View metadata, citation and similar papers at core.ac.uk

L=
brought to you by .i. CORE

provided by Elsevier - Publisher Connector

FAK Deficiency in Cells Contributing to the Basal
Lamina Results in Cortical Abnormalities
Resembling Congenital Muscular Dystrophies

Hilary E. Beggs,* Dorreyah Schahin-Reed,’
Keling Zang,' Sandra Goebbels,?
Klaus-Armin Nave,? Jessica Gorski,*
Kevin R. Jones,® David Sretavan,*
and Louis F. Reichardt'*
"Howard Hughes Medical Institute
Department of Physiology
University of California, San Francisco
San Francisco, California 94143
2Department of Neurogenetics
Max-Planck-Institute of Experimental Medicine
D-37075 Goettingen
Germany
3Department of Molecular, Cellular
and Developmental Biology
University of Colorado
Boulder, Colorado 8039
“Departments of Ophthalmology and Physiology
University of California, San Francisco
San Francisco, California 94143

Summary

Targeted deletion of focal adhesion kinase (fak) in the
developing dorsal forebrain resulted in local disrup-
tions of the cortical basement membrane located be-
tween the neuroepithelium and pia-meninges. At dis-
ruption sites, clusters of neurons invaded the marginal
zone. Retraction of radial glial endfeet, midline fusion
of brain hemispheres, and gliosis also occurred, simi-
lar to type Il cobblestone lissencephaly as seen in
congenital muscular dystrophy. Interestingly, targeted
deletion of fak in neurons alone did not result in corti-
cal ectopias, indicating that fak deletion from glia is
required for neuronal mislocalization. Unexpectedly,
fak deletion specifically from meningeal fibroblasts
elicited similar cortical ectopias in vivo and altered
laminin organization in vitro. These observations pro-
vide compelling evidence that FAK plays a key signal-
ing role in cortical basement membrane assembly and/
or remodeling. In addition, FAK is required within neu-
rons during development because neuron-specific fak
deletion alters dendritic morphology in the absence
of lamination defects.

Introduction

During development, cortical neurons migrate along ra-
dial glial fibers that create a scaffold traversing the ven-
tricular zone to the pial basement membrane (Marin and
Rubenstein, 2003). Radial glia endfeet as well as more
mature astrocytic processes contribute to the cortical
basement membrane that forms between the endfeet
(glialimitans) and the leptomeninges (composed of men-
ingeal fibroblasts). Meningeal fibroblasts are additional
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sources of extracellular matrix components such as lam-
inin, collagen, and perlecan, as well as modifiers of ma-
trix organization (Sievers et al., 1994). Defective base-
ment membranes often accompany disorders in cortical
development and lamination, although it has been un-
clear whether or not they are the cause or consequence
of aberrantly migrating neurons (Olson and Walsh, 2002).

Deletion of basement membrane components or their
receptors often results in abnormal cortical develop-
ment and cortical dysplasia. Mutations in genes encod-
ing several basal lamina constituents (laminin o5 or y1,
perlecan) as well as their cellular receptors (dystrogly-
can, 31 or a6 integrin) each disrupt normal deposition/
remodeling of the cortical basement membrane and re-
sult in a disorganized cortex (Costell et al., 1999; De
Arcangelis et al., 1999; Georges-Labouesse et al., 1998;
Graus-Porta et al., 2001; Halfter et al., 2002; Miner et
al., 1998; Moore et al., 2002). In many instances, these
cortical phenotypes strongly resemble those found in
some forms of congenital muscular dystrophy, such as
Fukuyama Muscular Dystrophy (FCMD), Walker-War-
burg Syndrome (WWS), and Muscle-Eye-Brain Disease
(MEB) (Ross and Walsh, 2001). The genes responsible
for two of these syndromes have been recently identified
as glycosyltransferases (Takeda et al., 2003; Yoshida
et al., 2001) that potentially regulate glycosylation of
a-dystroglycan, which is essential for its activity as a
receptor for laminin (Hayashi et al., 2001; Michele et al.,
2002; Takeda et al., 2003).

Since dystroglycan and the a6-containing integrins
a6B1 and a6B4 are laminin receptors, it is likely that
the signaling pathways triggered by laminin binding are
essential for basement membrane integrity and may un-
derlie the pathologies of these disorders. Tyrosine phos-
phorylation and reorganization of the actin cytoskeleton
have been shown to be necessary for higher-order lami-
nin polymerization in vitro (Colognato et al., 1999). How-
ever, the intracellular signaling pathways that are re-
sponsible for promoting basal lamina assembly and
remodeling are poorly understood in vivo.

FAK is a nonreceptor tyrosine kinase named for its
prominent localization to focal adhesions and is strongly
activated following integrin binding to multiple compo-
nents of the extracellular matrix (Parsons, 2003). fak~/~
fibroblasts have an increased number of immature focal
adhesions, resulting in cell rounding and slowed cell
migration on fibronectin as well as altered regulation of
the actin cytoskeleton (llic et al., 1995; Sieg et al., 1998).
Interestingly, FAK is strongly expressed in the develop-
ing brain in neurons and astrocytes (Contestabile et al.,
2003). The presence of neural-specific FAK isoforms in
the adult brain indicates that FAK is also important in
adult CNS function (Grant et al., 1995; Toutant et al.,
2002). Yet analysis of FAK in neuronal signaling path-
ways in vivo has been precluded by the early embryonic
lethality of fak~’~ embryos, which die shortly after gas-
trulation (E8.5) (Furuta et al., 1995; llic et al., 1995).

In order to determine the role of FAK in cortical devel-
opment, we generated a conditional fak knockout mouse
(fak-flox). Tissue-specific deletion of fak from neuronal
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and glial cell precursors of the dorsal telencephalon
resulted in severe cortical dysplasia resembling type Il
lissencephaly. The presence of abnormalities following
meningeal fibroblast-specific removal of fak and the ab-
sence of gross defects following neuron-specific dele-
tion of fak indicate that the primary phenotype is due
to altered basement membrane organization rather than
to a cell-autonomous defect in neuronal migration.
These findings establish FAK as an essential signaling
node in the regulation of basement membrane integrity
during cortical development. Furthermore, deficiencies
in FAK signaling may underlie aspects of the neurologi-
cal pathologies observed in congenital muscular dystro-
phies.

Results

Targeting Strategy for Conditional

Inactivation of the FAK Gene

To investigate the role of FAK in nervous system devel-
opment, a conditional “floxed” allele of fak (fak-flox) was
generated using Cre/loxP technology. LoxP sites flank-
ing the second kinase domain exon were introduced
into ES cells by homologous recombination (Supplemen-
tal Figure S1A available at http://www.neuron.org/cgi/
content/full/40/3/501/DC1). In the original fak knockout,
disruption of the second kinase exon by insertion of a
neo targeting cassette resulted in FAK deficiency and
early embryonic lethality (llic et al., 1995). Similar disrup-
tion of the second kinase exon following Cremediated
recombination resulted in a premature translational stop
codon resulting in ablation of FAK protein expression
(Supplemental Figure S1D-S1F). Homozygous fak-flox
mice or heterozygous mice carrying one fak-flox allele
and one fak null allele from the original FAK knockout
were viable, fertile, and showed no showed no obvi-
ous phenotype.

