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Laminar organization of the cortex requires neurons to exit the cell cycle, 

locomote, and assemble into six distinct layers. Neurons encounter multiple permissive 

and repulsive guidance cues simultaneously during cell migration. The molecular 

mechanism of how these cues are interpreted by migrating cells is not well understood. 

To gain insight into the mechanisms of signal transduction that participate during 

cortical migration and lamination, we studied the three embryonically-expressed Cas 

signaling adaptor proteins (p130Cas, CasL, and Sin) to uncover the signaling events 

essential cortical development. We hypothesize that the Cas family of proteins mediate 

adhesion signal transduction during corticogenesis as they are known to mediate 

integrin-dependent signals at focal adhesion complexes. Here, we provide in vivo 

genetic evidence that Cas proteins serve a functional and redundant role during cortical 

lamination. Cas triple conditional knock-out (CasTcKO) mice display severe cortical 
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phenotypes that resemble cobblestone lissencephaly. The malformation in CasTcKO 

brains include ectopic clusters of neurons in the marginal zone and meninges. 

Furthermore, all excitatory neuronal subpopulations are disrupted in CasTcKO mutants. 

Defects in neuronal positioning appear to be non-neuronal autonomous, suggesting that 

Cas genes are required in radial glial cells for proper cortical lamination. Disruption to 

radial glial interactions with the basement membrane resulted in disarrayed radial glial 

basal processes and ectopic proliferating cells. Molecular epistasis analysis placed 

dystroglycan, a known regulator of glial-pial interactions, upstream of Cas 

phosphorylation. Furthermore, this dystroglycan-dependent recruitment of 

phosphorylated Cas to radial glial endfeet requires β1 integrin signaling. Overall, our 

data support an essential role for Cas adaptor proteins during cortical lamination by 

acting downstream of dystroglycan and β1 integrin in radial glial cells.
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Chapter 1: Introduction to Corticogenesis and Cas Proteins 

Developmental Events for Cortical Lamination 

Development of the mouse neocortex requires a series of well-orchestrated 

developmental steps to form functional circuits (Marín & Rubenstein, 2003; Silva et al., 

2019). Perturbations to key events during neocortical development, including neuronal 

proliferation, differentiation, or migration, can result in cortical malformations 

extending to alterations in circuit assembly and/or functionality (Ayala et al., 2007; Di 

Bella et al., 2021). Detrimental consequences include limitations in executive functions, 

sensory misdetection, and epileptiform activity (Ayala et al., 2007; Stouffer et al., 2016). 

A pluripotent layer of neuroepithelial cells will mature and give rise to radial glial 

cells (RGCs) that will eventually divide to generate the neurons and glial cells of the 

cortex (Bella et al., 2021). The cortex is composed of neurons originating from two 

different proliferative pools (Rakic 1982; Marín & Rubenstein, 2003). Excitatory neurons 

derived from the dorsal telencephalon use a radial path to migrate toward the pial 

surface (Caviness & Takahashi, 1995; Kriegstein & Noctor; 2004). The majority of these 

excitatory neurons will migrate along radial glial fibers until they reach the cortical 

marginal zone, where they coalesce to form distinct cellular layers. Seminal experiments 

showed that the birthdate of neurons in the ventricular zone and migration along radial 

glial cell processes are key factors in the establishment of the cortical layers (Rakic 

1972). Advancement in live imaging studies demonstrated radial migration is complex 

and adhesion signaling plays an important role in regulating these processes in a crucial 
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temporal sequence (Marín et al., 2010). Inhibitory neurons migrate tangentially across 

the plane of the glial fibers from the ventral telencephalon (ganglionic eminences) to 

the cortex and subsequently use radial glia to migrate to their proper laminar position 

(Hatten 1999; Nadarajah et al., 2003). Regardless of their origin, migrating neurons need 

to interpret permissive and repulsive guidance cues to undergo specific morphological 

changes and selectively choose adhesive substrates to translocate (Ayala et al., 2007; 

Kawauchi, 2011; Gil-Sanz et al., 2013; Hirota & Kazunori, 2017). 

The formation of a cortical plate starts with genesis of the preplate (PP). 

Asymmetrical division of neuroepithelial cells in the ventricular zone (VZ) to generate 

neural progenitors that form the PP is indeed one of the crucial steps in forming the 

cortex (Anthony et al., 2004; Miyata, 2004). Cajal-Retzius cells are thought to be the 

pioneer neurons in the preplate (Espinosa et al., 2009). The PP will eventually divide to 

form the subplate (SP) and marginal zone (MZ). Expansion of the cortex generates a 

cortical plate (CP) situated between these two boundaries. Continuous mitotic divisions 

generate the six cortical layers in an inside first-outside last manner: neurons born first 

will populate the deep layers, whereas those born last during corticogenesis will reside 

in the superficial layers (Marín & Rubenstein, 2003). It is of utmost importance the PP 

splits properly for the developing CP to form, as malformations may arise if this split 

does not proceed normally (Olson, 2014). 

One of the early steps during migration of newborn neurons is the adoption of a 

multipolar morphology, and locomotion through the subventricular zone (SVZ) 
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independently from RGC processes (Tabata and Nakajima, 2003). In this region of the 

cortex, the neuron is actively seeking guidance cues and selectively interacts with the 

extracellular matrix or other cells (Guan & Rao, 2003). The ability of a migrating cells to 

properly respond to the correct guidance cues requires progenitors and migrating cells 

to be in the right place at the right time (Wong et al., 2002; Guan & Rao, 2003; Cayre et 

al., 2010). Initial positioning is as important as the choice points the cells encounter 

during the different modes of migration. If positioned at the wrong location, the cells 

may miss a guidance cue and respond to a different one (Tessier-Lavigne & Goodman, 

1996; Marín et al., 2010). Thus, neural cells that are mitotically active, with the 

exception of Cajal-Retzius cells that makeup layer I or MZ, are usually localized to the 

VZ/SVZ (Rice & Curran, 2001). These progenitor cells continue cellular divisions and 

mature to expand the developing cortex. 

As mentioned before, the birth date of a neuron is closely correlated with its 

laminar fate (Marín & Rubenstein, 2003; Ridley et al., 2003). Cells migrate past the 

previously born neurons to form the layers of the cortex in an inside-out pattern 

(Kriegstein & Noctor, 2004). Thus, the earliest wave of neuronal migration forms the 

deep layers of the CP (layers V & VI) and the last wave corresponds to superficial layer 

neurons (II/III). Early born neurons that will reside in the deep CP utilizes glial-

independent cell migration. Since layer II/III neurons need to travel great distances to 

integrate into the CP, these neurons require assistance from radial glial cells. The radial 

glial basal process dynamically changes from highly branched to club-like during 
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development (Yokota et al., 2010) and functions as a scaffold for neuronal migration of 

superficial layer neurons from the SVZ/VZ to their target position (Marín et al., 2010). 

Importantly, the aforementioned multipolar neurons in the SVZ actively seek and 

interact with extracellular environment (Marín et al., 2010). Once the neuron receives 

the proper signals, these post-miotic cells will adhere onto the radial glial process and 

convert to a bipolar morphology with the leading process oriented towards the basal 

lamina. Proper orientation assists in unidirectional migration into the CP by glial-

dependent locomotion (Götz et al., 2002; Yokota et al., 2007). Active remodeling of focal 

adhesions at the lamellipodia and filopodia of the leading process generates traction 

force to propel the neuron closer to the pial surface (Nadarajah et al., 2003). At the end 

of glial-guided locomotion, superficial layer neurons detach from the radial glial scaffold 

by favoring interactions with the ECM over cell-cell interactions to finish radial migration 

via somal translocation (Götz et al., 2002). 

Fate mapping experiments performed to trace the lineage of clonally-related 

neurons, indicate some markers that are expressed in the SVZ during neurogenesis, are 

also expressed in postmitotic neurons (Molyneaux et al., 2007; Franco et al., 2012). This 

is the easiest and most reliable method to correctly identify changes to laminar 

organization, rather than sorting each cell based on morphological features and 

functions that could have been altered. Laminar- and subtype-specific markers can then 

be used to label the diverse neuronal populations and characterize their positioning in 

mouse models for neurodevelopmental disorders. This type of approach can be useful 
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to investigate whether cortical lamination is disrupted and which subpopulations 

contribute to the malformation.  

Migration defects that disrupt cortical lamination and wiring can lead to severe 

neurodevelopmental disorders. Hallmark characteristics of Cobblestone Lissencephaly 

(Type II Lissencephaly) include aggregate of cells in the subarachnoid space, breakage in 

the basal lamina, and cognitive impairments (Devisme et al., 2012). Defects in the 

signaling interactions between the embryonic pial basement membrane (PBM) and 

radial glial (RG) processes, rather than neurons are responsible for these pathologies 

(Hu et al., 2007). Dysregulation of signals that facilitate this pial-glial interaction can 

cause breaches in the basement membrane and create a permissive environment for 

overmigration (Myshrall et al., 2012). In regions where PBM-RG interactions are 

compromised, the discontinuity causes the formation of  leptomeningeal heterotopia. 

This indicates the glial limitans is essential for corticogenesis, and severe cortical 

malformations can arise from disruptions to this dynamic boundary (Halfter et al., 2002; 

Hu et al., 2007). 

Glycoproteins such as laminin in the ECM are known to bind to dystroglycan and 

integrin transmembrane receptors expressed on radial glial endfeet (Moore et al., 2002; 

Haubst et al., 2006). Laminin binds to the alpha subunit of dystroglycan (α-DG) in the 

ECM to glycosylate the dystrophin glycoprotein complex (Yoshida et al., 2001; Michele 

et al., 2002; Kim et al., 2004; Schachter et al., 2004). Extensive glycosylation is essential 

for α-DG signaling, and mutations in the laminin-binding domain are linked to 
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cobblestone malformations (Hewitt, 2009). Interference in PBM-RG signaling mediated 

by integrins and DG result in pathology that extends beyond neuronal overmigration 

and laminar disorganization (Myshrall et al., 2012). A multitude of disruptions occur, 

including ectopic progenitor proliferation, retraction of the endfeet, radial glial fibers 

extending into heterotopias, and sporadic distribution of Cajal-Retzius cells in the 

marginal zone are common defects observed in animals missing different integrin 

subunits, or with disrupted DG glycosylation (Georges-Labouesse et al., 1998; Halfter et 

al., 2002; Beggs et al., 2003; Niewmierzycka et al., 2005; Hu et al., 2007). 

