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PERSPECTIVE 
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to say that nothing for the scientific scholar is comparable to the things that he has 

discovered. Indeed, it would be difficult to find an investigator willing to exchange the 

paternity of a scientific conquest for all the gold on earth. And if there are some who look 

to science as a way of acquiring gold instead of applause from the learned, and the 

personal satisfaction associated with the very act of discovery, they have chosen the 

wrong profession.” 
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DISSERTATION ABSTRACT 

 

Reelin signaling coordinates dendritic initiation and cellular positioning by neurite 

stabilization 

 

Ryan Stephen O’Dell 

Dr. Eric C. Olson, Ph.D. 

 

The laminar organization characteristic of the adult mammalian neocortex is a 

product of the precise coordination of neuronal proliferation, migration, and 

differentiation. Among these processes, the biological signals controlling apical dendrite 

initiation and targeting are not completely understood. The secreted ligand Reelin is a 

large extracellular matrix glycoprotein localized to the axonal plexus of the marginal 

zone, and mutations are associated with severe disruptions in cellular organization in 

laminated brain regions. Although the Reelin signaling pathway has been traditionally 

described as a modulator of neuronal migration, recent evidence suggests Reelin controls 

neuronal orientation and subsequent dendritogenesis into the overlying marginal zone 

during a period of early cortical development known as preplate splitting. To explicitly 

characterize how Reelin coordinates the transition between migration and dendritogenesis 

and controls polarized apical dendrite initiation and growth, an ex utero explant model of 

early cortical development was used for fixed tissue and multiphoton live imaging 

analysis.        
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 Our investigations revealed the apical dendrite of cortical neurons emerges via 

direct transformation of the leading process during terminal translocation. Both 

throughout and after this migratory phase, the dendritic arbor demonstrated significant 

increases in growth and branching, typically initiated after leading process entry into the 

Reelin-rich marginal zone. In the absence of Reelin signaling, mutant cortices 

demonstrated a significant proportion of neurons that successfully translocated, but 

showed unstable arbors and marginal zone avoidance after migration arrest. Application 

of exogenous Reelin protein rescued dendrite kinetics and polarity within 4 hours, 

resulting in the retraction of tangentially oriented dendrites simultaneous with the 

extension of a highly branched, apically oriented primary process.  

These findings suggest a precise role of Reelin signaling in early cortical 

development in proper neuronal polarization and stable dendrite outgrowth into the 

marginal zone, an area otherwise exclusionary for dendrites. Furthermore, it is suggested 

that appropriate dendritic arbor elaboration into the marginal zone may not only promote 

terminal translocation, but also defines the final position of migration arrest. This body of 

work thus offers an important advancement in understanding Reelin’s role in polarized 

dendritic outgrowth and the subsequent knock-on effects associated with perturbations of 

this signaling pathway. 
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INTRODUCTION 

 

 The mammalian neocortex is a 1-2 mm thick layer of neurons and glial cells that 

constitutes the surface of the brain. The cortex is organized into discrete functional areas 

(e.g., motor cortex, visual cortex) and imbues humans with higher cognitive functions 

such as language and consciousness. Intriguingly, the underlying structure of the cortex is 

relatively conserved across all mammalian species, including mouse and man. The cortex 

is composed of six cellular layers, with each layer having cells of distinct morphologies, 

projection patterns, and functional properties. For example, layer 5 Betz cells of the 

primary motor cortex are large, excitatory pyramidal neurons that output to subcortical 

structures and form the corticospinal tract necessary for voluntary motor control while 

layer 4 cortical neurons constitute the major input layer for sensory information relayed 

by the thalamus. Disruptions of cortical development are often associated with mental 

retardation and epilepsy, as well as a variety of neuropsychiatric disorders. Therefore, a 

central effort in developmental neuroscience is to understand how the cortex develops 

normally and how disease states perturb cortical structure and cortical functioning. 

 

The development of the cerebral cortex involves a series of coordinated steps in 

which neurons are generated and specified in the ventricular zone and then migrate from 

this region to their appropriate laminar destinations. Upon reaching their final positions, 

these neurons differentiate into distinct morphological phenotypes, elaborate dendritic 

and axonal arbors, and begin the growth and maintenance of synapses that will eventually 

comprise functional neural circuits (Ramon y Cajal, 1904). 
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The Reelin signaling pathway is essential for the correct positioning of neurons in 

the many laminated structures of the brain, including the cerebral cortex (Caviness and 

Sidman, 1973; D'Arcangelo et al., 1995; Falconer, 1951; Rakic and Caviness, 1995; Rice 

and Curran, 2001; Tissir and Goffinet, 2003). Reelin is a large, extracellular matrix 

glycoprotein secreted by Cajal-Retzius cells in the overlying marginal zone (D'Arcangelo 

et al., 1995; D'Arcangelo et al., 1997; Hirotsune et al., 1995; Ogawa et al., 1995). The 

reeler mouse is a spontaneous null mutant characterized by severe disruption of cellular 

organization in the neocortex, hippocampus, and cerebellum (Caviness and Sidman, 

1973; Falconer, 1951; Lambert de Rouvroit and Goffinet, 1998). In humans, the absence 

of Reelin results in a rare autosomal recessive genetic disorder known as lissencephaly 

with cerebellar hypoplasia, which is characterized by gait disorders, ataxia, profound 

developmental delay, mental retardation, and epilepsy (Hong et al., 2000; Hourihane et 

al., 1993).  

 

Despite the identification of the reeler mouse in 1951 (Falconer, 1951), the 

cloning of the Reelin gene in 1995 (D'Arcangelo et al., 1995), and the identification of 

many components of the Reelin signaling pathway (Forster, 2014), the precise 

mechanisms of how Reelin controls neuronal positioning in the developing brain  remains 

puzzling. Competing models have argued for a primary role of Reelin signaling in neural 

precursors localized to the ventricular zone (Hartfuss et al., 2003; Hunter-Schaedle, 1997; 

Luque et al., 2003), multipolar neurons entering the developing cortical plate (Jossin and 

Cooper, 2011), or migrating neurons within the developing cortical plate (Cooper, 2008; 
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Dulabon et al., 2000; Franco et al., 2011; Olson et al., 2006; Sanada et al., 2004; Sekine 

et al., 2012). Reelin has been alternatively hypothesized to stimulate (Gilmore and 

Herrup, 2000) or inhibit (Ogawa et al., 1995; Schiffmann et al., 1997; Sheppard and 

Pearlman, 1997) migration by promoting adhesion (Jossin and Cooper, 2011) or 

detachment (Cooper, 2008; Dulabon et al., 2000; Sanada et al., 2004) of the migrating 

neurons to/from its substrate, the radial glial fiber. Finally, Reelin signaling has also been 

shown to promote dendritic growth in postmigratory neurons (MacLaurin et al., 2007; 

Miyata et al., 2010; Nichols and Olson, 2010; Niu et al., 2004; Niu et al., 2008; Olson et 

al., 2006), but it is not clear if this is mechanistically separate or related to Reelin’s role 

controlling neuronal positioning.  

 

Resolution of these competing models of Reelin function could occur by direct 

visualization of the cellular response to Reelin, and this is a major focus of my thesis. In 

the remainder of Chapter 1 I will outline our current understanding of mammalian 

cortical development, focusing on the mouse. I will then provide a detailed summary of 

our current cellular and biochemical understanding of the Reelin signaling pathway and 

some of the competing models associated with Reelin function. 
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MAMMALIAN NEOCORTICAL DEVELOPMENT 

 

The first stages of neocortical development are characterized by the appearance of 

the primordial plexiform layer, or preplate, above the proliferating pseduostratified 

epithelial region known as the ventricular zone (VZ). The preplate is described as a loose 

plexus of differentiated neurons, and is comprised of two distinct cell populations, the 

Cajal-Retzius (CR) cells and subplate neurons (Marin-Padilla, 1992, 1998; Super et al., 

1998). In mice, the preplate is established between embryonic day 10-12 (E10-12)(Bayer 

and Altman, 1990; Wood et al., 1992), and plays a major role in the establishment of 

early synaptic formations (Allendoerfer and Shatz, 1994; Soriano and Del Rio, 2005).  

 

CR cells are among the first to populate the preplate, and occupy positions near 

the pial surface in the future marginal zone (MZ)(Meyer and Goffinet, 1998). These cells 

are bipolar, horizontally elongated cells that extend an extensive axonal network 

throughout the preplate and future MZ (Marin-Padilla, 1998; Takiguchi-Hayashi et al., 

2004; Yoshida et al., 2006), and are known to synthesize and secrete Reelin from their 

axons (D'Arcangelo et al., 1995; Derer et al., 2001; Meyer et al., 2000). 

 

Subplate neurons however, are born at a slightly later time-point than CR cells, 

and serve later in development as transient synaptic targets for incoming layer 4 

thalamocortical projections (Allendoerfer and Shatz, 1994; Ghosh et al., 1990). The 

subplate consists of a collection of both glutamatergic and GABAergic neurons 

(Meinecke and Rakic, 1992) expressing a variety of molecular markers including 
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calretinin, calbindin, GABA, and chondroitin sulfate proteoglycans (CSPGs)(McQuillen 

and Ferriero, 2005). However, none of these markers are broadly characteristic of all 

subplate neurons, and specific molecules to identify this region of the developing cortex 

have remained elusive (Osheroff and Hatten, 2009). 

 

 After the preplate has been established, the process of cortical lamination beings 

at approximately E13, as prospective layer 6 (L6) neurons exit their cell cycle at the 

ventricular surface and migrate into the overlying preplate (Marin-Padilla, 1992, 1998). 

The migration and subsequent Reelin-dependent alignment and orientation of L6 neurons 

within the preplate results in separation of the preplate into the overlying MZ (containing 

the CR cells) and the now displaced subplate. This process is known as preplate splitting 

(Marin-Padilla, 1992; Nichols and Olson, 2010)(Figure 1.2). Future cortical layers 2-5 

form sequentially as neurons migrate past previously generated neurons, and stop directly 

beneath the cortical plate (CP)/MZ boundary (Angevine and Sidman, 1961). This 

systematic style of migration results in the formation of cortical layers in an ‘inside-to-

outside’ pattern, with early-born neurons (L6) occupying deeper regions of the CP, and 

later born neurons (layer 2-3) more superficial (Figure 1.1C).  

 

This radial migration route from VZ to developing cortical plate is utilized by 

prospective excitatory neurons that will express the excitatory neurotransmitter glutamate 

(Hatten, 1999; Hevner et al., 2001; Rakic, 1974)(Figure 1.1A,B). Radial migration is 

characterized by migration along a scaffold comprised of radial glia fibers, which 

originate from radial glia cells in the VZ, and extend to the overlying pial surface 
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(Bentivoglio and Mazzarello, 1999; Hatten, 1999; Rakic, 1972). Cortical neurons use 

direct physical attachments with these radial glia fibers during migration to their final 

laminar destination (Anton et al., 1996; Elias et al., 2010; Elias et al., 2007; Rakic et al., 

1994). 

 

In addition to the radial migration route there is a tangential migration route 

utilized by prospective inhibitory neurons (Marin and Rubenstein, 2001)(Figure 1.1A,B). 

Tangential migration is predominated by neurons arising in the VZ of the subcortical 

telencephalon and primarily gives rise to γ-aminobutyric acid (GABA)ergic local circuit 

neurons (Anderson et al., 1999; Anderson et al., 2002; Xu et al., 2004)(Figure 1.1 A,B).  

Although the positioning of GABAergic neurons is also disrupted in the Reeler cortex, it 

is thought that this disruption is secondary to the malpositioning of the glutamatergic 

neurons, and that GABAergic neurons are not directly responsive to Reelin.  

 

In regards to radial migration, there have been three primary forms observed 

during neocortical development: multipolar migration (Tabata and Nakajima, 2003), glia-

guided locomotion (Nadarajah et al., 2001; Rakic, 1972), and somal translocation 

(Nadarajah et al., 2003; Nadarajah et al., 2001)(Figure 1.1A,B). Multipolar migration is 

predominately observed within the subventricular zone (SVZ) and intermediate zone (IZ) 

of the developing neocortex, and is characterized by slow-moving neurons of a 

multipolar morphology with many fine processes extending form the soma in various 

directions (Nowakowski and Rakic, 1979; Tabata and Nakajima, 2003)(Figure 1.1A,B). 

The slow-moving nature of this mode of migration is due to the non-linear paths these 
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multipolar neurons take, frequently changing both the direction and rate of migration 

(Tabata and Nakajima, 2003). In addition, migrating multipolar neurons establish polarity 

in the IZ via the initiation of an axon-like tangentially oriented trailing process (Hatanaka 

and Yamauchi, 2013). Upon reaching the upper boundary of the IZ/lower boundary of the 

CP, these neurons transition to glia-guided locomotion for the rest of their journey 

(Noctor et al., 2004).  

 

Glia-guided locomotion is the dominant form of migration later in cortical 

development (layers 2/3-5), where future projection neurons of the cortex use the 

aforementioned radial glia scaffolding to reach their laminar destinations (Nadarajah et 

al., 2001; Rakic, 1972)(Figure 1.1A,B). This type of migration is characterized by the 

extension of a ~50 µm pial-directed leading process with a growth cone-like tip, and a 

small trailing process that constitutes the developing axon (Nadarajah et al., 2001; Rakic, 

1972). The migration itself it saltatory in nature, characterized by alternating periods of 

moving and stationary phases, and is characterized by slower migration speeds 

(Nadarajah et al., 2003; Nadarajah et al., 2001). Attachment of migrating bipolar neurons 

to radial glia is mediated via gap junctions (Elias et al., 2010; Elias et al., 2007; Valiente 

et al., 2011), the cell-cell signaling ligand neuregulin (Anton et al., 1997), and the 

adhesion molecule N-cadherin (Shikanai et al., 2011). 

 

During the final stages of glia-guided locomotion, when migrating neurons reach 

the top of the CP, they extend their leading process into the overlying MZ, detach from 

their associated radial glia fibers, and undergo somal translocation (Nadarajah et al., 
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2003; Nadarajah et al., 2001)(Figure 1.1A,B). This form of migration is characterized by 

extension of a process towards the pial surface, followed by rapid and steady 

translocation of the cell body (Nadarajah et al., 2003; Nadarajah et al., 2001; Nadarajah 

and Parnavelas, 2002). Somal translocation has also been observed by cells exiting the 

ventricular zone at the time of preplate splitting (Nadarajah et al., 2003; Nadarajah et al., 

2001; Nadarajah and Parnavelas, 2002).  
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REELER MUTATIONS IN MOUSE AND MAN 

 

The Reelin deficient reeler mouse is a spontaneous mutant model first described 

over 60 years ago, which displays behavioral abnormalities such as tremors, dystonia, 

and the ataxia that produces its “reeling” gait (Falconer, 1951). Histological analyses of 

the reeler brain reveals abnormal cytoarchitecture at a variety structures including the 

cerebral cortex (Caviness, 1976), cerebellum (Caviness, 1982), hippocampus (Caviness, 

1982), and spinal cord (Yip et al., 2000). Interestingly, neuronal production and 

specification appears to occur on its normal schedule (Caviness and Sidman, 1973) and in 

the cerebral cortex, the major morphological neuronal cell classes (e.g., large-pyramidal 

neurons) have been identified (Caviness and Sidman, 1973). This suggests that a primary 

consequence of the reeler mutation is the disruption of brain architecture. 

 

Despite the ectopic location of cortical neurons in the reeler brain, proper afferent 

and efferent connections appear to be intact where examined, thus suggesting normal 

development of the major axonal tracts (Caviness, 1976; Drager, 1981; Lemmon and 

Pearlman, 1981; Silva et al., 1991; Simmons et al., 1982; Terashima, 1995a, b; Terashima 

et al., 1983, 1985). The possibility that Reelin signaling deficiency might disrupt local 

circuit organization and synapse formation however, is still under active investigation 

(Bidoia et al., 2004; Quattrocchi et al., 2003).  

 

In the reeler mutant mouse, the preplate forms appropriately but is not split by the 

formation of cortical layer 6. Instead, L6 neurons become intermingled with preplate 
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neurons creating a heterogeneous mix of CR cells, SP neurons, and L6 neurons known as 

the superplate (Sheppard and Pearlman, 1997)(Figure 1.2). Thus, the normally cell-

sparse MZ is now packed with cells closely apposed to the overlying pial surface 

(Goffinet, 1979; Goffinet and Lyon, 1979). Subsequent neurons migrating towards the 

pial surface pile up beneath this superplate. This pile-up is thought to be progressive and 

prevent neurons from migrating past earlier generated layers and therefore creates an 

approximate inversion of the normal ‘inside-to-outside’ cortical layering (Caviness and 

Sidman, 1973; Pinto-Lord et al., 1982)(Figure 1.2). 

