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Abstract

Interactions between the embryonic pial basement membrane (PBM)
and radial glia (RG) are essential for morphogenesis of the cerebral
cortex because disrupted interactions cause cobblestone malformations.
To elucidate the role of dystroglycan (DG) in PBM-RG interactions, we
studied the expression of DG protein and Dagl mRNA (which encodes
DG protein) in developing cerebral cortex and analyzed cortical pheno-
types in Dagl CNS conditional mutant mice. In normal embryonic
cortex, Dagl mRNA was expressed in the ventricular zone, which
contains RG nuclei, whereas DG protein was expressed at the cortical
surface on RG end feet. Breaches of PBM continuity appeared during
early neurogenesis in Dagl mutants. Diverse cellular elements streamed
through the breaches to form leptomeningeal heterotopia that were
confluent with the underlying residual cortical plate and contained var-
iably truncated RG fibers, many types of cortical neurons, and radial and
intermediate progenitor cells. Nevertheless, layer-specific molecular
expression seemed normal in heterotopic neurons, and axons projected
to appropriate targets. Dendrites, however, were excessively tortuous
and lacked radial orientation. These findings indicate that DG is
required on RG end feet to maintain PBM integrity and suggest that
cobblestone malformations involve disturbances of RG structure, pro-
genitor distribution, and dendrite orientation, in addition to neuronal
“‘overmigration.”
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INTRODUCTION

Neuronal overmigration defects are a group of malfor-
mations characterized by ectopic migration of neurons beyond
the glia limitans into the meningeal spaces and cobblestone
lissencephaly (1-5). Depending on the extent and severity of
the defects, neuronal overmigration can manifest pathologically
as a nodular, polymicrogyric, or narrow residual cortex (6). In
syndromes of cobblestone malformations with congenital mus-
cular dystrophy (CMD), such as muscle-eye-brain disease,
Walker-Warburg syndrome, and Fukuyama congenital muscu-
lar dystrophy, the defect is not with neurons but with signaling
interactions between the pial basement membrane (PBM) and
radial glia (RG) processes (7—12). Direct PBM-RG interactions
are necessary to maintain PBM integrity, which is in turn es-
sential to smoothly delimit the brain surface and maintain the
glia limitans (13). Deficient PBM-RG signaling leads to rup-
tures in the PBM, thus opening a permissive environment for
neuronal overmigration (13).

The PBM-RG signaling is mediated by extracellular
matrix (ECM) glycoproteins, particularly laminin, binding to
transmembrane receptors expressed on RG end feet (14). The
key laminin receptors transducing this interaction include inte-
grins and a brain form of the dystrophin glycoprotein complex.
Generally, in the human cobblestone malformations associated
with CMDs, ECM receptor signaling is attenuated as a result of
deficient glycosylation of a-dystroglycan (a-DG), the laminin-
binding subunit of DG, a key glycoprotein component of the
dystrophin glycoprotein complex (15-21). Extensive glyco-
sylation is essential for a-DG activities, including laminin
binding (14, 18, 22). Thus, whereas most cobblestone malfor-
mations in humans are linked to mutations in protein glyco-
sylation genes, the key effect is to perturb functions of a-DG
related to PBM-RG signaling. Accordingly, syndromes of cob-
blestone malformations with CMD are considered subtypes of
dystroglycanopathy, a broad group of CMDs and limb-girdle
muscular dystrophies, which may or may not be associated
with brain and ocular malformations (OMIM No. 253800).
The pathogenesis of cobblestone malformations has been
studied in several mouse models produced by targeted muta-
tions of genes involved in PBM-RG signaling mediated by
integrins and DG. Some of these models have revealed surpris-
ingly complex effects, involving multiple neurodevelopmental
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abnormalities, in addition to neuronal overmigration and laminar
disorganization. For example, in mice with a laminin mutation
that interfered with binding to nidogen (an ECM-organizing
molecule), the developing cerebral cortex showed ectopic RG
progenitor proliferation, widespread retraction of RG end feet,
focal RG fiber extension into heterotopia, gaps in the distribution
of Cajal-Retzius (CR) cells, and spontaneous hemorrhages (23).
Some of the same defects were also reported in mutants lacking
B1-integrin, a6-integrin, glycosyltransferases that posttransla-
tionally modify DG, or signaling molecules such as FAK, a
nonreceptor tyrosine kinase, and ILK, a nonreceptor serine/
threonine kinase, both of which are activated by integrin sig-
naling (7-9, 22, 24-28).

In the present study, our goal was to investigate the
pathogenesis of cobblestone malformations in dystroglycan-
opathy. Toward this goal, we studied mice with conditional
inactivation of the DG gene, Dagl, in the embryonic CNS.
This was accomplished by Cre-mediated recombination using
Nestin-Cre expressed in central neural stem cells to inactivate
a floxed Dagl allele in the embryonic brain and spinal cord
(29). Conditional inactivation was necessary because com-
plete Dag! null mutants die during early gastrulation stages
(30). Previous studies using Gfap-Cre or Mox2-Cre to inac-
tivate floxed Dagl in RG progenitors or epiblast derivatives,
respectively, have shown that adult mice lacking central DG
indeed develop a severe cobblestone malformation charac-
terized by abnormal cortical layering, meningeal heterotopia,
and fusion of the interhemispheric fissure (14, 31). These
previous studies confirmed the importance of DG in brain
development, but many questions have remained. The most
fundamental of these is which cell types in the embryonic
cortex express DG? Given the presumed role of DG in PBM-
RG signaling, it has been assumed that DG is expressed by
RG cells, but this has never been conclusively demonstrated.
Other questions include what are the effects of central DG
deficiency on progenitor cells and RG fibers in the embryonic
cortex? And how are the distribution and connections of
cortical pyramidal neurons and interneurons affected?

In the present study, we verified that Dag/ mRNA is
indeed expressed by RG cells in the embryonic ventricular
zone (VZ), whereas DG protein is localized to RG end feet in
contact with the PBM. We also found that Dag/ inactivation
led to ectopic proliferation of RG progenitors and intermediate
progenitor cells (IPCs), proliferation of progenitors within the
VZ and subventricular zone (SVZ), despite RG fiber anomalies,
and overmigration of all cortical neuron types into the lep-
tomeninges. Despite severe dyslamination and abnormal dendrite
orientation, ectopic pyramidal neurons established axonal con-
nections with distant cortical and subcortical targets, consistent
with the view that axon pathfinding does not require laminar
organization or DG signaling. Our findings reveal that the path-
ogenesis of cobblestone malformation in dystroglycanopathy is
more complex than previously understood.

MATERIALS AND METHODS

Mice
Nestin-Cre/DG—null mice were generated, as previously
described (29), by breeding nestin-Cre mice (Jackson Labo-

1048

ratories) to Dagl floxed mice (14). Expression of Cre-
recombinase in nestin-Cre expressing cells, including neuro-
genic progenitors of the cerebrum, begins around E10.5 (25,
32). Breeders used to produce embryos and pups for these
studies were male nestin-Cre'/Dagl™" and female Dagl™".
The DG null offspring were born in the expected Mendelian
ratio. For timed pregnancy matings, noon of the day that the
vaginal plug was observed was considered E0.5. Pregnant
dams were injected with 40 mg/kg bromodeoxyuridine (BrdU)
several days (migration studies) or 3 hours (proliferation studies)
before death. Animal use procedures were approved by the Uni-
versity of Iowa Institutional Animal Care and Use Committee.

