This
result indicates that lack of laminin expression in the cerebral cortex
during development impairs the integrin signaling pathway, including
paxillin.

Impairment of AKT/GSK-3β signaling pathway in the mutant cerebral
cortex

Since the AKT/GSK-3β signaling pathway is involved in neuronal
morphogenesis (Jiang et al., 2005; Yoshimura et al., 2005; Zhou et al.,
2004) and laminin has a role in neurite outgrowth and neuronal
polarity in vitro (Arimura and Kaibuchi, 2005), we examined the
phosphorylation levels of AKT in themutant cortex.We found that the
levels were significantly decreased compared to the controls at E16.5

(Fig. 5C). We also examined the expression levels of GSK-3β, as shown
in Fig. 5D, and found that both total protein and phosphorylated levels
of GSK-3β were dramatically decreased in the mutant cerebral cortex
compared to that of the control. This result indicates that lack of
laminin expression in the cerebral cortex during development affects
the expression and phosphorylation of GSK-3β, and the levels of
phosphorylated AKT, but not the total levels of AKT.

Disruption of laminin γ1 expression affects neuronal morphogenesis
in vitro

Laminin γ1 mutant mice show neuronal morphological abnorm-
alities in their cerebral cortex (Fig. 2). However this could be a
secondary effect of ectopic positioning of the neurons. To investigate
whether disruption of laminin γ1 expression directly affects neuronal
morphogenesis, we performed primary neuronal culture from
embryos that are homozygous for the floxed laminin γ1 allele.
Disruption of laminin γ1 expression was achieved by addition of
adenoviruses that express Cre recombinase (Ad-CMV-Cre). Adeno-
viruses expressing LacZ (Ad-CMV-LacZ) were used as controls. As
shown in Fig. 6, the control viruses were not toxic to neurons and did
not affect neuronal morphology or laminin expression (Figs. 6A–C).
However, adeno-Cre viruses significantly reduced laminin expression
in neurons (compare Fig. 6D to A) and caused dramatic neuronal
morphological changes (compare Fig. 6E to B). Quantitative analysis
revealed that disruption of laminin γ1 expression significantly
blocked neurite outgrowth (Fig. 6G).

We also performed neuronal cultures frommutant mice and found
there were not obvious neuronal morphological changes. However,
some cells do not undergo recombination in the mutant mice and can

Fig. 5. Signaling pathway changes in the mutant cerebral cortex. Cerebral cortices from E16.5 control and mutant embryos were collected and proteins were extracted for western
blots using antibodies as indicated. For quantitative analysis, seven mutant and control embryos were used. The intensity of the positive bands was normalized with actin and the
differences between control and mutant were analyzed by Student's t-test.
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still secrete laminin in cultures made from these mice. This laminin
can therefore rescue the defect in the cultures. In contrast, laminin
produced in vivo by non-recombinant cells has limited diffusion and
the mutant phenotype is manifest. Partial rescue in vivo may also
explain why the phenotype is localized in specific areas. These results
show that laminin γ1 plays an important role in neurite outgrowth
and suggests that the morphological defects in the mutant neurons
are likely due to a lack of laminin expression and not a secondary
effect of abnormal migration.

Discussion

Laminins are implicated in neurite outgrowth and axonal specifi-
cation in vitro (Esch et al., 1999; Luckenbill-Edds, 1997), but their in
vivo function in the nervous system is not well studied. Selective
disruption of the laminin γ1 gene in the cerebral cortex resulted in
mutant mice which developed severe brain abnormalities. The defects
included abnormal cortical anatomy, layer formation, neuronal
morphogenesis and axonal pathfinding. However the prominent
feature of the mutant cerebral cortex is that neurons do not migrate
enough to reach the superficial layers. This phenotype is different than
the over-migration of neurons into the marginal zone in mice with
targeted deletion of the nidogen-binding site of laminin γ1 (Halfter et
al., 2002) and laminin receptor knockout mice (Moore et al., 2002;
Schmid and Anton, 2003). In these cases, cerebral cortex abnormities
are due to defective pia basementmembrane. This neuronal migration