 

 Mutations in the Reelin protein have also been described in the human population 

in patients with autosomal recessive lissencephaly with cerebellar hypoplasia 

(LCH)(Hong et al., 2000). LCH is clinically characterized by severe mental retardation 

and cognitive delay, epilepsy, nystagmus, myopia, and ataxia (Hong et al., 2000). Brain 

magnetic resonance imaging (MRI) of these patients revealed moderate lissencephaly 

(pachygyria), severe cerebellar hypoplasia, and unfolding of the hippocampus (Hong et 

al., 2000). While the absence of Reelin causes the gross structural defects observed with 

LCH patients, disruption of Reelin signaling pathway has been implicated as a 

contributor to Alzheimer’s disease (Antoniades et al., 2011; Botella-Lopez et al., 2006; 

Herring et al., 2012), schizophrenia (Fatemi, 2001; Fatemi et al., 2001; Fatemi et al., 

2008; Impagnatiello et al., 1998; Wedenoja et al., 2008; Wedenoja et al., 2010), autism 

spectrum disorders (Fatemi, 2001; Fatemi et al., 2012; Fatemi et al., 2008; Fatemi et al., 

2005a; Wang et al., 2014), and bipolar disorder (Fatemi, 2001; Fatemi et al., 2001; 

Fatemi et al., 2005b; Goes et al., 2010). 
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THE REELIN GENE AND PROTEIN 

 

 The gene for Reelin is located on chromosome 7q22.1 in humans and 

chromosome 5 in mice (D'Arcangelo et al., 1995), and encodes a large, extracellular 

matrix glycoprotein of more than 3400 amino acids (D'Arcangelo et al., 1997). On SDS-

PAGE gel, Reelin is observed at multiple bands, including 410 kDa (full length Reelin), 

330 kDa, 180 kDa, and a variety of lower molecular weight bands (Fatemi, 2005; 

Smalheiser et al., 2000). Reelin is composed of a large N-terminal sequence and F-

spondin domain, followed by eight Reelin repeats of 350-390 amino acids, and finally 

ends with a highly basic C-terminus (D'Arcangelo et al., 1995; de Bergeyck et al., 

1998)(Figure 1.3). The N-terminus sequence contains a signal peptide important for 

secretion, while each Reelin repeat is composed of an EGF-like motif flanked by A and B 

subdomains (D'Arcangelo et al., 1995). Although not required for Reelin secretion, the C-

terminal region appears to be involved in efficient Reelin signaling activity (Kohno et al., 

2009; Nakano et al., 2007).  

 

 Reelin is highly expressed during neocortical development in the superficial 

cortical layers and secreted from the CR cells of the overlying MZ (D'Arcangelo et al., 

1995; D'Arcangelo et al., 1997; Ogawa et al., 1995). In mice, Reelin is first detected 

around E10-E11, with expression increasing throughout development, and finally 

declining after its peak approximately two weeks after birth (D'Arcangelo et al., 1995). 

Reelin-secreting CR cells are observed primarily during prenatal and early neonatal 

period and are not found postnatally, probably due to programmed cell death 
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(Chowdhury et al., 2010; Soriano and Del Rio, 2005). Reelin also shows developmental 

expression by cells in the outer marginal layer of the dentate gyrus of the hippocampus, 

cerebellar granule cells of the external granule cell layer, mitral cells of the olfactory 

bulb, and retinal ganglion cells (Schiffmann et al., 1997; Tissir and Goffinet, 2003; Yip et 

al., 2000). In the adult brain a subset of GABAergic inhibitory interneurons in both the 

neocortex and hippocampus express Reelin (Alcantara et al., 1998; Pesold et al., 1998).   

   

After secretion into the extracellular matrix, full-length Reelin is cleaved at two 

sites: between repeats 2B and 3A, and between repeats 6B and 7A (Lambert de Rouvroit 

et al., 1999)(Figure 1.3). Cleavage at the N-terminal site results in the 180 kDa band 

while cleavage at the C-terminal site results in the 330 kDa band. The precise enzyme(s) 

involved in the cleavage of Reelin (Jossin et al., 2004; Kohno et al., 2009; Lambert de 

Rouvroit et al., 1999) are not completely described, however, a recent study suggests A 

disintegrin and metalloproteinase with thrombospondin motifs-4 (ADAMTS-4) is capable 

of cleaving Reelin at the N- and C-terminal sites while tissue plasminogen activator (tPA) 

may function to cleave Reelin only at the C-terminal site (Hisanaga et al., 2012; Krstic et 

al., 2012)(Figure 1.3). In addition, ADAMTS-5 is not only capable of cleaving Reelin at 

both sites, but plays a further role in the degradation of the Reelin N-terminal domain 

(Krstic et al., 2012). 

 

 The central fragment of Reelin has been demonstrated to bind the canonical 

Reelin receptors very-low-density lipoprotein receptors (VLDLR) and apoplipoprotein E 

receptor 2 (ApoER2), resulting in the phosphorylation of the cytoplasmic adapter protein 
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Disabled-1 (Dab1) by the Src/Fyn tyrosine family kinases, and ultimately allows for 

rescue of CP formation in reeler mutant slice cultures (Jossin et al., 2007; Jossin et al., 

2004)(Figure 1.3). Although not involved in the binding of VLDLR and/or ApoER2, the 

N-terminal cleavage fragment interacts with the α3β1 integrin receptor (Dulabon et al., 

2000; Schmid et al., 2005)(Figure 1.3). In order to interfere with Reelin signaling, the 

function-blocking antibody CR50 is directed against the N-terminal region and prevents 

Reelin aggregation (D'Arcangelo et al., 1997; Miyata et al., 1997; Ogawa et al., 1995; 

Utsunomiya-Tate et al., 2000). 
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INITIATION OF THE BIOCHEMICAL REELIN SIGNALING CASCASDE 

 

The Canonical Reelin Receptors 

 The Reelin signaling cascade is triggered by the central fragment of Reelin 

binding to the membrane apolipoprotein receptors ApoER2 and VLDLR (D'Arcangelo et 

al., 1999)(Figure 1.3). The ectodomains of these receptors contain complement-type 

repeats necessary for ligand binding as well as EGF-like domains important for the 

release of internalized ligands in the endosomal degradation pathway (May et al., 2003; 

Schneider and Nimpf, 2003; Stolt and Bock, 2006), while the cytoplasmic domain is 

characterized sequence motifs which allow for interaction with adapter proteins. More 

specifically, the cytoplasmic domain contains an NPXY (Asn-Pro-X-Tyr) motif allowing 

for both signal transduction and receptor-mediated endocytosis (Gotthardt et al., 2000; 

Howell et al., 1999b)(Figure 1.3). Signal transduction occurs via the binding of the 

adapter protein Dab1 that contains phosphotyrosine-binding (PTB) domains, which in 

turn binds the NPXY motif of ApoER2/VLDLR (Howell et al., 1999b). After Reelin 

binding, signal transduction, and receptor internalization, Reelin is proteolytically 

processed via the endosomal degradation pathway (Morimura et al., 2005), and the N-

terminal fragment is secreted back into the ECM (Hibi and Hattori, 2009). Double 

knockout of both ApoER2 and VLDLR results in a reeler-like phenotype in mice 

(Trommsdorff et al., 1999), while deletion of either of these two receptors leads to subtle 

cortical alterations, suggesting divergent roles; VLDLR is suggested to mediate a stop 

signal for migrating cortical neurons while ApoER2 is essential for the migration of late-

generated cortical neurons (Hack et al., 2007). 
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The cytoplasmic adapter protein Disabled-1 

 Reelin binding to the receptors ApoER2 and VLDLR results in receptor clustering 

and tyrosine phosphorylation of the cytoplasmic adapter protein Dab1 by the Src family 

kinases (SFKs) Src and Fyn (Figure 1.3). Dab1 is phosphorylated on tyrosine residues 

198, 220, and 232 (Howell et al., 2000; Keshvara et al., 2001; Morimura and Ogawa, 

2009). Dab1 is expressed by neural precursors in the VZ/SVZ as well as migrating and 

differentiating neurons in the CP (Howell et al., 1997b; Luque et al., 2003; Sheldon et al., 

1997) and a spontaneously described mutation in Dab1 results in a reeler-like phenotype 

known as the scrambler mutant mouse (Howell et al., 1997a; Howell et al., 1997b; 

Sheldon et al., 1997; Sweet et al., 1996; Yoneshima et al., 1997).  Dab1 has been shown 

to be essential for the transduction of the Reelin signaling cascade, as an engineered 

Dab1 allele with Y/F mutations on the essential tyrosine residues also demonstrates a 

reeler-like phenotype (Arnaud et al., 2003; Ballif et al., 2003; Howell et al., 2000). In a 

similar fashion, deletion of both Src and Fyn results in this same reeler-like phenotype 

(Kuo et al., 2005). As previously described, the Dab1 PTB domain binds to NPXY sites 

in the cytoplasmic domains of ApoER2 and VLDLR (Howell et al., 1999a; Howell et al., 

1999b; Trommsdorff et al., 1999) and subsequently, Dab1 acts as signaling hub for the 

assembly of a multiprotein signaling complex via the binding of SH2 domain containing 

proteins to the phosphorylated tyrosine residues (Howell et al., 1997a; Howell et al., 

1997b)(Figure 1.3). 

 

 After tyrosine phosphorylation by SFKs, Dab1 is ubiquitinated and degraded by 

the E3 ubiquitin ligase Cullin 5 (Cul5), a process that may dampen Reelin responsiveness 
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in post-migratory neurons (Bock et al., 2004; Feng et al., 2007)(Figure 1.3). Ablation of 

Cul5 in migrating neurons results in an accumulation of activated Dab1, and is 

characterized by an overmigration phenotype with a buildup of neurons near the top of 

the cortical plate (Feng et al., 2007). This would suggest that Cul5 (and by extension 

Reelin) plays an important role in regulating the migration of neurons during cortical 

development, perhaps by counteracting a promigratory role of activated Dab1 (Feng et 

al., 2007; Kerjan and Gleeson, 2007). 
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DOWNSTREAM EFFECTORS OF THE REELIN-DAB1 SIGNALING CASCADE 

 

Reelin-Dab1 Signaling and the Microtubule Cytoskeletal Network 

 Multiple downstream effectors activated after Reelin stimulation and Dab1 

phosphorylation have been discovered, many of which would be predicted to modify the 

actin and microtubule cytoskeletal networks (D'Arcangelo, 2006). One such effector 

molecule is phosphatidylinositol 3-kinase (PI3K), which directly interacts with 

phosphorylated Dab1 via a p85α regulatory subunit (Beffert et al., 2002; Bock and Herz, 

2003)(Figure 1.3). Dab1/PI3K association leads to phosphorylation of Akt/protein kinase 

B, which ultimately leads to the activation of mammalian target of rapamycin (mTor) and 

inhibition of glycogen synthase 3β (GSK3β)(Beffert et al., 2002; Bock and Herz, 2003; 

Jossin et al., 2007)(Figure 1.3, Path 8). GSK3β in turn has a variety of downstream 

targets including tau, a microtubule-associated protein (MAP) involved in the stability of 

axonal microtubules (Hiesberger et al., 1999). Similar to many of the upstream effectors 

previously mentioned, pharmacological inhibition of PI3K and Akt results in a reeler-like 

phenotype, with slice cultures demonstrating a failure of preplate splitting, an inversion 

of cortical layering, and a disruption in dendritic growth (Jossin et al., 2007). 

 

The Reelin-Dab1 signaling pathway may also interact with Lissencephaly 1 

(Lis1), a scaffolding protein and regulatory subunit for the platelet-activating factor 

acetyl hydrolase 1b (PAFH1b1) complex (Assadi et al., 2003; Hattori et al., 1994). Lis1 

has been shown to bind phosphorylated Dab1 in response to Reelin stimulation (Figure 

1.3, Path 4), and compound mutant mice heterozygous for Lis1 and defective Reelin 
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signaling demonstrate more severe cortical layering abnormalities than either of the 

mutants alone (Assadi et al., 2003).  Lis1 interacts with the cytoplasmic motor protein 

dynein (Sasaki et al., 2000; Smith et al., 2000)(Figure 1.3, Path 4), which itself is highly 

involved in cellular transport and directed cell movement along microtubules (Kardon 

and Vale, 2009). The nuclear distribution protein nudE 1 (NDE1) and nuclear distribution 

protein nude-like 1 (NDEL1) colocalize with Lis1 at the centrosome and therefore 

provide a direct link between Lis1 and cytoplasmic dynein motors (Feng et al., 2000; 

Kitagawa et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000). Lis1 is also believed 

to connect centrosomal movement to nuclear movement during saltatory neural migration 

(Tsai and Gleeson, 2005; Vallee et al., 2009; Wynshaw-Boris and Gambello, 2001). In 

humans, Lis1 mutations result in Miller-Dieker syndrome, a severe (Type 1) 

lissencephaly characterized by smooth brain surfaces, epilepsy, and mental retardation 

due to proliferation and migration defects in the developing cortex (Dobyns and Truwit, 

1995; Gleeson and Walsh, 2000; Guerrini and Parrini, 2010). This biochemical and 

genetic evidence suggest Reelin signaling may in part regulate saltatory migration via 

interactions with Lis1. 

 

Reelin-Dab1 Signaling and the Actin Cytoskeletal Network 

 Reelin-Dab1 signaling may also regulate actin polymerization, stabilization, and 

branching. For example, the neural Wiskott-Aldrich syndrome protein (N-WASP)(Carlier 

and Pantaloni, 2007; Pollard and Borisy, 2003) directly interacts with phosphorylated 

Dab1 leading to activation of the Arp2/3 nucleation core complex (Figure 1.3, Path 6), 

which in turn initiates actin polymerization and cytoskeletal remodeling necessary for 
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neuronal migration and filopodial exploration (Suetsugu et al., 2004). The Arp2/3 

complex binds to the sides of pre-existing actin filaments and creates a nucleation site for 

new actin polymerization and growth, thus resulting in branched actin networks (Pollard, 

2007). In regards to Reelin signaling, overexpression of the Dab1 PTB domain in cell 

lines was shown to activate N-WASP and increase Arp2/3 nucleation core complex 

activity, ultimately leading to the formation of filopodial microspikes via actin 

polymerization (Suetsugu et al., 2004). 

  

 The Reelin-Dab1 signaling pathway also induces phosphorylation of the actin 

binding protein non-muscle cofilin (n-cofilin) at serine 3 (Chai et al., 2009)(Figure 1.3, 

Path 7). N-cofilin plays a role in the depolymerization of F-actin, thus increasing the 

supply of actin monomers needed for the formation of new actin filaments (Bamburg, 

1999; Bamburg et al., 1999). Phosphorylation of n-cofilin by LIM kinase 1 (LIMK1) 

inhibits its ability to sever F-actin and thereby stabilizes the actin cytoskeleton. In reeler 

mutant mice, the levels of phosphorylated n-cofilin were reduced, thus suggesting the 

potential for cytoskeletal reorganization and less stable leading processes in migrating 

neurons. What more, incubation of reeler cortical tissue with recombinant Reelin 

significantly increased levels of phosphorylated n-cofilin. It was subsequently 

demonstrated that Reelin-Dab1 signaling induced sequential activation of PI3K and 

LIMK1, which in turn resulted in an increase in phosphorylated n-cofilin (Chai et al., 

2009)(Figure 1.3, Path 7). 
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 Immunostaining for phosphorylated n-cofilin revealed a strong presence in the 

Reelin-rich MZ, and more specifically was localized to the leading processes of radially 

migrating cortical neurons (Chai et al., 2009). In addition, levels of phosphorylated n-

cofilin were observed in a multitude of other reeler-like conditions: following inhibition 

of PI3K, in Dab1 scrambler and ApoER2 mutants, and after chemical inhibition of the 

SFKs (Bock and Herz, 2003; Chai et al., 2009). This evidence strongly suggests a model 

of Reelin signaling characterized by changes in the actin cytoskeleton, which results the 

stabilization and/or anchoring of migrating neuron leading processes within the MZ, thus 

leading to appropriate cell positioning (Chai et al., 2009; Cooper, 2008; Olson et al., 

2006). 

 

 An alternative method in which Reelin may stabilize the actin cytoskeletal 

network is through the Notch signaling pathway (Figure 1.3, Path 9). The Notch 

pathway is involved in a variety of developmental processes, but more specifically, is 

involved in the growth arrest of neuronal processes (Louvi and Artavanis-Tsakonas, 

2006; Yoon and Gaiano, 2005). In this pathway, the receptor ligands Delta and Jagged 

bind to Notch, which results in cleavage of the Notch intracellular domain (NICD) by 

gamma-secretase. The NICD subsequently translocates into the nucleus and forms a 

transcriptional complex, which induces the transcription of a variety of genes ultimately 

contributing to cytoskeletal network stabilization (Louvi and Artavanis-Tsakonas, 2006; 

Yoon and Gaiano, 2005). In addition, Notch activation results in inhibition of neurite 

outgrowth, while Notch inhibition results in process extension in mature neurons (Sestan 

et al., 1999). Recently, crosstalk between both the Reelin-Dab1 and Notch signaling 
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pathways was demonstrated, most likely via direct interactions between Dab1 and the 

NICD (Hashimoto-Torii et al., 2008; Sibbe et al., 2009)(Figure 1.3, Path 9). Deletion of 

Notch in wildtype neurons yielded migration deficits characterized by late-born neurons 

arrested in the IZ and lower CP, reminiscent of the reeler mouse (Hashimoto-Torii et al., 

2008). The NICD was also decreased in reeler mutants, and replenishment of the NICD 

in these mice demonstrated an attenuation of some of the cortical positioning defects 

characteristic of the reeler mutant (Hashimoto-Torii et al., 2008). Lastly, it was shown 

that Reelin-Dab1 signaling inhibits NICD degradation, thus allowing for neuronal 

process extension and stabilization of the cortical network. 