The complex pial basement membrane-radial glial cells-neuronal interactions 

involve distinct molecular machineries at choice points to organize the cortex (Halfter et 

al., 2002; Amin & Borrell, 2020). The adaptor proteins Crk and CrkL (Crk-like) have been 

shown to be essential for these processes, and function downstream of Reelin/Dab1 

during cortical migration (Park and Curran, 2008). They have been implicated in diverse 

cellular events including cell migration and adhesion (Cho & Klemke, 2000; Feller, 2001; 

Huang et al., 2015). Conditional deletion of Crk and CrkL (Park and Curran, 2008) 

indicate the adaptor proteins share the same major anatomical features of failed cell 

migration, absence of preplate splitting, and disruption to lamination as Reeler mutants 

(Miao et al., 1994; D’Arcangelo et al., 1995). This raises the possibility that ablation of 

Crk and CrkL binding partners may result in similar morphological defects. 
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Cas Proteins as Potential Regulators of Cell-ECM and Cell-Cell Adhesion 

The Crk-associated substrate (Cas) proteins are a family of cytoplasmic adaptors 

that interact with Crk, as their name implies. The Cas family of adaptor proteins is of 

interest due to their broad embryonic expression in the mammalian nervous system 

(Merrill et al., 2004) and dynamic regulation of their phosphorylation states to mediate 

adhesion preferences for cell-cell or cell-extracellular matrix (ECM) interactions (Klemke 

et al., 1998; Chodniewicz et al., 2004). The Cas signaling adapter proteins are 

evolutionarily conserved across vertebrates and invertebrates (Huang et al., 2007; 

Riccomagno & Sun et al., 2014; Vahedi-Hunter et al., 2019). A single Cas paralog, DCas, 

is found in Drosophila melanogaster (Huang et al., 2017). In mammals, the Cas paralogs 

consist of a family of four proteins: three embryonically-expressed proteins include 

p130Cas/BCAR1, CasL/NEDD9/HEF1, and Sin/EFS and one adult variant, HEPL (HEF1-Efs-

p130Cas-like).  

p130Cas, CasL, and Sin have evolutionarily conserved structural domains that 

allow interactions with the same binding partners (Harte, et al., 1996; Bouton & 

Parsons, 1996; Klemke et al., 1998; Bouton et al., 2001; Birge et al., 2009). The structural 

domains are relatively conserved across the vertebral paralogs, highlighting the 

importance of the Src-homology and substrate domains to interact with focal adhesion 

kinase (FAK) and Src, respectively (Alexandropoulos & Baltimore, 1996; Astier et al., 

1997). A fourth member, HEPL is known as a pseudo-member of the Cas family and its 

function and expression has been briefly explored in adults and was only discovered 
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through an in silico screen using the Cas mRNAs (Singh et al., 2008). Due to the similarity 

in substrate domains and overlap in embryonic expression during neural development in 

rodents (Merrill et al., 2004), p130Cas, CasL, and Sin could play redundant roles during 

neural development (Nasertorabi et al., 2004; Meenderink et al., 2010). 

Cas proteins mediate integrin-dependent signals at focal adhesions, where 

migrating neurons dynamically remodel the lamellipodia found at the leading process by 

forming and dissolving these complexes (Calalb et al., 1995; O’Neill et al., 2000; Yeo & 

Song, 2008). Extracellular matrix substrates bind to integrin alpha and beta subunits to 

transduce Focal Adhesion Kinase (FAK) to phosphorylate proline sites on the Cas SH3 

domains and recruit Src to tyrosine phosphorylate residues on the Cas SH2 domains. 

Once the 15 tyrosine motifs (15 YxxP) are phosphorylated, Cas recruits Crk and DOCK-

180 to activate Rac to promote actin cytoskeleton remodeling (Calalb et al., 1995; 

Klemke et al., 1998; Yeo & Song, 2008; Birge et al., 2009). Importantly, actin 

polymerization plays a role in cell migration (Di Stefano et al., 2011). In addition to 

migration, Cas proteins have been shown to regulate attachment-dependent survival 

signaling and cell motility and invasion in breast cancer models (Cabodi et al., 2006; 

Kong et al., 2011). These functions reflect the ability of the Cas proteins to interact with 

multiple binding partners on their substrate domains to act as scaffolding proteins in 

functional complexes.  

p130Cas is known as the canonical Cas family member, given its extensive study 

in vitro (Burnham et al., 1996; Honda et al., 1999; Cho & Klemke, 2000; Bouton et al., 
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2001; Defilippi et al., 2006). Also known as BCAR1 (Breast cancer anti-estrogen 

resistance protein 1), elevated levels enhanced cell proliferation (Cabodi et al., 2006). 

Despite the crucial in vitro analyses to determine the function of Cas proteins, little is 

known about their role during neural development in vivo. The first suggestion of their 

relevance for neuronal development came from studies done in chicken and Drosophila 

melanogaster. p130Cas was proposed to be important for commissural axon guidance in 

chicken (Liu et al., 2007), whereas DCas is required for axon fasciculation and 

pathfinding of PNS axons (Huang et al., 2007; Liu et al., 2007). In the absence of DCas or 

p130Cas, axons were led astray, suggesting their inability to interact with signaling cues 

in the ECM. Often, these guidance cues can be the same molecular players involved in 

neuronal migration (Tessier-Lavigne & Goodman, 1996; Marín et al., 2010).  

More recently, Cas proteins have been shown to be essential in mice for cell 

positioning in the retina (Riccomagno & Sun et al., 2014) and sensory axon guidance in 

the spinal cord (Vahedi-Hunter et al., 2019). Compelling in vivo evidence from 

Riccomagno and Sun and colleagues (2014) utilized a novel approach to examine the 

functional requirement of p130Cas, CasL, and Sin in the developing mouse retina. 

p130Cas−/− mice die early in embryogenesis between E11.5 to E12.5 (Honda et al., 

1998), but animals with single knockout of CasL (Seo et al., 2005) or Sin (Donlin et al., 

2005) are viable. To bypass the embryonic lethality from cardiovascular 

maldevelopment when ablating both p130Cas alleles (Peng et al., 2006), Riccomagno & 

Sun generated a conditional allele for p130Cas (p130Casfl). The conditional genetic 
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approach to ablate p130Cas on a double knockout of CasL and Sin background, resulted 

in the Cas Triple Conditional Knockout (p130Casfl/fl; CasL-/-; Sin-/-: herein CasTcKO) mouse 

that can be used to remove Cas gene function in a tissue and developmental stage-

specific manner (Riccomagno & Sun et al., 2014). Using this tool, Riccomagno & Sun et 

al. showed that Cas adaptor proteins play a cell-autonomous role to mediate integrin 

signaling during retinal ganglion cell organization. Genetic ablation of these three Cas 

mammalian genes resulted in ectopic cell clusters and abnormal positioning of retinal 

ganglion cells. Cas proteins appear to act downstream of integrin signaling as ablation of 

the β1 Integrin led to a decrease in Cas tyrosine phosphorylation. Furthermore, β1 

Integrin mutant phenotypes appear similar to CasTcKOs (Riccomagno & Sun et al., 

2014). Similar to the retina, the neocortex is a laminated structure that requires proper 

stratification and neuronal positioning to form the six cortical layers and functional 

neural circuits.  

 Cas genes were also shown to be required in dorsal root ganglion neurons to 

regulate axon fasciculation (Vahedi-Hunter et al., 2019). The defects observed in Cas 

KOs stem from axons being unable to distinguish between secreted adhesion molecules 

in the ECM (i.e. laminin) and cell-cell adhesion molecules (Vahedi-Hunter et al., 2019). 

The migration of cortical neurons requires the same switch in adhesive preferences as 

demonstrated in DRG axon fasciculation. Taken together, these findings raise the 

exciting possibility of Cas proteins playing an essential role during cortical circuit 

formation. The current study will examine this possibility. 
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Chapter 2: Materials & Methods 

Animals Use 

Animal use in accordance with the Institutional Animal Care and Use Committee (IACUC) 

guidelines at the University of California, Riverside (UCR). Mice were housed in a 

controlled environment (22C, 12 Hrs. light/12 Hrs. dark cycle) and mouse chow and 

water provided ad libitum. Vaginal plug observed is Embryonic day 0.5 (E0.5) and the 

day of birth is designated as Postnatal day 0 (P0). Weaning age at P21 and breeders 

were paired after 8 weeks of age. Phenotypic analysis was conducted on at least three 

different offspring from different litters and breeders, without regard to sex of animals. 

 

Wild-type & Transgenic Mice 

ICR (Taconic Biosciences): Wild-type animal 

p130Cas-BacGFP (Riccomagno & Sun et al., 2014): GFP expression under the endogenous 

promoter for p130Cas using Bacterial Artificial Chromosome (BAC; Gong et al., 2003) 

Ai14/R26LSL-TdTomato (JAX 007914) 

β1 integrinfl (Raghavan et al., 2000; JAX 004605) 

Emx1-Cre (Gorski et al., 2002; JAX 005628): Emx1 is weakly expressed in the testes, thus 

Cre is inherited from the female, in the presence of a conditional allele.  

Nex-Cre (Goebbels et al., 2006) 
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Mutant and Control Littermates 

Mutant animals for CasTcKO are Emx1Cre;CasTcKO (Emx1-Cre; p130Casfl/∆; CasL−/−; Sin 

−/−) and NexCre;CasTcKO (Nex-Cre; p130Cas fl/∆; CasL−/−; Sin −/−). Control animals are Cre- 

and p130Casfl/+; CasL−/−; Sin−/− littermates. Mutant animals for β1 integrin are 

Emx1Cre;B1 (Emx1-Cre;β1 integrinfl/fl) and Nex-Cre;B1 (NexCre;β1 integrinfl/fl). Control 

littermates are Cre- and β1 integrinfl/fl. Mutant animals for Dystroglycan are 

Emx1Cre;DGfl/− (Emx1-Cre;DG). Control littermates are Cre+ and DGfl/+. All crosses were 

maintained on a C57/Bl6J background. 

 

Generation of CasTcKO Mice 

 p130Cas−/− mice die early in embryogenesis (Honda et al., 1998), thus a conditional 

allele (p130Casfl) was generated by Riccomagno & Sun et al. (2014). p130Cas was 

ablated in a CasL−/− (Seo et al., 2005); Sin−/− (Donlin et al., 2005) double null mutant 

genetic background (p130Casfl/∆; CasL−/−; Sin−/−) to generate the Cas Triple Conditional 

Knockout (CasTcKO; Riccomagno & Sun et al., 2014) animal. According to Seo et al. 

(2005) the C57/Bl6J library was screened with a 300 BP CasL probe that included the 

SH3 region, where the enhanced GFP (pEGFP; Clontech) was directly combined with the 

CasL genome within exon 2. Mice deficient in Sin expression using homologous-

recombination-mediated gene targeting at first exon, first intron, and a short portion of 

the second exon (Donlin et al., 2005). Cre+; p130Casfl/∆; CasL−/−; Sin−/− female breeders 

were crossed to p130Casfl/fl; CasL−/−; Sin−/− males to generate Emx1-Cre; p130Casfl/∆; 
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CasL−/−; Sin−/− (Emx1Cre;CasTcKO) and Nex-Cre; p130Casfl/∆; CasL−/−; Sin−/− 

(NexCre;CasTcKO) mutant mice and Cre-; p130Casfl/+; CasL−/−; Sin−/− littermate controls. 

 

Generation of β1 integrin Mice  

Cre+;β1 integrinfl/+ females mated with β1 integrin fl/fl males to generate Emx1-Cre;β1 

integrin fl/fl (Emx1Cre;B1) and Nex-Cre;β1 integrin fl/fl (NexCre;B1) mutant mice and Cre-

;β1 integrin fl/fl littermate controls. 

 

Generation of Dystroglycan Mice by Kevin Wright (OHSU) 

Dystroglycan conditional animal (DGfl; JAX 009652). To generate Dystroglycan 

conditional knockout animals, Emx1-Cre+;Dystroglycan+/- male breeders were crossed to 

Dystroglycanfl/fl females to generate Emx1-Cre+;Dystroglycanfl/- (Emx1Cre;DG) mutants 

and Emx1-Cre+;Dystroglycanfl/+control littermates (Lindenmaier et al., 2019).  