Antibodies

The following rabbit polyclonal antibodies were used:
anti-laminin (1:1000) and anti—y-aminobutyric acid (1:2000)
from Sigma (St. Louis, MO); anti-Tbrl (1:2500) and anti-
Tbr2 (1:2000) from the laboratory of Robert F. Hevner
(Seattle, WA); anti—B-DG (1:25) AP83 from the laboratory
of Kevin P. Campbell (Iowa City, [A) (33); anti-Er81 (1:1500)
from the laboratory of T. Jessell (New York, NY); anti-Rorf3
(1:2000) from the laboratory of Henk Stunnenberg (Nijmegen,
Netherlands); anti—-phosphohistone-H3 (1:400) from Upstate
Biotechnology (Lake Placid, NY); anti-CDP (Cux1, 1:1000) from
Santa Cruz Biotechnology (Santa Cruz, CA); anti-DIx (1:75) from
the laboratory of Jhumku D. Kohtz (Chicago, IL); and anti-Dabl
(1:400) from the laboratory of Jonathan Cooper (Seattle, WA).

Mouse monoclonal antibodies used were anti-reelin
(1:1000) from Calbiochem (San Diego, CA); anti—neuronal-
specific nuclear protein (NeuN, 1:1000), anti—proliferating cell
nuclear antigen (PCNA, 1:2000), and anti—glial fibrillary acidic
protein (GFAP, 1:1000) from Chemicon (Temecula, CA); anti—
a-DG (1:400, clone ITH6C4) from Upstate Biotechnology; anti—
B-DG (1:50, clone 7D11), anti-Pax6 (1:2000), RC2 (1:25,
ascites), and anti-nestin (rat-401; 1:100) from Developmental
Studies Hybridoma Bank (Iowa City, 1A).

Rat monoclonal antibodies used were anti-BrdU (1:200)
from Accurate (Westbury, NY) and anti-CTIP2 (1:1000) from
Abcam (Cambridge, MA).

Immunohistochemistry

Brains were fixed in 4% paraformaldehyde with 4%
sucrose in PBS and embedded in OCT. Coronal 12-pm cryostat
sections of the cerebral cortex were incubated for 30 minutes at
room temperature in blocking solution (PBS containing 5%
normal goat serum, 2% bovine serum albumin, and 1% Triton
X). Sections were briefly boiled in 10 mmol/L sodium citrate
(pH 6.0) up to 3 times for antigen retrieval and then incubated
with primary antibodies overnight at 4°C followed by incuba-
tion with secondary antibodies (Alexa Fluor; Molecular Probes,
Eugene, OR) at room temperature for 2 hours. Sections tested
for BrdU staining were treated with 2N hydrogen chloride at
37°C for 30 minutes before sodium citrate boils. Sections were
counterstained with 0.01% DAPI (Sigma) or TO-PRO-3
(Molecular Probes) to label nuclei.

TUNEL Analysis

Coronal, 12-pm tissue sections were reacted using an in
situ cell death detection kit (Roche, Indianapolis, IN), according
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to the manufacturer’s protocol except for the permeabilization
step, which was previously shown not to affect sensitivity.
Sections were counterstained with 4’,6-diamidino-2-phenyl-
indole (DAPI) to label nuclei.

In Situ Hybridization

A digoxigenin-labeled 1,182-bp mDagl cDNA for ribop-
robes was subcloned from an mDagl full-length cDNA clone
(Accession No. BC007150) using Pstl sites to excise cDNA
spanning part of the 3’ translated and untranslated regions. In
situ hybridization was performed as previously described using
12-pm coronal sections (34).

Retrograde Axon and RG Basal Process Tracing

Embryos and brains from postnatal mice were fixed by
immersion in 4% paraformaldehyde in PBS with 4% sucrose.
Brains were removed from the skull, dissected appropriately for
the specific experiment, and then injected with the lipophilic
carbocyanine tracer Dil (Invitrogen, Eugene, OR) and left to
incubate in the dark at room temperature for 1 day to 10 weeks,
depending on the specific experiment. Brains were then embed-
ded in 4% agarose in PBS, and coronal 50- to 100-p.m sections
were made on a vibratome. Some sections were incubated with
primary and secondary antibodies and counterstained with DAPI
and TO-PRO-3, as previously described.

Microscopy and Image Analysis

Sections were examined, and digital images were made
by epifluorescence microscopy (Nikon E600), laser scanning
confocal microscopy (Bio-Rad Radiance LS2000), bright field
and Apotome epifluorescence microscopy (Zeiss Axioimager
71, Jena, Germany). Color inversion of DiA labeling and con-
trast, sharpness, and brightness of images were enhanced using
Adobe Photoshop CS2 (Adobe Systems, San Jose, CA). For
in situ hybridization experiments with immunofluorescence,
bright field images of mDag]l signal were pseudocolored using
Adobe Photoshop CS2.

RESULTS

Dag1 Is Expressed by RG in the Embryonic VZ

Although the importance of DG in brain development has
been confirmed in previous studies, the cell types in the embry-
onic cortex that express DG have not been well established. We
examined Dagl mRNA expression during early (E12.5), middle
(E14.5 and E15.5), and late (E18.5) neurogenesis. Dag/ mRNA
expression was low at E12.5 but was significantly higher at
E15.5 and E18.5 (Figs. 1A-C). At all 3 time points, Dagl
mRNA expression was restricted to the VZ, except for a small
amount of expression in the cortical plate (CP) at E15.5 and
E18.5 during the late stages of neurogenesis, consistent with data
posted elsewhere (see Brain Gene Expression Map databank,
Accession No. NM 010017, www.stjudebgem.org). Dagl
mRNA colocalized in VZ cells with transcription factor Pax6, a
marker of mainly RG (Fig. 1D). Pax6 is also expressed in some
newly generated IPCs in the VZ (35, 36).

© 2012 American Association of Neuropathologists, Inc.

The protein product of Dag! is posttranslationally pro-
cessed into a-DG and B-DG, 2 noncovalently linked subunits
of the transmembrane dystrophin glycoprotein complex (37).
Given the presumed role of DG in PBM-RG signaling, we
examined the distribution of a-DG and B-DG in RG during
neocortical histogenesis. The B-DG was localized to the end
feet of RG basal processes at the outer surface of the neuro-
epithelium at the PBM and in association with meningeal and
cortical blood vessels at E15.5 (Fig. 1E). The latter finding is
most likely caused by DG expression by vascular endothelial
cells or (at later ages) astrocytes (38). There was no detectable
B-DG expression within the remaining extent of the cortex,
including the VZ where Dagl mRNA was located (Fig. 1E).
At P0.5, B-DG expression appeared as a thin line of immu-
noreactivity predominantly at the PBM (Figs. 1F, G). The B-
DG expression colocalized with the terminal end feet of RG
basal processes identified by antigen RC2 expression, where they
attach to the PBM (Fig. 1H). Using high-magnification confocal
microscopy, a-DG protein expression was likewise consistently
found to be limited to the RG end feet-PBM interface through-
out neurogenesis (as well as cerebral blood vessels) (Figs. 11-L).