 

 Reelin’s role in the regulation of the actin cytoskeleton is supported by 

observations that in Dab1-suppressed neurons, the leading processes of migrating and 

differentiating neurons are more simplified and often not fully integrated into the 

overlying MZ (Franco et al., 2011; Olson et al., 2006; Sekine et al., 2012). In addition, 

Reelin-deficiency causes a reduction of filamentous actin signal and dendrite specific 

MAP2+ immunosignal in the MZ (Nichols and Olson, 2010). This would suggest that 

Reelin might play a role in the stabilization of the actin and microtubule cytoskeleton, 

thus allowing leading process and dendritic stabilization in response to Reelin. 

 

Reelin-Dab1 Signaling and Neuronal Adhesion Molecules 

The CT10 regulator of kinase (Crk) family proteins have been demonstrated to 

play important roles in cell migration and interact with phosphorylated Dab1 after Reelin 

stimulation (Ballif et al., 2004; Chen et al., 2004; Matsuki et al., 2008; Park and Curran, 
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2008). The Crk family proteins are scaffolding proteins which bind to phosphorylated 

Dab1 via several SH2 and SH3 domains (Figure 1.3), and mutant mice lacking both Crk 

and CrkL revealed disorganized cortical lamination, a failure of preplate splitting, 

aberrant dendritic development, and cerebellar hypoplasia, very similar to reeler mutant 

mice (Park and Curran, 2008). 

 

 C3G is a Ras family guanine nucleotide exchange factor (GEF) that binds to Crk, 

and within 15 minutes post-Reelin stimulation, C3G phosphorylation was shown to 

activate the small GTPase Ras related protein 1 (Rap1) in cultured neurons (Ballif et al., 

2004)(Figure 1.3). In C3G deficient neurons there is an observed failure of preplate 

splitting, as well as ectopic multipolar neurons arrested below the preplate and a 

disruption of the overlying basement membrane (Voss et al., 2008). In the 

aforementioned Crk/CrkL mutant mice, Reelin-induced phosphorylation of C3G and Akt 

was not observed, suggesting that C3G/Akt are both downstream targets of Crk family 

proteins (Figure 1.3). 

 

 The small GTPase Rap1 has in turn been implicated in cadherin-mediated 

neuronal adhesion. Small GTPases are proteins that function as molecular switches, 

cycling between an active, GTP-bound and inactive, GDP-bound state. They are active 

by GEFs, which induce GTP loading, and inhibited by GTPase activating proteins 

(GAPs), which return them to an inactive, GDP-bound state (Bos et al., 2007). The Ras 

superfamily of GTPases is composed numerous subfamilies, including Rap, Ral, Rho, 

Ran, and Arf, and are known to regulate a variety of cellular mechanisms, including cell 
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division, adhesion, polarity, and migration (Wennerberg et al., 2005). Specifically, the 

Rap subfamily contains 5 members, Rap1A/B and Rap2A/B/C, each with a variety of 

overlapping functions (Frische and Zwartkruis, 2010). In particular, Rap1 has been 

demonstrated to play a role in regulating both integrin and cadherin-mediated cell 

adhesion (Boettner et al., 2009; Franco et al., 2011; Gil-Sanz et al., 2013; Jossin and 

Cooper, 2011; Kooistra et al., 2007; Sekine et al., 2012)(Figure 1.3, Path 11, 12, 13). 

 

Reelin-Dab1 Signaling, Rap1, and N-Cadherin Mediated Adhesions 

Cadherins are single-pass transmembrane receptors involved in cell-cell adhesion 

through calcium-dependent homophilic binding, and intracellularly interact with 

members of the catenin family (Gumbiner, 1996). More specifically, p120-catenin binds 

directly to the cytoplasmic domain of membrane-bound cadherin, stabilizing it to the 

plasma membrane via regulation of endocytosis (Hoshino et al., 2005; Sato et al., 2006), 

while α- and β-catenins aid in the linking of cadherin to the actin cytoskeleton (Figure 

1.3). Cadherins were traditionally believed to play a role in adhesion between stationary, 

non-migrating cells, but evidence suggests cadherins can also regulate cell motility 

(Franco et al., 2011; Jossin and Cooper, 2011; Taniguchi et al., 2006).  

 

It was recently demonstrated that N-cadherin, functioning downstream of the 

small GTPase Rap1, plays an important role in the polarization of migrating cortical 

neurons as they make the transition from the IZ to the CP (Jossin and Cooper, 

2011)(Figure 1.3, Path 12). Rap1 is known to regulate both cadherin and integrin 

mediated adhesion (Boettner et al., 2009; Franco et al., 2011; Kooistra et al., 2007) and 
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Reelin signaling is known to activate Rap1 via regulation of C3G, a Rap1 GEF (Ballif et 

al., 2004). Both in vitro and in vivo inhibition of Rap1 reduced the concentration of 

membrane bound N-cadherin, with subsequent increases in cytoplasmic N-cadherin. In 

addition, overexpression of N-cadherin was shown to partially rescue positioning defects 

observed in neurons with Rap1 downregulation (Jossin and Cooper, 2011). This suggests 

an important role for Rap1 in the maintenance of membrane-bound N-cadherin in 

migrating neurons in order to allow for appropriate morphological transformation (i.e., 

polarization) during the transition from the IZ to the oriented cortical plate.  

 

The control of neuronal polarity is a delicate process, a tightly balanced regulation 

between endocytosis and recycling to the new sites of cell adhesion. Concordant with this 

belief, a recent study demonstrated that Rab5 and Rab11-dependent endocytotic and 

recycling pathways (respectively) are involved in the regulation of membrane-bound N-

cadherin in cortical neurons (Kawauchi et al., 2010)(Figure 1.3, Path 14). However, the 

precise interactions between the Rap1 and Rab pathways in regards to the regulation of 

N-cadherin and neuronal migration remain to be elucidated. 

 

There is also evidence for the potential involvement of the Rap1 effectors 

RalA/B, Rac1, and Cdc42 in the Rap1-induced polarization of migrating neurons via its 

regulation of N-cadherin (Figure 1.3, Path 13). In other systems, the Rap1 effector Vav2 

activates Rac1 and Cdc42, resulting in inhibition of E-cadherin endocytosis, while 

RalGDS (another Rap1 effector) activates RalA, which aides in the docking of secretory 

vesicles to the exocyst complex and the recycling of E-cadherin to cell-cell junctions 
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(Grindstaff et al., 1998; Kuroda et al., 1998). Inhibition of each of these effectors resulted 

in partial migration defects, with neurons arrested at the IZ/CP border, while the active 

form of Vav2 resulted in an almost complete rescue this phenotype, in addition to 

reversing the N-cadherin binding defect in Rap1 defective neurons (Jossin and Cooper, 

2011). This suggests that Rap1 may regulate the localization and trafficking of N-

cadherin via multiple mechanisms involving the RalA/B and Rac1/Cdc42 effectors. 

 

Reelin acting via the VLDLR may coordinate the Rap1/N-cadherin-mediated 

polarization of migrating neurons. In utero electroporation of a dominant negative 

VLDLR mutant resulted in an accumulation of migrating neurons at the IZ/CP border and 

decreased levels of membrane-bound N-cadherin, as was observed with Rap1 inhibition 

(Jossin and Cooper, 2011). A similar decrease in N-cadherin levels are found at the IZ/CP 

border in reeler mutant cortices, suggesting that Reelin acting primarily through VLDLR 

activates Rap1 and increases N-cadherin surface expression. In addition, expression of an 

active form of Rap1 in these neurons rescued both the migration phenotype and aberrant 

N-cadherin expression caused by the dominant negative VLDLR. From this work it was 

concluded that Reelin triggers the polarization of migrating neurons at IZ/CP border via 

Rap1 activation and subsequent stabilization of N-cadherin at the plasma membrane 

(Figure 1.3, Path 12). Downregulation of phosphorylated Dab1 and Rab7-dependent 

degradation of N-cadherin (Kawauchi et al., 2010) would subsequently occur as neurons 

continue bipolar migration through the CP (Jossin, 2011; Jossin and Cooper, 

2011)(Figure 1.3, Path 14). Interestingly, a second study published similar findings, 

demonstrating that Dab1 is required for stabilization of the leading processes in migrating 
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neurons in a Rap1/N-cadherin dependent manner (Franco et al., 2011)(Figure 1.3, Path 

12). However, it was concluded from this study that the Rap1-dependent stabilization of 

leading processes was essential for glia-independent somal translocation of migrating 

neurons, and not for glia-dependent radial migration, as was suggested by the first 

publication (Jossin and Cooper, 2011). 

 

Reelin-Dab1 signaling may also promote cell-cell interactions between migrating 

neurons and Reelin-secreting CR cells via nectin3 and afadin (Gil-Sanz et al., 

2013)(Figure 1.3, Path 12). The nectins are a branch of the immunoglobulin superfamily 

containing four members, and have been shown to coordinate with cadherins in the 

formation of adherens junctions (Takahashi et al., 1999; Takai et al., 2008). Although 

they play important roles in synaptic function (Rikitake et al., 2012), their role in cortical 

development has remained elusive. This study first showed nectin1 and nectin3 are 

expressed in complementary patterns, with nectin1 expressed in CR cells and nectin3 

expressed in the radially migrating neurons (Gil-Sanz et al., 2013)(Figure 1.3, Pth 12). 

Through in utero electroporation and shRNA knockdown studies, it was demonstrated 

that nectin1/3 interactions, as well as their effector protein afadin (which connects nectin 

to the actin cytoskeleton), not only mediate interactions between CR cell axons and 

leading processes of migrating neurons, but are essential for glia-independent somal 

translocation. In addition, stabilization of N-cadherin through the nectin/afadin complex 

and subsequent somal translocation was mediated by a Rap1-dependent binding to p120-

catenin (Gil-Sanz et al., 2013)(Figure 1.3, Path 12). Nectin3 and afadin were thus 
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suggested to provide a critical link between Reelin-Dab1 signaling, Rap1, and N-cadherin 

in mediating cell-cell interactions between somally translocating neurons and CR cells.  

 

Rho GTPases and dendritic growth 

The Rho GTPase Cdc42 has also been suggested to be an effector of the Reelin-

Dab1 signaling pathway, as Reelin-induced activation of Cdc42 in primary cortical 

neurons demonstrated increased growth cone motility, neurite branching, filopodial 

formation, and vesicle transport into small neurites (Leemhuis et al., 2010). This 

activation was shown to be dependent upon ApoER2, Dab1, and PI3K (Figure 1.3). As 

Cdc42 can be localized to the Golgi apparatus with its downstream targets N-WASP 

(Figure 1.3, Path 6) and the IQ motif containing GTPase activating protein (IQGAP), it 

is believed Reelin-Dab1 signaling through Cdc42 and N-WASP leads to actin 

polymerization and Golgi-to-ER transport, subsequently allowing for the directed 

transport of vesicles to prospective dendrites (Egea et al., 2006; Erickson and Cerione, 

2001; Leemhuis et al., 2010; Ridley, 2006). In addition, the differential localization of 

Cdc42 is essential for axon specification (Garvalov et al., 2007; Schwamborn and 

Puschel, 2004), and Reelin-dependent activation of Cdc42 on developing neurites has 

been shown to interfere with axon-dendrite specification (Leemhuis et al., 2010). Finally, 

as defects in both Reelin and Rho GTPase signaling have been implicated in alterations 

of dendrite and spine morphology/stability, it has been proposed that Cdc42 activation by 

Reelin-Dab1 signaling is responsible for the ultimate observation of reduced synaptic 

function/number characteristic of numerous psychiatric diseases (Fatemi, 2005; Govek et 

al., 2005; Leemhuis et al., 2010). 
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Reelin-Dab1 Signaling, Rap1, and Integrin Mediated Adhesions 

 Yet another molecule intricately tied to Reelin-Dab1 signaling is the cell surface 

adhesion receptor α3β1 integrin. The integrins are heterodimeric cell surface receptors 

that serve as links between the intracellular cytoskeleton and the extracellular matrix 

(ECM). Functional integrin receptors are formed by the dimerization of an alpha subunit 

(e.g., α1, α3, α6, and αv) with a β subunit (Hynes, 2002). The varieties of integrin subunit 

null mice have provided great insight into the roles of cell-cell and cell-ECM adhesion in 

cortical development and lamination. For example, α6 integrin-deficient mice die at birth 

and demonstrate ectopic distributions of cortical plate neurons (Georges-Labouesse et al., 

1998; Georges-Labouesse et al., 1996), while α3 integrin-deficient mice display disrupted 

cortical migration and lamination (Anton et al., 1999; Schmid et al., 2004). Conditional 

knockout of β1 integrin from cortical neurons results in improper basement membrane 

formation at the meninges, and disruption of the MZ and glial end feet anchoring to the 

basement membrane (Graus-Porta et al., 2001). 

 

α3β1 integrin is thought to modulate cortical migration through interactions with 

ECM components such as thrombospondin, fibronectin, and/or Reelin (Anton et al., 

1999)(Figure 1.3). This specific receptor heterodimer has been shown to bind the N-

terminal region of Reelin, distinct from the binding regions of the ApoER2/VLDLR, and 

(Schmid et al., 2005). Dab1 was also demonstrated to associate with the α3β1 integrin 

receptor complex (Schmid et al., 2005)(Figure 1.3, Path 10). Other studies have also 

attempted to shed light on the Reelin-integrin interaction, demonstrating that Reelin 

inhibits migration of cortical neurons via detachment from radial glia fibers in a α3β1 
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integrin dependent manner, and the absence of α3β1 integrin results in a reduction in 

Dab1 levels (Dulabon et al., 2000). In addition, another study suggested that the 

abnormal migration and lamination observed in Dab1-deficient mice was related to 

impairments in migrating cortical neurons to detach from radial glia fibers (Sanada et al., 

2004). It was claimed that a link between Dab1 phosphorylation and α3 integrin signaling 

was potentially responsible for the detachment of neurons from radial glia fibers. 

 

The idea that Reelin/α3β1 integrin signaling is required to mediate a ‘stop signal’ 

for migrating neurons has been met with critique (Luque, 2004; Magdaleno and Curran, 

2001). Perhaps most compelling are the inconsistencies with genetic evidence in β1 

integrin-deficient mice. Conditional knockout of β1 integrin from neuronal/glia 

precursors (although not from meningeal cells in the overlying pia) resulted in mice with 

ataxia, fusion of the cortical hemispheres and cerebellar follia, and smaller overall brain 

sizes (Fassler and Meyer, 1995; Graus-Porta et al., 2001). In addition, radial glia fail to 

form proper endfeet in the basement membrane in both the cerebral cortex and 

cerebellum, and the MZ is characterized by alternating gaps and clusters of CR cells 

protruding into the underlying CP. These CR cell heterotopias resulted in an abnormal 

distribution of Reelin in the developing cortex, but formation of cortical layers in the CP 

and Purkinje cell layers in the cerebellum remained unaffected (Graus-Porta et al., 2001). 

In addition, although neurons ectopically invaded the MZ in areas of basement membrane 

breaches, proper cortical lamination was observed beneath the heterotopic clusters of CR 

cells. Lastly, migration rates and neuron-glia interactions were not disturbed in these β1-

deficient mice (Graus-Porta et al., 2001). Interestingly, a second study conditionally 



                                                                                             Chapter 1. General Introduction 
	  

31 
	  

knocked out β1 integrin from migrating neurons only (as opposed to both migrating 

neurons and radial glia, as did the previous study) and demonstrated no laminar defects 

(Belvindrah et al., 2007). This suggests appropriate β1 integrin expression in radial glia 

cells is required for proper cortical development, but is not essential for glial-guided 

radial migration and Reelin signaling. 

 

It would thus appear that β1 integrin perhaps plays a greater role in maintaining 

the integrity of the meningeal basement membrane, as opposed to having a direct role in 

the Reelin-Dab1 signaling pathway. Despite the aforementioned critiques on the Reelin/ 

α3β1 integrin model of neuronal migration, the integrins remain important players in the 

proper development of the cerebral cortex, and their potential influences on the Reelin-

Dab1 signaling pathway remain to be elucidated. In fact, recent evidence demonstrated 

that Reelin-Dab1 signaling activates α5β1 integrin through the Crk/CrkL-C3G-Rap1 

pathway (Sekine et al., 2012)(Figure 1.3, Path 11). This study suggested that Reelin 

promotes leading process adhesion to MZ-localized fibronectin through an ‘inside-out’ 

activation of α5β1 integrin, which in turn allows for leading process stabilization and 

subsequent somal translocation. 
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REELIN-DAB1 SIGNALING AND NEURONAL POLARITY 

 

 Recent studies have suggested that the initial role for Reelin-Dab1 signaling in 

early-born cortical neurons may not involve gross cellular positioning, but rather 

neuronal orientation and dendritic outgrowth (Nichols and Olson, 2010; O'Dell et al., 

2012). The establishment of neuronal polarity in migrating neurons is essential for the 

assembly of functional neural networks, and over the past decade there has been an ever-

expanding discovery of the molecules, organelles, and signaling mechanisms critical to 

this process (Arimura and Kaibuchi, 2007; Witte and Bradke, 2008; Yoshimura et al., 

2006). The Golgi apparatus is one such modulator of cellular polarity and neurite 

formation/specification in developing neurons (Yadav and Linstedt, 2011). In pyramidal 

neurons for example, the Golgi is first localized to the site of axon initiation, then moves 

to the opposite side of the neuron, where the apical neurite will soon emerge (de Anda 

and Tsai, 2011; Horton et al., 2005; Yadav et al., 2009; Ye et al., 2007). Golgi outposts 

are then established in the developing apical neurite and are involved in dendritic growth 

and branching (Horton and Ehlers, 2003; Horton et al., 2005). The molecular signals 

involved in Golgi positioning include the pro-axogenic Lkb1/Stradα signaling pathway 

and the opposing, pro-dendritogenic, Reelin-Dab1 signaling pathway (Matsuki et al., 

2010)(Figure 1.3, Path 5). The protein kinase Lkb1 forms a complex involving the 

pseudokinase Stradα, the serine/threonine kinase Stk25, and the Golgi matrix protein 

GM130 to regulate Golgi morphology and axon specification in neurons (Matsuki et al., 

2010; Zeqiraj et al., 2009). The antagonistic relationship between Reelin-Dab1 signaling 

and Lkb1/Stradα/Stk25 can perhaps be viewed as a temporal regulator of polarity, 
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allowing a developing neuron to first establish an axon, followed by dendritic initiation 

during the overlapping processes of neuronal migration and neurite arbor elaboration. 

