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Mice with a targeted deletion of the nidogen-binding site of
laminin y1 were used to study the function of the pial basement
membrane in cortical histogenesis. The pial basement mem-
brane in the mutant embryos assembled but was unstable and
disintegrated at random segments. In segments with a dis-
rupted basement membrane, radial glia cells were retracted
from the pial surface, and radially migrating neurons, including
Cajal-Retzius cells and cortical plate neurons, passed the me-
ninges or terminated their migration prematurely. By correlating

the disruptions in the pial basal lamina with changes in the
morphology of radial glia cells, the aberrant migration of Cajal-
Retzius cells, and subsequent dysplasia of cortical plate neu-
rons, the present data establish a causal relationship of proper
cortical histogenesis with the presence of an intact pial base-
ment membrane.
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The cortical plate of the mouse cerebral cortex develops between
embryonic day 12 (E12) and E18 with the migration of neuro-
blasts from the ventricular layer to the pial surface. The organiz-
ing framework for cortex histogenesis is provided by the spindle-
shaped radial glia cells that serve as the substrate for the
migrating neuroblasts (Rakic, 1972). The localization of the neu-
rons within the cortical plate is regulated by reelin (D’Archangelo
et al., 1995), an extracellular matrix glycoprotein secreted by the
Cajal-Retzius cells. Whereas projection neurons emerge from
neuroblasts that have undergone radial migration, most GABAer-
gic interneurons are generated in the medial eminence and mi-
grate, perpendicular to the orientation of radial glia cells, into the
cortex (Anderson et al., 1999; Lavdas et al., 1999).

Basement membranes are thin sheets of extracellular matrix
that are composed of collagen IV, nidogen, perlecan, agrin,
collagen X VIII, and members of the laminin family (Timpl and
Brown, 1996; Erickson and Couchman, 2000). In the cortex,
basement membranes are found in the pia and around blood
vessels. Several reports have implicated the pial basement mem-
brane as an important player in brain development: abnormal
brain development has been observed after chemical ablation of
the meningeal cells (Sievers et al., 1994) and after the targeted
deletions of basement membrane constituents, such as perlecan
(Arikawa-Hirasawa et al., 1999; Costell et al., 1999) or receptors
for basement membrane proteins (Georges-Labouesse et al.,
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1998; Graus-Porta et al., 2001). Genetic ablation of collagen IV
has not been reported, but perturbed retinal and tectal histogen-
esis was observed after enzymatic removal of collagen IV in the
eye and brain of chick embryos (Halfter, 1998; Halfter and
Schurer, 1998; Halfter et al., 2001). Deletions of 10 of the current
14 laminin isoforms through inactivation of the laminin 1 chain
resulted in an early lethal phenotype before neural tube forma-
tion (Smyth et al., 1999); however, mice that lack the laminin a5
chain have an obvious brain phenotype, in that they develop
exencephaly (Miner et al., 1998). Null mutations in mice and
nematodes of nidogen-1, a protein implicated in crosslinking
basement membrane proteins (Fox et al., 1991; Mayer et al.,
1993), failed to show any overt phenotype (Kang and Kramer,
2000; Murshed et al., 2000).

Recently, we have generated a mouse strain with a targeted
deletion of the nidogen-binding site within the laminin y1 chain,
y1III4 (Willem et al., 2002). While the laminins in the mutant
mice assembled, the localization of nidogen-1 to basement mem-
branes was dramatically reduced and the basement membranes in
kidney and lung alveoli were disrupted. The mutant mice died at
birth because of impaired lung and kidney development (Willem
et al., 2002).

Here, we show that the pial basement membrane of the y11114-
deficient mice disintegrates at early gestational stages, providing
us with an animal model to study the role of the pial basement
membrane in cortex histogenesis. By showing that defects in the
pial basement membrane resulted in a disrupted neuronal migra-
tion, our data demonstrate that an intact basement membrane is
an absolute requirement for proper cortical development.

MATERIALS AND METHODS

Mutant mouse production. The mutation in laminin was generated by
deleting the 56-aa-long nidogen-binding module y11114 of laminin y1 and
has been described previously (Willem et al., 2002). Littermate mutant
and control embryos of the following gestational stages were investi-
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gated: E10.5 (n = 12), E12.5 (n = 5), E13.5 (n = 3), E16.5 (n = 17), and
E175 (n = 4).