PBM-RG Interactions Mediated by DG Are
Necessary for PBM Integrity

As expected, Dagl mRNA expression was undetectable
in E12.5, E15.5, and E18.5 Dag! conditional knockout (cKO)
brains because of conditional loss of Dag/ expression by all
nestin-expressing cells beginning at E10.5, including Pax6-
positive RG in the neocortex (Figs. IM—0). The 3-DG protein
was present in association with meningeal blood vessels but
was completely absent from RG basal processes by E18.5
(Figs. 1Q-T). In Dag! cKO brains, a-DG protein immunor-
eactivity was similar to that observed in Dagl™* mice at
E12.5, likely reflecting earlier expression of Dag/ by RG (or
neuroepithelial cells) before the onset of nestin-Cre expres-
sion at about E10.5 but weakened throughout the neurogenic
period and was completely absent from the RG-PBM inter-
face by E18.5 (Figs. 1U-X). After a temporal pattern similar
to the loss of DG protein from RG end feet, the PBM devel-
oped gaps and became increasingly disrupted in Dagl/ cKO
brains (Figs. 1U-X).

To investigate the effects of DG loss on RG basal
process morphology and attachment to the PBM, we injected
P0.5 Dagl™"* and Dagl ¢KO cortical VZs with the lipophilic
carbocyanine dye Dil. Immunoreactivity for nestin and for RC2,
an intermediate filament-associated protein expressed only in
RG, was also used to examine basal process morphology (39).
All Dil-, nestin- (data not shown), and RC2-labeled RG basal
processes in P0.5 Dagl™* brains terminated on intact PBM
(Figs. 2A, C). In contrast, despite PBM disruptions at P0.5,
RG basal processes in Dagl cKO brains remained attached to
residual islands of PBM (Figs. 2B, D). However, even in areas
where RG-PBM attachment persisted at P0.5, RG basal pro-
cesses lost the orderly, parallel, radial arrangement that was
characteristic of basal processes in Dagl"’" brains and instead
became severely disorganized (Figs. 2B, D). Furthermore, some
RG basal processes extended beyond the original PBM into the
meninges and often attached to ectopic fragments of PBM, thus
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FIGURE 1. Dystroglycan is expressed by RG during neurogenesis. In Dag1*"* (wild-type [WT]) brains, Dag7 mRNA expression is
weak and restricted to the VZ at E12.5 (A) and E15.5 (B) and is mostly in the VZ but also sporadically in CP cells at E18.5 (C). Dag1
mMRNA is expressed in Pax6-positive RG soma in the VZ at E15.5 (D, E) but not at the PBM where B-DG protein is expressed (E,
arrowheads). The B-DG is restricted to the glia limitans at the outermost aspect of the basal cortex at P0O.5 (F, arrowheads; higher
magnification in G). At E18.5, B-DG colocalizes with RC2-positive RG end feet (H, arrow). Using high-magnification confocal
microscopy, a-DG protein consistently colocalizes with the laminin-positive BM at E12.5 (I), E14.5 (J), E15.5 (K), and E18.5 (L).
(M—X) In Dag1 cKO (DG /") brains, DagT mRNA is absent at E12.5 (M), E15.5 (N), and E18.5 (0) and is not expressed in Pax6-
positive RG soma (P). The B-DG protein expression is irregular at E15.5 (Q, arrowheads) and absent at P0.5 (R, higher magnifi-
cation in S). At E18.5, B-DG is not expressed in RC2-positive RG end feet (T, arrow). The a-DG colocalizes with the BM at E12.5
(U). By E14.5, a-DG is nearly absent, whereas the BM remains mostly intact (arrowheads) with only small disruptions (arrow) (V).
The a-DG is entirely absent, and there is widespread disruption of the BM at E15.5 (W, arrowheads). At E18.5, only small fragments
of the BM remain (X, arrowheads). BV, blood vessel; WT, Dag]*/*; DG /7, Dag1 cKO. Scale bars = (A, C, D, M, O, P) 25 pm; (B,
E,F, N, Q R) 50 um; (G-L, $-X) 12.5 pm.

contributing to the formation of leptomeningeal heterotopia  consistent with the normal migration of newborn pyramidal
(Fig. 2B, inset). In addition, many NeuN-positive neurons neurons along RG fibers during cortical histogenesis (40, 41).
were closely associated with RG basal processes below layer =~ Neurons were similarly associated with RG fibers of Dag/
I in the CP of Dagl™" brains (Fig. 2C, single arrowhead), cKO brains; this association persisted ectopically into layer I
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(the marginal zone [MZ]) and the leptomeninges (Fig. 2D,
single arrowhead).

PBM Disintegration Provides a Permissive
Environment for Neuronal Overmigration

Intact PBM in Dagl ™" brains smoothly delimited the
brain surface and established the glia limitans below which
CP neurons remained throughout embryogenesis (Fig. 2E).
However, where breaches of the PBM arose in Dag/ cKO
brains, there were ectopic clusters of neurons (heterotopia) in
the meninges as early as E14.5 (Fig. 2F). As PBM defects
became more widespread at E15.5 and most of the PBM was
lost by E18.5, greater numbers of ectopic neurons accumu-
lated beyond the glia limitans, resulting in a supracortical layer
of neural tissue that was confluent with the underlying residual
cortex (Figs. 2G, H). Displaced neurons and glia in intra-
cerebral (e.g. periventricular), intracranial but extracerebral (e.g.
meningeal), or extracranial locations (e.g. pulmonary) may be
associated with various familial and spontaneous cerebral
malformation disorders or fetal alcohol syndrome because of
abnormal neuronal migration or as tumors in humans and lab-
oratory rodents and are referred to as either neuroglial ectopia or
heterotopia (6, 14, 42-47). Hereafter, we will refer to the
supracortical accumulation of neurons and glia in Dag/ cKO
brains as “leptomeningeal heterotopia” and displaced neurons
or glia as “heterotopic” if they are within the leptomeninges or
“ectopic” if they are in any abnormal location.

Proliferation of Heterotopic Progenitor Cells
Cerebrocortical pyramidal neurons are produced by 2 main
types of progenitor cells, RG and IPCs, which are derived from
RG (36). Radial glia express transcription factor Pax6 and are
restricted to the VZ (31). Intermediate progenitor cells are pro-
duced by RG in the VZ, migrate into the SVZ, and express
transcription factor Tbr2 (36). We classified RG or IPCs as
ectopic if Pax6-positive nuclei or Tbr2-positive nuclei, respec-
tively, were superficial to the cortical subplate. The subplate was
defined as the lamina of the dorsal cortex immediately apical to
the cell-dense CP (layer VI) and basal to the cell-sparse inter-
mediate zone (IZ). At E14.5, when only small and infrequent
disruptions of the PBM were present in Dag! cKO brains, few
ectopic RG or IPCs were observed in cortical slices of either
Dagl ¢cKO brains or Dagl""" brains and there was no apparent
difference in VZ thickness between these genotypes (Figs. 3E-G).