 

PCR Primer Sequences: 

p130Cas (Riccomagno & Sun et al., 2014):  

Loxp5BcarF: 5’- CAA GTT CTA GGA TAG CCA AGG -3’ 

Loxp5BcarR: 5’- TCA TCT ACT AGG CTG CCA ATG -3’ 

BcarDeltaR: 5’- CCA CAG GCT TTA TGT TCA CAT C -3’ 

Delta: 480 BP; Flox: 300 BP; WT: 192 BP 
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Emx1-Cre (Gorski et al., 2002; JAX 005628) (Primers designed from sequencing results):  

F2 (exon 3): 5’-CAT ATC AAC CGG TGG CGC AT-3’ 

R1 (pGEM): 5’-TCC GGA TCC AAG CTT ATC GA-3’ 

Cre: 238 BP 

 

Nex-Cre (Goebbels et al., 2006): 

Primer No. 4: 5’-GAG TCC TGG AAT CAG TCT TTT TC-3’ 

Primer No. 5: 5’-AGA ATG TGG AGT AGG GTG AC-3’ 

Primer No. 6: 5’-CCG CAT AAC CAG TGA AAC AG-3’ 

WT: 770 BP; Cre: 525 BP 

 

β1 integrinfl (Raghavan et al., 2000; JAX 004605) 

oIMR1906 F: 5’- CGG CTC AAA GCA GAG TGT CAG TC -3’ 

olMR1907 R: 5’- CCA CAA CTT TCC CAG TTA GCT CTC -3’ 

Flox: 280 BP; WT: 160 BP 

 

Cardiac Perfusion & Sample Preservation 

Cardiac perfusion with 1 x PBS and 4% paraformaldehyde (PFA), 4% PFA post-fix for 2 

Hrs., 4 Hrs., or overnight at 4C, washes with 1 x PBS. Tissue placed in 30% sucrose in 1 x 

PBS overnight and embedded in OCT for sectioning coronally at 20 um thickness on the 
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cryostat or stored in 1 x PBS and embedded in 3% agarose for coronal sectioning at 100-

150 um thickness on a vibrating microtome (VT1000S; Leica). 

 

Microscopes 

Laser-scanning Leica SP8 DMI8; Leica Fluorescent Scope 

 

RNAscope 

Fluorescent in situ hybridization assay for detection of target RNA using specific probes 

for signal amplification and background suppression for single-molecule visualization 

(Wang et al., 2012). BCAR1, NEDD9, and EFS probe generated by Acdbio for sequences 

deleted in CasTcKO animals. 

 

In situ Hybridization 

In situ hybridization was performed on wholemount embryos at E12.5 using digoxigenin-

labeled cRNA probes as previously described (Giger et al., 2000) with cRNA probes 

generated from cDNA templates using primers from Riccomagno & Sun et al. (2014): 

BCAR1  

F: 5’- GGG TCT AGA ATC TAC CAA GTT CCT CCA TCT CTG -3’ 

R: 5’- GGG GAA TTC ACA CCA TCG TCA ACT ACA CTC CC -3’ 

NEDD9  

F: 5’- GGG TCT AGA ACC GCG GTG GAC AAA GTA GAG C -3’ 
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R: 5’- GGG GAA TTC AGA GGG CGT CGA TGG CGT TGA G -3’ 

EFS  

F: 5’- GGG TCT AGA CGT GGC AGA GGT CTA TGA TGT G -3’ 

R: 5’- GGG GAA TTC GCT GGA TCA TTG GCT ACC TCC C -3’ 

 

Immunostains 

DAPI (1:500 at 0.5 mg/ml); Nissl (1:200; Invitrogen BFP405) 

Immunohistochemistry on cryosections and microtome sections were performed as 

described (Polleux and Ghosh 2002). Immunocytochemistry on primary neurons and 

radial glial cells were performed as described (Polleux and Ghosh 2002). Coverslips were 

blocked in RT in blocking buffer: 0.1% PBST and 10% goat serum. Antibody dilution 

buffer: 0.1% PBST and 1% goat serum. Primary antibodies incubated at 4C overnight and 

secondary antibody incubation at RT for 1 Hr. Washes with 1 x PBS with 0.03% NaN3. 

Mounted with Fluorogel. 

 

Primary Antibodies 

Anti-p130Cas c-20 (rabbit 1:250; SCBT sc-17 discontinued); Anti-Nedd9 (rabbit 1:250; 

HPA038768); Anti-Tyr165 (rabbit 1:250; CST #4015); Anti-Nestin (chicken 1:500; Aves 

Nes); Anti-Laminin (rabbit 1:500; Sigma L9393); Anti-Cux1/CDP (rabbit 1:500; SCBT sc-

13024 discontinued; rabbit 1:250; ProteinTech 11733-1-AP); Anti-Ctip2 (rat 1:500; 

Abcam ab18465); Anti-Tbr1 (rabbit 1:500; Abcam ab31940); Anti-Rorβ (rabbit 1:250; 
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Proteintech 17635-1-AP); Anti-Calretinin (rabbit 1:500; Swant 7697); Anti-Calbindin 

(rabbit 1:500; Swant CB38); Anti-MAP2 (chicken 1:500; Abcam); Anti-CSPG (rabbit 

1:1000; Sigma AB5320); Anti-Blbp (rabbit 1:500; Abcam ab32423); Anti-β3-Tubulin 

(mouse 1:500 CST mAB #4466); Anti-GFAP (rat 1:500; Invitrogen #13-0300); Anti-c-Myc 

9E10 (mouse 1:1000; Invitrogen #13-2500) 

 

Secondary Antibodies 

Invitrogen Goat anti-chicken IgY, goat anti-rat IgG, goat anti-rabbit IgG, & goat anti-

mouse IgG (H+L), Alexa Fluor 488, 546, 647 at 1:1000. 

 

Ethynyl deoxyuridine (EdU) Labeling 

500 mg EdU reconstituted in 2 ml of DMSO to 250 mg/ml concentration stock. Stock 

diluted to 15 mg/ml with ddH20 at time of injection, store in -20C. Intraperitoneal 

injection at 150 mg/kg. Collection 0.5 Hrs. or 7 days after administration. Postnatal 

animals were perfused and fixed for 2 Hrs. in 4% PFA, dehydrated in 30% sucrose in 1 x 

PBS overnight, then cryopreserved with OCT. Cryosections stained according to 

instructions in Invitrogen EdU Click-It Assay Kit: Alexa Fluor 488. Immunohistochemistry 

proceeded after EdU Click-It Assay. 

 

Expression Constructs 

pcDNA3.1-myc/his, pcDNA 3.1-myc/his-DG-FL 
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Glass Coverslips for Primary Culture 

Circular coverslips for 24-well plates were treated with 12 M HCL overnight and 

neutralized with deionized water. Acid-treated coverslips were stored in a glass petri 

dish of 70-100% Ethanol. The coverslips were firepolished into a 24-well plate and 

coated with laminin and poly-D-lysine/poly-L-lysine (8.3 ug/ml; Polleux & Ghosh 2002) 

overnight in a tissue culture incubator at 37C in 5% CO2. The coating media was 

aspirated and air-dried in an airflow cabinet prior to plating cells.  

 

Primary Mixed Radial Glial Cultures 

Primary mixed radial glial cultures from timed pregnant mouse at E13.5. Embryos were 

dissected as previously described (Kim & Magrané, 2011) using Complete Hank’s 

Balanced Salt Solution (Complete HBBS; 10x HBSS, 2.5mM HEPES pH 7.4, 2.5 mM D-

glucose, 1 mM CaCl2, 1 mM MgSO4, 2.5 mM NaHCO3; Polleux & Ghosh 2002). Radial glial 

cells were dissociated as described (Kim & Magrané 2011), using 0.25% Trypsin-EDTA, 

Horse Serum, DNAse I, and Radial Glial Media (Modified DMEM/Eagle’s Media, 100x 

Penicillin/Streptomycin, Glutamax, and D-glucose; modified from Culican et al., 1990). 

Dissociated cells were plated in a 24-well plate at a density of ~1 x 105 cells/well with 

500 ul of cell suspension and Radial Glia Media. One-third of the media was replaced 

daily. Wells were transfected two days in vitro (2DIV) and collected 48 Hrs. after 

transfection. The coverslips were fixed in 4% PFA for 10 minutes at RT and washed with 

1 x PBS with 0.03% NaN3. 
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Cell Transfection 

Transfection agent: Metafectene 

Per well in a 24-well plate:  

Solution A: 48 ul Opti-MEM + 2ul Metafectene (2 ul transfection agent per 1 ug cDNA) 

Solution B: 49 ul Opti-MEM + 0.5 ul cDNA #1 [1 ug/ul] + 0.5 ul cDNA #2 [1 ug/ul] 

Mix Solution B into Solution A, rest RT 30 mins., pipette (100 ul/well) droplets onto 

coverslips while swirling plate, triplicates per condition. 

 

Quantification of Layer Marker/EdU & Statistical Analysis 

Graph values are mean ± standard error of mean. n=3 independent samples per group, 

3 sections per sample. Cell counts were counted using RapID Cell Counter (Sekar et al., 

2021). Ten equal-width bins to sort positioning of cells. For layer markers (Cux1, Ctip2, 

Rorβ, Tbr1) and EdU, bin 1 is the marginal zone (MZ) and bin 10 is ventral to layer VI. 

Proportion of cells per bin = number of cells labeled divided by total number of labeled 

cells. Mann-Whitney U test was performed with Bonferroni correction (*p<0.005 two-

tailed test). 

 

Emx1Cre;CasTcKO Layer Markers Results: Cux1 Graph 1.1 (Mann-Whitney U test; n1 = 

n2 = 9; two-tailed test; bin 1 U = 19.5, p= 0.063; bin 2 U = 18.5, p= 0.05; bin 3 U = 15.5, 

p= 0.024; bin 4 U = 38.5, p= 0.863; bin 5 U = 4.5, p= 0.0; bin 6 U = 7.5, p= 0.002; bin 7 U = 

21.5, p= 0.094; bin 8 U = 31.5, p= 0.436; bin 9 U = 29.5, p= 0.34; bin 10 U = 30.5, p= 
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0.387). Ctip2 Graph 1.2 (Mann-Whitney U test; n1 = n2 = 9; two-tailed test; bin 1 U = 5, 

p= 0.001; bin 2 U = 8, p= 0.003; bin 3 U = 13, p= 0.014; bin 4 U = 24, p= 0.161; bin 5 U = 

3, p= 0.0; bin 6 U = 11, p= 0.008; bin 7 U = 22, p= 0.113; bin 8 U = 28, p= 0.297; bin 9 U = 

11, p= 0.008; bin 10 U = 24, p= 0.161). Rorβ Graph 1.3 (Mann-Whitney U test; n1 = n2 = 

9; two-tailed test; bin 1 U = 20, p= 0.077; bin 2 U = 2, p= 0.0; bin 3 U = 17, p= 0.04; bin 4 

U = 1, p= 0.0; bin 5 U = 31, p= 0.436; bin 6 U = 15, p= 0.024; bin 7 U = 4, p= 0.0; bin 8 U = 

4.5, p= 0.0; bin 9 U = 40, p= 1; bin 10 U = 36, p= 0.736). Tbr1 Graph 1.4 (Mann-Whitney 

U test; n1 = n2 = 9; two-tailed test; bin 1 U = 0, p= 0.0; bin 2 U = 0, p= 0.0; bin 3 U = 0, p= 

0.0; bin 4 U = 6, p= 0.01; bin 5 U = 15, p= 0.024; bin 6 U = 39, p= 0.931; bin 7 U = 22, p= 

0.113; bin 8 U = 12, p= 0.011; bin 9 U = 2, p= 0.8; bin 10 U = 20.5, p= 0.077). 