Antibodies. The rat IgG monoclonal antibody (mAb) M6 to a mem-
brane protein in the rodent brain (Lagenaur et al., 1992) was used to
highlight the neurite-rich plexiform layers in the cortex. RC2 and 9BA12,
mouse IgMs (Misson et al., 1991; Ring et al., 1995; Developmental
Studies Hybridoma Bank, Johns Hopkins University, Baltimore, MD),
and the IgG mADb 6G7 to tubulin (W. Halfter, unpublished observations)
were used to stain radial glia cells, chondroitin sulfate proteoglycans
(CSPGs), and cortical neurons, respectively. Polyclonal antisera to
mouse laminin-1 (Invitrogen, Gaithersburg, MD), nidogen-1 (Fox et al.,
1991), collagen IV (Rockland, Gilbertsville, PA), and GABA (Sigma, St.
Louis, MO) were used to labeled pial, retinal, and vascular basement
membranes and GABAergic neurons.

Histology. Heads of E10.5, E12.5, and E13.5 mouse embryos and
dissected cortices of E16.5 and E17.5 mouse embryos were fixed in 4%
paraformaldehyde in 0.1 M potassium phosphate buffer, pH 7.4, for 4 hr.
After washing in Ca-free and Mg-free Hank’s solution and cryoprotect-
ing with 30% sucrose for 4 hr, the specimens were embedded in optimal
cutting temperature compound (Miles, Elkhart, IN) and cryostat-
sectioned at a coronal plane at 25 pm. Sections were mounted on
Superfrost slides (Fisher Scientific, Pittsburgh, PA) and incubated with
hybridoma supernatants or polyclonal antisera for 1 hr. After three
rinses, the sections were incubated with 1:500 Cy3-labeled goat anti-
mouse or goat anti-rabbit antibodies (Jackson ImmunoResearch, West
Grove, PA) for another hour. The stained sections were examined with a
Zeiss (Thornwood, NY) epifluorescence or an Olympus Optical
(Melville, NY) Flowview confocal microscope. For ultrastructural stud-
ies, tissues were fixed in 2.5% glutaraldehyde and 0.1% tannic acid
overnight, postfixed in 1% OsO,, embedded in Epon, and finally thin-
sectioned according to standard procedures.

For staining of individual radial glia cells, the cortices were mounted
with their ventricular surface onto membrane filters that were coated
with a fine suspension of Dil crystals (Halfter and Schurer, 1998). After
24 hr of incubation of the filter/cortex assemblies at 37°C, the cortices
were sliced with a Mcllwain tissue chopper (Mickle Laboratories, Sur-
rey, UK). The slices were mounted in PBS, and the labeled radial glia
cells were photographed with the confocal microscope. For bromode-
oxyuridine (BrdU) labeling, pregnant mice were injected with 100 pug/gm
BrdU for 2-24 hr and BrdU was detected in sections as described
previously (Anton et al., 1999).

In situ hybridization. The following cDNA fragments were used for in
situ hybridization: reelin (600 bp) and “disabled” 1 (dab1) (700 bp) were
kindly provided by T. Curren (St. Judd’s Hospital, Memphis TN). al
collagen IV (830 bp) (Oberbaeumer et al., 1985) and laminin y1 (652 bp)
(Sasaki and Yamada, 1987) were kindly provided by Dr. Y. Yamada
(National Institute of Dental Health, Bethesda, MD), and nidogen-1
(3700 bp) (Mann et al., 1989) was kindly provided by R. Nischt (Depart-
ment of Dermatology, University of Cologne, Cologne, Germany). The
plasmids were linearized, and digoxigenin-labeled antisense and sense
cRNA probes were synthesized from the templates using an RNA poly-
merase labeling kit (Roche, Indianapolis, IN). The in situ hybridization
followed the procedure described by Schaeren-Wiemers and Gerfin-
Moser (1993).

RESULTS

Cortices from E10.5, E12.5, E13.5, E16.5, and E17 mice were
investigated. Only homozygotic embryos were phenotypically af-
fected by the mutation, whereas heterozygotes appeared normal
and were considered together with the wild-type embryos as
controls. Approximately 5% of the mutant animals showed exen-
cephaly that was attributed to a defect in neural tube closure at E9
(data not shown). Exencephalic brains were excluded in the
present study. Gross morphologically, the brains and cerebral
cortices of the remaining homozygous mutant embryos were
slightly smaller compared with heterozygous or wild-type mice
(Fig. la), reflecting the overall size difference of the mutant
relative to the control embryos. Between E16 and EI18, the
mutant brains were also discernable from controls by the pres-
ence of hemorrhages and numerous bumps on the pial surface,
giving the cortical hemispheres a mulberry-like appearance (Fig.
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la). Hemorrhages and bumpy surface were not obvious in corti-
ces of younger mutant embryos. Staining of cross sections through
the mutant cortices using antibodies to M6 (Lagenaur et al., 1992)
and CSPG to highlight the marginal and intermediate zones
showed that all cortical layers were present. However, numerous
dysplasias in the cortical plate and the marginal zone were found
throughout every cortex (Fig. 1b,d,f). The extent of cortical dis-
ruptions varied from one embryo to another (Fig. 1b,d). There
was no correlation between hemorrhages and cortical dysplasia,
because hemorrhages were found in regions with normal and with
disrupted cortex histology. In addition, cortical dysplasia was also
detectable at early, hemorrhage-free cortices (see Fig. 6).