Ectopic Pax6-positive radial glia, Tbr2-positive IPCs,
and Pax6-positive/Tbr2-positive cells (newly generated IPCs),
located mostly in meningeal heterotopia, were common in
E15.5 and E18.5 Dagl cKO brains but were very rare in E15.5
and E18.5 wild-type brains (Figs. 3A-C, E, F). Ectopic pro-
genitor cells were present as single cells or in mixed clusters
and varied widely in total numbers among different Dagl cKO
brains (Figs. 3B, C, E, F). No ectopic Pax6-positive cells in
P0.5 Dagl cKO brains expressed the astrocytic marker GFAP,
but there were small clusters of GFAP-positive Pax6- astrocytic
cells detected in meningeal heterotopia of P0.5 Dagl cKO
brains, consistent with previous findings (Fig. 3D) (14).

The VZ of E15.5 and E18.5 Dag/ cKO brains was slightly
thinner than that in Dag/™"* brains, which may have been a result
of RG overmigration from the VZ to ectopic locations or, pos-
sibly, apoptosis of RG in the VZ (Figs. 3A, B, G). Using the
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) method, we detected no increase of apoptotic cells in
the VZ of E14.5, E15.5, or E18.5 Dagl cKO brains (data not
shown). At P0.5, the number of ectopic RG and IPCs in Dagl
cKO brains declined relative to E15.5 and E18.5 (Figs. 3E, F).
This may have been a result of terminal differentiation of ectopic
progenitors and reduced migration of additional progenitors
from the VZ and SVZ; apoptosis of ectopic progenitors may
have contributed to this decline as well because rare (1-3 per
12-um coronal section) apoptotic cells were seen in P0.5 Dagl
cKO heterotopia or CPs (data not shown).

Using multiple markers of mitotically active cells, in-
cluding expression of the phosphorylated form of histone-H3
(PHH3), chromatin condensation, acute BrdU incorporation,
and expression of PCNA, we investigated whether ectopic RG
and IPCs in Dagl cKO brains were mitotically active despite
being located outside their normal progenitor niches (VZ and
SVZ) (48, 49). In E15.5 and E18.5 Dagl cKO brains, fre-
quent ectopic RG and IPCs in the CP and heterotopia had
condensed chromatin (mitotic figures) and expressed PH3, a
marker of proliferating cells in G2 or M phase of the cell cycle
(Figs. 3H-O). Ectopic Pax6/Tbr2 double labeled cells, rep-
resenting newly differentiating IPCs (36), were also relatively
frequent in E15.5 and E18.5 Dag/ cKO brains (Figs. 3D, arrow).
These cells often showed mitotic chromatin (Figs. 3P—S). Many
ectopic RG and IPCs were labeled with BrdU, a thymidine
analog incorporated into DNA during the S phase, after preg-
nant dams were injected 3 hours before killing (Figs. 3T, U). In
E15.5 Dagl cKO brains, nearly one half of ectopic RG (15 of

FIGURE 2. Basement membrane disintegration leads to RG fiber abnormalities and heterotopia (HT). (A) In a wild-type (WT)
Dag1*'* brain, RG fibers (arrows) extend to the BM (arrowheads) (higher magnification inset). (B) In a Dag1 cKO brain, RG fibers
attach to intact areas of the BM (arrow) and frequently extend into meningeal spaces through breaches in the BM (double
arrowheads) where some fibers remain attached to ectopic BM (single arrowhead) (higher magnification in inset). (€) RC2-positive
RG basal processes (arrow) terminate at the BM (arrowheads), and most neurons (single arrowhead) are closely associated with RG
fibers in a P0.5 Dozgl*/+ brain. (D) In a Dag1 cKO brain, some RG fibers (arrow) attach to intact BM (double arrowheads), whereas
other RG fibers with closely associated neurons (single arrowhead) extend into the meninges (MG) through gaps in the BM. (E) The
distribution of NeuN-positive cortical neurons is smoothly delimited at the glia limitans to the neuroepithelium by intact BM
(arrowheads) in an E14.5 Dag]”*brain. (F) Small neuronal HT (arrows) are present directly above gaps in the BM (arrowheads) in
an E14.5 Dag1 cKO brain. (G, H) Greater numbers of cortical neurons (arrow) are present in meningeal spaces above intact and
disrupted (arrowheads) BM in a Dag1 cKO E15.5 brain (G), and by E18.5, the HT are large and confluent with small underlying
remnants of BM (arrowheads) (H). Scale bars = (A, B) 50 um; (A, B insets) 50 um; (C, D) 25 um; (E-H) 100 pm.
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FIGURE 3. Ectopic proliferating progenitor cells in the CP and heterotopia (HT) of Dag! cKO brains. (A-G) As expected, Pax6-
positive RG and Tbr2-positive IPCs are in the VZ and SVZ, respectively, of E15.5 wild-type and Dag1*/* and Dag1 cKO (DG™") brains
(A, B). There are, however, frequent ectopic Pax6-positive RG (€, double arrowheads), Tbr2-positive IPCs (B, C, single arrow), and
recently born Pax6-positive/Tbr2-positive IPCs (C, single arrowhead) that are present singly (B) and in large clusters (C) in the CP
and HT above disrupted BM (B, double arrowheads) of E15.5, E18.5, and P0.5 Dag1 cKO brains (B, C, E, F). The VZ of Dag! cKO
brains (B, G) frequently seems slightly thinner than Dag1*/* brains (A, G) at E15.5 and E18.5 but not at E14.5 or P0.5 (A, B, G). At
P0.5, clusters of GFAP-positive astrocytes (double arrowheads) are present in heterotopia, whereas heterotopic Pax6-positive RG
(arrow) are GFAP negative (D). (H-W) In E15.5 Dagl cKO brains, heterotopic RG (I, K, single arrowhead), IPCs (N, O, single
arrowhead), and heterotopic Pax6-positive/Tbr2-positive recently born IPCs (Q, R, S, single arrow and arrowhead) are present
above disrupted BM (K, O, S, double arrowheads) and frequently have condensed chromatin (mitotic figures) (H, L, P, arrow-
head, and inset) and express PH3 (J, K, M, O, single arrowhead). Heterotopic RG (T, arrowhead), Tbr2-positive IPCs (U, arrow-
head), and Tbr2- heterotopic cells (U, arrow) are acutely labeled with BrdU in E15.5 Dag1 cKO brains. Many heterotopic RG (V,
arrows) and most heterotopic IPCs (W, arrows) express PCNA in E15.5 Dag1 cKO brains. Scale bars = (A, B) 50 um; (C, D, H-S, V,
W) 25 um; (T, U) 12.5 pm. Y axis, average cell number/coronal section; X axis, time point (E, F). Y axis, average VZ thickness
(rm); X axis, time point (G).
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33, 45%) and two thirds of ectopic IPCs (18 of 28, 64%)
expressed PCNA (Figs. 3V, W).