Generation of Dorsal Forebrain-Specific
fak Knockout Mice
Specific deletion of FAK in the anlage of the dorsal telen-
cephalon was accomplished by mating fak-flox mice to
mice expressing Cre recombinase under the control of
the endogenous emx1 promoter (Gorski et al., 2002). The
emx1 promoter is active in neuroepithelial precursors of
neurons and glia in the developing cortex and hippo-
campus beginning at embryonic day 9. FAK protein ex-
pression was absent in the mutant cortex in regions
where emx 175 was expressed, as assayed by Western
blot and immunohistochemistry (Supplemental Figures
S1D and S1F at http://www.neuron.org/cgi/content/full/
40/3/501/DC1). The low levels of FAK protein present in
the mutant tissues were due to blood vessels, interneu-
rons, meningeal fibroblasts, and other cells not derived
from precursors expressing emx1 (Gorski et al., 2002).
FAK has a naturally expressed C-terminal fragment
called FAK-related non-kinase (FRNK), derived from an
internal promoter and translational start site after the
catalytic domain (Nolan et al., 1999). Our targeting con-
struct was designed not to affect downstream FRNK
expression. FRNK (43 kDa) was not detected in wild-
type or fak-flox cortical extracts from postnatal brains,
although it is likely to be present in other parts of the

embryo (Supplemental Figure S1D and data not shown;
Nolan et al., 1999). Consequently, these results show
that FRNK expression was not detectably upregulated
in the absence of FAK protein in the dorsal forebrain.

Abnormal Cortical Laminar Organization and
Migration Defects in fak~/~ Forebrain

Disruption of FAK expression in the developing dorsal
forebrain resulted in mice with frequent neuronal ecto-
pias, manifested by overmigration of cells through the
marginal zone and sometimes into the subarachnoid
space (Figure 1). Cortical lamination was severely disor-
ganized in areas beneath the ectopic outgrowths (Fig-
ures 1E and 1H) and was interrupted by aberrant fiber
bundles running from the corpus callosum to the pial
surface (Figures 1E and 1H). Defects were most severe
at the midline, where there was frequent fusion of the
left and right hemispheres (Figure 1H). The frequency
of cortical ectopias followed a gradient with dysplasia
more often observed in caudal and medial cortical re-
gions (compare Figure 1B to Figures 1E and 1H). Agene-
sis of the caudal portion of the fak~/~ corpus callosum
was reproducibly observed, which may be caused by
either altered growth cone responsiveness to guidance
cues or defects in the glial wedge (asterisk, Figure 1H)
(Shu and Richards, 2001).

The hippocampus was also affected in the fak~/~ fore-
brain (Figure 1H). Notably, the upper and lower branches
of the dentate gyrus were undulated, with ectopic migra-
tion of granule cells toward the presumptive pial surface.

Cellular Composition of fak—’/~ Cortical Dysplasia

The ectopic cells present in the fak '~ cortex were indeed
neurons, as shown by immunostaining with the panneu-
ronal marker NeuN (Figures 2A-2D). Furthermore, neu-
rons from both deep and superficial cortical layers con-
tributed to the ectopias (Figures 2E and 2F; ER81 antibody,
layer V; Otx-1 antibody, layers Il and V; data not shown).

Interneurons and other neurons expressing calbindin
were strikingly localized in a ring-like fashion around
dysplastic regions (Figures 2G and 2H). Although calbin-
din-expressing neurons include a subset of pyramidal
neurons that are expected to be recombined as a conse-
quence of emx1/fESee expression, inhibitory interneurons
are derived from neurons in the pallium that do not
express emx1FEsere (Gorski et al., 2002). This indicates
that interneurons may be mislocalized either because
of abnormally localized guidance cues or through dis-
placement by overmigrating fak~/~ cortical neurons.

A striking phenotype of the fak~'~ forebrains was the
presence of numerous GFAP-positive astrocytes local-
ized in the dysplastic cortical areas (Figures 2l and 2J).
These fak~'~ astrocytes had punctate beads along their
processes (triangles, Figure 2L), very similar to those
observed in postnatal cases of Fukuyama Congenital
Muscular Dystrophy (Yamamoto et al., 1999), and showed
a decreased contribution to the glia limitans (Figures 2K
and 2L).

Aberrant Organization and Branching

of Cortical Dendrites

Interestingly, MAP2 staining revealed severe disorien-
tation of fak~/~ dendritic processes, which formed ro-
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Figure 1. Emx1"&See_Induced Deletion of fak Results in Cortical Abnormalities

Coronal sections (40 pm) from adult control heterozygote (A, D, and G) and emx1"ESe/fak mutant (B, C, E, F, H, and I) forebrain stained with
Nissl. In the more anterior sections (A and B), the neuronal dysplasia was less severe and was manifested in small ectopic clusters of neurons
migrating into the marginal zone (MZ) at the midline, shown in higher magnification in (C). In the more posterior sections (D and E), the neuronal
dysplasia became more severe, with prominent streams of neurons invading the marginal zone and disrupting the lamination of the cortex
(arrows, [E and F]). Marginal zone material accumulated in relatively cell-sparse nodules adjacent to ectopias (asterisk, [E and F]). Aberrant
fiber bundles (arrow, [H and I]) inappropriately coursed through some cortical regions near the midline, and caudal sections showed partial
agenesis of the corpus callosum (asterisk, [H]). The dentate gyrus showed similar ectopic outgrowths of granule cells toward the presumptive
pial surface (thin arrows, [H]). I-VI, cortical layers; cc, corpus callosum; gcl, granule cell layer; HET, heterozygote; MUT, mutant; MZ, marginal
zone; vhe, ventral hippocampal commissure. Scale bar, 250 nm (H) and 25 pm (I).

sette-like nodules filled with aberrantly oriented neuronal
processes (asterisk, Figures 3A-3D). These ectopic neu-
ronal clusters in the FAK-deficient brain displayed hy-
perexcitability, consistent with previously described
electrophysiological properties of dysplastic cortex (M.E.
Calcagnotto and S.C. Baraban, personal communication).

Aberrant dendritic morphologies of fak~'~ neurons
were also observed using Golgi stains (Figures 3E-3H).
Even in areas where lamination was relatively intact,
fak™'~ neurons consistently displayed a clear change in
dendritic branch complexity, prominently affecting the
apical dendrite of layer Il and V projection neurons (box,
Figure 3F). There was no obvious change in the shape
or number of dendritic spines (Figure 3l).