Pial basement membrane

Staining for laminin (Fig. 2a—d) and collagen I'V (data not shown)
demonstrated that the pial basement membrane was present both
in mutant and in control cortices. Whereas the pial basement
membrane in wild-type embryos was continuous and associated
with a uniform and continuous meningeal layer (Fig. 2b,d), it was
discontinuous and associated with an irregular menigeal layer in
the mutant embryos (Fig. 2a,c). Nidogen-1, which was readily
detectable in the pial and vascular basement membranes of control
cortices (Fig. 2f), was undetectable in mutant embryos (Fig. 2e).

The origin of basement membrane constituents was deter-
mined by in situ hybridization. As shown in Figure 2g#h, the
dominant source of nidogen-1 y1 mRNA in control and mutant
cortices was the meninges. Besides the meninges, nidogen-1
mRNA was also expressed by endothelial cells along the cortical
vasculature. Laminin 1l and the collagen IV mRNAs showed a
similar distribution with abundant expression by the meningeal
and the endothelial cells (see Fig. 5f; data not shown). The
expression pattern of nidogen-1, laminin y1, and collagen IV
mRNAs in the +ylIIl4-deficient and control embryos was very
similar (Fig. 2, compare g and /; data not shown). However, in
areas of cortical ectopias, nidogen-1, laminin, and collagen IV
mRNAs were absent as the meningeal cells were displaced from
the cortical surface (see Fig. 5f).

To compare the ultrastructure of basement membranes in the
mutant and wild-type embryos, we turned to the retina. The
retina is part of the CNS and develops with the same basic
mechanisms as the cortex. In advantage to the cortex, however, its
basement membrane is easily recognizable and contrasts very well
to the adjacent vitreous body. In control embryos, the retinal and
vascular basement membranes showed their typical ultrastructure
as a continuous and uniform extracellular matrix sheet with a
lamina densa and a lamina rara interna and externa (Fig. 3c). The
retinal basement membrane of the mutant mice showed an iden-
tical ultrastructure; however, it was ruptured at many locations
and cells had penetrated from the retina into the vitreous body
(Fig. 3a). In addition, adjacent neuroepithelial endfeet were more
widely separated than normal, and the basement membrane cov-
ering the gaps appeared thin and fragile (Fig. 3a). The vascular
basement membrane in the mutant eyes was discontinuous as
well, and parts of the endothelial cells had protruded through
these gaps (Fig. 3b).

Radial glia cells

Radial glia cells represent a dominant cell population in the early
cortex. To determine whether the radial glia cells have formed
normally in mutant animals, we visualized them by immunocyto-
chemistry (Fig. 4a,b) and by Dil tracing. (Fig. 4c—¢). In control
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cortices, radial glia cell bodies were located near the ventricle and
extended long processes that branched near the pial surface (Fig.
4b,e). The terminal branches were tipped with bulb-like endfeet
as the attachment sites to the pial basement membrane (Fig. 4e).
In mutant brains, the radial glial cell bodies were also located near
the ventricle, and they extended long processes toward the pial
surface. However, for random segments, their endfeet were short
of the pial surface by ~50 wm, and their terminal branches were
disorganized, ending at different levels below the pial surface
(Fig. 4a,c,d). At early stages of cortex development between E10
and E13, retracted endfeet were found exclusively in areas in
which the pial basement membrane was disrupted (see below),
whereas in older embryos, we also found segments in which the
radial glia cells were retracted but a pial basement membrane was
present (Fig. 4a). The pial basement membrane at these sites
appeared unusually thin and irregular, and we assume that it had
regenerated from a previous disruption, because in segments with
a normal basement membrane, radial glia cell processes always
extended up to the pial surface (Fig. 4b).
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Figure 1. a, Lateral view of cortices from
an E16 mutant (M) and a control (C) lit-
termate embryo. Cortices from mutant
mice are slightly smaller than those from
the controls and show multiple hemor-
rhages. Coronal sections at the position in-
dicated (stippled lines) show the histology
from mutant (b, d, f) and control (c, e)
cortices. Staining for M6 (b—d) and CSPG
(e, f) highlights the intermediate zone (IZ),
the marginal zone (MZ), and the subplate
(SP), whereas the cortical plate (CP) and
the ventricular zone (V'Z) were only weakly
stained. Cortical dysplasia was most prom-
inent in the cortical plate and the marginal
zone and existed throughout the entire cor-
tex of all three mutant embryos. Ectopias
(E) at the pial surface (P) were observed in
all mutant cortices. Scale bars, 100 wm.