Marked Dyslamination and Heterotopic
Distribution of Diverse Cortical Neurons

We used layer- and subtype-specific mRNA and protein
expression of CP neurons to investigate the pathogenesis of
dyslamination and heterotopia formation in Dag/ cKO brains
(50). At completion of migration, CR cells normally reside in

© 2012 American Association of Neuropathologists, Inc.

the embryonic MZ (postnatal layer I) immediately below the
PBM where they produce and secrete reelin, a glycopeptide
that is essential for proper lamination of radially migrating
neurons (51, 52). In E14.5, E16.5, and P0.5 Dagl™" brains,
CR cells were mostly horizontally oriented in a monolayer
within the cell-sparse MZ (Figs. 4A, C, E). Between E14.5,
E16.5, and PO.5 in Dag! cKO brains, increasing numbers of
CR cells accumulated in meningeal heterotopia above gaps in
the CR cell monolayer in the MZ (Figs. 4B, D, F, G). Deep to
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these CR cell layer gaps, the laminar pattern of the CP was
disrupted, and columns of cells extended through the gaps
into heterotopia (Figs. 4D). Individual ectopic CR cells were
scattered individually or in small numbers throughout menin-
geal heterotopia, but occasionally they formed clusters or,
remarkably, formed monolayers along the outermost aspect of
the meningeal heterotopia that resembled layer I of normal CPs
(Figs. 4F, G).

In both Dagl™" and Dagl cKO brains, cells immu-
noreactive for CTIP2, a transcription factor expressed in early-

born subcerebral projection neurons, were present in layer V at
E14.5,E15.5, and E18.5 (Figs. 4H-M) (53). However, in Dag!
cKO brains only, CTIP2-positive cells were also present in
more superficial CP layers and in meningeal heterotopia,
with a concurrent reduction of CTIP2-positive cells in layer V
(Figs. 41, K, M). Projection neurons and CR cells expressing
Tbrl, a T-box transcription factor, were present in the subplate,
layer VI, and the MZ of E14.5, E15.5, and E18.5 Dagl™" and
Dagl cKO brains (Figs. SA—F) (54). In Dagl cKO brains,
Tbrl-positive cells were also present in meningeal heterotopia

I Lam / Reln / DAPI
T BM

WT E14.5 DG-/-E14.5

WT E16.5

VZISVZ L e

WT PO.5

P0.5 vz/svzll DG -/- P0.5

Lam/ CTIP2/ DAPl ——
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5
{
DG-/-E15.5

DG -/- E18.5.

FIGURE 4. Cajal-Retzius cells and CTIP2-positive layer V neurons migrate through early BM breaches into meningeal spaces. (A-G)
Reelin-positive CR cells form a monolayer in the marginal zone (MZ, layer I) directly below intact pial BM in wild-type (WT) Dag1*/*
E14.5 (A, arrows), E16.5 (C), and P0.5 (E) brains. The CR cells (B, arrow) migrate through small BM gaps in E14.5 Dagl cKO
(DG™/7), brains. In E16.5 Dag1 cKO brains, many CP neurons migrate into meningeal heterotopia (HT) through large gaps (double
arrowheads) in the CR cell layer (D). At P0.5, most CR cells are in meningeal HT above disrupted BM (F, G, double arrowheads) and
are arranged randomly (F, single arrowhead) in clusters (F, single arrow) and less frequently in single layers (G, single arrow),
resembling layer | of WT CPs. (H-M) Intact BM overlays layer V CTIP2-positive neurons in Dag1*/* brains at E14.5 (H), E15.5 (J),
and E18.5 (L). Between E14.5 (I), E15.5 (K), and E18.5 (M), CTIP2-positive neurons progressively accumulate in superficial CP
layers and meningeal heterotopia of Dag! cKO brains above disrupted BM. Scale bars = (A, B, E-K) 25 um; (C, D) 50 pm; (L, M)
100 pm.
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FIGURE 5. Marked dyslamination and expansion of heterotopia (HT) during late neurogenesis are associated with overmigration of deep
and superficial CP neurons. (A-H) The Tbr1-positive CP layer VI in Dag1*/* brains progressively expands between E14.5 (A), E15.5 (C),
and E18.5 (E). In addition to CP layer VI, small numbers of heterotopic Tbr1-positive neurons are present in Dag? cKO (Dagl~'~) E14.5
brains (B, arrows). Many more heterotopic Thr1-positive neurons are present at E15.5 (D) compared with E14.5 (B), and the thickness
of Tbr1-positive cells in layer VI (D) seems much reduced at E15.5 in Dag1 cKO brains compared with wild-type (WT) Dag1*/* brains (C).
Despite substantial expansion of meningeal HT, few additional heterotopic Tbr1-positive neurons are present in Dag! cKO E18.5 brains
(F) compared with E15.5 brains (D), and many areas in layer VI still have large numbers of appropriately laminated Tbr1-positive cells at
E18.5 (F, arrow). (I-N) Many early-born Tbr1-positive/BrdU-positive (E12.5) neurons (arrow) are present in Dagl cKO P0.5 HT despite
birth dates several days before BM disruption (G, HT). Although occasional late-born Tbr1-positive/BrdU-positive (E15.5) neurons
(arrow) are present in Dag1 cKO P0.5 HT, many late-born Tbr1-positive neurons are appropriately laminated in CP layer VI despite BM
disruption before their birth and migration (H, layer VI). (I-N) Many late-born Cux1-positive neurons are present in layers Il to IV in
Dag1*/* brains at E15.5 (I), E16.5 (K), and P0.5 (M). Small numbers of heterotopic Cux1-positive neurons are present in Dag! cKO
E15.5 brains (J, arrows), whereas slightly more and substantially more are present at E16.5 (L) and P0.5 (N), respectively. Despite
widespread BM disruption before their birth and migration through the CP, many Cux1-positive neurons are appropriately laminated in
layers Il to IV at PO.5 (N). (O, P) Er81-positive neurons are restricted to the deep aspect of layer V in P0.5 Dagl+/+ brains (0) but are
present in layers | to V and heterotopia (arrow) in Dag1 cKO brains (P). (Q, R) RorB-positive neurons are only present in layer IV in P0.5
Dagl*/+ brains (Q) but are distributed throughout layers | to IV (arrow) in Dag1 cKO brains (R). (S, T) CTIP2-positive neurons are mostly
limited to layer V and are superficial to earlier born Tbr1-positive neurons in layer VI in P0.5 Dag1*'* brains (S) but Tbr1-positive neurons
are also admixed with CTIP2-positive neurons in layers | to V and heterotopia in Dagl cKO brains (T). (U, V) Cux1-positive neurons in
layers Il to IV are superficial to earlier born CTIP2-positive neurons in layer V in Dag1*'* brains (U) but are also admixed with Cux1-positive
cells in layers | to IV and HT in Dag1 cKO brains (V). Scale bars = (A-F) 200 um; (I-N) 100 pm; (G, H, 0-V) 50 pum.
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overlying areas of the CP with substantial thinning of layer VI
(Fig. 5B). The numbers of heterotopic Tbrl-positive cells and
CTIP2-positive cells increased significantly in Dag/ ¢KO brains
between E14.5 and E18.5, especially from E14.5 to E15.5
(Figs. 41, K, M; 5B, D, F). Tbrl-positive cells and CTIP2-
positive cells, with birth dates between E11.5 and E15.5 (55),
were born both before and after significant disruption of the PBM
in Dagl cKO brains. Many E12.5 (Fig. 5G) and occasional
E15.5 (Figs. SH) BrdU-labeled Tbrl-positive cells were present
in the heterotopia of P0.5 Dagl/ cKO brains, suggesting that
projection neurons born before and after PBM breakdown
migrated into meningeal heterotopia.