defect difference between laminin γ1 knockout mice and integrin or
FAK knockout mice may indicate that in the absence of these
molecules, some other receptors or signaling molecules could
compensate for their functions. Since the Cre expression in the
CaMKII-Cre transgenic mice is primarily in neurons, the phenotype in
mice most likely stems from an absence of laminin in cerebral cortical
neurons. The radial glial cells are in general morphologically normal in
laminin γ1 knockout mice, even though occasionally there were some
minor changes. The minor defects include some with irregular
morphology, some radial fibers that are not straight, and a few radial
fibers that do not extend to the surface of the brain. If radial glial cells
contribute to the phenotype, it could be just a minor effect. Therefore
the phenotypes of laminin γ1 knockout mice may reveal the function
of neuronal laminin and indicate that laminins play an important role
in neuronal morphogenesis and neuronal migration in vivo.

The role of neuronal and pial basement membrane laminin in cerebral
cortex development

ECM proteins and their receptors are important for brain
development (Costell et al., 1999; Georges-Labouesse et al., 1998;
Graus-Porta et al., 2001; Moore et al., 2002) and most of them are
involved in the assembly and maintenance of the integrity of the pia
basement membrane. The major components of the pia basement
membrane are produced by meningeal cells. Selective ablation of
meningeal cells by 6-hydroxydopamine leads to cortical dysplasias

Fig. 6. Knockout of laminin γ1 expression inhibits neurite outgrowth in vitro. Cortical neurons from E18.5 embryos homozygous for the floxed laminin γ1 allele were cultured on
PDL-coated cover slips. After plating, adenoviruses expressing LacZ (A–C) (for control) or Cre (D–F) (to knock out laminin γ1 gene expression) were added to the culture medium.
Three days after culture, the cover slips were stained with anti-laminin (A and D) and TuJ1 (B and E) antibodies. For quantitative analysis, the longest neurites of 150 randomly
selected neurons from 3 different cultures in each group were measured using Axiovision (Zeiss), the differences were analyzed by Student's t-test (G). Scale bars for A–F are 20 μm.
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(Sievers et al., 1994). Mutations in mouse genes which have a role in
the formation and assembly of the pial basal lamina also result in
abnormal cortical development with extrusions of neurons through
breaches in the basement membrane. Mutations in perlecan lead to
discontinuous expression of laminin in the pia basement membrane
and cortical dysplasia (Costell et al., 1999). Deletion of the nidogen
binding site of the laminin γ1 gene leads to the same phenotype and
furthermore results in a disorganized radial glial scaffold (Halfter et
al., 2002). Mutations in receptors for laminins, such as dystroglycan
andα6 and β1 integrins have similar effects (Georges-Labouesse et al.,
1998; Graus-Porta et al., 2001; Moore et al., 2002), as does lack of
cortical expression of the intracellular molecule FAK (Beggs et al.,
2003). All of thesemutant animals have one common observed defect:
laminin disruptions in the pia. Therefore, it is established that defects
in the assembly or integrity of the pia basement membrane will lead
to abnormal neuronal migration probably by affecting the end-feet
attachment to the radial glial fibers. Since the radial glial fibers
normally extend and attach to the pial basal lamina, breaches within
the pia basement membrane lead to disorganization of the radial glial
scaffold. The guidance of neuroblast migration by the radial glial
scaffold is impaired and leads to an abnormally formed cortical plate
and eventually to abnormal cortical layers.

Laminins are also expressed in cortical neurons (Grimpe et al.,
2002; Indyk et al., 2003; Yin et al., 2003). However, the role of
neuronal laminin is not clear. Our results show that loss of laminin in a
large group (not all of them) of cortical neurons impairs neuronal
morphogenesis and migration. Therefore the function of laminin in
the cerebral cortex is important in two locations: at the pia basement
membrane and in developing neurons. Laminin in the pia basement
membrane regulates neuronal migration through the radial glia
scaffold, while neuronal laminin regulates neuronal migration
probably by promoting neurite extension. When neuronal laminin
expression is ablated, neurons do not migrate enough to reach the
superficial layers. Consistent with the hypo-migration phenotype,
neuronal morphology is changed and the neurites of mutant neurons
are shorter than the controls. This result suggests that when neuronal
laminin is disrupted, neurite extension is affected. Since during

neuronal migration, the movement of the neuronal soma follows the
neuronal leading process, slowing or blocking leading process
extension may impair neuronal migration.