Cajal-Retzius cells
To determine whether the disruption of the pial basement mem-
brane and the retracted radial glia cell processes affected the
migration and localization of the Cajal-Retzius cells, we com-
pared the distribution of Cajal-Retzius cells in control and mu-
tant animals using reelin mRNA as a marker. Consistent with
previous studies (D’Archangelo et al., 1995), Cajal-Retzius cells
were located in the marginal zone of E16 control cortices (Fig.
S5a). In cortices of E16 mutant mice, the distribution of the
Cajal-Retzius cells was very different: for random areas of the
cortices, the Cajal-Retzius cells were either widely dispersed
throughout the upper half of the cortex (Fig. 5b), entirely missing
(Fig. 5d,e), or ectopically located outside the meninges. In yet
other segments, the Cajal-Retzius cells were normally positioned
in the marginal zone (Fig. 5d,¢). Missing and misplaced Cajal-
Retzius neurons were found in every mutant cortex, but the ratio
of normally located and disorganized Cajal-Retzius neurons var-
ied from one embryo to another.

We also localized the cells expressing dab, an adapter protein
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Figure 2. Cross sections of E16 cortices
(C) of mutant (a, ¢, e) and control (b, d, f)
mice stained with antibodies to laminin-1
(a—d) and nidogen-1 (e, f). The most prom-
inently stained structures are the pial base-
ment membrane (P) with the meninges and
the blood vessels (4, ¢). In the mutants, the
pial basement membrane and the meninges
were disorganized as shown at low (a) and
high (c) power. Note that the density of the
vasculature in the control and mutant cor-
tices is similar. Nidogen-1 labeling in the
mutant cortices (e) was undetectable in the
meningeal and vascular basement mem-
branes. In situ hybridization showed that
nidogen-1 mRNA was most abundantly ex-
pressed by the meningeal cells along the pial
surface (P) of the cortex (C) and slightly less
abundant by the endothelial cells of the cor- *
tical blood vessels (g /). The distribution of ,
nidogen-1 mRNA in the cortices of the mu-
tant mice (g) was indistinguishable from
that in controls (4). Scale bars: a, b, 50 pum;
c—h, 25 pm.

P

that is associated with the reelin receptors (Howell et al., 1997,
Sheldon et al., 1997). In situ hybridization of E16 control cortices
showed a wide band of dab-positive cells in the upper half of the
cortex, precisely colocalizing with cortical plate neurons. In the
mutant cortices, the dab-positive cortical plate neurons were
often misplaced: in some areas, the neurons were located as
ectopias within the marginal zone or even outside the brain; in
others, they formed dysplasias in deeper areas of the cortex, and
in yet other segments, dab-positive neurons were at their normal
position (Fig. 5c¢).

Cortical plate neurons and Cajal-Retzius cells in control brains
had mutually exclusive distributions, with the Cajal-Retzius cells
being positioned ~50 wm above the cortical plate neurons. To
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find out whether cortical plate dysplasias in the mutant mice were
linked to missing and misplaced Cajal-Retzius cells, we labeled
both neuron populations for dab and reelin mRNAs. We found
that in segments with a normal Cajal-Retzius cell layer, the
cortical plate neurons occupied their normal position (Fig. 5d). In
areas in which Cajal-Retzius cells were missing, cortical plate
neurons aggregated as ectopias within the marginal zone and the
meninges (Fig. 5d,e), and in segments in which Cajal-Retzius had
terminated their migration prematurely, cortical plate neurons
were displaced to a deeper than normal layer (Fig. 5d). The 50
wm distance of cortical plate neurons to Cajal-Retzius cells was
faithfully observed in all cases.