 

 In regards to establishing neuronal polarity, an important question revolves 

around whether or not the initial site of neurite initiation is extrinsically or intrinsically 

determined. As axon/dendrite polarity is observed in culture in the absence of asymmetric 

extracellular cues, it has often been viewed that neuronal polarity is established in a cell-

autonomous manner (Dotti et al., 1988). However, other studies have demonstrated the 

addition of asymmetric extracellular cues can also influence the initial site of axon 

initiation (Esch et al., 1999; Polleux et al., 2000). A recent study helped to shed some 

light on this issue, demonstrating that in cultured hippocampal neurons, extrinsic locally 

restricted stimulation with N-cadherin is responsible for the site of initial process 

outgrowth (Gartner et al., 2012b). In addition, using high temporal resolution imaging, it 

was observed that both the centrosome and Golgi apparatus moved to the pole induced by 

N-cadherin only after neurite outgrowth (Gartner et al., 2012a; Gartner et al., 2012b). 

This study would thus suggest a secondary role for organelle positioning in the 

establishment of neuronal polarity.  

 

 In addition, N-cadherin protein was found to be polarized in dissociated 

hippocampal neurons in the absence of extrinsic N-cadherin signals, suggesting that 

polarity may be intrinsic in newly born neurons (Gartner et al., 2012b). Interestingly, 

although centrosome localization has always been thought to play a role in neuronal 

polarity, recent studies using centriole ablation have demonstrated that a compact, 
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oriented centrosome may not necessarily be essential for cellular polarization (Basto et 

al., 2006; Stiess et al., 2010). This work also supports other findings regarding N-

cadherin and neuronal polarity in migrating neurons, demonstrating defective alignment 

and final positioning of neurons as they exit from the multipolar IZ to the radially 

oriented, bipolar CP (Franco et al., 2011; Jossin and Cooper, 2011). It can thus be 

suggested that N-cadherin not only plays a key role in early polarization of migrating 

neurons, but also is involved in the directed growth and migration of these neurons, 

perhaps via a convergence on the Reelin-Dab1/Rap1/Cdc42/nectin-dependent pathway 

(Franco et al., 2011; Gartner et al., 2012a; Gil-Sanz et al., 2013; Jossin, 2011; Jossin and 

Cooper, 2011).   
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WORKING MODELS OF REELIN-DAB1 SIGNALING IN EARLY CORTICAL 

DEVELOPMENT 

 

A diverse number of models have been proposed in regards to the cellular 

mechanisms influenced by Reelin signaling in migrating neurons, including roles as a 

chemoattractant (Gilmore and Herrup, 2000), chemorepellant (Ogawa et al., 1995; 

Schiffmann et al., 1997), stop (Sheppard and Pearlman, 1997), and detachment signal 

(Dulabon et al., 2000; Sanada et al., 2004). A ‘detach and stop’ model for Reelin 

signaling has also been proposed based upon observations that in the developing cortex, 

Reelin is primarily expressed in a region where neurons detach from radial glia and stop 

migration (Cooper, 2008; Pinto-Lord et al., 1982). In such a model, in the absence of 

Reelin, migrating neurons would remain attached to radial glia fibers and subsequent 

later-born migrating neurons would be unable to migrate past, ultimately resulting in an 

inversion of the cortical layers. In support of this model are studies demonstrating that in 

the absence of Reelin signaling, ectopic neurons are observed in the MZ due to an over-

migration phenotype (Goffinet, 1979; Herrick and Cooper, 2002). In addition, in Dab1-

deficient scrambler mutant cortices, migrating neurons failed to detach from radial glia 

fibers (Sanada et al., 2004), while the application of Reelin allowed for subsequent 

detachment through Reelin’s interaction with the α3β1 integrin receptor (Dulabon et al., 

2000). 

 

However, several lines of evidence have challenged the ‘detach and stop’ model, 

instead favoring a ‘detach and go’ model for Reelin signaling (Cooper, 2008)(Figure 
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1.4A). In this model, after the leading processes of migrating neurons contacts the MZ, 

Reelin allows for their detachment from radial glia guides and subsequent somal 

translocation into their final positions in the CP. Thus, Reelin signaling would play an 

important role during the somal translocation of L6 neurons past subplate neurons during 

preplate splitting, as well as during the final phases of glia-dependent radial migration, 

when late-born neurons translocate to the boundary between the upper CP and MZ. 

 

In one pivotal study, it was demonstrated that ectopic expression of Reelin in the 

VZ not only failed to interfere with cortical development and lamination in wildtype 

cortices, but was able to rescue preplate splitting and cerebellar hypoplasia, as well as 

demonstrate a partial rescue of inverted cortical layering in reeler mutant mice 

(Magdaleno et al., 2002). If Reelin functioned as a stop signal, then ectopic expression in 

the VZ would have resulted in premature migration arrest in both wildtype and reeler 

mutant cortices. Instead, this study suggested a permissive role for Reelin, as well as the 

possibility of an MZ-localized cofactor working in concert with Reelin signaling. In 

addition, another study showed that bath application of exogenous Reelin to slice cultures 

was able to rescue preplate splitting, further supporting a permissive role for Reelin 

signaling (Bock et al., 2004; Jossin et al., 2003a; Jossin et al., 2003b). A third study using 

in utero electroporation to suppress Dab1 signaling observed migrating neurons 

approximately 40 µm lower in the CP (Olson et al., 2006), suggesting a role for Reelin in 

the final, terminal translocation phase of glia-dependent radial migration. If Reelin were 

functioning only as stop signal, these Dab1-deficient migrating neurons would have been 

expected to arrest migration in abnormally higher positions in the CP. All of these studies 
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challenge the idea that Reelin could function as a ‘stop’ signal for migrating neurons, and 

suggest that Reelin need not be spatially constrained to the MZ in order to exert its effects 

on cortical development, migration, positioning, and lamination. The ‘detach and go’ 

model on the other hand attempts to unify many of these discordant findings, and 

proposes a similar function for Reelin in both early and late-born cortical neurons during 

glia-independent somal translocation (Cooper, 2008). 

 

Unfortunately, the ‘detach and go’ model of Reelin function is inconsistent with 

other studies. As previously mentioned, the active fragment of Reelin has been observed 

to diffuse into deeper layers of the cortical plate (Jossin et al., 2007), and IZ cells have 

been shown to express high levels of the Reelin receptors ApoER2 and VLDLR (Uchida 

et al., 2009). These finding would suggest Reelin’s function in cortical development 

might not be restricted to the MZ. Furthermore, a recent study demonstrated the 

inhibition of Reelin signaling resulted in a backup of migrating neurons at the IZ/CP 

boundary, as well as decreased the localization of N-cadherin to the plasma membrane 

(Jossin and Cooper, 2011). The authors of this publication put forth a ‘polarity’ model of 

Reelin signaling, in which Reelin polarizes migrating neurons at the IZ/CP border in a 

Rap1-dependent manner, ultimately resulting in stabilization of N-cadherin at the plasma 

membrane (Jossin and Cooper, 2011)(Figure 1.4A-D). As neurons commence glia-

guided radial migration through the CP, the Reelin signaling receptors and subsequent 

Dab1 phosphorylation are downregulated, which in-and-of-itself is required for proper 

CP formation (Bock et al., 2004; Morimura et al., 2005; Simo et al., 2010; Uchida et al., 

2009). This downregulation also parallels observations of decreased N-cadherin 
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expression in radially migrating neurons, which is itself degraded through the Rab7 

endocytotic pathway (Jossin and Cooper, 2011). 

 

In this ‘polarity model’, it also is feasible that Reelin signaling plays a role in 

migrating neurons a second time: during the final phase of somal translocation (Figure 

1.4A-D). During the final phase of somal translocation, neurons are surrounded by 

different extracellular cues and may be sensitive to different intracellular signaling 

pathways than their IZ counterparts, and thus the ‘polarity’ and ‘detach and go’ models 

may not be mutually exclusive (Jossin, 2011). This new complementary model meshes 

well with other studies that have implicated the Reelin-Dab1 signaling pathway in somal 

translocation through Rap1-dependent effects on N-cadherin (Franco et al., 2011; Gil-

Sanz et al., 2013) and α5β1 integrin (Sekine et al., 2012) activation and expression 

(Figure 1.4 A-D). In addition, this model is complementary to other findings involving 

neuronal polarity, which suggest that asymmetric N-cadherin localization is the first step 

necessary for centrosome and Golgi apparatus positioning and subsequent neurite 

initiation (Gartner et al., 2012a), perhaps via a Reelin-dependent inhibition of the pro-

axongenic Lkb1/Stradα signaling pathway (Matsuki et al., 2010). Unfortunately, this 

model cannot fully explain the findings of other studies that demonstrated the localization 

of the source of Reelin remains unnecessary for its function in the developing cortical 

plate (Jossin et al., 2004; Magdaleno et al., 2002). 

 

Lastly, many studies have demonstrated the importance of Reelin-Dab1 signaling 

in the growth and development of dendrites in both the cortex and hippocampus (Jossin et 
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al., 2007; MacLaurin et al., 2007; Nichols and Olson, 2010; Niu et al., 2004; O'Dell et al., 

2012; Olson et al., 2006). In addition, recent studies have suggested a role for Reelin-

Dab1 signaling in neuronal orientation and dendritic outgrowth (Nichols and Olson, 

2010; O'Dell et al., 2012)(Figure 1.4E). More specifically, using a whole explant 

hemisphere model, it was observed that Reelin plays no role in the gross cellular position 

of early-born L6 cortical neurons at the time of preplate splitting (Nichols and Olson, 

2010)(Figure 1.4E). Application of exogenous Reelin into reeler mutant explants was 

observed to rescue preplate splitting via an induction of both Golgi and cellular 

polarization, as well as oriented dendritic outgrowth of L6 into the overlying MZ, without 

changing the overall cellular positioning of these neurons. This would suggest that at 

least in early-born cortical neurons, Reelin may not play a direct role in migration/somal 

translocation or gross neuronal positioning, but rather promotes soma orientation and 

directed dendritic growth (Figure 1.4E). 

 

In addition, this study observed that neither endogenous nor exogenous Reelin 

signaling could induce dendritic outgrowth and cellular orientation in immature regions 

of cortex, where the preplate had yet to split (Nichols and Olson, 2010). This observation 

would suggest that Reelin alone is insufficient to trigger the orientation and dendritogenic 

responses associated with preplate splitting, that perhaps a spatiotemporal, 

developmentally regulated cofactor may be required for appropriate Reelin-Dab1 

signaling in the MZ (Magdaleno et al., 2002; Nichols and Olson, 2010). 
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Despite the seemingly endless number of distinct observations and disparate 

biological functions proposed for Reelin signaling, there perhaps exists a common theme 

between the current models. A unification of the previously described models would 

suggest that Reelin-Dab1 signaling allows for the stabilization of the leading processes in 

migrating neurons into the overlying MZ and subsequent somal translocation through a 

variety of signaling pathways. These include a Reelin-dependent inhibition of the pro-

axogenic Lkb1/Stradα/Stk25 signaling pathway (Matsuki et al., 2010), Rap1-dependent 

stabilization of N-cadherin (Franco et al., 2011) and activation of α5β1 integrin (Sekine et 

al., 2012) at the plasma membrane, and stabilization of the actin cytoskeleton via 

alterations in n-cofilin phosphorylation (Chai et al., 2009)(Figure 1.4A-D). In addition, 

leading process stabilization could potentially occur through direct interactions between 

the leading processes of migrating neurons and axons of CR cells (Gil-Sanz et al., 2013), 

as well as through interactions with Reelin and other ECM signals localized to the MZ, 

such as fibronectin (Sekine et al., 2012). Although the models may be conflicting in 

regards to the primary spatiotemporal action of the Reelin signal (i.e early-born vs. late-

born neurons and glia-independent terminal translocation vs. glia-guided polarization of 

radially migrating neurons), the fact that these models are not mutually exclusive suggest 

that Reelin may function at a variety of locations and times during cortical development. 

In addition, as migrating cortical neurons experience a multitude of spatiotemporally 

regulated extracellular matrix cues and intracellular signaling pathways along their path 

to proper cellular positioning, it remains feasible that Reelin signaling has a variety of 

functional capacities during cortical development, perhaps through similar cytoskeletal 

stabilization mechanisms. 
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Thus, a unified model would suggest that Reelin-Dab1 signaling plays an 

important role in the stabilization of migrating neurons during three distinct times and 

locations in cortical development. The first is during preplate splitting, when Reelin 

allows for proper somal and dendritic stabilization and orientation towards the MZ in 

early-born, L6 neurons (Nichols and Olson, 2010; O'Dell et al., 2012)(Figure 1.4E). 

Second, Reelin is suggested to play a role in the polarization of late-born, radially 

migrating neurons at the IZ/CP border in a Rap1/N-cadherin-dependent manner (Jossin, 

2011; Jossin and Cooper, 2011)(Figure 1.4A-D). Lastly, Reelin may be directly involved 

in the final, glia-independent somal translocation phase of late-born migrating neurons 

via leading process stabilization in the MZ, also through a Rap1/N-cadherin and/or 

Rap1/α5β1 integrin-dependent manner (Franco et al., 2011; Gil-Sanz et al., 2013; Olson 

et al., 2006; Sekine et al., 2012)(Figure 1.4A-D). In addition, the subsequent 

downregulation of the Reelin-Dab1 signaling pathway after activation at these specific 

times and places in cortical development may be just as important as the initial Reelin 

response itself for proper CP development (Bock et al., 2004; Morimura et al., 2005; 

Simo et al., 2010; Uchida et al., 2009). Although this unified model cannot fully account 

for the vast, heterogeneous observations of Reelin-Dab1 signaling in cortical 

development, it does suggest a common theme for Reelin in the stabilization (and thus 

polarization) of leading processes in the overlying MZ to allow for subsequent terminal 

translocation, and as more light is shed on the various signaling molecules involved, a 

more concert biological model will emerge. 
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OVERVIEW OF CHAPTERS 2 AND 3 

  

 To better elucidate the role of Reelin-Dab1 signaling in the dendritic growth of 

early-born cortical neurons, we used a recently developed whole hemisphere explant 

model to selectively target a subset of L6 neurons for 3-D reconstruction and analysis of 

dendritic arbor morphology and orientation (Chapter 2). Utilizing ex utero 

electroporation to target a subset of L6 neurons is an extremely useful way to characterize 

arbor defects in mutant explants. This is exemplified by other studies that also observed 

neurite branching defects in Reelin-deficient or Reelin-non-responsive migrating 

neurons, but due to high electroporation densities (Olson et al., 2006), or high density of 

eGFP labeling in transgenic animals (Nichols and Olson, 2010), the arbors were unable to 

be completely reconstructed. In addition, this whole hemisphere explant system is ideal 

for the investigation of early cortical development (Appendix Supplemental Chapter 1). It 

was utilized in place of cortical slice cultures, which although informative, can be 

characterized by defects in cortical lamination and migration. 

 

Although there is a great deal known about the biochemical cascade involved in 

the Reelin-Dab1 signaling pathway, the basic biological function of Reelin signaling in 

cortical development remains unanswered. Over the years, various models of Reelin 

signaling have been put forth, suggesting Reelin plays a role in either the stimulation 

(Gilmore and Herrup, 2000) or inhibition (Ogawa et al., 1995; Schiffmann et al., 1997; 

Sheppard and Pearlman, 1997) of neuronal migration, promotes detachment of radially 

migrating neurons (Dulabon et al., 2000; Sanada et al., 2004) and allows for subsequent 
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somal translocation (Franco et al., 2011; Olson et al., 2006), acts as a polarizing signal for 

late-born neurons in deep regions of the CP (Jossin and Cooper, 2011), and stimulates 

early-born neuron orientation and dendritic growth towards the pial surface (Nichols and 

Olson, 2010; O'Dell et al., 2012; Olson et al., 2006). More specifically, although the 

potential role of Reelin-Dab1 signaling in cortical neuron dendritogenesis has been 

extensively studied (Jossin et al., 2007; MacLaurin et al., 2007; Nichols and Olson, 2010; 

Niu et al., 2004; Olson et al., 2006), the exact nature of its regulation remains relatively 

uncharacterized. 