Based on our results and others (Liesi, 1985, 1990, 1992; Liesi et al.,
1995; Tsai and Gleeson, 2005), we hypothesize that laminins produced
by migrating neurons are deposited around neurons, neuronal
processes, and radial glial fibers. Laminins induce extension of the
leading process of migrating neurons toward the pia, and mediate
radial glia-neuron interactions. When laminin expression is abolished,
the leading process extension is slowed or stopped, the glial-neuron
interactions are disrupted, the cell body cannot move, which leads to a
migration defect (Fig. 7A). This hypothesis is supported by the
migration defects in mutant mice which suggest that neurons did
not migrate far enough to reach the surface of the brain. Since this
CaMKII-Cre mouse line expresses Cre in a large group of neurons in
localized areas, the result is localized disruption of laminin γ1 gene
expression and localized migration defects (Figs. 1C and D).

Since targeted deletion of the nidogen-binding site of the laminin
γ1 appears to predominantly affect the pia basement membrane
(Halfter et al., 2002), the function of neuronal laminin seems nidogen-
binding independent. In the PNS, the function of laminin in axonal
myelination in the spinal roots is basement membrane independent
(Yang et al., 2005). In the CNS, laminin γ1 is involved in axon
regeneration and its action is basement membrane independent
(Grimpe et al., 2002). Therefore laminin function can be divided to
two aspects: basement membrane-dependent and –independent.
Neuronal laminins may exert their actions independent of basement
membrane formation. Consistent with this notion, peptides from
laminin chains, which would be independent of basement membrane
formation, are active in various biological events including neurite
growth promotion (Meiners and Mercado, 2003). Therefore, it seems
likely that laminin-mediated signaling plays an important role in its
function in neuronal morphogenesis and migration. It is intriguing
that knockout of laminin receptors such as integrin or dystroglycan
leads to cerebral cortical malformations, which seem predominantly
associated with defects in the pia basement membrane. These
phenotype differences between laminin γ1 and integrin or

Fig. 7. Proposed model of laminin function in neuronal morphogenesis and migration. (A) Proposed model of laminin function in neuronal migration. We hypothesize that laminin
produced by migrating neurons is deposited around neuronal processes and along the radial glial fibers, and induces extension of the leading process toward the pia, and mediates
glial-neuron interactions. When laminin is depleted, the leading process extension is retarded, the glial-neuron interaction is disrupted, andmigration defects result. In addition, lack
of laminin affects neurite growth causing abnormal neuronal morphology. (B) Signaling pathways involved in laminin function in neuronal morphogenesis. Laminin binding to
integrin receptors induces integrin clustering and activation,which then trigger phosphorylation of the downstreammolecules such as FAK and paxillin. Integrin-associatedmolecules
activate AKT by ILK. Activated AKT phosphorylates GSK-3β and inactivate its activity. Inactivated GSK-3β regulates microtubule assembly through molecules such as CRMP-2 to
promote neurite elongation.
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dystroglycan knockout mice may indicate that functional compensa-
tion of these receptors may occur. For example, during PNS axonal
myelination, knockout of β1 integrin is functionally compensated by
β4 integrin and dystroglycan (Previtali et al., 2003), while after
knockout of laminin γ1, other laminin subunits or other ECM proteins
are not up-regulated (data not shown).

Signaling pathways that mediate laminin function in neuronal
morphogenesis and migration

The intracellular signaling pathwaymediating laminin and laminin
receptor functions in cortex development is not clear (Schmid and
Anton, 2003). Our results show that phosphorylation of integrin-
associated proteins such as FAK and paxillin are decreased in the
mutant cortex. Moreover, both phosphorylation and total protein
levels of GSK-3β are decreased, while only the phosphorylation levels
of AKT are decreased in the cerebral cortex of mutant mice. FAK and
paxillin are involved in mediating ECM/integrin functions in cytoske-
leton organization and neurite extension (Bozzo et al., 1994; Huang et
al., 2004; Ivankovic-Dikic et al., 2000; Mitra et al., 2005; Parsons et al.,
2000; Turner, 2000; Turner et al., 2001; Yamauchi et al., 2006).
Phosphorylation of FAK and paxillin are rapidly induced in fibroblasts
when plated on laminin (Burridge et al., 1992; Ilic et al., 1997;
Yamauchi et al., 2006). In chicken retinal neurons, 15–30 min after
plating on laminin, phosphorylation of both paxillin and FAK were
increased followed by integrin-mediated neurite outgrowth. More-
over, phosphorylation of paxillin is regulated during retinal develop-
ment, indicating its in vivo function (de Curtis and Malanchini, 1997).
Even though the role of FAK in cerebral cortex development is well
studied (Beggs et al., 2003), the function of paxillin in cortical
development is unknown. Our results show that when laminin is
knocked out, phosphorylation of both FAK and paxillin are decreased,
and these decreases accompany severe anatomic and neuronal
morphological defects, suggesting possible functions of paxillin in
cortical development.