By labeling adjacent sections for laminin y1 (Fig. 5f) and reelin/
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Figure 3. Electron micrographs of the vitreal surface of the retinas from mutant (@, b) and control mice (c). Blood vessels located on top of the retina
are shown in b and c. Overall, the retinal and vascular basement membranes (BL) of the mutant mice (a, b) appear ultrastructurally intact. However,
numerous gaps and lesions in the retinal and vascular basement membrane (arrows) were detected with retinal and endothelial cells (EN) exiting or
budding through the gap in the basement membrane into the vitreous body (V'B). Ectopic cells (E) that had migrated through the gaps in the basement
membrane were observed frequently. In addition, the gaps between the adjacent endfeet of the radial glia cells were wider than in control retinas. L,

Lumen of blood vessels; R, retina. Scale bar, 100 nm.

dab mRNAs (Fig. 5e), we also could correlate the presence or
absence of Cajal-Retzius cells with the presence or absence of
meningeal cells. We found that in segments in which the meninges
were absent, the Cajal-Retzius neurons were missing. In segments
in which the meninges were present, Cajal-Retzius cells were
present and normally located (Fig. Se,f).

To determine whether the tangential migration of interneurons
from the medial eminence into the cortex is affected in the
mutant mice, we stained cortices for GABAergic neurons. As
expected, GABAergic neurons were detectable by E16.5 in the
cortices of the control mice. They were present in similar number
in the mutant mice as well. Because of the disruption of the
cortical plate and the marginal zone, however, the GABAergic
neurons in the mutants were not as evenly distributed as in
controls (data not shown).

Basement membrane disruption and neuron dysplasia
in the early cortex

The disorganized location of Cajal-Retzius cells in the E16
mutant cortices indicated that defects in the basement membrane
must have affected the migration of the Cajal-Retzius cells at

earlier stages of development. We therefore investigated cortices
of mutant and control embryos between E10 and E13, when
Cajal-Retzius cells make their first appearance. Staining for
laminin and collagen IV showed extensive discontinuities in the
pial basement membrane of all mutant embryos (Fig. 6a,b), with
~30% of the pial basement membrane being disrupted. The
radial glia cell processes at the gaps were retracted and often
distorted toward the edges of the basement membrane gaps (Fig.
6b). Occasionally we found that glial processes also extended
beyond the pial surface (Fig. 6a,b). In cortical areas in which the
pial basement membrane was intact, the radial glia cell processes
always extended up to the pial surface (Fig. 6a,b).

Neurons in E10-E13 control cortices are located in the mar-
ginal zone, and a majority are Cajal-Retzius cells, as confirmed
by in situ hybridization for reelin mRNA (Fig. 6¢). In cortices
from early mutant mice, neurons formed ectopias wherever the
continuity of the basement membrane was interrupted (Fig. 6¢,d).
The ectopic neurons, including Cajal-Retzius cells, precisely co-
localized with gaps in the pial basal lamina (Fig. 6d). Wherever
the pial basement membrane was intact, however, the neurons
were located at their normal position in the marginal zone.
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Figure 4. Radial glia cell morphology in cortices of mutant (a, ¢, d) and control mice (b, ¢) after double-immunostaining for RC2 (red) and laminin-1
(green; a, b) and Dil labeling (c-¢). In control cortices of E13.5 (b) and E16 mice (¢), radial glia cells extend long processes that terminate with their
endfeet at the pial basement membrane (P). In the cortices of mutant mice (a, ¢, d), the radial glia cell processes did not reach up to the pial surface
(arrows in ¢, d) but terminated ~50 pwm short of the pial surface. IV, Ventricle. Note the disorganized and thin pial basement membrane in a, indicating
that regeneration had occurred after a previous disruption. Scale bars: a—e, 100 wm.

To determine whether basement membrane disruptions and
neuron dysplasia were found in other parts of the developing
CNS, we analyzed the diencephalon, the spinal cord, and the
retina of E10 and E16 mutant embryos. Whereas the pial base-
ment membrane of the cortex was littered with gaps, the basement
membrane of the adjacent diencephalon appeared continuous
and normal (data not shown). Disruptions in the basement mem-
brane of the retina and spinal cord, however, were found in all
mutant animals, with ganglion cells and motoneurons migrating
through these gaps into the vitreous body or the adjacent mesen-
chyme (data not shown).