 

Direct visualization of the developing dendritic arbor as cortical neurons 

transition from migrating to differentiating morphologies could perhaps offer a unique 

perspective of early cortical development and aid in the resolution of these competing 

models of Reelin signaling. To that end, we used multiphoton live imaging in both 

wildtype and reeler mutant explants, recording the dynamic interactions between 

exploratory early-born cortical neurites and the overlying, axon-rich MZ (Chapter 3). We 

also characterize the origin of the apical dendrite and attempt to parse out the role of 

Reelin signaling in coordinating the transition between migration and dendritogenesis in 

the mammalian neocortex. We therefore provide novel documentation of the dynamic 

properties of developing neurite arbors in an ex vivo environment.  
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Figure 1.1. Major modes of migration in relation to neocortical lamination in the 

developing mouse cortex. (A) Coronal section through the developing mouse neocortex. 

(B) Illustration of the migration routes (top panel) and types of migration (bottom panel) 

observed during cortical development. Inhibitory cortical interneurons (CIN, red) migrate 

tangentially from the subcortical telencephalon along the marginal zone (1) and 

intermediate zone (2). Radial glia (RG, green) undergo interkinetic nuclear migration 

(IKNM), cycling between apical locations during M phase (1) and basal locations during 

S phase (2). Excitatory cortical projection neurons (CPN, blue) undergo three distinct 

phases of migration: multipolar (1), glia-dependent locomotion (2), and somal 

translocation (3). Reprinted and adapted from The Journal of Cell Biology, 202(5):725-

734, Cooper JA, Mechanism of cell migration in the nervous system, 2013, with 

permission from The Rockefeller University Press. (C) Founder populations in the 

dorsomedial (DCZ) and lateral (LCZ) zones of the pseudostratified ventricular epithelium 

(PVE) undergo 11 cell cycles (CC1-CC11) throughout a 6-day period during cortical 

development. This cycle sequence is initiated ~ 24 hours earlier in LCZ relative to DCZ, 

demonstrating the rostrolateral to caudomedial transverse neurogenesis gradient of 

cortical lamination. Cycling precursors in the PVE undergo IKNM (inset) with a fraction 

of postmitotic cells (Q) leaving during each cycle (i.e. neuronal birth) and migrating to 

their final laminar positions. DCZ and LCZ of the PVE in embryonic cortices give rise to 

neurons destined for respective fields 1 and 40 in the adult cortex. The first neurons to 

exit the cell cycle are destined for deeper cortical layers (dotted lines, layers 6 and 5), 

while progressively later-born neurons are destined for more superficial layers (solid 

lines, layers 4 and 2/3), thereby forming the cortex in an ‘inside-to-outside’ pattern. 
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Reprinted and adapted from The Journal of Neuroscience, 19(23):10357-10371, 

Takahashi T et al., Sequence of Neuron Origin and Neocortical Laminar Fate: Relation 

to Cell Cycle of Origin in the Developing Murine Cerebral Wall, 1999, with permission 

from Society for Neuroscience. 
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Figure 1.1 
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Figure 1.2. Early cortical development and preplate splitting. Embryonic day 13 

(E13) preplate is characterized by a loose plexus of pioneer neurons overlying the 

ventricular zone, consisting of Cajal-Retzius cells (red) and subplate neurons (pink). At 

this early stage in cortical development, there is no observed reeler phenotype. Beginning 

on approximately E14, the migration and subsequent Reelin-dependent alignment and 

orientation of the first cohort of cortical neurons (layer 6, green) results in a displacement 

of subplate neurons away from the overlying Cajal-Retzius cells, a process known as 

preplate splitting. In reeler cortices the preplate fails to split, resulting in the formation of 

an aberrant structure known as the superplate, characterized by a conglomeration of 

misoriented early-born cortical neurons (green), Cajal-Retzius cells (red), and subplate 

neurons (pink). On E15, the second cohort of newborn neurons (layer 5, blue) migrates 

past earlier born neurons (green) and settles below the overlying marginal zone, thereby 

initiating the inside-to-outside process of cortical lamination. In reeler mutants however, 

later born neurons (blue) are found in deeper positions, forming the laminated cortex in 

an outside-to-inside gradient. Reprinted and adapted from Nature Reviews Neuroscience, 

4(6);496-505, Tissir F and Goffinet AM, Reelin and brain development, 2003, with 

permission from Nature Publishing Group.  
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Figure 1.2 
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Figure 1.3. The Reelin-Dab1 signaling cascade. The extracellular matrix glycoprotein 

Reelin is composed of an N-terminal region, 8 Reelin repeats, and a highly basic C-

terminus. Full-length Reelin is cleaved between repeats 2B/3A and 6B/7A, producing N-

terminal (N-ter), central, and C-terminal region (C-ter) fragments. ADAMTS-4/5 cleave 

Reelin at both the N- and C-terminal sites, while tPA cleaves only at the C-terminus. The 

N-terminal region interacts with integrin receptors, while the central fragment of Reelin 

binds to the canonical Reelin receptors VLDLR and ApoER2, resulting in receptor 

clustering, activation of the SFKs (Src and Fyn), and phosphorylation of the cytoplasmic 

adapter protein Dab1. To allow for transient Reelin responses, phosphorylated Dab1 

(pDab1) is subsequently ubiquitinated and degraded by the E3 ubiquitin ligase Cul5. 

Crosstalk between the Reelin and Notch signaling pathways has been demonstrated via 

direct interactions between pDab1 and the NICD, which subsequently translocates to the 

nucleus and induces transcription in number of genes contributing to cytoskeletal 

network stabilization (9). Recent work reveals Reelin-Dab1 reciprocal antagonism of the 

pro-axongenic Lkb1/Stk25/Stradα/GM130 complex, driving dendritic growth and Golgi 

deployment (5), and therefore demonstrating an important signaling balance necessary 

for regulating Golgi dispersion, neurite specification, and subsequent cell polarization. 

Lastly, pDab1 interacts with a multitude of downstream effectors that ultimately 

modulate adhesion molecules (1, 10, 11, 12, 13, 14) and actin (2, 6, 7) and microtubule 

(3, 4, 8) cytoskeletal dynamics necessary for migration and terminal translocation. 

(Adapted from (Chai et al., 2009; D'Arcangelo, 2005; Franco et al., 2011; Gil-Sanz et al., 

2013; Jossin, 2011; Jossin and Cooper, 2011; Jossin and Goffinet, 2007; Sekine et al., 

2012). 
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Figure 1.3 
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Figure 1.4. Comprehensive cellular and molecular model of Reelin-Dab1 signaling 

in early cortical development. (A) Reelin-Dab1 signaling through Rap1 (and 

downstream effectors Ral, Rac, and Cdc42) regulates the localization of membrane-

bound N-cadherin in migrating neurons at the multipolar morphology zone (MMZ), 

resulting in polarization towards the radial morphology zone (RMZ). The subsequent 

glia-guided locomotion is independent of Reelin, Rap1, or N-cadherin, and during this 

migration Reelin-Dab1 signaling is downregulated via internalization of Reelin receptors 

and Cullin 5-mediated degradation of phosphorylated Dab1. N-cadherin is downregulated 

by the Rab7 late endocytic pathway. Upon reaching the top of the cortical plate, 

migrating neurons undergo a final somal translocation dependent on either the previous 

reduction of the Reelin signal, or a novel Reelin-induced signaling cascade due to the 

different biological context of the upper cortical plate (C, D). (B) In the absence of 

Reelin, Rap1, or N-cadherin, neurons remain misoriented within the MMZ. In the 

absence of Reelin or Rab7, the final somal translocation of migrating neurons is also 

affected, perhaps in part a consequence of defective Reelin-dependent N-cadherin 

expression. Reprinted and adapted from Small GTPases, 2(6):322-328, Jossin Y, 

Polarization of migrating cortical neurons by Rap1 and N-cadherin: revisiting the model 

for the Reelin signaling pathway, 2011, with permission from Landes Bioscience. (C, D) 

Potential molecular cascades initiated by Reelin-Dab1 signaling upon leading process 

entry into the marginal zone. (C) The adhesion molecules nectin1/3 may initially mediate 

heterotypic interactions between Cajal-Retzius cells and the leading processes of 

migrating neurons, allowing for subsequent recruitment of N-cadherin in a Reelin-Dab1-

Rap1 dependent manner to stabilize these contacts sites. Reelin stabilizes N-cadherin on 
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the plasma membrane by facilitating the afadin and Rap-mediated recruitment of p120ctn 

to these nectin-based adhesion points. Reprinted and adapted from Neuron, 79(3):461-

477, Gil-Sanz C et al., Cajal-Retzius cells instruct neuronal migration by coincidence 

signaling between secreted and contact-dependent guidance cues, 2013, with permission 

from Elservier. (D) Reelin-Dab1 signaling through Rap1 has also been suggested to 

activate α5β1 integrin, required for the promotion of neuronal adhesions to fibronectin in 

the extracellular matrix. Reprinted and adapted from Neuron, 76(2):353-369, Sekine K et 

al., Reelin controls neuronal positioning  by promoting cell-matrix adhesion via inside-

out activation of integrin α5β1, 2012, with permission from Elservier. The formation of 

stable contacts in the extracellular matrix, whether through Reelin-dependent nectin, N-

cadherin, or integrin adhesions, allows the establishment of a leading process anchor 

point necessary for subsequent somal translocation and final laminar positioning. (E) The 

role of Reelin-Dab1 signaling during preplate splitting. Prior to preplate splitting, layer 6 

neurons in both wildtype and reeler cortices are equivalently positioned, demonstrating 

misoriented cell bodies and condensed Golgi (i and iv). In the presence of Reelin and a 

potential developmentally regulated cofactor, layer 6 neurons become oriented towards 

the pial surface, demonstrating neurite outgrowth and Golgi elongation (ii, iii). Although 

reeler layer 6 neurons demonstrate positions equivalent to wildtype immediately after 

preplate splitting (v), they remain intermingled within the superplate, characterized by 

still-misoriented cell bodies and stunted dendrite arbor growth (vi). Reprinted and 

adapted from Cerebral Cortex, 20(9):2213-2223, Nichols AJ and Olson EC, Reelin 

promotes neuronal orientation and dendritogenesis during preplate splitting, 2010, with 

permission from Oxford University Press. 
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Figure 1.4 
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CHAPTER 2 

 

LAYER 6 CORTICAL NEURONS REQUIRE REELIN-DAB1 SIGNALING FOR 

CELLULAR ORIENTATION, GOLGI DEPLOYMENT, AND DIRECTED 

NEURITE GROWTH INTO THE MARGINAL ZONE 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been published: 

 

O’Dell, R.S., Ustine, Candida J.M., Cameron, D.A., Lawless, S.M., Williams, R.M., 

Zipfel, W.R., and Olson, E.C. (2012). Layer 6 cortical neurons require Reelin-Dab1 

signaling for cellular orientation, Golgi deployment, and directed neurite growth into the 

marginal zone. Neural Development, 7:25. 
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ABSTRACT 

 

Background 

The secreted ligand Reelin is believed to regulate the translocation of prospective layer 6 

(L6) neocortical neurons into the preplate, a loose layer of pioneer neurons that overlies 

the ventricular zone. Recent studies have also suggested that Reelin controls neuronal 

orientation and polarized dendritic growth during this period of early cortical 

development. To explicitly characterize and quantify how Reelin controls this critical 

aspect of neurite initiation and growth we used a new ex utero explant model of early 

cortical development to selectively label a subset of L6 cortical neurons for complete 3-D 

reconstruction. 

 

Results 

The total neurite arbor sizes of neurons in Reelin-deficient (reeler mutant) and Dab1-

deficient (Reelin-non-responsive scrambler mutant) cortices were quantified and 

unexpectedly were not different than control arbor lengths (p  =  0.51). For each mutant, 

however, arbor organization was markedly different: mutant neurons manifested more 

primary processes (neurites emitted directly from the soma) than wild type, and these 

neurites were longer and displayed less branching. Reeler and scrambler mutant neurites 

extended tangentially rather than radially, and the Golgi apparatus that normally invests 

the apical neurite was compact in both reeler and scrambler mutants. Mutant cortices 

also exhibited a neurite “exclusion zone” which was relatively devoid of L6 neuron 

neurites and extended at least 15  µm beneath the pial surface, an area corresponding to 
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the marginal zone (MZ) in the wild type explants. The presence of an exclusion zone was 

also indicated in the orientation of mutant primary neurite and neuronal somata, which 

failed to adopt angles within ~20˚ of the radial line to the pial surface. Injection of 

recombinant Reelin to reeler, but not scrambler, mutant cortices fully rescued soma 

orientation, Golgi organization, and dendritic projection defects within four hrs. 

 

Conclusions 

These findings indicate Reelin promotes directional dendritic growth into the MZ, an 

otherwise exclusionary zone for L6 neurites. 

 

Keywords: Preplate; Neurite; Orientation; Epilepsy; Migration; Cortex; Dendrite 
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INTRODUCTION 

 

Identifying and characterizing the mechanisms responsible for dendritic growth 

and patterning are likely to provide insight into the etiology of some forms of epilepsy 

and mental retardation. For neurons developing in dissociated culture conditions, neurites 

adopt a default fate of ‘dendrite’ subsequent to axon specification (Dotti and Banker, 

1987). In such neurons, dendrites extend mostly from the side of the soma opposite to 

that of the axon, but the neurons themselves do not collectively elaborate dendrites in any 

preferred direction. In contrast, neurons developing in vivo must not only specify axonal 

and dendritic identities, but also project their growing dendrites into the appropriate 

spatial regions for later synaptogenesis with presynaptic partners. 

 

The importance of Reelin-Dab1 signaling in the process of cortical and 

hippocampal neuron dendritic development has been documented (Jossin and Goffinet, 

2007; MacLaurin et al., 2007; Miyata et al., 2010; Nichols and Olson, 2010; Niu et al., 

2004; Olson et al., 2006). Reelin is a large glycoprotein secreted by Cajal-Retzius (CR) 

neurons in the preplate (PP) and marginal zone (MZ, future cortical layer 1) during early 

cortical development (D'Arcangelo et al., 1995; Hirotsune et al., 1995). Reelin binding to 

its receptor molecules on migrating and differentiating cortical neurons leads to the 

tyrosine phosphorylation of the adaptor protein Disabled-1 (Dab1) (Howell et al., 1997; 

Howell et al., 1999; Jossin et al., 2003; Kuo et al., 2005). Phospho-Dab1 then initializes a 

biochemical cascade involving both actin and microtubule dynamics (Bock and Herz, 

2003; Chai et al., 2009) that controls cortical neuron migration and positioning. Recent 
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studies have suggested an additional function of Reelin-Dab1 signaling in the control of 

neuronal orientation and dendritic outgrowth (Miyata et al., 2010; Nichols and Olson, 

2010). These processes involve Reelin-Dab1 suppression of an Lkb1/Stradα/Stk25 

signaling complex that promotes axonal growth (Matsuki et al., 2010) in combination 

with a Rap1-dependent enhancement of N-cadherin at the plasma membrane of the 

developing dendrite (Ballif et al., 2004; Franco et al., 2011; Jossin and Cooper, 2011). 

ReelinDab1 signaling thus coordinates several disparate cellular events required for 

normal development of cortical projection neurons. 

 

Although a contribution of Reelin-Dab1 signaling to cortical neuron 

dendritogenesis has been reported, the nature of this regulation are incompletely 

characterized. Depending on experimental paradigm, Reelin-Dab1 signaling potentially 

coordinates neurite growth support and/or chemotropic signaling required to orient 

dendritic elaboration by cortical neurons. To better define the role of Reelin-Dab1 

signaling in the dendritic growth and spatial orientation of cortical neurons, we utilized a 

new, whole hemisphere explant model to examine dendritogenesis of layer 6 (L6) 

neurons. L6 neurons are the first neurons known to respond to Reelin during 

corticogenesis, and they do so while the cortical plate (CP) is forming (Nichols and 

Olson, 2010; Sheppard and Pearlman, 1997). We therefore subjected the nascent, 

growing dendritic arbors of L6 neurons to quantitative analyses. The results, which 

include analyses of L6 neurons in wild-type, reeler (Reelin-deficient), and scrambler 

(Dab1-deficient) brain explants, suggest a new model of Reelin-Dab1 signaling where 

Reelin may function as a factor that allows dendritic growth into the MZ. 
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MATERIALS AND METHODS 

 

Mice. All animal protocols were reviewed and approved by the IACUC of SUNY 

Upstate Medical University. reeler (B6C3Fe a/a-Relnrl/+, Jackson Laboratories, Bar 

Harbor, ME) and scrambler (Jackson Laboratories, Bar Harbor, ME) heterozygote mice 

were mated to produce the reeler (r/r) and Dab1-deficient scrambler (s/s) mutant 

embryos used for the described experiments. Data from wild type and heterozygote 

embryos from both reeler and scrambler litters were compiled into a single data set, 

designated as wild type (wt). Embryonic day 0 (E0) was designated as the day of plug 

discovery. 