 

Emx1Cre;CasTcKO EdU Results: EdU E12.5->P0 Graph 2.1 (Mann-Whitney U test; n1 = n2 

= 9; two-tailed test; bin 1 U = 29, p= 0.34; bin 2 U = 10, p= 0.006; bin 3 U = 16, p= 0.031; 

bin 4 U = 30.5, p= 0.387; bin 5 U = 18, p= 0.05; bin 6 U = 38, p= 0.863; bin 7 U = 38, p= 

0.863; bin 8 U = 24, p= 0.190; bin 9 U = 33, p= 0.546; bin 10 U = 33, p= 0.546). EdU 

E15.5->P3 Graph 2.2 (Mann-Whitney U test; n1 = n2 = 9; two-tailed test; bin 1 U = 15, p= 

0.024; bin 2 U = 21, p= 0.094; bin 3 U = 30, p= 0.387; bin 4 U = 8, p= 0.003; bin 5 U = 7, 

p= 0.002; bin 6 U = 10, p= 0.006; bin 7 U = 35, p= 0.666; bin 8 U = 25, p= 0.190; bin 9 U = 

15, p= 0.024; bin 10 U = 23, p= 0.136). 
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NexCre;CasTcKO Layer Markers Results: Cux1 Graph 3.1 (Mann-Whitney U test; n1 = n2 

= 9; two-tailed test; bin 1 U = 18, p= 0.05; bin 2 U = 39, p= 0.931; bin 3 U = 33, p= 0.546; 

bin 4 U = 27, p= 0.258; bin 5 U = 39, p= 0.931; bin 6 U = 30, p= 0.387; bin 7 U = 32, p= 

0.489; bin 8 U = 30, p= 0.387; bin 9 U = 40, p= 1.0; bin 10 U = 35, p= 0.666). Ctip2 Graph 

3.2 (Mann-Whitney U test; n1 = n2 = 9; two-tailed test; bin 1 U = 33, p= 0.546; bin 2 U = 

22, p= 0.113; bin 3 U = 36, p= 0.73; bin 4 U = 35, p= 0.666; bin 5 U = 31, p= 0.436; bin 6 U 

= 30, p= 0.387; bin 7 U = 37.5, p= 0.796; bin 8 U = 23.5, p= 0.136; bin 9 U = 7, p= 0.005; 

bin 10 U = 9, p= 0.005). 

 

Mean Fluorescent Intensity & Statistical Analysis 

ImageJ to measure mean gray value of proteins expressed in radial glial endfeet. Traced 

cells using Nestin stain to determine the borders for the radial glial endfeet. ImageJ 

Analyze -> Set Measurements (Area, Min & max gray value, Integrated density, Mean 

gray value)-> Measure mean gray value for Nestin, pYCas, and myc channels. n=2 

independent samples per condition, 18 cells per sample. Tested dataset for normality 

using the Shapiro-Wilk test and QQ plot. Two-tailed independent samples t-test, 

*p<0.025, **p<0.005, ***p<0.0005. Mann-Whitney U test was performed on dataset 

that did not meet the normality criterion. WT RGC Graph 4.1 (Mann-Whitney U test, U = 

86, n1 = n2 = 18; p= 0.016 two-tailed test). 
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Chapter 3: A Role for Cas Adaptor Proteins in Cortical Lamination 

The Cas (Crk-associated substrates) family of adaptor proteins includes three 

known embryonically-expressed proteins and one pseudogene expressed postnatally 

(Feller 2001; Deneka et al., 2015). In the interest of observing Cas functions in early 

events, the main focus will examine the requirement for p130Cas/BCAR1, CasL/NEDD9, 

and Sin/EFS during cortical development. To visualize mRNA expression, we started by 

performing whole-mount in-situ hybridization (ISH) in mouse embryos at E12.5 

(embryonic day 12.5).  All antisense Cas probes show strongest signal in the dorsal 

telencephalon  (Fig. 1A). BCAR1/p130Cas transcripts also encompass the ventral 

telencephalon and parts of the diencephalon. p130Cas transcripts are more broadly 

expressed than NEDD9/CasL and EFS/Sin in the neocortex. Expression of the Cas 

antisense probes in the developing cortex at this timepoint, suggest a possible role for 

Cas genes during cortical development. 

 

Figure 1A. Whole-mount ISH of Cas probes at E12.5 show BCAR1, NEDD9, and EFS expression in the dorsal 
telencephalon. BCAR1 is also broadly detected in the diencephalon. 
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This broad expression of Cas family members in the early telencephalon is 

intriguing, but examination of their specific localization within the cortex is necessary if 

we are to understand their potential involvement in cortical developmental processes. 

To better visualize mRNA expression, we took advantage of a multiplex detection 

method (RNAscope) to identify multiple target genes on the same histological section 

(Wang et al., 2012). By observing fluorescent readouts for single RNA molecules, the 

regional overlap of Cas gene expression can be determined. With high sensitivity and 

specificity, each Z probe amplified BCAR1, NEDD9, and EFS signal with little background 

noise (Fig. 1B-C). Examination of the RNAscope probes in wild-type (WT) animals at 

E12.5 (Fig. 1B) indicated BCAR1 transcripts are strongly concentrated in the developing 

cortical plate (CP) with weaker expression in other areas of the neocortex. On the same 

embryonic section, NEDD9 transcripts are strongest in the cortical hem (midline) and 

fainter, but distinctly expressed on the dorsolateral neocortex. In comparison to BCAR1, 

NEDD9 transcripts are less prominent in the CP and are rather found evenly distributed 

in the intermediate zone (IZ), subventricular zone (SVZ), and ventricular zone (VZ). Based 

on transcript expression localization, BCAR1 puncta are primarily found in postmitotic 

migrating neuron, while both BCAR1 and NEDD9 are expressed in the proliferative pool 

of cells at the SVZ and VZ. EFS is undetectable at this stage as indicated by the absence 

of signal on coronal sections of the cerebral hemispheres, even at higher magnification.  



24 

 

Figure 1B. mRNA transcripts for BCAR1, NEDD9, and EFS at E12.5 using RNAscope. BCAR1 is concentrated in the CP, 
NEDD9 is evenly distributed in the neocortex, and no signal detected for EFS. Scale bar of whole hemispheres is 500 um 
and high magnification is 100 um. 

Cas gene expression at E14.5 (Fig. 1C) appears somewhat different from their 

expression at E12.5 (Fig. 1B) in WT animals. Noticeably, BCAR1 transcripts are now 

strongest at the IZ, instead of the CP. Across the two timepoints, BCAR1 and NEDD9 

expression remained consistent with broad expression in the SVZ and VZ. NEDD9 

transcripts are also found weakly in the IZ. The previously undetectable mRNA 

transcripts for EFS are now localized in the SVZ and VZ. Overlap of BCAR1, NEDD9, and 

EFS transcripts in the proliferative zones indicate a possible function for these genes 

during cortical neurogenesis. 
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Figure 1C. mRNA transcripts for BCAR1, NEDD9, and EFS at E14.5 using RNAscope. BCAR1 is concentrated in the IZ 
with some expression in the CP. NEDD9 is also expressed in the IZ. All Cas members are detected in the SVZ and VZ. 
Scale bar of whole hemispheres is 500 um and high magnification is 100 um. 

Given the broad Cas mRNA transcript expression in the cortex at E12.5 and 

E14.5, we performed complementary analysis of protein expression by 

immunohistochemistry. WT coronal sections at E14.5, E16.5, and P0 (postnatal day 0) 

were immunostained for BCAR1/p130Cas and Nedd9/CasL (Fig. 1D); there is no 

commercial antibody available to detect Efs/Sin. p130Cas and NEDD9 protein expression 

at E14.5 is visible in the CP, IZ, VZ, and pial surface. Protein expression in the CP and IZ is 

consistent with RNAscope results (Fig. 1C). Interestingly, p130Cas is abundantly 

expressed in the subplate (SP) and thalamocortical afferents at E16.5. Both p130Cas and 

NEDD9 are detected in the upper CP and IZ at this timepoint. Cortices are seemingly 

indistinguishable at P0, where Cas proteins are broadly expressed in axons and the 

lower CP. p130Cas and Nedd9 proteins are abundant in layer IV, potentially due to 
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neuronal targets for sensory thalamocortical projections. Robust Cas protein expression 

in the CP and proliferative regions indicate the adaptor proteins may be involved in 

many developmental processes. 

 

Figure 1D. Analysis of p130Cas and Nedd9 protein expression at E14.5, E16.5, and P0. Expression in the CP and IZ are 
consistent with RNAscope results. P130Cas is also detected in the subplate and thalamocortical afferents. Scale bar is 
500 um. 

To complement this expression analysis, we took advantage of a GENSAT 

bacterial artificial chromosome (BAC) transgenic mouse line that expresses stable EGFP 

under the native regulatory sequences for BCAR1 (Gong et al., 2003; Heintz, 2004), and 

allows for detection of cells expressing p130Cas (Fig. 1E). The transgenic EGFP 

expression is consistent with endogenous p130Cas expression using 

immunohistochemistry in WT animals (Fig. 1D). Rostral to caudal coronal sections 
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indicate EGFP is detected throughout the cortical plate at E16.5 and display broad 

expression in the cortex. EGFP is visible strongly in the IZ where axons reside and 

throughout the neocortex, in areas important for cell proliferation and migration. 

p130Cas-BacGFP further emphasizes Cas is expressed in cortical areas important for 

cortical development. The different approaches indicated Cas exhibit specific expression 

patterns in cells important for cortical development. 

 

Figure 1E. Rostral to caudal sections of p130Cas-BACGFP cortex at E16.5. EGFP is under the regulatory promoter for 
BCAR1 and shows expression is consistent WT endogenous p130Cas: throughout neocortex and in axons. Scale bar is 
500 um. 