Cell proliferation and cell migration in the
laminin-mutant cortices

Misplaced neurons could also have been caused by the inability of
neurons to migrate or by ectopic proliferation, such as after a
double cortin mutation (Gleeson and Walsh, 2000). Therefore, we
labeled cells in the embryos in utero with BrdU at E13 and E16
and located the labeled cells 3 and 24 hr after the tracer injec-
tions. Three hour pulses of BrdU showed that proliferation oc-
curred exclusively in the ventricular zone in both control and
mutant animals (Fig. 7a,b). We found no differences in the num-
ber and location of labeled cells when E16 and E12 mutant and
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Figure 5. Cross sections of E16 cortices
showing the mRNA distribution of reelin
in a control mouse (@) and two mutant
mice (b, d). The Cajal-Retzius cells (ar-
rowheads) that are lined as a monolayer
along the pial surface (P; a) express ree-
lin. In cortices of mutant mice (b), Cajal-
Retzius cells were widely scattered. The
distribution pattern of dab-expressing
cells in a mutant mouse shows the numer-
ous dysplasias of dab-positive cortical
plate neurons (CP; ¢). Normally distrib-
uted cortical plate neurons are seen to the
right of the arrow and next to an ectopia
(E). An adjacent section double-labeled
for reelin and dab (d, ¢) shows the mutu-
ally exclusive distribution of Cajal-
Retzius cells and cortical plate neurons.
The dab-positive neurons observe a
boundary outlined by the Cajal-Retzius
cells. Ectopias (E) occur only in seg-
ments in which the Cajal-Retzius cells
are missing. Segments with a normal
Cajal-Retzius cell layer are always asso-
ciated with a normal distribution or cor-
tical plate neurons ( to the right of the
arrow). An adjacent section labeled for
laminin yl mRNA () illustrates the close
match of pial basement membrane dis-
ruptions and the absence of Cajal-
Retzius cells ( to the left of the arrow).
MZ, Marginal zone. Scale bar: a, b, 50
pm; c—f, 100 wm.

control cortices were compared. BrdU pulses of 24 hr revealed
that labeled cells had migrated away from the ventricular zone
and into the intermediate zone (Fig. 7¢,d). We found no differ-
ences in the number and location of labeled cells between control
and mutant cortices, showing that cells in the mutants were
capable of migrating toward the pial surface.

DISCUSSION

Fragile basement membranes in the cortex after
deletion of the nidogen-1 binding site of the laminin

¥1 chain

Our present investigation confirms previous results showing that
the targeted deletion of the nidogen-binding laminin-type epider-
mal growth factor-like module of laminin yl does not interfere

with the expression and assembly of laminin heterotrimers and that
organogenesis of many tissues can occur without stable laminin-
nidogen interaction (Willem et al., 2002). Because the laminin 1
chain is part of 10 of the 14 identified laminin trimers, the deletion
of yl1III4 abolished nidogen-1 binding to most basement mem-
branes, including the pial and vascular basement membranes. Con-
sistent with previous suggestions that nidogen-1 and nidogen-2
connect laminin polymers with the collagen IV network and
thereby stabilize basement membranes (Fox et al., 1991; Mayer et
al., 1993), we think that the absence of a nidogen-binding site in
laminin results in a mechanical instability of the basement mem-
branes in the laminin y11114 mutant mice. Lesions in the basement
membrane were particularly obvious in the cortex at early gesta-
tional stages. During this period, the cortex undergoes a massive
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Figure 6. Cortical dysplasia and pial basement membrane
disruption in cortices from E12 (a, ¢, d, e) and E10 (b)
mutant embryos. Immunostaining for laminin-1 and RC2 (a,
b) demonstrates large gaps in the basement membrane (ar-
rows). At all gaps, radial glia cells are retracted, with few
radial glia cell processes also extending beyond the pial
surface. In areas with an intact basement membrane, the
radial glia cells extended up to the pial surface (P; a). c,
Tubulin staining shows that groups of neurons (arrowhead)
had migrated past the pial surface. The ectopic and normal
location of Cajal-Retzius cells in the mutant and in the
control E12 cortex is shown by in situ hybridization for reelin
(d, e). a, c, and d show consecutive sections, and the arrow in
a points to the location shown in ¢ and d. V, Ventricle. Scale
bars, 50 wm.

expansion, which causes the pial basement membranes in the
mutant mice most likely to rupture. The pial basement membrane
in the diencephalon, a part of the brain that expands less exten-
sively than the cortex, remained intact. In addition, electron mi-
croscopy showed that the basement membranes between adjacent
neuroepithelial endfeet appeared frail and instable, and, finally,
hemorrhages in the brain caused by basement membrane ruptures
of the vasculature were only obvious by E16 and later, as blood
circulation and blood pressure increased.