Most superficial layer neurons, including layer II to IV
cells, had birth dates between E13.5 and E16.5 (55) and,
therefore, were born and migrated into the CP after significant
disruption of the PBM had occurred in Dag/ c¢KO brains. In
E15.5, E16.5, and P0.5 DagIJr/Jr and Dagl cKO brains, cells
expressing the transcription factor Cux1 were present in layers
II to IV (Figs. 5I-N). Cux1-positive cells also accumulated in
meningeal heterotopia of Dagl cKO brains, particularly
between E16.5 and P0.5, despite reduced heterotopic migra-
tion of early-born neurons (CTIP2 positive and Tbr1 positive)
during this period (Figs. 5J, L, N).

Individual CP layers contain multiple subtypes of pro-
jection neurons, and at the same time, specific projection neuron
subtypes may normally be present in single or multiple CP
layers (55). For example, Er81-positive cells include all layer
V subcerebral and many layer V corticocortical projection
neurons, whereas CTIP2-positive expression is limited to layer
V subcerebral projection neurons (56, 57). In addition, Rorf3
expression is restricted to layer IV neurons, whereas Cuxl is
expressed by neurons in layers II to IV (58, 59). We inves-
tigated dyslamination of different neuronal subtypes in Dag/
cKO brains that normally have similar or overlapping laminar
fates but unique molecular expression patterns. We compared
the distribution of neurons defined by either Er81-positive or
RorB-positive expression to that of CTIP2-positive and Cux1-
positive neurons, respectively. In P0.5 Dagl™* brains, Er81-
positive neurons were in the deep (apical) aspect of layer V
(Fig. 50) but in Dag! cKO brains, few Er§81-positive neurons
laminated appropriately in layer V and most were in layers I
to IV and heterotopia (Fig. SP). Interestingly, fewer Er81-
positive neurons laminated appropriately in Dagl cKO brains
compared with other layer V neuronal subtype CTIP2-positive
cells (Fig. 4M). All RorB-positive neurons in P0.5 Dagl™*
brains were in layer IV (Fig. 5Q). Although most Rorf3-positive
neurons laminated appropriately in layer IV of P0.5 Dagl cKO
brains, they were also frequently present in layers I to III
(Fig. 5R) and heterotopia (data not shown) in a comparable pat-
tern to Cux1-positive cells, which are likewise late-born neurons.

In normal CP development, deeper layers form before
and beneath more superficial layers in an inside-out pattern
based on birth date and molecular phenotype (55, 60, 61).
In P0O.5 Dagl ** brains, CTIP2-positive cells in layer V
were above Tbrl-positive cells in layer VI with little overlap
(Fig. 5S). In contrast, Tbrl-positive cells were mixed with
CTIP2-positive cells in layer V, and both Tbrl-positive and
CTIP2-positive cells were present in more superficial CP layers
and meningeal heterotopia in P0.5 Dag/ cKO brains (Fig. 5T).
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Similarly, Cux1-positive cells in layers II to IV were above
layer V CTIP2-positive cells in Dag/"" brains (Fig. 5U), but
both were admixed in superficial CP layers and meningeal
heterotopia without respect to normal laminar pattern in P0.5
Dagl cKO brains (Fig. 5V). Nevertheless, despite the large
number of neurons from each of the CP layers that aberrantly
migrated in.5 Dagl cKO brains, there was a surprising degree
of appropriate lamination within the mutant CP, and only rarely
were CP projection neurons present in deeper than normal
laminae of the cortex for their specific molecular expression
phenotype (Figs. 5B, D, F, J, L, N, P, R, T, V). In this regard,
neuronal “overmigration” accurately depicts this aspect of the
Dagl cKO cortical phenotype.

Unlike projection neurons, interneurons are produced in
the ventral telencephalon and migrate tangentially into the
dorsal telencephalon through the MZ, 1Z, and SVZ before
migrating radially to establish laminar positions alongside pro-
jection neurons of similar birth dates (62—67). DIx transcription
factors are specifically expressed by cortical interneurons dur-
ing the embryonic and postnatal periods (63). In E15.5 Dagl™""
and Dagl cKO cortex, DIx-positive interneurons similarly
migrated in streams from the ventral telencephalon to the CP
in tangential migratory streams from the ganglionic eminences
(Figs. 6A, B). Within the dorsal cortex, most DIx-positive in-
terneurons were widely distributed among cortical layers, with
greatest abundance in the 1Z, SVZ, and (admixed with CR
cells) in the MZ. In Dagl cKO cortex, some DIx-positive cells
also migrated into meningeal heterotopia (Fig. 6C, D). In E18.5
Dagl™™ lateral neocortex, many DIx-positive interneurons
were still migrating to the dorsal telencephalon through the
MZ,1Z, and SVZ, and some interneurons accumulated in layer
V (Fig. 6E). In contrast, many DIx-positive interneurons in
E18.5 Dagl cKO lateral cortex were located not only in these
zones but also in heterotopia overlying gaps in the MZ mono-
layer of reelin-positive CR cells (Figs. 6F). Compared with
E15.5 brains, many more DIx-positive interneurons had migra-
ted into the dorsal cortex and were in layers I, V, and VI, VZ,
and SVZ in both Dagl™"" and Dag! ¢KO brains (Figs. 6G, H).
DIx-positive interneurons were also in the heterotopia of P0.5
Dagl cKO brains (Figs. 6H). Accumulation of DIx-positive
interneurons within meningeal heterotopia throughout the neu-
rogenic period is consistent with the hypothesis that interneurons
migrate to similar locations during the same period as projection
neurons with the same birth dates and therefore are similarly
susceptible to conditions that facilitate overmigration (67).

Heterotopic Pyramidal Neurons Establish
Appropriate Axonal Projections

We used retrograde axon tracing with Dil to investigate
cortical pyramidal neuron morphology and efferent axonal
projections. As expected, Dil injections into the thalamic ven-
troposterior lateral nucleus resulted in retrograde labeling of
corticothalamic neurons with somata in layer VI of the soma-
tosensory cortex in both Dagl™* and Dagl cKO P7.5 brains
(Figs. 7A, B); however, ectopic neurons in superficial CP layers
and meningeal heterotopia of Dag/ cKO brains also established
connections with the ventroposterior lateral nucleus (Fig. 7B).
Dil injections into the corpus callosum labeled neurons in all
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layers of P7.5 Dagl™"* and Dagl cKO brains, with the greatest
abundance of callosal neurons in upper layers II to IV
(Figs. 7C, D). Many neurons in Dag! cKO meningeal hetero-
topia also made callosal projections (Figs. 7D). Dil injections
into the cerebral peduncles of P7.5 Dagl™" and Dagl cKO

I reelin / DIx / DAPI

DG cKO

© 2012 American Association of Neuropathologists, Inc.

brains retrogradely labeled neurons in layer V, but in addi-
tion, many neurons in Dagl/ cKO heterotopia were labeled
from these injections (Figs. 7E-I). In P7.5 Dagl™" brains,
pyramidal neurons had parallel arrangement of apical den-
drites that terminated with tufts in layer I (Figs. 7A, E, G). The
dendrites of heterotopic subcerebral projection neurons in
P7.5 Dagl cKO brains were frequently oriented abnormally,
with tortuous apical dendrites. In some cases, apical dendrites
ran parallel to the surface of the heterotopia (Figs. 7H) or
projected downward (toward the ventricle) and therefore op-
posite to the normal orientation of apical dendrites (Figs. 71).