 

Explant cultures. Embryonic day 13 (E13) embryos were electroporated ex utero with 

0.33  mg/ml of a pCAG-GFP construct (Matsuda and Cepko, 2004). The electroporations 

consisted of 5 pulses of 30  V, each pulse lasting 50  msec and separated by a 950  msec 

interval. The anode was positioned near the midline of the head and the cathode was 

positioned under the chin. Embryos and explants were immersed in ice cold 1X Hank’s 

Balanced Salt Solution during electroporation, dissection, and culturing. Whole brains 

were removed and hemisected with meninges intact, and left hemispheres were cultured 

medial side down on 3  µm pore size collagen-coated polytetrafluoroethylene filters 

(Transwell-COL, Corning) using a previously described protocol (Nichols and Olson, 

2010). Briefly, the explants were cultured in DMEM-F12 medium plus GlutaMAX and 

supplemented with 1%  G5, 2% B27, and 1X Penicillin and were then maintained in a 

high oxygen environment (95% O2/5% CO2) at 37  °C for the duration of the 
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experimental procedure (Jossin et al., 2004; Jossin et al., 2003). All cell culture reagents 

were from Invitrogen (Carlsbad, CA). 

 

Production of conditioned medias. A HEK293 cell line was used to produce control 

conditioned media (Ct-CM) and a stable HEK293 cell line (Forster et al., 2002) was used 

to produce Reelin-conditioned media (Rln-CM). Conditioned medias from near-confluent 

cultures were collected after 48  hrs of incubation in serum-free Opti-MEM media 

supplemented with 1X GlutaMAX and 1X Pen/Strep. Amicon Ultra 100,000 molecular 

weight cut off filters (Millipore, Billerica, MA), were used to concentrate the conditioned 

medias, which were then brought to a 10-fold concentration in fresh explant culture 

media (DMEM-F12 plus aforementioned supplements) as described (Nichols and Olson, 

2010). Conditioned media were usually collected and used on the same day for injections. 

 

Reelin injection/bath application. Wiretrol pipettes (Drummond Scientific Co., 

Broomall PA) were pulled to a fine point, the tip broken with jeweler’s forceps, and 

placed in a holder attached to a micromanipulator (Narishige, Japan). On E15, controlled 

injections of either Rln-CM or Ct-CM (~0.5 - 1  µl) were made into multiple medial and 

lateral points in each explant using a pneumatic Picopump (PV820, World Precision 

Instruments, Inc., Sarasota, FL). Post-injection, half of the culture media was exchanged 

with fresh Rln-CM or Ct-CM, and ~200  µl of Rln-CM or Ct-CM was added on top of the 

explants. Injection and bath application periods were brief (< 20 minutes) and carried out 

at room temperature under a dissection microscope (Olympus SZX12). The explants were 

then returned to the high oxygen environment and cultured for an additional 4  hrs. 
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Histology/histochemistry. Post-injection E15 explants were drop fixed for 1  hr in 4% 

paraformaldehyde/Pagano solution (250  mM Sucrose, 25  mM MgCl2, 2.5  mM KCl, 

HEPES 7.4). The tissue was embedded in 10% calf gelatin (Aldrich), post fixed for 24  hrs 

in 4% paraformaldehyde/Pagano solution and sectioned at 100  µm using a vibratome. 

Floating sections were sequentially incubated overnight with primary and secondary 

antibodies diluted in PBS (with 0.5% Triton-X-100 and 2% BSA). Anti-CR50 (1:500, 

MBL), anti-Tbr1 (1:1000, Abcam), anti-GM130 (1:100, BD Transduction Laboratories) 

and anti-Ctip2 (1:500, Abcam) were used. The appropriate Alexa Fluor 555-conjugated 

IgG (1:500, Molecular Probes) and Alexa Fluor 647-conjugated IgG (1:500, Molecular 

Probes) secondary antibodies were used. Hoechst 33342 (2  µg/ml, Molecular Probes) was 

used to counterstain nuclei. Images were acquired using a Zeiss LSM510 laser scanning 

2-photon confocal microscope (SUNY Upstate Medical University Center for 

Bioresearch Imaging). 

 

Imaging and analysis. Z-series were collected with a Zeiss LSM510 laser scanning 

confocal microscope (SUNY Upstate Medical University Center for Bioresearch 

Imaging). Images were collected at 1  µm z-step intervals. The images were imported into 

FIJI (http://www.fiji.sc), an open source distribution of Image J (Wayne Rasband, NIH). 

Individual cells were traced and 3-D reconstructions made using the open source Simple 

Neurite Tracer plugin in the FIJI package (Longair et al., 2011). Only neurons within 

50  µm of the pial surface were traced and included for MATLAB analysis. Total neurite 

arbor size and branching was measured within FIJI. A custom script was run on 
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MATLAB (Version 7.14, Mathworks Inc. Natick, MA) to determine the primary neurite 

and cell soma orientation with respect to the shortest path tangent to the pial surface. 

First, the pial surface was manually traced in each z-step of the stack. These contour lines 

were then imported into MATLAB and interpolated as a surface. The skeletonized 

neuron from Simple Neurite Tracer was imported and the shortest distance between the 

rendered neuronal soma and the interpolated surface was determined. The angles between 

the shortest line to the surface and either the primary neurite (φ) or the long axis of the 

neuronal soma (θ) were then determined in 3-D. Sholl analysis was run on each traced 

neuron, using the center of the cell body as the origin. The Sholl analysis was executed 

within FIJI using the linear method with a sphere separation of 1  µm, and no 

normalization. 

 

GFP fluorescent intensity analysis. In order to quantify the relative amount of 

GFP  +  neurites present in the MZ, the first 10 z-steps of previously acquired 1  µm 

interval z-series were imported into NIH ImageJ (W. Rasband, National Institutes of 

Health, Bethesda, MD) and flattened into a single optical section. The images were then 

thresholded to a value of 80 (~30% over baseline, full scale 255). For each image, the 

number of above-threshold pixels was measured in defined regions of interest (ROI) 

corresponding to the MZ in wild type sections (15  ×  100  µm box; containing neurites) and 

subadjacent CP (35  ×  100  µm box; containing cell bodies). The ratio of the number of 

GFP  +  pixels in the MZ to the number of GFP  +  pixels in the CP was calculated for each 

image, and compared between all experimental conditions. 
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Golgi length quantification. To quantify the length of GM130 immunolabeled Golgi 

apparatus, the first 15 z-steps (1  µm interval z-series) were imported into ImageJ and 

flattened into a single section using a maximum brightness projection. In order to avoid 

quantification of Cajal-Retiuz cell Golgi in the MZ, a 35  ×  100  µm ROI was overlayed on 

the flattened image, with the top of the box beginning approximately 15  µm below the 

pial surface. Using the line draw tool, Golgi were traced from the proximal to the distal 

point. A minimum of 5 Golgi were quantified per explant, and compared between all 

experimental conditions. 

 

Statistical analyses. For all orientation and neurite morphology measurements, Kruskal-

Wallis One Way Analysis of Variance (ANOVA) on Ranks with Dunn’s method for 

pairwise multiple comparison procedures were run to determine significant differences 

between any experimental. These tests were run after ascertaining a failure of data 

normality by the ShapiroWilk test. GFP pixel intensity ratios and Golgi lengths between 

all experimental conditions passed the Shapiro-Wilk normality test, so a One Way 

ANOVA with post-hoc Bonferroni t-tests were run on these data. 

 

 

 

 

 

 

 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 2. Reelin and L6 Neuron Orientation 

	   86 

RESULTS 

 

Embryonic day 13 electroporation targets prospective L6 neurons 

Reelin-signaling has been shown to promote neuronal orientation and 

dendritogenesis of L6 neurons during preplate splitting (Nichols and Olson, 2010), a 

period when L6 neurons also form a recognizable cortical layer between the marginal 

zone (MZ) and subplate (SP). However, this prior study was limited by the use of 

Eomes::eGFP transgenic mice (Kwon and Hadjantonakis, 2007) in which the GFP 

labeling density precluded detailed analysis of L6 neuron morphology. We therefore 

developed an ex utero electroporation (EUEP) approach to selectively label developing 

L6 cortical neurons. This method for labeling prospective L6 neurons allowed more 

consistent targeting of the electroporated region of the developing brain at this early time 

point than is typically possible with in utero electroporation approaches. The consistently 

targeted EUEPs permitted detailed resolution of the neurons and their neurites in the 

same area of developing mutant and wild type dorsomedial cortex (Figure 2.1A). 

 

To confirm appropriate differentiation of L6 neurons targeted by electroporation, 

wild type explants electroporated on E13 were sectioned and immunostained for layer 5/6 

markers Ctip2 and Tbr1 after 2 DIV. Within a defined area in the dorsomedial cortex 

(Field 1) that included cells no deeper than 50  µm below the pial surface, 93% 

GFP  +  neurons expressed the transcription factors Tbr1 (304/326) or Ctip2 (338/363) 

(Figure 2.1B). This expression of Tbr1 and Ctip2 in the superficially localized 

GFP  +  cells is consistent with a prior birthdating study (Takahashi et al., 1999) that 
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reported L6 neurons in dorsomedial cortex undergo final mitosis on E13, the day on 

which we perform ex utero electroporation. Because electrofection of individual 

precursors is only successful if the cDNA is introduced within 6  hrs prior to M-phase 

(Navarro-Quiroga I, 2007), this birthdating analysis also indicates that GFP  +  neurons 

analyzed in Field 1 of the CP are developing L6 neurons. Thus the expression of layer-

specific markers Tbr1 and Ctip2 indicate normal maturation of L6 neurons in these 

experimental conditions, with the timing of electroporation further supporting the L6 

identity assignment. 

 

Disorganized cytoarchitecture of reeler cortical plate is rescued by reelin injection 

To more accurately quantify Reelin’s role in neuronal orientation and 

dendritogenesis, we electroporated reeler (r/r), scrambler (s/s) and wild type (wt) control 

embryos on E13 with CAG-GFP plasmid and analyzed L6 neurons in Field 1 at 2 DIV 

(Figure 2.2). The scrambler mouse lacks the cytoplasmic adapter protein Disabled-1 

(Dab1), a necessary component of the Reelin-receptor complex, and is a phenocopy of 

the reeler mouse (Gonzalez et al., 1997; Sheldon et al., 1997; Sweet et al., 1996). In these 

experiments, Reelin-conditioned media (Rln-CM) or control-conditioned media (Ct-CM) 

were microinjected under the pia of the explant to determine the acute response of 

neurons to Reelin. Anti-Reelin immunostaining using the CR50 antibody (Ogawa et al., 

1995) confirmed successful Reelin injection (Supplemental Figure 2.1). 

 

In wild type explants, L6 neurons were radially organized towards the pial surface 

and displayed dendritic elaboration within the MZ (Figure 2.2A). This pial-directed 
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orientation was confirmed after 3-D rendering of imaged volumes of the tissue 

(Supplemental Movie 2.1). In contrast, neurons in both reeler and scrambler mutant 

explants injected with Ct-CM appeared disorganized and were often not radially oriented. 

Although neurons in these mutants possessed extensive neurites, those neurites tended to 

extend tangentially rather than radially (Figure 2.2B, 2.2C). This was particularly 

apparent in the 3-D rendered images, which revealed that occasional radially oriented 

processes in the reeler and scrambler sections were often extending in the z-direction, 

and therefore tangentially oriented (Supplemental Movies 2.2, 2.3). Immunolabeling for 

the cis-Golgi marker GM130 (Nakamura et al., 1995) showed elongation of Golgi 

apparatus and Golgi outposts in wild type neurons (Figure 2.2A), but compacted and 

juxtanuclear Golgi in both the reeler and scrambler cortices (Figure 2.2B, 2.2C), as has 

been previously described (Matsuki et al., 2010; Nichols and Olson, 2010). Injection of 

recombinant Rln-CM into reeler explants rescued radial organization of the L6 neurons, 

allowed for Golgi elongation towards the pial surface and colocalization to the apical 

neurite, and promoted compaction of the CP (Figure 2.2D; Supplemental Movie 2.4). 

These cytoarchitectural features of reeler “rescued” explants were comparable to those 

observed in wild type explants, and are consistent with our prior findings (Nichols and 

Olson, 2010). In contrast, no rescue was observed after Rln-CM injection into scrambler 

explants (Supplemental Figure 2.2B, Supplemental Movie 2.5), consistent with the 

known Reelin-insensitivity of Dab1-deficient neurons. As a final control, Rln-CM 

injected into wild type explants revealed no differences in either cytoarchitecture or Golgi 

orientation/elongation, as compared to non-injected wild type controls (Supplemental 

Figure 2.2A, Supplemental Movie 2.6). 
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To quantify the response of L6 neurons to Reelin we performed complete 3-D 

reconstructions of neurons using Simple Neurite Tracer (Longair et al., 2011). Reelin-

Dab1 signaling has a well-established role in promoting dendritic growth of hippocampal 

neurons (Niu et al., 2004) and is known to promote dendritic growth of upper layer 

neurons into the MZ (Olson et al., 2006). We first quantified total neurite arbor length 

and surprisingly found no difference between neurons in reeler and scrambler mutant 

explants injected with Ct-CM vs. wild type (104.4 and 115.2  µm vs. 99.4  µm, p  =  0.51; 

Figure 2.3A). The organization of the neuronal arbor, however, was significantly 

different in mutant explants. Mutant L6 neurons possessed significantly longer primary 

neurites (i.e. neurites extending directly from the cell body) as compared to wild type 

(50.3 and 48.8  µm vs. 35.6  µm, p  <  0.05; Figure 2.3A) and exhibited more primary 

neurites per neuron (1.8 and 1.9 vs. 1.1, p  <  0.05; Figure 2.3B). Consistent with these 

data, approximately 90% of all wild type control neurons had a single primary neurite, 

with the remaining 10% displaying no more than two primary neurites (Figure 2.3C). In 

comparison, about 50% of neurons in mutant explants possessed a single primary neurite, 

with the remaining 50% having two, three, or greater than four primary neurites (Figure 

2.3C). This increase in primary neurites was accompanied by a significant decrease in 

higher-order branch number in the mutants as compared to wild type controls (3.3 and 3.9 

vs. 5.7, p  <  0.05) (Figures 2.3B). Injection of Rln-CM into reeler mutants achieved a 

near-complete rescue of the aberrant neurite morphology: both primary neurite length and 

number of primary neurites were reduced to wild type values (36.7  µm vs. 35.6  µm, 

p  >  0.05, and 1.2 vs. 1.1, p  >  0.05, respectively; Figures 2.3A,B). Similarly, the 
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percentage of GFP  +  neurons with two, three, or greater than four primary neurites were 

observed to sharply decrease, with 83% of all analyzed neurons having only a single 

primary neurite, comparable to wild type explants (Figure 2.3C). These observations 

were confirmed by 3-D Sholl analysis (Figure 2.3D), which revealed that Reelin-

injection recovered a near-wild type profile of branching within 4  hrs. The quantitative 

analyses of the mutant dendritic arbors thus produced two surprises: the mutant neurons 

had a normal amount of neurite, but possessed more primary neurites and a simplified 

neurite arbor. All of these differences could be rapidly rescued by Reelin injection. 

 

Reelin injection rescues somal and primary neurite orientation 

To quantify the orientation of neuronal somata and neurites, a skeletonized 

version of the L6 neuron along with isocontour lines representing the pial surface of the 

explant, were imported into a custom MATLAB script. This script determined the 

shortest path extending from the neuronal soma to the closest point of the rendered pial 

surface. The angles made by the primary neurite (φ) and the long axis of the neuronal 

soma (θ) with respect to that shortest line were then determined (Figure 2.4A; See 

Methods). These angles potentially represent distinct biological processes (i.e., neurite 

navigation and cellular orientation/polarity) and therefore were both measured. The 

average somal orientation in wild type explants was 28.4  ±  1.1°, whereas reeler and 

scrambler mutant explants displayed significantly misoriented somal orientation angles 

of 62.6  ±  2.7° and 65.9  ±  4.0°, respectively (p  <  0.05; Figure 2.4B). Similarly, the 

primary neurite angles of mutant neurons were significantly misoriented (75.1  ±  2.8° and 

72.0  ±  4.6°, respectively) as compared to wild type controls (39.4  ±  1.5°, p  <  0.05; Figure 
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2.4C). Interestingly, the correlation coefficient (R) between φ and θ ranged from 0.55 

(wild type) to 0.45 (reeler mutant) suggesting that the orientation angles of the primary 

neurite and soma are not independent and may share biological mechanisms 

(Supplemental Figure 2.3). Within four hrs of Reelin injection however, both somal and 

primary neurite orientation of L6 neurons in reeler mutant explants recovered to control 

values (34.2  ±  2.1° and 36.5  ±  2.3°, respectively, p  >  0.05; Figure 2.4B, 2.4C). 

 

Reelin mutations decrease neurite elaboration in the developing marginal zone 

Both reeler and scrambler neurons largely avoided orientation angles within ~20° 

of the pial surface, whereas a large percentage of neurons in wild type and rescued 

explants demonstrate angles below 20° (Figure 2.4B, 2.4C). If Reelin functions as a 

chemotropic signal, the absence of Reelin signaling might be expected to produce 

random orientation of the neurite and soma, including angles below 20 degrees. The non-

random distribution of angles suggests that in the absence of Reelin, the subpial region 

may be relatively impermissive for neurite growth. We therefore investigated if the 

mutant subpial region (to a depth of approximately 15  µm) had significantly diminished 

L6 neurites as compared to control. 