Normal Localization of Cajal Retzius

Neurons and Reelin

In previous work, absence or mislocalization of Cajal
Retzius (CR) neurons has been shown to result in the
misplacement of other neurons beneath and around
them, in part because they secrete reelin (Graus-Porta
et al., 2001; Ligon et al., 2003). To determine if mislocal-
ization of CR neurons contributed to the neuronal dys-

plasia, fak '~ sections were stained with Calretinin anti-
bodies. In areas without ectopia, CR neurons were
normally positioned (Figure 4B). However, in regions
surrounding cortical ectopias, the CR neurons were oc-
casionally displaced (along with other constituents of
layer 1) to slightly deeper than normal locations. Inward
displacement of CR neurons was only observed in re-
gions immediately adjacent to ectopias and was proba-
bly an indirect consequence and not a cause of ectopia
formation. CR neurons were also located at the peak of
ectopic outgrowths, indicating that overmigrating neu-
rons do not appear to be moving through gaps in the
CR cell layer (Figure 4B, arrow).

The pattern of reelin expression was comparatively
normal in the mutant cortex, although high levels were
present in neuron-rich regions of the ectopias (Figure
4D). Total levels of reelin appeared to be normal as
assessed by Western blot of P1 cortical extracts (data
not shown). Since fak’~ neurons inappropriately in-
vaded areas of reelin immunoreactivity in the marginal
zone (Figure 4D), it is possible that fak~’~ neurons do
not exhibit normal responses to reelin. However, be-
cause the phenotype observed in the fak™~ forebrain
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Figure 2. Cellular Composition of fak~'~ Cortical Ectopias
Coronal sections (40 pm) from P14 heterozygote and fak /'~ mice.

FA S

(A-D) Panneuronal NeuN mAb immunostaining revealed that the ectopias were composed in part by neurons inappropriately migrating through
the marginal zone.

(E and F) Deep layer V cortical neurons that are normally localized to a discrete interior stripe of cells were mislocalized in the fak mutant
and streamed to the pial/glial surface as demonstrated by anti-ER81 labeling.

(G and H) Calbindin-positive interneurons that are normally scattered throughout the cortex as well as prominently localized beneath the
marginal zone strikingly encircled areas of dysplastic cortex.

(I-L) Numerous GFAP-positive astrocytes characterized areas of fak '~ ectopia, while the control showed normal glial staining within the
cortical basement membrane as well as scattered throughout the cortex (I and J). Thinner paraffin sections (7 .m) of the midline revealed the
astrocytic contribution to the pial surface in the control more clearly (arrows, [K]). In the mutant, the pial/meningeal surface had clear

interruptions (arrows, [L]), and the astrocytes displayed abnormally beaded processes (arrowheads, [L]).

Scale bar, 200 um (B) and 50 pm (D).

is localized to subregions of cortex in contrast to the
inverted lamination observed throughout the cortex in
mutants in the reelin signaling pathway (Tissir and Goffi-
net, 2003), the presence of FAK cannot be required for
neuronal responses to reelin in the absence of other
contributing factors.

Localized Disruption of Pial-Meningeal
Basement Membrane
Disruptions of the basement membrane are thought to
contribute to the formation of neuronal dysplasias
(Olson and Walsh, 2002). In order to determine if the
cortical basement membrane was perturbed by nearby
ectopias, sections were stained with a pan-laminin anti-
body (against Engelbreth-Holm-Swarm laminin). Lami-
nin expression was severely fragmented over ectopic
regions of the fak’~ forebrain, although it appeared
comparatively normal elsewhere (Figure 4F). Punctate
laminin staining was also prominent within ectopias,
suggesting active degradation or displacement of the
extracellular matrix. Similar disruptions in the expres-
sion patterns of collagen IV and perlecan were also
observed (data not shown).

Abnormalities in the outer surface of the fak~/~ cortex
were also revealed by electron microscopy (Figures 4l

and 4J). In control brains, a defined basement mem-
brane immediately overlying the glia limitans was ob-
served at the interface of the CNS and the pia mater.
However, in ectopic domains of the fak~’~ forebrain,
these features could not be observed. Instead, there
were abnormal clusters of neural cells that had broken
through and were resting above a partially disrupted
basement membrane. In addition, the layers in the pia
and meninges appeared highly abnormal.

Time Course of Ectopia Development

in the fak /- Forebrain

In order to determine at what developmental stage the
fak~'~ phenotype occurred, sections from E14 and E15
cortex were analyzed. The presence of developing ec-
topias could be observed as early as E14 and was tem-
porally associated with the onset of basement mem-
brane abnormalities (Figures 4G and 4H). Note that these
are much thicker frozen sections, with laminin staining
not only the basement membrane but also blood ves-
sels, which are not targeted by emx7"*&5 and are not
obviously affected in the mutant. At E15, immunostain-
ing with anti-chondroitin sulfate proteoglycan revealed
that an early step in cortical development—splitting of
the preplate into the subplate and marginal zone—
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occurred normally in the fak~'~ forebrain (Figures 4K and
4L). No major changes in apoptosis or proliferation were
observed by TUNEL labeling or immunostaining with
Ki67 antibody (data not shown).

Defective Radial Glia Endfeet

Radial glia processes extend from the ventricular zone
to the cortical surface, where their tufted endfeet are the
preferred site of basal lamina assembly and organization
(Halfter et al., 2000). Therefore, a potential cause of
basement membrane defects might be abnormally orga-
nized radial glia. In the fak~’~ forebrain, RC2-positive
glia were disorganized and clearly interrupted in regions
of cortical ectopia, where their endfeet were retracted
from the cortical surface (Figure 5D, arrow). Occasion-
ally, some of the radial glial processes aberrantly ex-
tended into the middle of an ectopic outgrowth (Figure
5D, asterisk).

Neuron-Specific fak Deletion Is Not Sufficient

to Induce Ectopias but Results in Altered

Dendritic Branching

In order to determine if the deletion of FAK from neurons
(as opposed to glia) was necessary for development of
the fak™/~ phenotype, the conditional fak-flox mouse
was crossed to the neuronal-specific Cre line nex-Cre.
Nex-Cre drives recombination in migrating neurons as

-taJ _ 'E Mu

Figure 3. Altered Dendritic Orientation and
Branching of fak~’~ Neurons

(A-D) MAP-2-positive dendrites of cortical
neurons in control brain had a parallel, striped
orientation (arrows, [A and C]), whereas, in
the fak~'~ cortex, they were frequently abnor-
mally oriented (arrows, [B]) or were drawn into
atangled nodule in areas of cortical dysplasia
(arrows, [D]).

(E-H) Golgi impregnation of control (E and G)
and fak mutant cortex further revealed lami-
nation defects (asterisk, [F]) but additionally
uncovered defects in dendritic branching.
Normally, pyramidal neurons extend a single
apical dendrite perpendicular to the pial sur-
face. fak™'~ cortical neurons displayed a
highly branched dendritic morphology. At
higher magnification of the boxed areas, the
increased branching of fak~/~ pyramidal neu-
rons was clearly evident (arrows, [H]), even
in areas of less-disturbed dysplasia.