DISCUSSION

The complex process of neocortical development involves
proliferation of progenitor cells in the dorsal and ventral tele-
ncephalon, long-distance migration of postmitotic neurons from
progenitor zones into the CP, lamination of neurons according to
birth date and molecular phenotype, and establishment of con-
nections with cortical and subcortical targets (54, 60, 62, 68—70).
Because PBM-RG signaling interactions are mediated by DG
and have been shown to be essential for normal morphogenesis
of the cerebral cortex, we investigated the expression of DG
protein and Dag/ mRNA in the developing neocortex. We used
Dagl cKO brains to investigate which aspects of normal
neocortical development are affected by disrupted PBM-RG
interactions and the pathogenesis of cobblestone lissencephaly.
We found that the disruption of PBM-RG interactions caused
by Dagl mutation caused perturbations that altered the dis-
tribution and migration of progenitors and neurons but had
little effect on the layer-specific (molecular) differentiation of
pyramidal and nonpyramidal neuron types or on axon growth
and targeting to thalamus, contralateral cortex, and cerebral
peduncles. Our data provide a more complete understanding
of the pathogenesis underlying cobblestone lissencephaly in
some of the dystroglycanopathies. Key features of this devel-
opmental pathology are illustrated in Figure 8.

FIGURE 6. Interneurons migrate into meningeal heterotopia (HT).
(A, B) In Dag1*/* wild-type (WT) and Dag1 cKO (Dag1 /") E15.5
brains, DIx-positive interneurons migrate similarly from the ventral
telencephalon to the CP in tangential migratory streams (arrows)
from the ganglionic eminences. (C, D) Within the dorsal cortex,
most DIx-positive interneurons are in the MZ, 1Z, and SVZ but are
also present in HT of Dag1 cKO brains (D). (E, F) In Dag1*'* and
Dag1 cKO E18.5 brains, interneurons are tangentially migrating
through lateral cortices in the IZ, SVZ, layer V, and the MZ (con-
taining reelin-positive CR cells). In Dagl cKO brains, but not
Dag1** brains, many interneurons in the lateral cortex are in HT
(arrows) overlying gaps in the reelin-positive CR cell monolayer
(arrowheads) in the MZ (F). (G, H) By P0.5, many more inter-
neurons are in the dorsal cortex compared with E15.5 in both
Dag1*"* and Dag1 cKO brains. Most interneurons are in layer V,
layer VI, the VZ, SVZ, and mixed with CR cells in layer | (G, H);
however, large numbers of interneurons are also in HT of Dagl
cKO brains (G). St, striatum. Scale bars = (A, B, E, F) 100 um; (C,
D, G, H) 50 pm.
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Consistent with previous findings in all cell types where
DG is expressed as a major ECM receptor and is localized along
the membrane where it contacts the basement membrane, Dag!
mRNA expression colocalized with RG soma in the VZ during
the neurogenic period, whereas DG protein was limited to RG
basal process end feet where they interact with the PBM and
establish the glia limitans. Radial glia are the only cell type that
directly interface with the PBM during development, and
localization of DG in RG end feet during neocortical histo-
genesis provides a basis for understanding the pathogenesis
of neuronal migration disorders when DG absence results in
the loss of necessary RG-PBM interactions. Absence of «- and
B-DG from RG basal processes in Dag/ cKO brains resulted in
disarrayed and truncated RG fibers with subsequent loss of PBM
throughout embryonic development. Radial glia basal processes
normally provide a scaffold for some radially migrating projec-
tion neurons and interneurons (40, 71, 72), and the PBM nor-
mally compartmentalizes cortical neurons within the neocortical
epithelium. Disarrayed RG fibers, breaches in the PBM, and RG
fibers that extended into the meninges apparently facilitated
overmigration of diverse cellular elements, including progenitor
cells, CR cells, projection neurons, and interneurons, beyond
the glia limitans and into meningeal spaces. Although the rela-
tive contribution of each remains unclear, progressive PBM
disintegration, neuronal overmigration, and aberrant repair of
the cortical surface throughout the embryonic period resulted in
severe dyslamination and leptomeningeal heterotopia that were
confluent with underlying residual cortices.

Cajal-Retzius cells migrated into the meninges soon after
the PBM began to break down, leaving widespread gaps in the
CR cell layer within the MZ. Reelin, which is produced by CR
cells in the MZ, is an important positioning cue for radially
migrating neurons and is necessary for establishment of the
normal “inside-out” laminar pattern of the CP (73). Over-
migration of CP neurons into the meninges may have been
further facilitated by ectopic reelin within the developing
meningeal heterotopia or by reduced reelin levels within the
MZ, although it is unclear whether reelin acts as a “stop
signal” during migration. Despite CR cells occasionally being
distributed along the basal aspect of heterotopia, CP neurons
rarely formed a laminar pattern in heterotopia. Instead, neu-
rons with molecular phenotypes of different CP layers were
typically admixed in heterotopia with no discernible pattern.

Neurons from all CP layers migrated into inappropri-
ately superficial CP layers and into the meninges of Dagl
cKO brains. Although not investigated in this study, the Dag/
cKO brain could be used in future studies to examine the
molecular mechanistic basis for neuronal overmigration after
PBM disruption. Early-born neurons migrated into heterotopia
soon after PBM discontinuities developed. However, by late
embryogenesis, most heterotopic neurons expressed molecular
phenotypes of late-born neurons destined for superficial CP
layers. There was significant retention of normal CP lamination
with early-born neurons even after widespread PBM disintegra-
tion was present in Dag/ cKO brains. It is likely that cortical
neurons have a window of opportunity for aberrant migration if
permissive conditions such as loss of PBM integrity exist before
becoming permanently settled in their laminar position. The time
points when PBM disruptions first develop and the rate at which
they progress in cobblestone lissencephaly likely impact the total
number of neurons that migrate abnormally. Earlier or more
rapid disintegration of the PBM may result in more extensive
CP laminar disorganization and heterotopia formation because
greater numbers of neurons may not yet have become fixed in
their CP laminar position. A comparison of Gfap-Cre and Nestin-
Cre Dagl cKO mice supports this hypothesis, that is, Gfap-Cre
¢KO mice lose DG approximately 2 to 3 days later than Nestin-
Cre cKO mice and have less extensive cortical heterotopia. (74).