 

To determine the amount of neurite present in the MZ, images from all 

experimental conditions were first thresholded (see Methods). The number of 

suprathreshold pixels in a region of interest (ROI) extending 15  µm immediately below 

the pial surface and extending 100  µm parallel to the pia (15  ×  100  µm ROI) was 

quantified and normalized to the suprathreshold pixels in the subadjacent CP 
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(35  ×  100  µm ROI) (Figure 2.5A). Wild type explants had two- to three-fold greater 

neurite elaboration (i.e. suprathreshold GFP  +  pixels) in the subpial region as compared to 

both reeler and scrambler mutant explants, as well as scrambler explants injected with 

Rln-CM (p  <  0.001; Figure 2.5B). Within four hrs of Reelin injection, levels of 

GFP  +  pixels in reeler explants recovered completely (p  =  1.0). Lastly, GFP  +  pixels in 

the subpial region of wild type explants injected with Rln-CM were not significantly 

different than control wild type sections (p  =  1.0). This analysis suggests that L6 neurites 

require Reelin-Dab1 signaling to penetrate an apparent “exclusion zone” extending 

~15  µm below the pial surface. 

To determine whether the decrease in neurite growth in the MZ observed in 

mutant explants was accompanied by a corresponding alteration in Golgi morphology 

(Figure 2.2; Supplemental Figure 2.2), we quantified the proximal-to-distal length of 

the Golgi in sections immunolabled with the cis-Golgi marker GM130 (Nakamura et al., 

1995). Wild type Golgi lengths averaged 15.0  ±  0.8  µm, whereas reeler and scrambler 

mutant Golgi were significantly compacted, having lengths of 5.7  ±  1.0  µm and 

6.1  ±  0.7  µm (p  <  0.001), respectively (Figure 2.6A, 2.6B). Rln-CM injection into the 

reeler mutant explant partially rescued Golgi length to 12.6  ±  1.4  µm, while Rln-CM 

injection into scrambler or wild type explants had no effect on Golgi length in 

comparison to Ct-CM injections (p  =  1.0). Collectively, these analyses indicate that 

Reelin-Dab1 signaling may not have any direct function in the initial phase of 

dendritogenesis per se, as the total neurite arbor size is the same between mutants and 

wild type explants. An alternative model is therefore suggested in which Reelin-Dab1 

signaling is required for Golgi deployment and directed neurite growth into the MZ. 
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DISCUSSION 

 

In this study we have quantitatively examined a fundamental aspect of Reelin 

signaling, namely its role in stimulating dendritic growth. Contrary to expectations, 

immature L6 neurons do not require Reelin-Dab1 signaling to initiate or support the 

earliest phase of dendritic growth during preplate splitting, as the total neurite arbor size 

was the same in mutant and wild type cortex explants. Instead, our data suggest that 

Reelin-Dab1 signaling has a major function in promoting pial-directed dendritic growth 

into the marginal zone. 

 

Despite progress in understanding the biochemical cascade initiated by Reelin 

(Leemhuis and Bock, 2011), how Reelin-signaling stimulates preplate splitting and 

dendritogenesis in vivo has been unclear. It is generally believed that Reelin positions 

neurons, possibly by controlling their migration or translocation (Cooper, 2008; 

Nadarajah et al., 2001; Olson et al., 2006). However, prior studies showed that during 

early cortical development L6 neurons are equivalently positioned with respect to the pial 

basal lamina in reeler and wild type cortices (Boyle et al., 2011; Nichols and Olson, 

2010). These finding suggest that the initial positioning of L6 neurons is independent of 

Reelin-signaling, and the ectopic positioning of L6 neurons observed in mature mutant 

cortex evolves during later corticogenesis. This observation was exploited in the present 

study, in which we successfully electroporated prospective L6 neurons in mutant and 

wild type cortices and quantitatively examined their morphology two days later, at 

equivalent positions in the developing CP (Supplemental Figure 2.4). 
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Complete dendritic reconstruction of L6 neurons in reeler and scrambler explants 

revealed equivalent total neurite arbor size as compared to controls (~110  mm). The 

mutant neurons, however, possessed more primary neurites and less branching than wild 

type controls (Figures 2.2, 2.3). This finding is consistent with two features of our prior 

study of Dab1-suppressed L2/3 neurons (Olson et al., 2006): Dab1-suppressed neurons 

displayed simplified dendritic arbors, and the apical neurites were less elaborate in the 

MZ. However, in this prior study we were unable to completely reconstruct the dendritic 

arbor of individual cells due to the high density of electroporation labeled cells and 

intermingling of their large arbors. Similarly, in a prior study of L6 neuron development 

we were unable to determine total arbor size due to the high density of eGFP labeling in 

the transgenic (Eomes::eGFP)gsat mouse (Nichols and Olson, 2010). 

 

Examination of cultured hippocampal neurons has shown that Reelin-Dab1 

signaling can enhance dendritic growth and branching (Niu et al., 2004). However, there 

are some important differences with the current report. First, the quantitative component 

of the earlier work involved long term culture of hippocampal, rather than cortical 

neurons. Second, the overall neurite length was not different at 2 DIV, the time period of 

our analysis, but differences emerged by 4 DIV and were maximal by 6 DIV. The earlier 

study thus points to a long term, but slower Reelin-dependent mechanism that does 

promotes dendritic growth in hippocampal neurons. 

 

The most dramatic differences between wild type and Reelin-Dab1 deficient L6 

neurons in this study involved the mutant neurons’ (1) extra primary neurites and (2) 
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misorientation of the long axis of the neuronal soma and the primary neurite. The cell 

body and primary processes of neurons in the reeler and scrambler mutant explants were 

tangentially organized compared to the radially organized wild type neurons (Figure 

2.4). Other studies have reported that Reelin-Dab1 deficiency can lead to disorientation 

of neurons: L6 neurons showed misoriented somata and Golgi during the period of 

preplate splitting [5]; hippocampal neurons in CA fields 1-3 are disoriented (Niu et al., 

2004); and Purkinje cells have misoriented neurites during early cerebellar development 

(Miyata et al., 2010). A specific function of Reelin-Dab1 signaling as a spatial organizer 

of neuronal somata and dendritic arbors is therefore indicated for early cortical 

development. 

 

The importance of the Golgi apparatus in both cellular polarity and neurite 

formation has been previously highlighted (Yadav and Linstedt, 2011). For developing 

pyramidal neurons, the Golgi first localizes to the site of axon initiation (de Anda and 

Tsai, 2011; Zmuda and Rivas, 1998) and later is re-positioned to the opposite side of the 

neuron, at the site of apical neurite initiation (Horton et al., 2005; Yadav et al., 2009; Ye 

et al., 2007). Golgi outposts are then distributed into the apical neurite and can promote 

dendritic growth and branching (Horton and Ehlers, 2003; Horton et al., 2005; Ye et al., 

2007). 

 

The molecular events that drive Golgi positioning depend on neuronal polarity 

signaling, principally the pro-axogenic signaling pathway Lkb1/Stradα that is 

antagonized by the pro-dendritogenic Reelin-Dab1 pathway (Matsuki et al., 2010). The 
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protein kinase Lkb1, the sterile kinase related protein Stk25, and the pseudokinase Stradα 

cooperatively promote neuronal polarization and axon specification (Asada et al., 2007; 

Barnes et al., 2007; Matsuki et al., 2010; Shelly et al., 2007). Stk25 regulates Golgi 

morphology through the Golgi matrix protein GM130 (Preisinger et al., 2004), probably 

by regulating GM130-mediated fusion of ER-to-Golgi vesicles (Barr and Short, 2003; 

Puthenveedu et al., 2006). Since Golgi position anticipates the location of process 

extension (Fidalgo et al., 2010; Horton et al., 2005; Yadav et al., 2009; Ye et al., 2007), a 

central role of Reelin-Dab1 signaling may be to regulate Golgi deployment that in turn 

supports neurite extension. This antagonistic regulation by Lkb1/Stradα/Stk25 and 

Reelin-Dab1 may effectively commit the neuron to the temporal deployment of axons, 

and then dendrites, during the combined processes of neuronal migration and neurite 

elaboration (Matsuki et al., 2010). 

 

If Reelin-Dab1 signaling overcomes an inhibitory signal localized to the MZ, this 

might occur by stabilization of neurites invading the MZ. In this model the inhibitory 

signal de-stabilizes only those neurites that enter the MZ, and Reelin-Dab1 signaling 

would counteract this destabilization. While we propose that the inhibitor is localized to 

the MZ, Reelin-Dab1 signaling could occur either in the MZ by Reelin binding to 

receptors on the nascent neurites or on the soma itself where Reelin receptors can also be 

found (Fuentealba et al., 2007). Reelin-Dab1 neurite stabilization might result from 

altered n-cofilin phosphorylation (Chai et al., 2009) in conjunction with Rap1-dependent 

N-cadherin surface expression and increased adhesion of the nascent neurite in the MZ 

(Franco et al., 2011; Jossin and Cooper, 2011). This increase in adhesion might in turn 
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enhance microtubule deployment and Golgi investment in the new neurite serving to 

enhance both somal translocation and dendritic growth towards the pia (Matsuki et al., 

2010; Nichols and Olson, 2010). 

 

In the absence of Reelin-Dab1 signaling, the neurites of L6 neurons that initially 

invade the MZ, experience inhibition and may not adhere. This postulated lack of 

adhesion prevents the establishment of both a primary neurite and later, pia-oriented 

elongation of the soma. In the reeler cortex the nucleus and soma of the L6 neuron 

elongates in the direction of the tangentially extending primary neurite and thus the soma 

becomes misoriented. The consequence of Reelin-Dab1 deficiency may be slightly 

different for later born neurons that migrate on radial glial fibers and are therefore already 

pia-oriented by virtue of their attachment to the radial glial process. For these migrating 

neurons, the absence of Reelin-Dab1 signaling also prevents the leading process from 

adhering to the MZ, but in this case the leading process adhesion may be a necessary 

prerequisite for glial-independent somal translocation (Franco et al., 2011; Olson et al., 

2006), the steady movement of the nucleus into the primary process (Nadarajah et al., 

2001). Somal orientation (elongation of the nucleus in the direction of the primary 

neurite) and translocation (movement of the nucleus into the primary neurite) could be 

mechanistically related in that both could involve dynein-based forces pulling on the 

nucleus (Assadi et al., 2003; McKenney et al., 2010; Zhang et al., 2009). Thus Reelin-

Dab1 deficiency for both L6 neurons and later born neurons prevents the establishment 

and elaboration of a primary neurite in the MZ. However, the consequence of this 
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common deficit could be different for the two neuronal populations: misorientation of L6 

neurons and failed somal translocation of upper layer neurons. 

 

The preceding model does not completely explain Reelin’s role in preplate 

splitting as additional mechanisms may be involved in the formation of a coherent layer 6 

between the MZ and SP. We speculate that simultaneous with nascent process formation, 

the adhesive properties of the neuronal soma may change with increased surface 

expression of N-cadherin, leading to altered cell-cell adhesion and the cell sorting 

activities that may underlie preplate splitting (Nichols and Olson, 2010). Absent Reelin-

Dab1 signaling, L6 neurons do not orient or coalesce appropriately, leading to knock-on 

consequences in cell positioning. Importantly, the initial function of Reelin-Dab1 

signaling in this model is to facilitate the directed growth of the dendrite into the MZ. 
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CONCLUSIONS 

 

Our detailed analysis of orientation angle and GFP  +  neurite content in the MZ 

suggest a new, yet primary function of Reelin-Dab1 signaling during early cortical 

development: the negation of a neurite inhibiting factor localized to the MZ (Figure 2.7). 

If Reelin-Dab1 signaling functioned to stimulate directed neurite outgrowth, then the 

absence of Reelin-Dab1 signaling would be expected to result in primary L6 neurites 

with random orientations. Instead, the distribution of angles in both reeler and scrambler 

mutants is non-random, with a pronounced deficiency of processes oriented to within 20˚ 

of the pial surface. This observation, in conjunction with a ~60% decrease in 

GFP  +  neurite content within an “exclusion zone” extending 15  µm immediately below 

the pia of mutant explants, suggests the presence of an exclusion zone which may be 

impermissive for dendrite growth in the absence of Reelin-Dab1 signaling. While the 

molecular basis for this exclusion zone is unknown, its existence is parsimonious with the 

results of our quantitative analyses. We speculate that a normal function of such an 

exclusion zone might be to prevent inappropriate connections between axonal projections 

coursing through layer 1 and a subset of cortical neurons defined by their inability to 

respond to Reelin. 
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Figure 2.1. Schematic of explant culture model. (A) Brains from E13 embryos were 

electroporated ex utero with a GFP expression construct, dissected, and whole 

hemisphere explants were cultured on collagen-coated filters for 2 DIV. The embryos 

were genotyped and explants identified as wild type (wt), reeler (r/r,) or scrambler (s/s). 

After 48  hrs in culture, explants were injected with control conditioned media (Ct-CM) or 

Reelin conditioned media (Rln-CM), and cultured for an additional 4  hrs before fixation. 

(B) E13 ex utero electroporation targets prospective L6 neurons. Sections derived from 

wt explants were immunostained for the layer 5/6 transcription factors Ctip2 (top row) or 

Tbr1 (bottom row). The majority of the GFP  +  cells in the CP expressed Ctip2 (93%) and 

Tbr1 (93%). Scale bars: 20  µm in (B). For Ctip2, n  =  363 GFP  +  positive neurons were 

totaled from 4 explants across 2 separate litters. For Tbr1, n  =  326 GFP  +  neurons were 

totaled from 5 explants across 3 separate litters. All GFP  +  neurons included in these 

analyses were localized within 50  µm of the pial surface. Abbreviations: MZ, marginal 

zone; CP, cortical plate; IZ, intermediate zone. 

 

 

 

 

 

 

 

 

 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 2. Reelin and L6 Neuron Orientation 

	   108 

Figure 2.1 
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Figure 2.2. Disorganized L6 neuronal morphology in reeler and scrambler explants 

and rescue by Reelin injection. Hoechst nuclear stain (first column) reveals normal CP 

that forms during the 2 DIV culture period in wt (A) explants but not in r/r (B) or s/s (C) 

explants that were injected with Ct-CM. GFP expressing neurons (second column) show 

normal radially oriented neurites in wt (A) explants, but tangentially oriented processes in 

mutant (B, C) explants. 3-D rendering of imaged neurons (third column) confirms the 

radial and tangential orientations of L6 neurons observed in wt (A) and mutant (B, C) 

explants, respectively. Golgi/GM130 immunofluorescent labeling (fourth column) 

revealed elongated, pia-oriented Golgi colocalized to the apical neurite of L6 neurons in 

wt explants (yellow arrowheads; A), while condensed juxtanuclear Golgi were observed 

in both r/r Ct-CM and s/s Ct-CM mutant explants (blue arrowheads; B and C). (D) 

Within four hrs of exogenous Rln-CM injection into r/r explants, GFP  +  L6 neurons were 

oriented towards the pial surface in a clearly definable CP, demonstrated neurite 

elaboration into the MZ, and revealed elongated, pia-oriented Golgi colocalized to the 

apical neurite (yellow arrowheads). Purple asterisk represents traced neurons in 3-D 

rendering (third column). The single green line of the 3-D rendered traced neuron 

represents the primary neurite, while purple lines represent remaining neurites and 

corresponding branches. Scale bars: 20  µm in (A-D). Abbreviations: MZ, marginal zone; 

CP, cortical plate; SPP, superplate; IZ, intermediate zone. 
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Figure 2.2 
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Figure 2.3. Reelin-Dab1 signaling is required for normal neurite organization and 

branching but does not control total neurite length. (A) L6 neurons in r/r Ct-CM and 

s/s Ct-CM explants had the same total neurite arbor length as wt neurons, despite longer 

primary neurites observed in mutant neurons. (B) Mutant neurons also displayed higher 

numbers of primary neurites (emitted from cell soma), but a decrease in higher order 

branch number as compared to wt controls. Rln-CM injection into r/r mutant explants 

rescued primary neurite length and branching patterns. (C) Categorization of neurons by 

primary neurite number and treatment condition. (D) 3-D Sholl analysis of traced 

GFP  +  neurons revealed consistent profiles of neurite crosses vs. radius for r/r Rln-CM 

neurons and wt neurons at all radial domains (a-d). Error bars denote standard error of the 

mean. Kruskal-Wallis one-way ANOVA on ranks with post-hoc Dunn tests were 

performed between treatment conditions. * p  <  0.05, as compared to wt controls. wt 

analysis: 209 neurons reconstructed from 22 explants across 9 litters. r/r Ct-CM analysis: 

105 neurons reconstructed from 7 explants across 5 separate. s/s Ct-CM analysis: 49 

neurons reconstructed from 3 explants across 3 litters. r/r Rln-CM analysis: 86 neurons 

reconstructed from 8 explants across 4 separate litters. 
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Figure 2.3 
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Figure 2.4. Reelin-Dab1 signaling is required for orientation of neuronal somata and 

primary neurites. (A) The angles of the neuronal soma (θ) and primary neurite (φ) with 

respect to the shortest line from the somal tip to the pial surface (red line in A) were 

measured in 3-D using a custom MATLAB script. Only GFP  +  neurons within 50  µm of 

the pial surface were included for analysis. Scatter and box plots of somal orientation (B) 

and primary neurite orientation (C) in all four explant conditions. Both r/r Ct-CM and s/s 

Ct-CM neurons demonstrated significant somal and primary neurite misorientation 

compared to wt neurons. Injection of Rln-CM significantly rescued both somal and 

primary neurite orientation angles in r/r mutant explants. Dashed lines on both scatter and 

box plots represent mean values; solid lines on box blots represent median values. Box 

plots display upper and lower quartiles; whiskers represent 90th and 10th percentiles. 