() Dendritic spines from cortical neurons of
control and fak~/~ mice were relatively normal.
Scale bar, 200 um (B and F), 50 um (D), 100
pm (H), and 20 pm (I).

early as E11, with robust expression occurring through-
out the forebrain by E12.5 (S.G. and K.-A.N., unpublished
data). When fak-flox mice were crossed to the nex-Cre
line, their forebrains looked remarkably normal (Figures
6A-6D). The fak~'~ cortex was nicely laminated with no
ectopic clusters of cells in the marginal zone or in the
hippocampal dentate gyrus (Figures 6B and 6D). There-
fore, it is likely that defective radial glia endfeet as op-
posed to neurons are the primary contributors to the
cortical lamination defects found in the emx 175 dorsal
forebrain-specific fak~/~ mutant.

Intriguingly, Golgi staining of individual neurons form
nex-Cre forebrains revealed that the observed change
in dendritic complexity was a phenotype intrinsic to the
fak~'~ neurons and not a result of other cortical abnor-
malities (Figures 6E-6H). This defect was particularly
obvious in the apical dendrites of pyramidal neurons,
which were perturbed in the nex-Cre/fak mutant even
though cortical lamination was intact (Figures 6G and
6H, arrow).

Targeting Meningeal Fibroblasts Is Sufficient

to Generate Cortical Ectopia

If basement membrane fragility resulting from fak defi-
ciency in radial glial endfeet is indeed the primary cause
of ectopia formation, one would predict that manipula-
tion of other cells that contribute to the cortical base-
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Figure 4. Role of Cajal Retzius Neurons, Reelin, and Basement Membrane Constituents in fak~/~ Mice and Developmental Onset of Corti-
cal Abnormalities

(A-F) Paraffin sections (7 .m) from P1 control and FAK mutant animals counterstained with Nissl. (A and B) Calretinin staining labeled singular
Cajal Retzius (CR) neurons localized to the marginal zone proximal to the pial/meningeal membrane (A and B). This localization was largely
maintained in fak~~ mutants, except in areas of neuronal ectopia where CR neurons were either present at the peak of ectopias or accumulated
within the marginal zone contents to either side. (C and D) Reelin was localized normally to the marginal zone in both control and mutant
animals. However, ectopic fak~~ neurons migrated through deposited reelin and did not halt migration at the border of the marginal zone
(D). (E and F) Laminin staining with an anti-EHS laminin antibody showed continuous, uninterrupted staining along the cortical basement
membrane in control animals (E). In the fak mutants, laminin was degraded over and within areas of ectopia and showed a punctate, fragmented
staining suggestive of active degradation. Developmental onset of fak~/~ cortical abnormalities noted in 40 um frozen sections from E14
embryos (G and H) or paraffin (7 .m) sections of E15 embryos (K-N). (G and H) The earliest time point when ectopias were found was in E14
embryos, stained with an anti-laminin a1 subunit. At this early stage, arrows mark the initiation of ectopic outgrowths. These areas coincided
with thinned regions of the basement membrane that upon higher magnification showed punctate staining characteristic of laminin degradation.
(K and L) Nissl staining revealed ectopias invading the marginal zone of fak~/~ cortex at E15 (arrow, [B]). (M and N) The preplate split properly
into the cortical plate and marginal zone in the fak~/~ mutant cortex as shown by chondroitin sulfate immunoreactivity (CSPG). (I and J)
Electron micrographs of the cortex and pial/meningeal interface in adult control and fak~/~ brains. Arrows indicate the first layer of the cortical
basement membrane, and bracket indicates overall thickness of membranes underneath the skull. The fak~/~ basement membrane had allowed
cortical material to break through (asterisk, [J]) and was considerably thicker. ch, choroid plexus; cp, cortical plate; iz, intermediate zone; lv,
lateral ventricle; mz, marginal zone; p, pial membrane; sk, skull; sp, subplate; vz, ventricular zone. Scale bar, 50 pm (A-H), 2.5 um (J), and
100 pm (K-N).

ment membrane would also lead to generation of ec-
topic cell clusters. To test this prediction, we deleted

After 5.5 days, control (+/fak-flox) embryos displayed
prominent GFP staining in the meninges, indicating that

fak from meningeal fibroblasts, which also play a role
in synthesizing and organizing the cortical basement
membrane (Figure 7). Homozygous (fak-flox/fak-flox) or
heterozygous (+/fak-flox) embryos at E12.5-13 were in-
jected in utero with an adenovirus expressing Cre recom-
binase and GFP under a dual CMV promoter. E12.5-13
was the earliest time one could easily resolve the inter-
hemispheric fissure injection site, thereby applying virus
only to the outer brain surface underneath the skull.

the virus had robustly infected the cells of this layer
without infecting underlying cortical cells or disturbing
lamination (Figure 7A). Surprisingly, the infected homo-
zygous (fak-flox/fak-flox) embryos showed evidence of
heterotopic clusters of cells invading the marginal zone
(Figure 7B, asterisk). Furthermore, disrupted laminin
staining was associated with the ectopic outgrowths
(Figure 7B, inset). These aberrantly positioned neurons
did not express GFP, were not targeted by the adenovi-
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Figure 5. Defective Radial Glia in fak~’~ Cortex

Fluorescent micrographs of frozen sections (20 m) from E16 het-
erozygous (A, B, and C) and fak mutant (D, E, and F) cortex stained
with RC2 antibodies to label radial glia processes and DAPI to visual-
ize individual cell nuclei. The tufted endfeet of radial glial cells were
prominently stained at this stage, where they contribute to the corti-
cal basement membrane (A). Cortical ectopias within the marginal
zone of the fak mutant are marked by asterisks (D and E) and coin-
cided with interrupted RC2 staining due to retracted and disorga-
nized radial glial processes. Occasionally, radial glial processes
were seen extending through the ectopic clusters. mz, marginal
zone. Scale bar, 100 um.

rus-Cre, and consequently expressed normal levels of
FAK protein. Therefore, the presence of these cells in
the marginal zone can only be a non-cell-autonomous
defect, secondary to a primary defect in the cortical
basement membrane resulting from fak deficiency in the
pia and meninges.

fak-Deficient Meningeal Fibroblasts Exhibit
Defective Basal Lamina Organization In Vitro
Fibroblasts do not generate basement membranes in
vitro, but classical studies have indicated that they are
essential for basal lamina organization and secretion of
matrix components (Sanderson et al., 1986; Sievers et
al., 1994). In order to determine if laminin organization
was defective on the surface of fak~’~ meningeal fibro-
blasts, primary meningeal cells were isolated from fak-
flox/fak-flox animals and infected with an adenovirus-
Cre or control adenovirus GFP for 3 days in vitro. Cells
infected with control virus organized laminin into both
fibrillar and punctate structures (Figures 7C and 7E),
whereas fibroblasts infected with adenovirus Cre showed
only punctate laminin staining, with a loss of the fibrillar-
like structures (Figures 7D and 7F). This impairment in
laminin organization may contribute to the basement
membrane deficiencies observed in FAK-deficient men-
ingeal fibroblasts in vivo. Interestingly, the fak~’~ men-
ingeal fibroblasts survived for the 3 days required to
perform this experiment and did not exclusively exhibit
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Figure 6. fak Deletion in Neurons Is Not Sufficient to Induce Cortical
Dysplasia but Does Induce Altered Dendritic Morphology