The Cas gene and protein expression profile suggest important functions during 

development; thus, we generated a mouse model to test the requirement of the Cas 

family of adaptor proteins during murine cortical development. Based on the 

overlapping patterns of expression and previously established redundancy in other 

systems, we generated triple conditional knock-out (CasTcKO) animals for the three 

embryonically expressed Cas family members. A conditional knockout approach was 

used to bypass the early lethality observed in p130Cas-null animals caused by 

cardiovascular maldevelopment (Honda et al., 1998; Peng et al., 2006). Single knockout 
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of CasL (Seo et al., 2005) and Sin (Donlin et al., 2005) did not result in embryonic 

mortality, but their roles in the cortex are unknown, thus the deletion of the three Cas 

members will ensure there are no overlapping compensatory functions. To investigate 

the role of Cas genes during cortical lamination and migration, we started by crossing 

CasTcKO animals to Emx1-Cre mice (Gorski et al., 2002). Emx1-Cre drives the expression 

of Cre recombinase in early cortical neural progenitors and radial glial cells (RGCs), 

resulting in recombination in RGCs themselves and all of the excitatory neurons in the 

cortex and hippocampus (Fig. 1F; Gorski et al., 2002). Thus, in the context of the 

CasTcKOs, Cas is ablated in neural progenitors responsible for excitatory neuron 

population and does not directly affect interneurons. RNAscope was performed on 

Emx1Cre;CasTcKO coronal sections to validate that mutant animals do not produce 

functional Cas transcripts (Fig. 1G). In comparison to WT at E14.5 (Fig. 1C), no BCAR1 or 

EFS mRNA transcripts are found in the neocortex. NEDD9 has a few puncta in the SVZ 

and VZ, but Seo et al. (2005) has demonstrated NEDD9-/- mice do not produce the 

functional protein. The sparse single molecules may represent where EGFP directly 

combined with the NEDD9/CasL genome within exon 2 at the initial library screen to 

generate the transgenic animal.  
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Figure 1F. Emx1-Cre will drive Cre recombinase in cortical neural progenitors and radial glial cells that generate 
excitatory neurons in the forebrain and hippocampus. Scale bar is 100 um. 

 

Figure 1G. RNAscope at E14.5 indicate Emx1Cre;CasTcKO do not produce functional BCAR1, NEDD9, and EFS 
transcripts. Control littermates express BCAR1 transcripts strongly in the IZ and broadly throughout the neocortex. The 
NEDD9 single molecules do not make functional proteins as demonstrated by Seo et al. (2005) and could be due to the 
probe detecting the EGFP recombining with NEDD9 exon 2. Scale bar is 100 um. 
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Mutant animals hereby known as Emx1Cre;CasTcKO (Emx1-

Cre+;p130Casfl/∆;CasL-/-;Sin-/-) and the Control littermates (Emx1-Cre-;p130Casfl/+;CasL-/-

;Sin-/-) were assessed to test the requirement of Cas during cortical development. 

Starting with an overall examination of Emx1Cre;CasTcKO cortices using pan-neuronal 

markers, the adult phenotype appears dramatically different from Control littermates 

(Fig. 1H). The smooth cortical surface, typical for a mouse, is replaced with a bumpy or 

cobblestone surface. Nissl staining, which highlights the contrast between axons and 

Nissl bodies, shows empty pockets in the cortical plate. A more in-depth analysis of the 

cortex with a mature neuron marker (NeuN) indicated the cortex has similar empty 

pockets as seen in the Nissl stain (Fig. 1H). Interestingly, NeuN+ cells appear to organize 

in a wave-like pattern in Emx1Cre;CasTcKO animals . In some areas of these cortices, 

there are cell clusters forming outside of the pial surface and are infiltrating into the 

subarachnoid space of the meninges. This displacement of neurons in the cortex and the 

cobblestone appearance suggest a possible disruption in the laminar organization of the 

cortical plate. 
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Figure 1H. Pan-neuronal markers using Nissl and NeuN (mature neurons) in adult cortices indicate a disruption in 
laminar organization in Emx1Cre;CasTcKO animals. Scale bar is 1 mm. 

The six-layered cortical plate contains distinct populations of projection neurons. 

Each neuronal subtype can be distinguished based on cell morphology, connectivity, or 

expression of specific transcription factors (Molyneaux et al., 2007; Kwan et al., 2012). 

To test whether the laminar structure of the cortex was affected in Emx1Cre;CasTcKO 

animals, we performed immunohistochemistry with a variety of cortical markers. Cux1, 

Ctip2, Rorβ, and Tbr1 were chosen from the selected number of transcription factors 

that maintained their cell lineage identity throughout development (Molyneaux et al., 

2007; Kwan et al., 2012). Superficial layer neurons (II/III) are identifiable with Cux1, 

while Rorβ is one of the few markers that will exclusively label layer IV neurons. The 

deep layer neurons can be identified with Ctip2 (layers V & VI) or Tbr1 (layer VI). 

Histological analyses of Emx1Cre;CasTcKO animals at P7 (Fig. 2) indicated the presence 
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of neuronal mispositioning of different populations of cortical neurons, compared to 

control animals. Quantified the position of labeled cells by binning the cortex into ten 

equal-width bins, where bin 1 corresponds to the MZ and bin 10 is ventral to layer VI. 

The proportion of cells in each bin is the number of cells labeled by a specific marker 

divided by the total number of labeled cells. A Mann-Whitney U test was performed for 

each group and the proportion of cells in each bin for all of the layer markers (Cux1, 

Ctip2, Rorβ, and Tbr1) and Bonferroni correction (*p<0.005 two-tailed test). The full 

statistical results are in Chapter 2: Materials & Methods, subheading Quantification of 

Layer Marker/EdU & Statistical Analysis. We saw significant differences in Cux1+, Ctip2+, 

Rorβ+, and Tbr1+ cell position between Emx1Cre;CasTcKO and control animals in many 

of the bins for each of the layer markers (Graph 1.1-1.4; Mann-Whitney U & Bonferroni 

correction, *p<0.005 two-tailed test). The abnormal positioning of both deep- and 

superficial-layer neurons contributed to the cobblestone phenotype. Cortical dysplasia 

includes Ctip2+/Tbr1+ cell clusters at the upper cortical plate and Cux1+ neurons at the 

lower cortical plate. Furthermore, cortices missing Cas genes have a wave-like 

appearance for layer IV, with Rorβ+ cells invading the superficial cortical plate and 

meninges. These data revealed that Cas is required for cortical lamination and suggest a 

possible role for these genes in radial migration. 
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Figure 2. Layer markers to identify the disorganized neuronal subpopulations at P7. Cux1 (layer II/III), Rorβ (layer IV), 
Ctip2 (layer V & VI), and Tbr1 (layer VI) neurons disorganization contributed to cortical delamination and cobblestone 
phenotype. Scale bar is 500 um. 
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Graph 1.1. Quantification of the position of Cux1+ cells in the cortex by binning the cortical plate into ten equal bins. 
Bin 1 is the MZ, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent samples per group, 3 
sections per sample, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test.  

 

Graph 1.2. Quantification of the position of Ctip2+ cells in the cortex by binning the cortical plate into ten equal bins. 
Bin 1 is the MZ, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent samples per group, 3 
sections per sample, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test. 



35 

 

Graph 1.3. Quantification of the position of Rorβ+ cells in the cortex by binning the cortical plate into ten equal bins. 
Bin 1 is the MZ, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent samples per group, 3 
sections per sample, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test. 

 

Graph 1.4. Quantification of the position of Tbr1+ cells in the cortex by binning the cortical plate into ten equal bins. 
Bin 1 is the MZ, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent samples per group, 3 
sections per sample, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test. 
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The mispositioning of layer-specific markers observed in Emx1Cre;CasTcKO 

animals could be due to defects in migration or defects in neuronal fate specification. To 

distinguish between these possibilities, newly born cells were tracked during the course 

of radial migration by performing Ethynyl deoxyuridine (EdU) pulse-chase experiments. 

This thymidine analog is incorporated in cells undergoing the S-phase of mitosis (Salic & 

Mitchison, 2008) and can be used to observe the final position of cells born at a specific 

timepoint. EdU was administered to pregnant dams at E12.5 (Fig. 3A) or E15.5 (Fig. 3B) 

to label newly born deep and superficial layer neurons, respectively. Collection at seven 

days post-intraperitoneal injection for each timepoint (E12.5->P0, E15.5->P3) is 

sufficient for deep layer and superficial layer neurons to finish radial migration 

(Nadarajah et al., 2003). The long EdU+ pulse chase ensures proliferating cells 

undergoing DNA replication in the VZ/SVZ are now mostly localized in either the lower 

or upper CP as seen in Control animals. Distinctly, Emx1Cre;CasTcKO animals have 

ectopic EdU+ cells positioned outside of the compromised basal lamina (laminin+) and 

the CP has sporadic labeling and columns of EdU+ cells. Quantification of the position of 

E12.5->P0 EdU+ cells show a trend of more EdU+ cells located closer to the pial surface 

(Bin 1) than towards the bottom of layer VI (Bin 10) (Graph 2.1). Full statistical results 

for Mann-Whitney U test in Chapter 2: Materials & Methods, subheading Quantification 

of Layer Marker/EdU & Statistical Analysis. There was no significant difference after 

Bonferroni correction, but trending for bins 1 and 2. More noticeable differences are 

observed when pulsed at E15.5 and collected at P3 (Graph 2.2); EdU+ cells for superficial 



37 

layers are spread across the first five bins in Emx1Cre;CasTcKO than Control EdU+ cells 

positioned closer to the pial surface (bin 1). Mann-Whitney U test and Bonferroni 

correction indicated bins 4 and 5 are significant at p<0.005 two-tailed test. These data 

suggest that the cortical dysplasia observed in Emx1Cre;CasTcKO animals is due to a 

migration defect and not due to cell fate specification errors. 

 

Figure 3A. Deep layer neurons labeled with EdU at E12.5 and collected at P0. Ectopic EdU+ cells are found in the upper 
CP and outside of the meninges (white arrows) in Emx1Cre;CasTcKO, indicating the phenotype is a migration defect 
and not cell misspecification. Scale bar is 500 um for half hemisphere and 100 um at high magnification. 
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Graph 2.1. Quantification of the position of E12.5->P0 EdU+ cells in the cortex by binning the cortical plate into ten 
equal bins. Bin 1 is the MZ, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent samples per 
group, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test. No sig. differences noted. 

 

Figure 3B. Superficial layer neurons labeled with EdU at E15.5 and collected at P3. EdU+ cells are found forming 
columns in the CP and ectopically positioned outside of the meninges (white arrows) in Emx1Cre;CasTcKO. The 
phenotype is a migration defect and not cell misspecification. Scale bar is 500 um for half hemisphere and 100 um at 
high magnification. 
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Graph 2.2 Quantification of the position of E15.5->P3 EdU+ cells in the cortex by binning the cortical plate into ten 
equal bins. Bin 1 is the pial surface, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent 
samples per group, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test. 