The phenotype caused by the absence of the nidogen-binding

Halfter et al. « Pial Basement Membrane and Cortical Histogenesis

ey

module is in contrast to a recently generated nidogen-1 knock-out
mouse that shows no overt damage in its basement membrane
(Murshed et al., 2000). In the nidogen-1 mutant mice, the expres-
sion of nidogen-2, another nidogen family member (Kimura et al.,
1998; Kohfeld et al., 1998), was upregulated, which may have
functionally compensated for the nidogen-1 deficiency (Murshed
et al., 2000). In the laminin yIIII4 mutant mice, however, the
expressions of laminin y1, nidogen-1, and nidogen-2 were un-
changed, and the mutation probably represents the total loss of
nidogen function in vivo (Willem et al., 2002).
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The function of the pial basement membrane for radial
glia cell morphology and neuroblast migration

It is well established that the framework for the histogenesis of
the developing cortex is provided by the radial glia cells (Ra-
kic, 1988; for review, see Rakic and Caviness, 1995). The
processes of the radial glia cells extend through the entire
cortex and serve as the scaffold for the migration of neuroblasts
toward the pial surface. In the mutant mice, radial glia cells
lost their footing to the pial surface and retracted wherever the
pial basement membrane was discontinuous. We also found a
minority of radial glia cells extending their pial endfeet beyond
the pial surface (Fig. 6b). We propose that the longer-than-
normal processes are extensions from newly generated glia
cells, whereas the retracted processes are from glia cells that
had contact with the pial basement membrane before its
disruption.

The correlation of retracted radial glia cells and ruptured
basement membranes was particularly striking in the early corti-
ces. Based on this relationship, we propose that a major function
of the pial basement membrane is to provide an attachment site
for the radial glia cell endfeet. Changes in radial glia cell mor-
phology have been found in other cortical dysplasia animal mod-
els as well, such as presenilin-deficient mice (Hartmann et al.,
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Figure 7. BrdU labeling at E12 and E16 shows
cell proliferation in the cortex of mutant (g, ¢) and
control (b, d) mice. The embryos were killed 3 (a,
b) or 24 (¢, d) hr after BrdU injection. In E12 and
E16 mutant and control cortices, the number of
proliferating cells in the ventricular zone (V'Z) was
similar. After 24 hr BrdU pulses of mutant and
control embryos (¢, d), labeled cells were found in
the intermediate zone (/Z), showing that cells in
mutant embryos were able to migrate toward the
pial surface (P). The sections were also stained for
laminin-1 to demonstrate the status of the base-
ment membrane. V, Ventricle. Scale bars, 100 wm.

1999), in brain-specific knock-out mice for B1 integrin (Graus-
Porta et al, 2001), and in mice and hamsters with
6-hydroxydopamine-induced cortical dysplasias (Sievers et al.,
1994). In the presenilin and integrin 1 mutant mice, the pial
basement membrane is defective, and in the 6-hydroxydopamine-
treated animals, meningeal cells, the source of most basement
membrane proteins, have been deleted. Thus, our present results
are in agreement with published data showing that damage to the
pial basement membrane results in changes in radial glia
morphology.

Because radial glia cells are the substrate for neuronal mi-
gration, one would expect that any disruptions in the radial
glial morphology would lead to a prematurely terminated or
aberrant migration of neuroblasts. Two waves of radial neuron
migration occur in the developing cortex. The first wave, oc-
curring between E9 and E13 and composed primarily of Cajal-
Retzius cells, was severely affected in the +yl1III4-deficient
mice. Many Cajal-Retzius cells migrated beyond the pial sur-
face or aggregated ectopically. The fact that the ectopic loca-
tion of Cajal-Retzius cells precisely matched the gaps in the
pial basement membrane showed a clear dependence of Cajal-
Retzius cell migration on the presence or absence of the pial
basement membrane. The second wave of neurons is composed
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Figure 8. Diagram depicting early (E10) and
later (E16) events in cortical histogenesis. In a
normal E10 cortex (a), Cajal-Retzius (CR) cells
migrate along the radial glia (RG) cells from the
ventricular zone to the pial surface and form a
monolayer in the marginal zone (MZ). By E16,
neurons (N) destined to form the cortical plate
(CP) also migrate toward the pial surface but are
stopped at the cortical plate by reelin that is
secreted from the Cajal-Retzius cells. In the
mutant E10 cortex (b), gaps in the pial basement
membrane (BL) cause the retraction of radial
glia cells. Because of the retracted radial glia
cells, the migration of Cajal-Retzius cells is ab-
errant. With Cajal-Retzius cells missing or mis-
placed, cortical plate neurons no longer encoun-
ter the reelin and basement membrane stop
signals and exit the cortex to form ectopias (E).
When cortical plate neurons encounter Cajal-
Retzius cells at deeper locations, they settle ac-
cordingly also in a deeper layer.

primarily of neuroblasts destined to form the cortical plate.
They also migrate along the radial glia cells but settle at a
distance from the Cajal-Retzius cells in the cortical plate. In
the mutant mouse cortex, cortical plate dysplasias were per-
fectly linked to gaps in the pial basement membrane as well,
confirming that the pial basement membrane is mandatory in
the formation of the cortical plate.