Coronal sections (40 pm) from adult control and nex-Cre/fak mutant
forebrain stained with Nissl are indistinguishable at the gross ana-
tomical level (A-D). The marginal zone was intact with no ectopic
clusters of cells, and the hippocampus exhibited a normal morphol-
ogy. However, Golgi staining of coronal sections (100 um) did reveal
abnormalities in dendritic branching in nex-Cre/fak mutants. Pyrami-
dal neurons from layer Ill and V have a prominent apical dendrite
extending perpendicular to the brain surface in control cells (arrow,
[G]) that is notably perturbed in the fak~- mutant (arrow, [H]). Scale
bar, 500 pm (B) and 50 um (D and F).

the rounded morphology described in immortalized
mouse embryo fibroblast cell lines derived from germ-
line fak deficiency (llic et al., 1995).

Analysis of Signaling Pathways Regulated by FAK

Integrin-mediated binding to laminin triggers the tyro-
sine phosphorylation of intracellular signaling proteins,
including FAK and the adaptor protein p130CAS, and
results in the reorganization of the actin cytoskeleton.
P130CAS binds to the FAK C terminus through its SH3
domain and is phosphorylated by both FAK and FAK
bound Src family kinase members (reviewed in Bouton
et al., 2001; Hanks et al., 2003). Tyrosine phosphoryla-
tion of p130CAS was significantly reduced in both E16
and P1 fak~'~ cortical extracts (Figures 8A and 8C) and
was not restricted to regions of cortical abnormality.
This decrease in p130CAS phosphorylation may identify
p130CAS as a direct substrate of FAK catalytic activity
or may be attributed to the loss of Src family recruitment
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flox/flox

Adeno-Cre + GFP

Figure 7. Adenoviral Recombination of Meningeal Fibroblasts Is
Sufficient to Induce Cortical Dysplasia

(A and B) Paraffin sections (7 pm) from E18.5 embryo heterozygous
(+/flox, [A]) or homozygous (flox/flox, [B]) cortex following in utero
injection of an adenovirus bearing Cre recombinase and GFP at
E12.5/13 and stained with DAPI (blue) and anti-GFP (green). Cortical
ectopias were present in the marginal zone of the flox/flox animal
and coincided with interrupted laminin staining of the cortical base-
ment membrane (inset, [B]).

(E-H) Laminin staining of primary meningeal fibroblasts isolated
from E15 (flox/flox) and infected with either an adenovirus express-
ing GFP alone (E and G) or GFP plus Cre recombinase (F and H).
fak~'~ fibroblasts were unable to organize laminin into fibrillar struc-
tures as in control. Scale bar, 50 um (B) and 25 p.m (A-D).

and binding to the FAK autophosphorylation site Y397
(Hanks et al., 2003). In contrast, phosphorylation of the
Src autophosphorylation site (Y416) or negative regula-
tory c-terminal phosphotyrosine (Y527) was not reduced
in the absence of FAK at these time points (Figures 8B
and 8D).

Significantly, it has been previously shown that the
FAK family member Pyk2 is upregulated in immortalized
fak~'~; p53~'~ embryonic fibroblasts derived from the origi-
nal fak knockout mouse (Sieg et al., 1998). In order to
determine if Pyk2 was also upregulated in the condi-
tional fak~'~ line and possibly compensating for fak defi-
ciency, cortical extracts were immunoprecipitated with
antibodies to Pyk2 and blots were probed with anti-
phosphotyrosine and anti-Pyk2 (Figure 8E). Pyk2 phos-
phorylation was slightly reduced; however, its protein
levels were unchanged, indicating that it is not upregu-
lated in the dorsal forebrains of fak~~ animals.

Recently, the dystroglycan complex was shown to
provide a link between the muscle pathology and neuro-
logical deficits found in several congenital muscular dys-
trophies (Michele et al., 2002; Moore et al., 2002). Since
B1 integrin has been shown to regulate dystroglycan
expression levels in embryonic stem cells (Li et al.,
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Figure 8. P130CAS Is Altered, While Src, Pyk2, and Dystroglycan
Are Unchanged in fak~/~ Cortical Extracts

Cortical extracts from E16 and P1 wild-type and mutant brains were
immunoprecipitated or probed with antibodies to p130CAS (A and
C), phospho-Src (B and D), Pyk2 (E), or B-dystroglycan (F) and
probed with anti-phosphotyrosine (Ptyr) or their corresponding anti-
bodies. In lanes marked Western, 20 .g of cell extracts were directly
fractionated and probed with antibodies to p130 CAS, Src, Pyk2,
or - and a-dystroglycan to compare total cellular expression levels.
p130CAS phosphorylation was significantly decreased in the FAK
mutant brain at both E16 and P1, whereas its protein expression
levels were unchanged (A). The level and phosphorylation of the
non-receptor tyrosine kinase Src or of FAK family member Pyk2
was unchanged (B and C). Similarly, the level and phosphorylation of
B-dystroglycan was unchanged in the mutant, as was the expression
level of a-dystroglycan (D).

2002b), it seemed possible that the presence of FAK
is essential for a signaling cascade that promotes the
expression and/or glycosylation of a-dystroglycan or
the phosphorylation of B-dystroglycan. However, the
level of a-DAG expression was unaffected in the fak /-
forebrain as was the phosphorylation of 3-DAG (Fig-
ure 8F).

Discussion

In the present study, generation of a floxed allele of fak
has made it possible to examine essential FAK functions
during development of the nervous system. Such stud-
ies were not possible before, because FAK-deficient
embryos die during early embryogenesis prior to exten-
sive development of the nervous system. The major con-
clusion of these studies is that FAK is required for the
formation of a normal basal lamina at the interface be-
tween radial glial endfeet and meningeal fibroblasts.
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FAK deficiency in either cell type results in local disrup-
tions of the cortical basement membrane that have pro-
found effects on dorsal forebrain development.