The AKT/GSK-3β signaling pathway plays an important role in
neuronal morphogenesis in vitro (Jiang et al., 2005; Shi et al., 2003;
Yoshimura et al., 2005; Zhou et al., 2004) and is also involved in
laminin function in neurite growth in vitro (Arimura and Kaibuchi,
2005; Menager et al., 2004; Zhou et al., 2006).

Neuronal morphogenesis in vitro seems controlled by an intrinsic
program, and the specification of axons seems random in the absence
of particular cues. However, in the presence of substrate cues such as
laminin, the neurite that first encounters laminin becomes the axon
(Esch et al., 1999). The role of AKT in laminin-induced rapid neurite
extension has examined by Menager (Menager et al., 2004). Using
GFP-tagged AKT (AKT-PH-GFP), they showed that PI3-kinase is
activated locally when neurites reach laminin. In the presence of
laminin coated beads, neurons rapidly translocate AKT-PH-GFP to the
site of neurite-laminin contact, which leads the neurite in contact
with the laminin-bead to elongate 30-fold faster. When a second
neurite from the same neuron contacts the laminin-coated beads, this
neurite rapidly elongates while the first laminin-contacted neurite
stops elongation (Menager et al., 2004). Addition of PI3-kinase
inhibitors block laminin-induced AKT-PH-GFP accumulation and
neurite elongation (Menager et al., 2004) suggesting that localized
activation of PI3-kinase signaling mediates laminin-induced neurite
elongation and axon specification. Since neuronal morphogenesis or
polarity establishment in vivo is not random, there could be
extracellular molecules that may guide neurite extension during
development. Laminin may play such a role in vivo during cerebral
cortex development. Even though the role of AKT/GSK-3β signaling
pathway in neuronal morphogenesis and polarity establishment in
vitro is well studied (Arimura and Kaibuchi, 2005; Jiang et al., 2005;
Shi et al., 2003; Yoshimura et al., 2005; Zhou et al., 2004, 2006),
whether this signaling pathway play a role in neuronal development

in vivo is unknown. Our studies show that when laminins, which
induce rapid neurite extension through AKT/GSK-3β signaling path-
way in vitro, are deleted from developing neurons, the phosphoryla-
tion of AKT and GSK-3β is decreased and neuronal morphogenesis is
impaired. These results suggest that the AKT/GSK-3β signaling
pathway plays an important role in neuronal morphogenesis in vivo
during cortical development.

Based on our results, we hypothesize that the signaling pathway
which mediates laminin function in neuronal morphogenesis and
migration in cortical development as the following (Fig. 7): laminin
binding to integrin receptors induces integrin clustering and activa-
tion, which then triggers phosphorylation of downstream molecules
such as FAK and paxillin (Brakebusch and Fassler, 2003). Activation of
integrin-associated molecules phosphorylates AKT through integrin-
linked kinase (ILK). Active AKT phosphorylates GSK-3β and inactivates
its activity. The major target of GSK-3β in controlling cytoskeleton
dynamics is collapsin response mediator protein-2 (CRMP-2) (Yoshi-
mura et al., 2005). Phosphorylation of CRMP-2 by GSK-3β decreases its
ability to promote microtubule assembly. Inactivation of GSK-3β
increases non-phosphorylated CRMP-2 which promotes microtubule
assembly to enhance elongation of neuronal processes (Yoshimura et
al., 2005).

Taken together, our results show that neuronal laminin may
participate in neuritogenesis and neuronal migration through the
integrin and AKT/GSK-3β signaling pathways during cerebral cortex
development.
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