One possible cause for migration defect is the improper splitting of the preplate 

(Magdaleno et al., 2002). This involves the establishment of layer VI within a plexus of 

pioneer neurons (Nichols & Olson, 2010). Layer VI splits the preplate (PP) to form the 

marginal zone (MZ) found at the superficial cortex and the subplate (SP) ventral 

boundary. Successive neuronal migration and lamination of cortical layers form the CP 

in between these two boundaries. Disruption during this early developmental event can 

change laminar organization (Takahashi et al., 1999; Hevner et al., 2003; Molyneaux et 

al., 2007) and examining the preplate split is important to help understand when and 

how migration defects arise in Emx1Cre;CasTcKO animals. The use of select subplate and 

marginal zone markers at E15.5 indicated irregularities during the preplate split in 

Emx1Cre;CasTcKO cortices (Fig. 3C). Calretinin, expressed by Cajal-Retzius cells in the MZ 
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(del Río et al., 1995), reveal thalamocortical afferents in the IZ deviate to innervate 

these calcium-binding ectopias. Clustering of calretinin+ Cajal Retzius cells can affect 

radial glial cell morphology and neuronal responses to adhesion signaling during 

migration (Meyer et al., 1998; Hartfuss et al., 2003; Gil-Sanz et al., 2013). Although the 

SP is not distinctly labeled, calbindin shows a disorganized tangential stream of 

interneurons originating from the medial ganglionic eminence. In addition to 

interneurons, Cajal-Retzius cells in the MZ also express calbindin, where labeling 

revealed exposures in the pial basement membrane. Markers used to identify the 

subplate include microtubule associated protein 2 (MAP2) and chondroitin sulfate 

proteoglycan (CSPG). MAP2 shows a discontinuous SP, where subplate cells are pushed 

upwards as a cluster into the breached MZ. Remarkably, a column of CSPG+ cells extend 

from the SP to contact the pial surface. The diverse SP markers identified abnormal cell 

clusters outside of the MZ and breaches in the pial basement membrane. Alterations to 

the dorsal and ventral boundaries seen in Emx1Cre;CasTcKO embryos will actively affect 

how neurons integrate and form the CP. The findings demonstrate the migration defects 

seen in Emx1Cre;CasTcKO appear to involve molecular players to establish the 

neuroepithelial boundaries and a disruption in radial migration may be a subsequent 

consequence. 
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Figure 3C. MZ and subplate markers at E15.5 to examine the preplate split in Emx1Cre;CasTcKO. Calretinin, Calbindin, 
MAP2, and CSPG show clustering of cells in the MZ. Thalamocortical afferents innervate the Calretinin+ ectopias. 
CSPG+ cells form a column connecting the SP with the MZ. Scale bar is 100 um. 

This chapter demonstrated the Cas family of adaptor proteins are expressed in 

areas of the cortex important during corticogenesis. The absence of Cas genes resulted 

in a disruption in cortical lamination, where superficial and deep layer neurons are 

mispositioned. The disrupted migration pattern was confirmed with EdU labeling and 

the phenotype observed is not a change in cell fate specification. Upon further 

investigation, improper preplate split disrupted the positioning of cells into the cortical 

plate. Disruptions in the local environment affected radial migration and the current 

data cannot distinguish whether Cas proteins are required in neurons for proper 

migration. The next chapter will focus on the cell-autonomous roles for Cas during 

cortical lamination.  
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Chapter 4: An Adhesion Signaling Pathway in Radial Glia is Essential 

for Cortical Scaffold Formation 

The ability to remove Cas functions early in cortical development is important to 

understand their role during cortical development, however Emx1-Cre (Gorski et al., 

2002) removes Cas function in the dorsal telencephalon, specifically in neural progenitor 

cells starting at E10 (Fig. 1F). Due to the pluripotency of neural progenitors, 

Emx1Cre;CasTcKO cortical phenotypes can be attributed to a functional requirement in 

radial glial cells and/or neurons. Thus, ablating Cas function in neural progenitors 

precludes from distinguishing neuronal-autonomous from glial-autonomous functions of 

Cas genes during these developmental processes. To delineate the cell-autonomous role 

of Cas during neuronal migration, Nex-Cre mice (Goebbels et al., 2006) were mated to 

CasTcKO animals. This transgenic line will drive Cre recombinase expression at E11.5 to 

target postmitotic, premigratory excitatory neurons (Wu et al., 2005; Goebbels et al., 

2006). Prior to proceeding with this genetic experiment, the pattern of Cre activity was 

confirmed by crossing the Nex-Cre mice to the Cre reporter line Ai14. Analysis of Nex-

Cre;Ai14 cortices at E13.5 revealed that tdtomato expression was found only at the CP in 

rostral to caudal coronal sections (Fig. 4A). 
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Figure 4A. Nex-Cre will target postmitotic, premigratory neurons in the neocortex. Scale bar is 100 um. 

To elucidate Cas requirement in neurons during radial migration, the laminar 

organization of NexCre;CasTcKO cortices was examined (Fig. 4B). NexCre;CasTcKO 

mutants and control littermates were immunostained with the same layer-specific 

markers as Emx1Cre;CasTcKO animals (Fig. 2). A prediction is that, if subpopulations of 

cortical excitatory neurons are mispositioned in NexCre;CasTcKO mice, this will lend 

evidence to a neuronal-autonomous requirement for Cas genes during cortical radial 

migration. If the cortical pattern appears similar to control, mismigration would be an 

indirect consequence of a disruption of Cas normal function in radial glial cells. There 

are no apparent differences in lamination between control and NexCre;CasTcKO cortices 

when these are immunostained with a battery of cortical layer markers (Fig. 4B). The 

transcription factors are expressed in the appropriate laminar layer at P7, where 

superficial layer (Cux1+), layer IV (Rorβ+), and deep layer (Ctip2+/Tbr1+) subpopulations 

are distinctly separate. Quantification of the position of Cux1+ (Graph 3.1) and Ctip2+ 

(Graph 3.2) cells in the cortex with the binning method from previous analysis, indicated 

no differences in cell positioning between Control and NexCre;CasTcKO animals (Mann-
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Whitney U & Bonferroni correction, *p<0.005 two-tailed test). Full statistical results for 

Mann-Whitney U test in Chapter 2: Materials & Methods, subheading Quantification of 

Layer Marker/EdU & Statistical Analysis. These results strongly suggest that Cas is not 

required in a neuronal-autonomous manner during cortical migration or for proper 

laminar organization. 

 

Figure 4B. Layer markers in NexCre;CasTcKO at P7 show normal positioning of superficial layer (Cux1+), layer IV 
(Rorβ+), and deep layer (Ctip2+/Tbr1+) neurons. Scale bar is 500 um. 
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Graph 3.1 Quantification of the position of Cux1+ cells in the cortex by binning the cortical plate into ten equal bins. 
Bin 1 is the pial surface, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent samples per 
group, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test. 

 

Graph 3.2 Quantification of the position of Ctip2+ cells in the cortex by binning the cortical plate into ten equal bins. 
Bin 1 is the pial surface, bin 10 is ventral to layer VI. Values given are Mean ± S.E.M., n=3 independent samples per 
group, Mann-Whitney U test & Bonferroni correction, *p<0.005 two-tailed test. 
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To ensure there are no migration defects in NexCre;CasTcKO, the unbiased 

method to track migration of progenitor cells previously analyzed in Emx1Cre;CasTcKO 

animals (Fig. 3A-B), was performed on NexCre;CasTcKO (Fig. 4C-D). EdU administration 

at E12.5 and collection at P0 (Fig. 4C) or intraperitoneal injection at E15.5 and collection 

at P3 (Fig. 4D), again demonstrated migration defects in Emx1Cre;CasTcKO animals are 

not recapitulated in NexCre;CasTcKO mutants. Both deep (pulse at E12.5) and superficial 

(pulse at E15.5) layer neurons exhibit a uniform band of EdU+ cells in the cortical plate. 

This further demonstrates that Cas genes act in a non-neuronal autonomous manner 

during cortical lamination, and that they are likely functioning in radial glial cells to 

direct neuronal migration.  

 

Figure 4C. EdU to label migration of deep layer neurons (pulsed at E12.5 and collected at P0). Migration is not affected 
in NexCre;CasTcKO. Scale bar is 500 um for half hemisphere and 100 um at high magnification. 
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Figure 4D. EdU to label migration of superficial layer neurons (pulsed at E15.5 and collected at P3). Migration is not 
affected in NexCre;CasTcKO. Scale bar is 500 um for half hemisphere and 100 um at high magnification. 

Basement Membrane-Radial Glial Cell Interaction for 

Proper Neuronal Migration  

As the cortex expands in size, radial glial cells create a scaffold for neurons to 

migrate (Kwan et al., 2012; Nowakowski et al., 2016). Interactions between the 

embryonic pial basement membrane and radial glial endfeet are essential for 

development of the cortex (Kawaguchi, 2021). The absence of the cobblestone 

appearance and intact basement membrane in NexCre;CasTcKO cortices (Fig. 4B), 

suggest that the major laminar disruptions observed in the Emx1Cre;CasTcKO cortices 

might be a result of radial glial cell dysfunction. Based on this information, we examined 

the expression of the tyrosine-phosphorylated “active” form of Cas. Strikingly, tyrosine 

phosphorylated Cas (pYCas165) is concentrated in radial glial (Nestin+) endfeet and cell 

bodies in the VZ (Fig. 5A) in WT animal at E13.5. This indicates that this post-
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translational modification of Cas is present at sites where radial glial endfeet actively 

interact with the basement membrane. 

 

Figure 5A. Tyrosine phosphorylated Cas is detected in Nestin+ radial glial cell bodies located at the VZ and in basal 
processes contacting the MZ at E13.5. Scale bar is 100 um. 

To test whether Cas is required for the embryonic pial basement membrane and 

radial glial endfeet integrity, we performed histological assessment of Emx1Cre;CasTcKO 

at E15.5 (Fig. 5B). While no obvious defects were observed in control animals, there are 

several disruptions to the glial-pial interface in Emx1Cre;CasTcKO cortices. There is 

widespread rupture of the basal lamina as indicated by regions with breached Laminin 

staining. The Nestin+ radial glial cells do not make proper adhesion contact with the 

basal lamina at the exposed Laminin, where basal processes extend into the 

subarachnoid space. The exciting results imply Cas is required for the maintenance of 

the embryonic pial basement membrane-radial glial cells interaction and perturbation to 

Cas-dependent signaling can disrupt laminar organization. 
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Figure 5B. Disruption to Laminin shows radial glial endfeet (Nestin) do not make proper contact with the basal lamina 
in Emx1Cre;CasTcKO. Scale bar is 500 um for half hemisphere and 100 um at high magnification. 

To determine whether the disrupted basement membrane-radial glial cell 

interaction caused mispositioning of proliferating progenitor cells, EdU was again 

administered to Emx1Cre;CasTcKO animals (Fig. 5C-D). However, collection is 0.5 Hrs. 

following injection at E12.5 (Fig. 5C) or E15.5 (Fig. 5D). The short EdU pulse will label the 

proliferating cells committed to become deep layer and superficial layer neurons, 

respectively. Regardless of timepoint, the short window ensures proliferating neural 

progenitors are positioned in the SVZ and VZ as noted in control animals. EdU+ cells are 

observed at the MZ and upper CP, specifically in regions where the basement 

membrane is ruptured in Emx1Cre;CasTcKO. Careful examination of the cortex indicates 

the breakage in the basement membrane and mispositioning of radial glial endfeet likely 

contribute to ectopic progenitors and the cobblestone phenotype. 
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Figure 5C. EdU at E12.5 label cells committed to become part of the deep layer, show ectopic proliferating cells 
clustering in the MZ. Scale bar is 500 um for half hemisphere and 100 um for high magnification. 

 

Figure 5D. EdU at E15.5 labels cells committed to become part of the superficial layer and shows ectopic proliferating 
cells clustering in the MZ (white arrow). Scale bar is 500 um for half hemisphere and 100 um at high magnification. 