Non-Cell-Autonomous Effect on Ectopic Neurons
Our results show that when fak is deleted from neurons
alone, it does not result in aberrant neuronal migration.
Yet, clusters of displaced neurons are found in the mar-
ginal zone when fak is deleted from meningeal fibro-
blasts or neuroepithelial/glial precursors. Since the mis-
localization of these neurons is not cell-autonomous,
what is provoking them into leaving their normal posi-
tion? Several possibilities stem from disruption of lo-
calized environmental cues triggered by basal lamina
breakage. Proteolytically degraded laminin fragments
released from alocally fragmented basement membrane
could stimulate motility, as has been described in other
cell types (Giannelli et al., 1997; Pirila et al., 2003). In-
deed, increased matrix metalloprotease (MMP) activity
has been demonstrated in glia following brain injury and
could arise from gliotic areas in the fak~/~ brains (Lep-
pert et al., 2001; Pagenstecher et al., 1998; Rosenberg et
al., 2001). Alternatively, matrix remodeling by meningeal
cells following basal lamina breakage or injury could
result in neuritic growth into the area, as has been shown
in the spinal cord (Duchossoy et al., 2001). Other possi-
bilities that could locally influence neuronal migration
include release of a chemoattractant present in the me-
ninges or marginal zone (such as SDF-1 or semaphorin
Ill) or loss of a potential repellent or instructive signal,
such as reelin. Meningeal cell secretion of SDF-1 con-
trols granule cell migration in the cerebellum and hippo-
campus, and Semalll has been shown to attract cortical
dendritic growth toward the pial surface (Bagri et al.,
2002; Polleux et al., 2000; Zhu et al., 2002). Although
reelin was originally thought to act as a “stop” signal
to cortical neurons in the marginal zone, it is currently
viewed as more of a permissive signal acting in concert
with additional positional cues (Dulabon et al., 2000;
Magdaleno et al., 2002; Tissir and Goffinet, 2003). How-
ever, reelin deposition does not seem to be affected in
the fak mutant, and neuron-specific fak deletion does
not result in altered cell positioning.

Although the primary defect responsible for abnormal
migration of cortical neurons appears to reside in the
basement membrane, fak~'~ neurons are not completely
unaffected. More subtle defects were revealed by Golgi
staining of individual cells within the cortex. Unexpect-
edly, fak~'~ cortical neurons displayed an abnormal mor-
phology with a notable alteration in dendritic branch
complexity. This morphological defect represents a cell-
autonomous phenotype intrinsic to the fak~’~ neurons,
since it is present in the neuron-specific (nex-Cre) fak-
deficient forebrain. Recently, overexpression of a FAK
point mutant (S732A) was shown to impair cortical neu-
ron migration (Xie et al., 2003). However, we see no
evidence of altered neuronal positioning when FAK is
deleted from migrating neurons.

Cellular Functions of FAK in Basement Membrane
Remodeling: Radial Glial Endfeet

and Meningeal Fibroblasts

Our results indicate that aberrant neuronal migration
occurs following FAK deletion in either radial glia or

meningeal fibroblasts but not in neurons alone. Impor-
tantly, both types of cells involved are required for nor-
mal organization of the cortical basement membrane
which is formed at the interface between radial glia end-
feet (glia limitans) and the pia/meninges (Shearer and
Fawcett, 2001; Sievers et al., 1994).

Since FAK loss from radial glia or meningeal fibro-
blasts results in only localized disruptions of the basal
lamina, FAK is not essential for the formation of the
cortical basement membrane. However, FAK deficiency
may contribute to increased membrane fragility, espe-
cially in regions that endure prolonged and consistent
pressure from the expanding brain vesicle. Constant
membrane remodeling may further patch other areas
of disruption before contributing to a developmental
defect, resulting in a more localized phenotype. Muta-
tions in genes encoding constituents of the basal lamina,
such as perlecan, result in basement membrane deterio-
ration in areas of high mechanical stress, such as the
heart and the expanding brain vesicle, but not in the
skin or gut (Costell et al., 1999). The timing and com-
pleteness of emx 175 expression at early stages may
also play a role in the regional severity of the ectopias.
Emx1 is initially expressed in a low rostrolateral to high
caudalmedial gradient (Gulisano et al., 1996), which cor-
responds to more severe cortical dysplasia at the mid-
line and in the caudal regions of the cortex. However,
a much more severe and less localized phenotype may
be expected if FAK were deleted from both radial glial
and the meningeal fibroblasts.

Intriguingly, when fak is deleted exclusively in menin-
geal cells, it is sufficient to elicit abnormal neuronal
migration into the marginal zone. Meningeal fibroblasts
contribute to the basement membrane by secreting and
organizing the majority of basal lamina constituents at
the surface of the brain. This includes laminin, collagen
IV, nidogen, the heparin sulfate proteoglycan perlecan,
plus additional fibrillar collagens and other ECM constit-
uents (Shearer and Fawcett, 2001; Sievers et al., 1994).
In contrast, although glial processes contribute to the
basement membrane, they do not normally secrete ma-
trix proteins during development. Chemical ablation of
meningeal cells at birth in rodents results in reduced
expression of matrix proteins at the brain surface fol-
lowed by development of gaps in the basement mem-
brane, disorganization of the glial limitans, and gliosis
as assessed by elevated expression of GFAP (Abnet et
al., 1991; Sievers and Pehlemann, 1986). Proliferation of
meningeal cells is followed in a few days by restoration
of the basement membrane and glial limitans. Our exper-
iments indicate that the presence of FAK in meningeal
cells promotes the organization and maintenance of this
basal lamina, which is in turn essential for the organiza-
tion of the glial limitans in vivo.

In cell culture, fak-deficient meningeal fibroblasts
have a clear deficit in the organization of laminin into
fibrils, similar to the deficit observed in skeletal myo-
cytes in the presence of a general tyrosine kinase inhibi-
tor (Colognato et al., 1999). However, unlike skeletal
myocytes, meningeal fibroblasts do not generate a
basement membrane in culture. To distinguish whether
FAK is primarily affecting basement membrane assem-
bly, maintenance, or remodeling will be an interesting
topic for future investigation. Since we observe only
localized disruption and not a total loss of the basal
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lamina overlying fak~'~ brains, disruptions appear to
require additional factors, such as mechanical stress or
proteolytic activity. The analysis of these defects may
be difficult to analyze in vitro.

Interestingly, deletion of FAK from primary meningeal
fibroblasts does not result in immediate apoptosis nor
does it cause the striking rounded phenotype observed
in p53~/~ immortalized cell lines derived from FAK null
embryos (llic et al., 1995; Sieg et al., 1998). Similarly, we
observed very little apoptosis when FAK was deleted
in vivo from cells in the developing dorsal forebrain.
Differences between FAK deletion in meningeal fibro-
blasts and the FAK null embryo fibroblast cell lines may
be a consequence of cell type, age of isolation, or sub-
strate. Furthermore, any phenotypic variation could be
explained by differences between primary cells and an
immortalized clonal population or compensatory events
that are avoided by conditional deletion of fak. Subse-
quent studies have found morphological variability in
the FAK null embryo fibroblasts and have isolated FAK-
deficient lines that have a normal spread phenotype
while maintaining defects in cell migration (Owen et al.,
1999; Wang et al., 2001).