The clinical severity of neurologic deficits among humans
with cobblestone lissencephaly varies widely, and this clinical
heterogeneity seems to be associated at least in part with different
known or unknown genetic mutations that result in hypo-
glycosylation of DG (75). Although not established in this study,
we hypothesize that clinical phenotypic variability might be as-
sociated with mechanistic differences in DG hypoglycosylation
that affect the rate and timing of PBM disruption and, therefore,
the extent of cortical dysgenesis in cobblestone lissencephaly.
This hypothesis could be further explored with comparative
studies of mouse models of DG hypoglycosylation. Molecular
and neuropathologic findings from a recent study of 65 fetal
human cases provide support for this hypothesis (6). Interest-
ingly, despite widespread disruption of the PBM, disarray of
RG basal processes, and loss of many CR cells from the MZ
of Dagl cKO brains by E16.5, many upper layer neurons
successfully laminated in the CP after this time point. This
suggests that factors other than PBM integrity, an orderly

FIGURE 7. Ectopic pyramidal neurons project to appropriate cortical and subcortical targets but have abnormal dendritic ori-
entation. (A, B) In the somatosensory cortex of wild-type (WT) Dag1** and Dagl cKO (Dag1 /") brains, layer VI neurons with
thalamic projections are retrogradely labeled by Dil injections in the thalamic ventroposterior lateral nucleus (VPLN); however,
ectopic layer VI neurons in superficial CP layers and heterotopic layer VI neurons (B, arrow) in Dag1 cKO brains also established
thalamic connections despite severe dyslamination. (C, D) In Dag1*’* and Dag1 cKO brains, neurons in all CP layers with com-
missural projections are retrogradely labeled by Dil injections in the corpus callosum. In Dagl cKO brains, many heterotopic
neurons SD, arrow) also have commissural projections and are retrogradely labeled by Dil injections in the corpus callosum. (E, F)
In Dag1*"* brains and Dagl cKO brains, layer V neurons with subcerebral projections (to the brainstem and spinal cord) are
retrogradely labeled by Dil injections in the cerebral peduncles. Many ectopic layer V neurons in superficial CP layers and hetero-
topia (HT) (F, arrow) also have subcerebral projections. (G-1) layer V pyramidal neurons in Dag1+/* brains have parallel, radially
oriented, apical dendrites ending in tufts in layer | (G). Heterotopic neurons in Dagl cKO brains often have abnormally oriented
and tortuous apical dendrites, which occasionally are bent against the outer edge of the HT (H) or are inverted (I). Scale bars =
(A-F) 200 pm; (G, 1) 100 pm.
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radial glial migratory scaffold, and normal spatial gradients of
MZ reelin may contribute to appropriate lamination of some
projection neurons.

Cortical projection neurons establish commissural and
corticofugal connections with specific targets based on their
molecular identity, which is normally highly correlated with
laminar position (70). The development of appropriate cortical
connections involves axon pathfinding mediated by extrinsic
molecular signals in addition to reciprocal interactions with
cortical afferent axons (70). Within the heterotopia of Dagl
cKO brains, some pyramidal neurons showed altered polarity,
including abnormally oriented or bent apical dendrites, closely
resembling the morphology of neocortical neurons in humans
with Walker-Warburg syndrome and cobblestone lissence-
phaly (76). Despite severe dyslamination and abnormal den-
drite orientation, heterotopic pyramidal neurons established
axonal connections with distant cortical and subcortical targets
or projections within appropriate white matter tracts. This is
consistent with the view that axon pathfinding does not require
laminar organization. Extrinsic axonal pathfinding cues and
intrinsic signals in ectopic cortical projection neurons were ap-
parently sufficient for proper cortical projections independent
of final laminar or heterotopic position. The plasticity of the
developing cerebral cortex, as demonstrated by successful axon
guidance despite extensive cortical dyslamination and abnormal
dendrites of individual ectopic projection neurons in Dag! cKO
brains, may also account in part for the high degree of retained
neurologic function in some humans with cobblestone lissen-
cephaly (75).

Pial basement membrane disintegration in Dagl/ cKO
brains resulted in formation of meningeal neuronal heterotopia
containing proliferating progenitor cells. Thus, the dystrogly-
canopathies with brain malformations are not only neuronal
migration disorders but also progenitor migration disorders.
Expression of the transcription factors Pax6 and Tbr2 is limited
to RG and IPCs, the progenitors of glutamatergic neurons, in
the dorsal telencephalon of normal mice. Radial glia and IPCs
are normally restricted to the VZ and SVZ, respectively, during
neocortical histogenesis. Ectopic Pax6-positive and Tbr2-
positive cells in Dagl/ cKO brains were frequently immu-
noreactive for PCNA and PHH3 and incorporated BrdU,
markers of proliferating cells, but were not immunoreactive
for GFAP, a marker of astrocytic terminal differentiation. These
ectopic Pax6-positive and Tbr2-positive cells were likely RG
and IPCs that had lost both apical (ventricular) and basal (pial)
attachments and migrated away from the VZ and SVZ. Remark-
ably, apical attachment and exposure to local extrinsic cues within

the neurogenic niches of the VZ and SVZ were therefore not
essential for ectopic RG and IPCs to maintain proliferative pro-
genitor phenotypes; however, the mechanism by which these
phenotypes persist under these conditions and whether they
eventually differentiate into terminal phenotypes remain unclear.

Mitotically active ectopic progenitor cells in superficial
CP layers and heterotopia of Dag/ cKO brains presumably
produced ectopic glutamatergic neurons and thus contributed
in part to dyslamination and expansion of heterotopic meningeal
neuronal populations. Late in neurogenesis, most progenitor cells
in normal murine neocortices are committed to produce upper
layer neurons such as Cux1-positive cells (77). It is possible that
ectopic progenitor cells in Dagl/ cKO brains, which were first
detected relatively late in neurogenesis, produced mostly ectopic
projection neurons expressing molecular markers of upper CP
layers such as Cux! because of their lineage restriction. This
may partially contribute to the disparity in the number of early-
born compared with late-born ectopic neurons that accumulated
within meningeal heterotopia during late embryogenesis.

In summary, we verified that Dag/ mRNA is expressed
by RG cells in the embryonic VZ, whereas DG protein is
localized to RG end feet in contact with the PBM, indicating
that DG protein must be transported along the RG fiber to
achieve this localization. We also found that Dag/ inactivation
led to disintegration of the PBM, RG fiber abnormalities, for-
mation of heterotopia by aberrant migration of diverse cortical
neuronal cell types into the meningeal space, and heterotopic
proliferation of RG and IPC progenitor cells. Our findings
demonstrate that DG expression on RG end feet is essential
for multiple processes of neocortical histogenesis to occur
normally. However, we also show that other developmental
processes, such as establishment of appropriate axonal projec-
tions, can occur despite severe dyslamination and abnormal
dendritic orientation. This study provides evidence that the
pathogenesis of cobblestone malformation in dystroglycanop-
athy is associated with severe dyslamination of CP layers with
aberrant migration of diverse cell types that are influenced by
the timing and extent of PBM disruptions. It also demonstrates
that cortical dysgenesis involves not only overmigration of
neurons but also disturbances of RG morphology, progenitor
distribution, and pyramidal neuron orientation.
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FIGURE 8. Summary of abnormal neurogenesis in Dagl cKO model of dystroglycanopathy. (A) In wild-type (WT) brains (A),
neurons generated in the VZ and SVZ by RG and intermediate progenitor cells migrate through the 1Z into the CP along the basal
processes of RG. Radial glia basal processes terminate as foot processes on the PBM. Differentiated neurons form an inside-out
laminar pattern in the CP below reelin-producing CR cells in the MZ and the PBM. (B) In DG-null brains, neurons generated in the
VZ and SVZ migrate through the IZ into the CP and into the leptomeninges through discontinuities in the PBM. Proliferating
heterotopic progenitor cells produce autochthonous heterotopic neurons. Radial glia basal processes extend into the lep-
tomeninges through discontinuities in the PBM. There is profound cortical disorganization and formation of leptomeningeal het-
erotopia (Ih) containing migrating neurons, differentiated neurons, CR cells, and proliferating progenitor cells. Residual intact PBM

overlies small areas of normal CP.
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