Dystroglycan Recruits Phosphorylated Cas to Radial Glial Endfeet 

The dystroglycan complex provides a structural link between the basement 

membrane and components that remodel the actin cytoskeleton (Satz et al., 2010; 

Waite et al., 2012). Glycosylation of the extracellular alpha subunit of dystroglycan is 
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responsible for maintaining the pial basement membrane integrity (Myshrall et al., 

2012). Similar to pYCas165 expression (Fig. 5A), DG protein is expressed at the surface of 

the cortex on radial glial endfeet and Dag1 mRNA encoding the protein is expressed in 

the nuclei at the VZ (Williamson et al., 1997). Dag1 mutants resulted in a discontinuity 

of the basement membrane that allowed fibers, cortical neurons, and progenitor cells to 

bypass this boundary to form a leptomeningeal heterotopia (Nickolls & Bönnemann, 

2018). Previous analyses of DG -/- animals at E14.5 to P0.5 show a heterotopic 

distribution of cortical neurons (Myshrall et al., 2012), and an intriguing resemblance to 

the CasTcKO cortical phenotype. We thus examined this phenotype at P7, using the 

same layer markers that we used to study the CasTcKO mice. Genetic ablation of 

Dystroglycan using the Emx1-Cre driver (Emx1Cre;DG) at P7 indeed caused cobblestone 

malformations (Fig. 6A), as suggested by previous studies (Myshrall et al., 2012; 

Riemersma et al., 2015). Emx1-Cre+;DGfl/+ Control animals display a distinct separation 

between Cux1+ and Ctip2+ neurons. Furthermore, layer VI Tbr1+ population is 

distinguishable. Positioning of the different neuronal subpopulations in Emx1Cre;DG 

(Emx1-Cre+;DGfl/-) is strikingly similar to Emx1Cre;CasTcKO mice (Fig. 2), where 

superficial layer neurons undermigrate and deep layer neurons overmigrate. 

Interestingly, these phenotypes are likely RGC-autonomous, as deletion of DG in 

postmitotic neurons does not disrupt cortical lamination (Miller & Wright, 2021). Taken 

together, this provides definitive evidence that the Emx1Cre;CasTcKO cortical 

delamination phenocopies multiple aspects of the defects observed in DG-/- cortices.  
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Figure 6A. Emx1Cre;DG cortices are similar to Emx1Cre;CasTcKO mutants with disorganized distribution of superficial 
and deep layer neurons. Scale bar is 70 um at high magnification and 500 um in hippocampal section. 

Based on the robust pYCas165 expression at sites where radial glial endfeet 

interact with the basement membrane (Fig. 5A) and the close resemblance between Cas 

and DG mutant phenotypes (Fig. 2; Fig. 6A; Myshrall et al., 2012), we hypothesize there 
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may be a requirement for both DG and Cas genes to maintain the glial-pial membrane 

interaction and cortical scaffold integrity in a RGC-autonomous manner. To examine 

whether DG and Cas proteins act in the same signaling pathway to maintain the pial 

basement membrane integrity, we established an in vitro paradigm of a mixed primary 

culture containing radial glial cells and neurons (Fig. 6B). The primary cultures cannot be 

radial glial exclusive, as RGCs need structural and chemical support from other cells to 

display the morphological features of a long process and a highly branched or club-like 

endfeet (Culican et al., 1990; Yokota et al., 2010). The presence of radial glial cells was 

confirmed using previously validated developmental markers (Malatesta et al., 2003; 

Markó et al., 2011). E13.5 RGCs cultured for four days (4DIV) express Blbp or Nestin and 

have low expression of the astrocytic marker GFAP (Fig. 6B). RGC-like, Nestin+ cells are 

not co-labeled with the intermediate progenitor marker, Tbr2 or neuronal marker, Tuj1. 

This in vitro approach can provide high resolution of subcellular protein localization in 

individual cells to determine whether DG and Cas are the same signaling pathway in 

radial glial cells. 
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Figure 6B. Specific markers to identify cell types in E13.5 4DIV mixed primary cultures. Nestin (neuroepithelial and 
radial glial cells), GFAP (astrocytes), Tuj1 (mature neurons), Tbr2 (immature neurons), and Blbp (radial glial cells). 
Scale bar is 25 um. 

To test whether DG expression can modulate Cas tyrosine phosphorylation in 

RGCs, mixed cultures were transfected at 2DIV with either a myc-tagged empty vector 

or myc-tagged full length Dystroglycan (DG-FL). The overexpression constructs were 

given two additional days in vitro, and RGCs were immunostained at 4DIV (Fig. 6C). 

Tyrosine phosphorylated Cas (pYCas165) levels are examined in transfected cells that 

are myc-labeled and co-positive for Nestin (radial glial cell-like). Glial-neuronal cultures 

transfected with an empty vector (pcDNA3.1-myc/his) showed basal and endogenous 

pYCas165, where puncta are distributed in cell bodies and localized between cells at 

adhesion points. Upon initial examination of cells overexpressing the myc-tagged DG-FL 

under the pcDNA3.1 promoter (pcDNA3.1-myc/his-DG-FL), the radial glial cell 

morphology is strikingly different. Cells have numerous small processes protruding from 

the cell body, in addition to the stereotypical long process and prominent club endfeet. 

pYCas165 is present in the cell bodies as seen in control cultures and appears 
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unremarkable in cells transfected with DG-FL. The main feature in Nestin+ DG-FL 

transfected cells is the upregulated accumulation of pYCas165 at the endfeet that 

coincides with the dense localization of DG. Mean fluorescent intensity of 

phosphorylated Cas in radial glial endfeet shows DG localized significantly increased 

pYCas. The dataset did not pass the Shapiro-Wilk test for normality; thus a Mann-

Whitney U test was performed. (Graph 4.1; U = 86, n1 = n2 = 18; *p= 0.016 two-tailed 

test). The novel findings demonstrate DG and Cas may be acting in the same pathway to 

stabilize radial glial endfeet with the pial basement membrane to maintain laminar 

organization. 
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Figure 6C. WT RGCs cultured at E13.5 were transfected with an empty vector (pcDNA3.1) or a construct overexpressing 
full length Dystroglycan (DG-FL). DG recruited pYCas165 to the radial glial endfeet. Zoomed in example of a radial glial 
endfeet is to the right of each image. Scale bar is 25 um for wide view and 1 um for zoomed image. 
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Graph 4.1 Quantification of the mean fluorescent intensity of pYCas165 at WT RGC endfeet. WT cells transfected with 
DG-FL significantly recruited more pYCas to the basal process than when transfected with an empty vector 
(pcDNA3.1). Values given are Mean ± S.E.M., n=2 independent samples per group, Mann-Whitney U test U = 86, n1 = 
n2 = 18; *p= 0.016 two-tailed test. 

Β1 Integrins Regulate Cas Phosphorylation at RGC Endfeet 

Glycoproteins in the ECM (i.e. laminin) are known to bind to d57ystroglycan and 

integrin transmembrane receptors on radial glial endfeet (Henry et al., 2001). Fig. 6C 

demonstrated Dystroglycan overexpression promotes pYCas165 accumulation in radial 

glial endfeet. Perhaps β1 integrin also mediates Cas phosphorylation in radial glial cells. 

Previous evidence from Riccomagno & Sun et al. (2014) showed Cas phosphorylation in 

the retina is highly dependent on β1 integrin signaling. Graus-Porta et al. (2001) 

identified β1 integrin ablation led to laminar disorganization similar to the ones 

observed in Emx1Cre;CasTcKO. The phenotypes also appear to be RGC-autonomous 

(Belvindrah et al., 2007). We started by revisiting the phenotypes in pan-cortical vs. 
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neuronal specific β1 integrin Kos using layer-specific markers. Staining for the layer-

specific transcription factors confirmed the cobblestone phenotype in Emx1Cre;B1 

(Emx1-Cre+;β1fl/fl) P7 cortices in comparison to Control littermates (Emx1-Cre-;β1fl/fl) 

(Fig. 7A). Cux1, Ctip2, Rorβ, and Tbr1 labeling indicated cortical layer misplacement 

occurred for all subpopulations in Emx1Cre;B1 animals. This included an invasion of 

deep layer neurons in the dorsal cortex and superficial layer neurons in the lower CP. 

NexCre;B1 (Nex-Cre+;β1fl/fl) and Control (Nex-Cre-;β1fl/fl) P7 cortices (Fig. 7B) are 

indistinguishable from each other and appear similar to NexCre;CasTcKO animals (Fig. 

4B). Cortical layers are uniform and defined, further highlighting that the cobblestone 

malformations seen in Emx1Cre;CasTcKO (Fig. 2), Emx1Cre;DG (Fig. 6A), and Emx1Cre;B1 

(Fig. 7A) animals are due to disruptions in ECM and radial glial cell signaling. This further 

validates and reinforces previous observations suggesting that integrin acts in an RGC-

autonomous manner to control cortical lamination. 
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Figure 7A. Layer markers for Emx1Cre;B1 at P7 show similar laminar disorganization and cobblestone malformation 
observed in Emx1Cre;CasTcKO and Emx1Cre;DG mutants. Scale bar is 500 um. 
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Figure 7B. Layer markers for NexCre;B1 at P7 show normal laminar organization as observed in NexCre;CasTcKO. This 
indicates Cas and integrin signaling are non-neuronal autonomous for cortical lamination. Scale bar is 500 um. 

We used the same RGC mixed culture setup to test whether DG-dependent 

phosphorylation of Cas requires integrin as a signal transducing receptor. Emx1Cre;B1 

cultures transfected with the empty vector (pcDNA3.1-myc/his) or overexpressing DG-FL 

(pcDNA3.1-myc/his-DG-FL) have similar levels of pYCas165 throughout the radial glial 

cell (Fig. 7C). The mean fluorescent intensity of pYCas165 at the radial glial endfeet in 

Emx1Cre;B1 cells passed the Shapiro-Wilk test for normality and a two-tailed 
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independent samples t-test indicated there was no difference in phosphorylated Cas in 

RGC endfeet when transfected with either construct (Graph 4.2). Noticeably, 

Emx1Cre;B1 cells overexpressing DG-FL in now yielded weak pYCas165 expression in 

radial glial endfeet, in comparison to WT cultures overexpressing DG (Fig. 6C). The key 

findings indicate DG-dependent phosphorylation or recruitment of pYCas to the endfeet 

require β1 integrin function. 