Macromolecular Signaling Complexes

and Laminin Polymerization

FAK deficiency produces a phenotype similar to muta-
tions in CNS basal lamina constituents or their cellular
receptors, resulting in disrupted basement membranes
and localized neuronal ectopias. Examples include the
matrix proteins laminin o5, y1, and perlecan and the
integrins a3, a6, and B1 and dystroglycan (Costell et al.,
1999; De Arcangelis et al., 1999; Georges-Labouesse et
al., 1998; Graus-Porta et al., 2001; Halfter et al., 2002;
Miner et al., 1998). Our results indicate that FAK modu-
lates the function of one or more of these cellular recep-
tors, some of which have been shown to activate FAK
upon ligand binding (Georges-Labouesse et al., 1998;
Giancotti and Ruoslahti, 1999). Notably, laminin binding
and organization seems to be a key factor in many of
these mutations. Consistent with this, genes that are
responsible for the human hereditary diseases Fuku-
yama Congenital Muscular Dystrophy (FCMD) and Mus-
cle-Eye-Brain disease have recently been identified as
glycosyltransferases that appear to regulate receptor
binding to laminin by glycosylation (Takeda et al., 2003;
Yoshida et al., 2001). In addition to defects in brain
development, these diseases are also characterized by
dystrophic muscle pathology and ocular defects. Inter-
estingly, we have observed pathologies similar to those
seen in these dystrophies when FAK is targeted in the
developing muscle and eye (H.E.B., unpublished data.

Phenotypic Variation in Mouse Lines

with Laminin Receptor Deficiencies

Utilization of different Cre lines may be sufficient to
account for phenotypic variations between FAK defi-
ciency and mutations in laminin receptors, such as 631
integrin or dystroglycan. However, there are additional
possibilities to account for such differences. For exam-
ple, brain-specific 31-integrin-deficient mice have interi-
orly displaced Cajal Retzius neurons, resulting in a more
scalloped cortical lamination pattern than seen in FAK-

deficient mice. Yet, 1-integrin binds to other o subunits
that do not signal exclusively through FAK, and these
heterodimers may be what affects CR cell positioning.
Similarly, FAK signals downstream of multiple other
(non-B1) integrin receptors, adhesion molecules (Beggs
et al., 1997), and growth factor systems (lvankovic-Dikic
et al., 2000; Sieg et al., 2000). Inhibition of these path-
ways may therefore result in distinctive phenotypes,
such as the agenesis of the caudal portion of the fak~/~
corpus callosum or the increase in dendritic branching
of cortical neurons.

Brain-specific dystroglycan (DG) deficiency results in
a more disorganized cortex than observed following ei-
ther 31 integrin or FAK deficiency alone (Graus-Porta et
al., 2001; Moore et al., 2002). It has been proposed that
DG is responsible for the initial binding of laminin on
cell surfaces, followed by recruitment of integrins into
a large complex (Henry et al., 2001; Olson and Walsh,
2002). This hierarchy in laminin binding may therefore
account for disparity in phenotypic severity. In support
of this theory, DG null ES cells do not detectably bind
laminin, whereas B1-integrin null ES cells are capable
of binding laminin but fail to organize it into morphologi-
cally complex structures (Henry et al., 2001; Lohikangas
et al., 2001). Additionally, lack of DG glycosylation can
prevent efficient integrin binding to laminin (Michele et
al., 2002). Since FAK is activated following integrin en-
gagement to extracellular matrix components, it is likely
that FAK deficiency impairs signaling downstream of
integrin engagement. Additionally, one report found that
FAK is present in B-dystroglycan complexes immuno-
precipitated from brain synaptosomes (Cavaldesi et al.,
1999). Subsequent studies have shown that FAK does
not directly interact with B-dystroglycan (Sotgia et al.,
2001), suggesting that FAK coimmunoprecipitation with
dystroglycan was aresult of gentle detergent extraction,
resulting in the preservation of large protein complexes.
Nonetheless, we cannot rule out the possibility that FAK
is involved in intracellular communication between the
integrin and dystroglycan pathways at this time. B-dys-
troglycan can be phosphorylated by Src (Sotgia et al.,
2003), so it is possible that loss of Src recruitment to
FAK may impair DG phosphorylation. However, we did
not see a reduction in B-dystroglycan phosphorylation
in fak~’~ brain extracts.

Model of Signaling Complex Regulating

Basement Membrane Integrity

FAK exerts its biological effects not only through its
tyrosine kinase activity but also by acting as a scaffold-
ing protein that connects cell surface proteins to the
actin cytoskeleton in a large macromolecular complex.
Disruption of FAK signaling may prevent the cytoskeletal
reorganization and signal transduction cascades that
are necessary to convey the bidirectional signals re-
quired for laminin organization and overall basement
membrane stability (Model, Figure 9). The dramatic re-
duction in p130CAS phosphorylation throughout fak—'~
forebrains suggests that perturbations in localization or
activities of this adaptor protein may play a significant
role in the FAK phenotype. Although FAK can directly
phosphorylate p130CAS, this reduction in phosphoryla-
tion may alternatively be due to the loss of Src recruit-
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Figure 9. Model

FAK is involved in bidirectional signaling from the ECM to the cy-
toskeleton, regulating laminin polymerization and organization of
the cortical basement membrane. Integrin binding to laminin acti-
vates FAK and associated molecules, such as p130CAS, that in turn
regulate the actin cytoskeleton and feed back on receptor/matrix
organization within the basal lamina. Other signaling pathways are
involved in basement membrane organization, such as the dystro-
glycan complex, which is thought to initially bind to laminin and
then further recruit integrins into a large macromolecular signaling
complex. Modulation of «-dystroglycan glycosylation by glycosyl-
transferases (POMGNT1, fukutin) affects its ability to bind laminin.
Genetic deletion of fak or other components of this signaling com-
plex in the brain results in local basement membrane disruption and
cortical dysplasia as seen in cobblestone lissencephaly.

ment into FAK/p130CAS signaling complexes (Ruest et
al., 2001). FAK and p130CAS have been shown to coop-
erate in the promotion of cell migration in many cell
types (Cary et al., 1998; Hsia et al., 2003; Panetti, 2002).
However, the mechanistic details of how FAK and
p130CAS modulate the actin cytoskeleton are not fully
known. Given that FAK signaling has been shown to
both suppress and activate rho activity, FAK may serve
as a regulatable switch dynamically controlling rho-
mediated effects on the actin cytoskeleton (Ren et al.,
2000; Zhai et al., 2003). An intriguing further possibility
is that FAK can act as a “mechanosensor,” altering its
link to the cytoskeleton in response to environmental
tension or rigidity of the extracellular matrix (Geiger et
al., 2001; Li et al., 2002a; Wang et al., 2001). FAK deletion
may disrupt this mechanosensory communication
enough to alter the dynamic force necessary to assem-
ble or remodel the matrix. This will be an interesting
source of future study.

Experimental Procedures

Generation of Floxed FAK Mice
Please see the Supplemental Data at http://www.neuron.org/cgi/
content/full/40/3/501/DC1.

Mouse Lines Expressing Cre Recombinase

The emx1"&* mice were obtained by collaboration with Jessica
Gorski and Kevin Jones (University of Colorado), and the nex-Cre
mice were obtained by collaboration with Sandra Goebbels and
Klaus Armin Nave before publication (Max-Planck-Institute). The

pattern of recombination promoted by the emx1®&e allele has been
described (Gorski et al., 2002). All animals were handled in accor-
dance with protocols approved by the UCSF Committee on Ani-
mal Research.