Another function of the pial basement membrane in cortex
histogenesis is to serve as a border separating the CNS from
the surrounding mesenchyme. Our data showed that in areas
without a pial basement membrane, groups of neurons mi-
grated past the pial surface of the brain and settled outside the
brain as ectopias, whereas in areas with an intact basement
membrane, neurons stayed within the confines of the cortex. It
was somewhat surprising that neurons invaded the surrounding
mesenchyme, whereas the highly motile fibroblasts did not
migrate into the CNS.

Staining of mutant and control embryos for the presence of
GABAergic neurons indicated that the tangential migration of
interneurons from the medial eminence into the cortex is not
dependent on the presence of the pial basement membrane.
Together with our BrdU-labeling experiments, these data dem-
onstrate that the dysplasias are not the result of a defect in the
motility of the neurons.

We also found that the cortical dysplasias matched with the
segments of the cortex in which Cajal-Retzius cells were mislo-
cated or absent. Thus, our laminin-mutant mice provided a nat-
ural experiment showing the regulatory role of Cajal-Retzius
cells on the positioning of cortical plate neurons. The protein
from Cajal-Retzius cells that regulates cortical plate lamination is
reelin. Based on the present data, we propose that reelin operates
as a repulsive signal to keep neurons at a defined distance from
the pial surface and is therefore responsible for creating the
marginal zone. Our notion of a repulsive function of reelin is
consistent with data showing that beads soaked with reelin ter-
minate the migration of neural plate neurons (Dulabon et al.,
2000). However, we cannot rule out other potential scenarios: for
example, that reelin promotes the dissociation of migrating neu-
rons from the radial glia cells or operates as a neuron-attractive
protein.

Basement membrane and cortical histogenesis

To explain the ontogeny of the multiple dysplasias in the y11114-
deficient mice, we propose a cascade of events that begins with
the partial fragmentation of the pial basement membrane around
E10 (Fig. 8). After basement membrane disruption, radial glia
cells retract from the pial surface, providing an insufficient scaf-
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fold for the migration and subpial localization of the Cajal-
Retzius cells. The migration of cortical plate neurons in the
subsequent stages goes awry because of the altered radial glia cell
scaffold and because of the fact that Cajal-Retzius cells are
improperly located or missing. In addition, neurons exit the brain
wherever the pial basement membrane is defective and Cajal-
Retzius cells are missing.

By correlating disruptions in the pial basement membrane
with retracted radial glia cells, aberrant Cajal-Retzius cells,
and cortical dysplasia, our model explains why aberrant cortical
histogenesis occurs in a variety of mutations and diseases with
fragile or incomplete basement membranes. The targeted de-
letion of the basement membrane heparan sulfate proteoglycan
perlecan (Costell et al., 1999), of a3 and «6 integrins, and of a
brain-specific B1 integrin knock-out show extensive cortical
ectopias (Georges-Labouesse et al., 1998; Anton et al., 1999;
Graus-Porta et al., 2001). Mice with a defect in a myristoylated
alanine-rich C kinase substrate show severe cortical dysplasia
(Blackshear et al., 1997). Finally, several human hereditary
diseases, such as merosin deficiency in congenital muscular
dystrophy (Mercuri et al., 1996; DeStephano et al., 1996; van
der Knaap et al., 1997), Fukujama muscular dystrophy (Na-
kano et al., 1996), and Walker—Warburg syndrome (Williams et
al., 1984) are accompanied by cortical dysplasias. In all muta-
tions, the continuity of basement membranes is compromised.
Based on our model, we predict that any mutation that affects
pial basement membrane assembly or stability leads to cortical
dysplasia. In addition, we propose that mutations whose phe-
notypes include cortical dysplasias may have their origin in
defective basement membrane proteins, cellular receptors for
basement membranes, or enzymes important for the process-
ing of basement membrane proteins and their receptors.
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