The cobblestone malformation observed in Emx1Cre;CasTcKO, Emx1Cre;DG, and 

Emx1Cre;B1 is due to a radial glial cell dysfunction. There is a non-neuronal autonomous 

requirement for these proteins during cortical lamination. Dystroglycan successfully 

recruited phosphorylated Cas to the radial glial endfeet and this adhesion signaling 

required β1 integrin. Both β1 integrin and DG are transmembrane receptors on radial 

glial endfeet to dynamically interact with the basement membrane and disruption of 

this signal upstream of Cas appears to alter cortical lamination. 
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Figure 7C. Emx1Cre;B1 radial glial cells transfected with the empty vector or overexpressing DG does not affect Cas 
phosphorylation. Zoomed in example of a radial glial endfeet is to the right of each image. Scale bar is 25 um for wide 
view and 1 um for zoomed image. 
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Graph 4.2 Mean fluorescent intensity of pYCas165 at Emx1Cre;B1 RGC endfeet. Cells missing β1 integrin were 
transfected with either an empty vector (pcDNA3.1) or Dystroglycan (DG-FL). There is no difference in pYCas165 
expression. The previously seen increase in pYCas when DG is localized to the endfeet in WT RGCs is diminished. DG-
dependent recruitment of pYCas may require β1 integrin signaling. Values given are Mean ± S.E.M., n=2 independent 
samples per group (two-tailed independent samples t-test). No significant difference observed. 
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Chapter 5: Discussion 

The developmental events that lead to the formation of the six-layered cortical 

plate provide a great example of how adhesion signaling plays a role in cortical 

lamination. These complex processes involve proliferation of progenitor cells in the 

dorsal telencephalon, radial migration of post-mitotic neurons from the subventricular 

zone (SVZ) and ventricular zone (VZ) to the cortical plate (CP), integration of neurons 

according to birthdate and establishment of connections (Molyneaux et al., 2007; Kwan 

et al., 2012). Disruptions to normal corticogenesis cause severe developmental 

disorders with debilitating consequences. Cas signaling adaptor proteins are critical for 

cell-ECM adhesion signaling in other systems (Vuori & Ruoslahti, 1995; Vuori et al., 

1996; Garcia-Guzman et al., 1999), making them good candidates to study how cells 

interact and interpret adhesion to the ECM during these important developmental 

events. Different models demonstrate the evolutionarily conserved requirement for Cas 

adaptor proteins in cell migration and axon pathfinding: mammalian retina organization 

(Riccomagno & Sun et al., 2014), Dcas in Drosophila development (Huang et al., 2007), 

and Cas for PNS axon guidance and fasciculation in mice (Vahedi-Hunter et al., 2019). 

Given the ability of Cas to interpret guidance cues and transduce signals in the ECM for 

cell migration, we hypothesized that these adaptor proteins may be involved in laminar 

organization of the cortex. 

Cas mRNA transcripts are expressed in the dorsal telencephalon during the 

neurogenic period and more specifically, Cas proteins are found in regions of the cortex 
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important for cell proliferation and neuronal migration (Fig. 1). The absence of Cas 

genes resulted in a cobblestone cortex, ectopic proliferation, and a discontinuation of 

the basal lamina (Fig. 2). Neurons migrated into wrong target layers and into the 

meninges. The cortical layers are not uniform and generated a wave-like pattern. Fate-

mapping studies demonstrated the disorganization is not from cell misspecification, as 

EdU+ ectopias were found outside of the basal lamina, in regions where the MZ is 

exposed (Fig. 3). Based on all these data we concluded that Cas is required for proper 

neuronal migration to laminate the cortex. 

To explore the how Cas plays a role in neuronal migration, early cortical events 

such as the preplate (PP) split were investigated (Fig. 3). Improper splitting of the 

preplate can contribute to errors in migration (Hevner et al., 2001). The subplate is one 

of the boundaries to ensure neurons migrate into the CP, whereas the marginal zone 

(MZ) ensures neurons stop migration (Kanold & Luhmann, 2010). Calretinin and 

calbindin clustered in the MZ can alter radial glial cell morphology and neuronal 

responses (Götz et al., 2002; Hartfuss et al., 2003; Radakovits et al., 2009). Subplate 

markers demonstrated a discontinuity in the ventral boundary, with MAP2+ and CSPG+ 

cells positioned in the upper CP and MZ. This highly suggests that improper preplate 

splitting contributed to the migration defect in Cas mutants.  

Evidence suggests that the defects observed in cortical lamination may not be 

due to a cell-autonomous role for Cas in migrating neurons, but is rather an indirect 

consequence. To determine whether Cas is required in neurons to migrate properly, we 
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performed cell-autonomous studies by comparing the cortical phenotype of two 

different Cre lines that remove Cas functions in different cell types. Disorganization of 

projection neurons in the cortex and breaches in the basement membrane 

characteristic of the cobblestone malformation observed in Emx1Cre;CasTcKO mutants 

(Fig. 2) are not observed in cortices where Cas is ablated in early post-miotic, 

premigratory neurons (NexCre;CasTcKO; Fig. 4). The lack of an obvert cortical lamination 

phenotype in NexCre;CasTcKO animals suggest that Cas genes act in a non-neuronal 

autonomous manner. This crucial finding indicates that the cobblestone phenotype 

observed is likely a consequence of radial glial cell dysfunction and not neurons. 

Radial glial cells (RGCs) are multipotent progenitors that can generate numerous 

cell subtypes, while also providing a scaffold for migrating neurons. Disruption to the 

direct interface between radial glial cells and the pial basement membrane (PBM) 

provide a basis for understanding the pathogenesis of neuronal migration disorders. The 

basal process connects radial glial cells to the basement, where it can act as a scaffold 

for neurons during glial-dependent migration. We can examine the molecular 

mechanisms regulating adhesion of the radial glial basal process to understand how the 

disconnection alters cortical lamination. Ligand-receptor pairs, such as laminin binding 

to 66dystroglycan and integrin transmembrane receptors are important to maintain the 

basement membrane (Raghavan et al., 2000; Graus-Porta et al., 2001; Henry et al., 

2001; Satz et al., 2010; Devisme et al., 2012; Myshrall et al., 2012). However, little was 

known about how these signals are interpreted inside RGCs.  
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Examination of the role of Cas in radial glial cells during corticogenesis provided 

valuable insight into how RGCs transduce these signals, and how their dysfunction alters 

normal cortical development. Phosphorylated Cas is expressed where the RGC endfeet 

contact the basement membrane to establish the glia limitans and in cell bodies 

localized to the VZ (Fig. 5). Morphological changes to Emx1Cre;CasTcKO RGCs include 

disarrayed basal processes and truncated fibers at sites where the basement membrane 

is breached. This likely contributes to the overmigration of cells into the meninges. 

More importantly, short pulse chase experiments demonstrated the presence of ectopic 

proliferating cells in the upper CP and invading heterotopias outside of the MZ of 

Emx1Cre;CasTcKO cortices, something that is never observed in controls (Fig. 5). 

EdU+/proliferating cells in the upper CP (outside of the SVZ or VZ) can change how cells 

respond to cues, and can lead to additional problems (Guan & Rao, 2003; Marín et al., 

2010; Nakagawa et al., 2015). These major disruptions show that Cas genes are required 

in radial glial cells to regulate neuronal migration, and that the defects in cortical 

lamination observed in Emx1Cre;CasTcKO animals are a subsequent consequence to 

defects in radial glial cells. 

The pathogenesis of cobblestone malformations studied in several mouse 

models with targeted mutation of genes show PBM-RG interactions are mediated by 

integrins and DG. Human cobblestone disorders demonstrate ECM receptor signaling is 

attenuated as a result of deficient glycosylation of 67dystroglycan (Devisme et al., 

2012). Dystroglycan mediates PBM-RGC signaling interaction through extracellular 
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glycoproteins such as laminin binding to the alpha subunit of DG in the dystrophin 

glycoprotein complex (Henry & Campbell, 1998; Yurchenco, 2010).  

Dysfunction of radial glial processes in Dystroglycan mutants (Emx1Cre;DG) 

altered the interaction between the basal endfeet and pial basement membrane (Fig. 6; 

Myshrall et al., 2012). The pial basement membrane disintegration in DG KO resulted in 

the formation of meningeal heterotopia. However, the ectopic distribution and 

migration of progenitors and neurons did not affect the layer-specific differentiation of 

projection neurons (Myshrall et al., 2012). The cobblestone malformation observed in 

CasTcKO mutants mirrors dystroglycanopathies (Devisme et al., 2012). Embryonic 

events including a breakage in the basal lamina, ectopic proliferating cells and neuronal 

clusters in the meninges, and cortical delamination observed in CasTcKO mice match the 

phenotype characterized in DG mutants (Myshrall et al., 2012). Investigating DG and Cas 

signaling can provide mechanistic insight into how the pial basement membrane-radial 

glial interaction is important for cortical lamination.  

To visualize the fine basal processes on radial glial cells, a primary culture 

approach was taken to explore whether Cas adaptor proteins may be a cytoplasmic 

effector of DG (Fig. 6). Dystroglycan expression in radial glial cells are localized to the 

cell body and endfeet, consistent with previous data (Myshrall et al., 2012). Endogenous 

phosphorylated Cas puncta are visible at adhesion sites between cells. Overexpression 

of Dystroglycan prominently recruited phosphorylated Cas to the club-like radial glial 

endfeet. This excitingly shows Cas phosphorylation at radial glial endfeet, is downstream 



69 

of DG signaling. DG-Cas signaling may be an important molecular mechanism to 

maintain the basement membrane integrity to allow proper neuronal migration. 

Of interest, Cas phosphorylation and function during retinal ganglion cell layer 

organization (Riccomagno & Sun et al., 2014) is mainly regulated by β1 integrin. DG-Cas 

interact at the basal endfeet and perhaps, Integrin-Cas signaling may also be crucial in 

PBM-RG interactions. Integrins function to mediate cell-extracellular matrix and cell-cell 

interactions (Anton et al., 1999; Henry et al., 2001; Chodniewicz & Klemke, 2004). Upon 

removal of the β1 subunit of integrins (Graus-Porta et al., 2001), the cortex appears very 

similar to Cas mutants. The cobblestone phenotype of highly disorganized neuronal 

subpopulations in the cortical plate is similarly distributed in NestinCre;B1 (Graus-Porta 

et al., 2001), Emx1Cre;B1 (Fig. 7.), and Emx1Cre;CasTcKO animals. NexCre;B1 and 

NexCre;CasTcKO do not have lamination defects, indicating β1 integrin and Cas 

functions are essential in radial glia and not neurons for proper neuronal migration. The 

very similar phenotype of their respective null mutants and molecular epistasis results in 

other models, suggest β1 integrin may also act as the primary regulator of Cas function 

in the neocortex.  

The RGC/neuronal mixed culture experiments determined that dystroglycan can 

modulate Cas phosphorylation (pYCas165). Interestingly, genetic removal of β1 integrin 

significantly reduced the effect of DG overexpression on pYCas165 levels at the endfeet 

(Fig. 7). Overall, these data provide a direct link between Cas phosphorylation and both 
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70dystroglycan and integrin, and suggest that DG and integrin act upstream of Cas 

proteins in radial glia to regulate cortical lamination. 

Migration is a complex interplay of receptor-ligand interactions mediated by 

membrane proteins (Huttenlocher et al., 1996; Henry et al., 2001; Hansen & 

Hippenmeyer et al., 2020). The cortical phenotype in CasTcKO mutants appear very 

similar to DG and β1 integrin mutants. Cas proteins are not required in neurons for 

proper radial migration, but are rather essential in radial glial cells for cortical 

lamination. Our data support a model whereby Cas adaptor proteins act as signal 

transductors downstream of the β1 integrin and dystroglycan transmembrane protein in 

a non-neuronal autonomous manner to maintain the integrity of the basement 

membrane and allow for normal neocortical development. The absence of DG or β1 

integrin in radial glial cells affected how the endfeet interacts the basement membrane 

and affected downstream signaling of Cas to remodel the actin cytoskeleton. This 

adhesion signaling pathway can be used as a basis to understand Cobblestone 

Lissencephaly (Fig. 8). Furthermore, results from current findings can be used to explore 

whether DG and β1 integrin can also act as primary regulators of Cas in other model 

systems and in the DCas variant. 
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Figure 8. Basement membrane and radial glial endfeet interactions are important to maintain a boundary for 
migrating neurons. A disruption to the basal lamina resulted in basal processes overextending and neurons 
overmigrating to generate the Cobblestone Lissencephaly phenotype. 
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