Antibodies

FAK C-20 and A-20 pAb (Santa Cruz, 1:1000), FAK pAb (Upstate
Biotechnology, 1:500), FAK clone 77 pAb (BD Transduction Labora-
tories, 1:1000), NeuN mAb (Chemicon, 1:500), ER81 (Tom Jessell,
Columbia University, 1:5000), OTX-1 (Sue McConnell, Stanford Uni-
versity, 1:100), Calbindin mAb (Swant, 1:1000), MAP2 mAb (Sigma,
1:500), GFAP pAb (Dako, 1:250), p130 CAS (C-20) mAb (Santa Cruz
Biotechnology, 1:1000), Pyk2 (BD Transduction Laboratories, 1:1000),
Src (pan, pY418, pY527) pAb (Biosource, 1:1000), «-dystroglycan
(IIH6) and c-terminal 3-dystroglycan pAb (Kevin Campbell, Univer-
sity of lowa, 1:5000 and 1:1000), phosphotyrosine 4G10 mAb (Up-
state Biotechnology, 1:1000), Calretinin pAb (Swant, 1:3000), Reelin
mAb G10 (Andre Goffinet, University Catholique de Louvain, Bel-
gium, 1:2000), EHS laminin pAb (Sigma, 1:3000), CSPG (CS-56) mAb
(Sigma, 1:200), RC2 mAb (University of lowa Hybridoma Bank), GFP
pAb (Novus Biologicals, 1:500).

Immunoprecipitation and Western Blotting

Cortices from postnatal day 1 mice were dissected and lysed in
modified RIPA buffer (1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris [pH7.4], 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1.5 mM MgCl,, 10% glycerol, 1 mM NaVvO,, 10 pg/ml leupep-
tin, 0.11 TIU aprotinin, 1 mM PMSF, 100 mM NaF). For inmunopre-
cipitation, antibodies were incubated in precleared lysates (250 .g)
for 2 hr, collected on Protein A/G plus agarose beads (Santa Cruz
Biotechnology), and washed three times prior to resolution on
4%-15% gradient SDS-PAGE gels (Biorad). Lysates (15 ng) were
directly run on gels. Forimmunoblotting, gels were transferred over-
night onto nitrocellulose membranes, blocked with 5% BSA, and
incubated with primary antibodies overnight at 4°C. Membranes
were incubated with HRP-conjugated secondary antibodies (Jack-
son Laboratories, 1:5000) followed by ECL reagent (Amersham).

Histological Analysis

Mice were deeply anesthetized and perfused with (or embryos sub-
merged in) 4% paraformaldehyde/PBS. Tissue for frozen sliding
microtome sections (40 pum) or cryostat sections (15 pum) was sub-
merged in 30% sucrose overnight at 4°C and then either directly
cut or embedded in OCT. Tissue for paraffin sectioning (7 nm) was
dehydrated in ascending ethanol series and xylene prior to paraffin
embedding. Nissl-stained sections were dehydrated overnight in
70% EtOH prior to staining with 0.1% cresyl violet/0.5% acetic acid.
Sections were then rinsed in dH,0, 70%, 95% ethanol, and chloro-
form, and differentiated with 1.7% acetic acid in 95% EtOH.

Immunocytochemistry

Paraffin-embedded sections were subjected to heat-based antigen
retrieval in 10 mM citrate buffer. Frozen and paraffin sections were
quenched with 10% methanol/3% H,0,, followed by blocking in 10%
goat serum, 3% BSA, and 0.3% Triton X-100. Primary antibodies
were incubated overnight at 4°C, and sections were incubated with
biotinylated mouse or rabbit secondary antibodies (Vector Labora-
tories, 1:200), ABC solution (Vector), and 0.05% diaminobenzidine/
0.0003% H,0,. For fluorescent labeling of sections, either mouse or
rabbit Alexa 488 and 594 goat antibodies (Molecular Probes, 1:500)
were used as secondary reagents.

Golgi Staining

Modified Golgi-Cox impregnation of neurons was performed using
methods described in the FD Rapid GolgiStain kit (FD NeuroTech-
nologies). In brief, 3-month-old nonperfused mouse brains were
immersed in impregnation solution for 2 weeks, transferred to “Solu-
tion C” for 2 days, and cut at 100 .m on the cryostat. Sections were
mounted on 3% gelatin-coated slides and allowed to dry for 2 weeks
before staining with silver nitrate solution “Solution D and E” and
dehydrated through descending alcohol series before mounting
with Permount.
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Electron Microscopy

Mice were perfused with 0.9% NaCl, followed by 2.5% glutaralde-
hyde and 1% PFAin 0.1 M sodium cacodylate buffer (pH 7.4). Follow-
ing overnight fixation, 100 um vibratome sections were cut to aid
dissection of dysplastic regions, dehydrated, and embedded in
Epon-Araldite. Ultra thin sections were cut and stained with uranyl
acetate and lead citrate and photographed at the San Francisco VA
Hospital EM facility.

Adenovirus Generation and Embryo Infection

Recombinant adenovirus stocks expressing GFP and Cre recombi-
nase under a dual CMV promoter were produced using the method
described in detail in He et al., 1998. In brief, pML78 was digested
with EcoR1 and the ends blunted followed by digestion with Sal1
to release a 1 kb fragment containing Cre modified with a nuclear
localization sequence and a Kozak sequence. This fragment was
cloned into the pAdTrack vector digested with Sal1 and EcoRV and
electroporated along with the pAdEasy1 plasmid into BJ5183 cells
for recombination. For in utero infection of E12.5-E13 mouse em-
bryos, timed pregnant mice were anesthetized using intraperitoneal
injections of Ketamine (90 mg/kg) and Xylazine (6 mg/kg). Cesarean
sections were performed, and embryos were selected for injections.
A small incision was made in the uterine wall overlying the embryo
head region to expose the skull and the interhemispheric fissure
visible underneath. In each embryo, approximately 1 pl containing
10° viruses was pressure injected into the interhemispheric space,
using a glass micropipette. A maximum of four embryos were in-
jected per litter, and all uterine sacs were sutured. The maternal
abdominal wall was repaired, and the animal was allowed to recover.
Five and a half days after surgery and virus infection, embryos were
harvested, sacrificed, and processed for histological examination
in paraffin sections.

Preparation and Infection of Primary Meningeal Fibroblasts

The meninges were removed from E14 mouse (flox/flox) embryos,
gently minced, and plated in culture medium consisting of MEM
plus 10% FCS, glutamine, and penicillin/streptomycin. Meningeal
fibroblasts migrated out of the clumps onto the tissue culture plastic
and eventually formed monolayers. Fibroblasts were then passaged
and replated onto 8-well culture slides (Lab Tek, 3 X 10° cells/cm?)
treated with 0.5% poly-D-lysine, and allowed to attach for 2 hr. Cells
were then infected with adenovirus expressing GFP or expressing
both GFP and Cre recombinase adenovirus (10 MOI). After 3 days,
cells were fixed in 4% PFA and processed for laminin.
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