Kruskal-Wallis one-way ANOVA on ranks with post-hoc Dunn tests were performed 

between treatment conditions. * p  <  0.05, as compared to wt controls. wt analysis: 209 

neurons from 22 explants across 9 litters. r/r Ct-CM analysis: 105 neurons from 7 

explants across 5 separate litters. s/s Ct-CM analysis: 49 neurons from 3 explants across 3 

litters. r/r RlnCM analysis: 86 neurons from 8 explants across 4 separate litters. 
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Figure 2.4 
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Figure 2.5. L6 neurons in mutant explants have decreased neurite elaboration into 

the MZ. (A) Representation of threshold analysis for the measurement of neurite 

elaboration into the MZ. Threshold was determined for the flattened, 8-bit grayscale 

image, and the ratio of GFP  +  pixels in the MZ (a; ~ 15 x 100  µm ROI) to GFP  +  pixels in 

the CP (b; ~ 35 x 100  µm ROI) was determined for each treatment condition. (B) Both r/r 

Ct-CM and s/s Ct-CM L6 neurons revealed decreased GFP  +  signal (i.e. neurite 

elaboration) into the MZ as compared to wt controls and r/r Rln-CM explants. Ratios 

were compared across images acquired from 18 wt explants, 8 r/r Ct-CM explants, 4  s/s 

Ct-CM explants, and 8 r/r Rln-CM explants. Error bars denote standard error of the mean. 

One-way ANOVA with post-hoc Bonferroni t-tests were performed between treatment 

conditions. *** p  <  0.001, as compared to wt controls. 
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Figure 2.5 
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Figure 2.6. Reelin-Dab1 signaling is required for Golgi extension. Sections from 

explants were immunolabeled with the cis-Golgi marker GM130 and imaged. (A) Scatter 

plots of proximal-to-distal Golgi lengths measured in each experimental condition. L6 

neuron Golgi lengths were compact in both r/r Ct-CM and s/s Ct-CM explants as 

compared to elongated wt and partially rescued (i.e. elongated) Golgi in r/r Rln-CM 

explants. Rln-CM injection into s/s or wt explants(s/s Rln-CM and wt Rln-CM) had no 

effect on Golgi length in comparison to Ct-CM injections. (B) Bar graph representation 

of measured Golgi lengths. Dashed lines in scatter plots represent mean values; error bars 

denote standard error of the mean. Golgi lengths were compared across images acquired 

from 18 wt explants, 7 r/r Ct-CM explants, 5  s/s Ct-CM explants, 9 r/r Rln-CM explants, 

5  s/s Rln-CM explants, and 6 wt Rln-CM explants. One-way ANOVA with post-hoc 

Bonferroni t-tests were performed between treatment conditions. *** p  <  0.001, as 

compared to wt controls. 
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Figure 2.6 
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Figure 2.7. Reelin-Dab1 signaling in L6 neuron orientation and dendritogenesis. In 

the absence of Reelin signaling (r/r explant, lower panel), L6 neurons had the same total 

neurite arbor length as wild type (wt explant, upper panel). However, neurons in the 

mutant had more primary neurites that were longer and less branched than control 

primary neurites. Additionally, the primary neurites and neuronal somata in the mutant 

were oriented tangentially rather than radially. Notably, L6 neuron neurites failed to 

penetrate the MZ in the mutant despite their normal length. These observed defects are 

hypothesized to be consistent with the operation of an inhibitory signal (purple zone) 

present in the MZ that is counteracted by Reelin signaling. 
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Figure 2.7 
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Supplemental Figure 2.1. Localization of Reelin in E15 cultured explants. Using 

CR50 immunofluorescent staining (second column), CR50 immunosignal was strongest 

in the MZ with minor diffusion into the CP in wt (A), s/s Ct-CM (C), wt Rln-CM (E), 

and s/s Rln-CM (F) explants. Despite the presence of Reelin in s/s Ct-CM (C) and s/s 

Rln-CM (F) explants, GFP  +  L6 neurons remained misoriented relative to the pial surface 

due to mutations in the Dab1 cytoplasmic adapter protein and subsequent inability to 

respond to Reelin protein. As expected, r/r Ct-CM explants (B) revealed an absence of 

Reelin protein, while r/r Rln-CM “rescued” explants (D) demonstrated the presence of 

injected Reelin. Scale bars: 20  µm in (A-F). Abbreviations: MZ, marginal zone; CP, 

cortical plate; SPP, superplate; IZ, intermediate zone. 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 2. Reelin and L6 Neuron Orientation 

	   122 

Supplemental Figure 2.1 
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Supplemental Figure 2.2. Cytoarchitecture of cortical plate and L6 neuronal 

morphology in Reelin-injected control explants. Similar to wt explants, wt explants 

injected with Rln-CM (A) demonstrate a clearly definable cortical plate by Hoechst 

nuclear counterstain (first column), while s/s mutant explants injected with Rln-CM (B) 

display cortical plate abnormalities similar to those observed in both r/r Ct-CM and s/s 

Ct-CM L6 neurons, consistent with the non-rescuable scrambler phenotype. GFP 

expressing L6 neurons (second column) shown normal radially oriented neurites with 

elaboration into the MZ in wt Rln-CM (A) explants, but tangentially oriented processes in 

s/s Rln-CM (B) explants. 3-D rendering of imaged neurons (third column) confirms the 

radial and tangential orientations of L6 neurons observed in wt Rln-CM (A) and s/s Rln-

CM (B) explants, respectively. Golgi/GM130 immunofluorescent labeling (fourth 

column) revealed elongated, pia-oriented Golgi with deployment down the apical 

dendrite of GFP  +  neurons in wt Rln-CM explants (yellow arrowheads; A), while 

condensed, juxtanuclear Golgi were observed in s/s Rln-CM explants (blue arrowheads; 

B). Purple asterisks represent traced neurons in 3D rendered snapshots (third column). 

Scale bars: 20  µm in (A-B). Abbreviations: MZ, marginal zone; CP, cortical plate; SPP, 

superplate; IZ, intermediate zone. 
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Supplemental Figure 2.2 
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Supplemental Figure 2.3. Comparison of somal orientation (θ) and primary neurite 

orientation (φ) for all traced L6 neurons. Linear regressions of somal orientation (θ) 

vs. primary neurite orientation (φ) revealed moderate correlations, ranging from 0.55 (wt 

explants) to 0.45 (r/r Ct-CM explants), suggesting that primary neurite and somal 

orientation angles may not represent distinct biological processes, but rather may share 

biological mechanisms. 
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Supplemental Figure 2.3 
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Supplemental Figure 2.4. Average distance from the pial surface between explant 

conditions. (A) The average depth from the pial surface of quantified GFP  +  L6 neurons 

from wt, r/r Ct-CM, and s/s Ct-CM explants were found to lie within one cell body 

length. All neurons included for analysis were within 50  µm of the pial surface (lower 

limit of counting box represented by dashed line). Average depth of MZ quantified over 

all explant conditions was 15  µm. Green oval represents schematic of average cell body 

length (15  µm) quantified across all explant conditions. Dashed lines of box plots denote 

mean values; solid lines denote median values. Box plots display upper and lower 

quartiles; whiskers represent 90th and 10th percentiles. Abbreviations: MZ, marginal 

zone; CP, cortical plate. 
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Supplemental Figure 2.4 
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Supplemental Movie 2.1. 3-D rendering of GFP  +  L6 neurons and overlying pial 

surface in a wt explant. Wt neuronal somata and primary neurites were radially oriented 

towards the pial surface. The traced cell is a representative GFP  +  L6 neuron. The single 

green line of the 3-D rendered traced neuron represents the primary neurite, while purple 

lines represent remaining neurites and corresponding branches. 

 

Supplemental Movie 2.2. 3-D rendering of GFP  +  L6 neurons and overlying pial 

surface in a r/r explant injected with Ct-CM. Mutant neuronal somata and primary 

neurites were tangentially oriented and parallel to the pial surface. The traced cell is a 

representative GFP  +  L6 neuron. The single green line of the 3-D rendered traced neuron 

represents the primary neurite, while purple lines represent remaining neurites and 

corresponding branches. 

 

Supplemental Movie 2.3. 3-D rendering of GFP  +  L6 neurons and overlying pial 

surface in a s/s explant injected with Ct-CM. Mutant neuronal somata and primary 

neurites were tangentially oriented and parallel to the pial surface. The traced cell is a 

representative GFP  +  L6 neuron. The single green line of the 3-D rendered traced neuron 

represents the primary neurite, while purple lines represent remaining neurites and 

corresponding branches. 

 

Supplemental Movie 2.4. 3-D rendering of GFP  +  L6 neurons and overlying pial 

surface in a r/r explant injected with Rln-CM. Injection of Rln-CM into r/r explants 

promoted both somal and primary neurite orientation towards the pial surface (similar to 
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wt controls), as well as neurite arbor elaboration into the MZ. The traced cell is a 

representative GFP  +  L6 neuron. The single green line of the 3-D rendered traced neuron 

represents the primary neurite, while purple lines represent remaining neurites and 

corresponding branches. 

 

Supplemental Movie 2.5. 3-D rendering of GFP  +  L6 neurons and overlying pial 

surface in a s/s explant injected with Rln-CM. Injection of Rln-CM into s/s explants 

had no effect on somal or primary neurite orientation. Neuronal soma and primary 

neurites remained tangentially oriented, similar L6 neurons in s/s explants injected with 

Ct-CM. The traced cell is a representative GFP  +  L6 neuron. The single green line of the 

3-D rendered traced neuron represents the primary neurite, while purple lines represent 

remaining neurites and corresponding branches. 

 

Supplemental Movie 2.6. 3-D rendering of GFP  +  L6 neurons and overlying pial 

surface in a wt explant injected with Rln-CM. Injection of Rln-CM into wt explants 

had no effect on somal or primary neurite orientation. Neuronal soma and primary 

neurites remained radially oriented, similar L6 neurons in uninjected wt explants. The 

traced cell is a representative GFP  +  L6 neuron. The single green line of the 3-D rendered 

traced neuron represents the primary neurite, while purple lines represent remaining 

neurites and corresponding branches. 

 

All supplemental movies are available through Neural Development: 

http://www.neuraldevelopment.com/content/7/1/25/additional 
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CHAPTER 3 

 

REELIN PREVENTS APICAL NEURITE RETRACTION DURING TERMINAL 

TRANSLOCATION AND DENDRITE INITATION 
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ABSTRACT 

 

The mechanisms controlling cortical dendrite initiation and targeting are poorly 

understood. Multiphoton imaging reveals that apical dendrites emerge by direct 

transformation of the neuron’s leading process during the terminal phase of neuronal 

migration. During this ~110-minute period the dendritic arbor increases ~2.5 fold in size, 

~3.5 fold in branch number, and migration arrest occurs below the first stable branch 

point in the developing arbor. This dendritic outgrowth is triggered at the time of leading 

process contact with the marginal zone (MZ) and occurs primarily by neurite extension 

into the extracellular matrix of the MZ. In reeler cortices that lack the secreted 

glycoprotein Reelin, 41% of imaged neurons did not complete migration, while 55% 

extended dendrites and completed migration but retracted and reorganized their arbor in a 

tangential direction away from the MZ soon after migration arrest. For these reeler 

neurons, their tangential primary neurites were longer lived than their radially-directed 

primary neurites, while the opposite was true of wildtype neurons. Application of Reelin 

protein to reeler cortices destabilized tangential neurites while stabilizing radial neurites 

and stimulating dendritic growth in the MZ. Thus Reelin functions as part of a polarity 

signaling system that links dendritogenesis in the MZ with cellular positioning and 

cortical lamination.  

 

 

 

 



	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 3. Reelin and Polarized Neurite Outgrowth 

	   133 

INTRODUCTION 

 

Excitatory projection neurons in the cortex are highly polarized, having an apical 

dendrite and descending axon (Ramon y Cajal, 1904). The dendrite is a distinct cellular 

compartment (Dotti and Simons, 1990; Jareb and Banker, 1998; Yuste et al., 1994) with 

morphological and synaptic properties that are essential for neuronal function. 

Unsurprisingly, mutations or toxins that disrupt dendritic development are associated 

with intellectual disability (Armstrong et al., 1998; Schapiro et al., 1984) and perhaps 

autism (Krey et al., 2013).  

 

 Both intrinsic and extrinsic mechanisms contribute to the appropriate 

development of dendrites (Jan and Jan, 2003; McAllister, 2002; Van Aelst and Cline, 

2004). Intrinsic mechanisms of dendritogenesis often relate to specification of cell 

identity, and some transcription factors are known to dictate the overall size and 

branching complexity of the dendritic arbor (Puram and Bonni, 2013). Concurrently, 

extrinsic cues, both diffuse (Dijkhuizen and Ghosh, 2005; Niu et al., 2004; Polleux et al., 

2000) and cell-associated (Demyanenko et al., 2010), spatially shape arbor growth and its 

ultimate association with presynaptic elements (Tavosanis, 2012).  

 

 For some cortical excitatory neurons the axon is known to emerge while the 

neuron is migrating through the cortical intermediate zone (i.e., future white 

matter)(Hatanaka and Yamauchi, 2013; Sakakibara et al., 2014; Schwartz et al., 1991). 

The cellular origin of the apical dendrite, however, is not well understood. Based on 
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analyses of fixed tissue preparations, the cortical neuron’s apical dendrite has been 

hypothesized to emerge de novo from the neuronal somata (Ramon y Cajal, 1904) or by 

direct transformation of the leading process (Chai et al., 2014; Hatanaka and Murakami, 

2002; Olson et al., 2006; Pinto-Lord et al., 1982). However, a detailed description of the 

initiation and growth kinetics of the cortical apical dendrite, and by extension knowledge 

of the underlying mechanisms, is lacking. 

 

 Reelin is a secreted protein known to influence both neuronal migration and 

dendritic growth. Reelin is highly expressed by Cajal-Retzius (CR) cells at the marginal 

zone (MZ), the outermost layer of the developing cortex (D'Arcangelo et al., 1995; 

Hirotsune et al., 1995; Ogawa et al., 1995). Migrating cortical neurons thus encounter 

high concentrations of secreted Reelin at the end of their migration route. In both mice 

(Caviness and Sidman, 1973) and humans (Hong et al., 2000), Reelin deficiency causes 

severe cortical dysmorphism characterized by inappropriately positioned neurons 

(Caviness and Sidman, 1973) and disrupted dendritic architecture (Goffinet, 1979; Pinto 

Lord and Caviness, 1979). In addition to mental retardation and mild epilepsy, patients 

with Reelin deficiency experience severe ataxia (Hong et al., 2000; Hourihane et al., 

1993). Genetic studies have recently linked rare alleles of RELN to autism (De Rubeis et 

al., 2014; Wang et al., 2014).  

 

 Several specific cellular functions relevant to the end-stage of cortical neuron 

migration have been attributed to Reelin signaling: translocation (Franco et al., 2011; 

Olson et al., 2006; Sekine et al., 2012); detachment from radial glia fibers (Cooper, 2008; 
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Dulabon et al., 2000; Hatanaka and Murakami, 2002; Olson et al., 2006; Pinto-Lord et al., 

1982; Sanada et al., 2004); migration arrest (Dulabon et al., 2000; Pinto-Lord et al., 1982; 

Sheppard and Pearlman, 1997); and enhancement of apical dendritic growth (Chai et al., 

2014; Goffinet and Lyon, 1979; Matsuki et al., 2010; Nichols and Olson, 2010; Niu et al., 

2004; O'Dell et al., 2012; Pinto Lord and Caviness, 1979).  

 

Direct visualization of the nascent dendritic arbor as cortical neurons transition 

from migrating to differentiating phenotypes could aid in the description of initial 

dendrite formation, the determination of how Reelin signaling affects that process, and 

the resolution of potentially competing models of Reelin function. To those ends we used 

multiphoton time-lapse imaging, applied to a whole hemisphere brain explant system 

(Nichols et al., 2013; Nichols and Olson, 2010; O'Dell et al., 2012), to determine the 

origin of the apical dendrite and the role(s) of Reelin signaling in coordinating the 

transition between migration and dendritogenesis for cortical neurons. 
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MATERIALS AND METHODS 

 

Mice. All animal protocols were reviewed and approved by the IACUC of SUNY 

Upstate Medical University. reeler (B6C3Fe a/a-Reln, Jackson Laboratories, Bar Harbor, 

ME) heterozygote mice were mated to produce the reeler (rlr) mutant embryos used for 

the described experiments. The Tg(Pde1c-EGFP)S45Gsat (GENSAT Project, NINDS 

and The Rockefeller University) mouse line that expresses EGFP in preplate derived 

neurons (Osheroff and Hatten, 2009) were crossed into the reeler line for some 

experiments. Data from wildtype (+/+) and heterozygote (+/-) embryos were combined 

and designated as wildtype (wt). Embryonic day 0 (E0) was designated as the day of plug 

discovery.   

 

Explant cultures. Preparation of ex utero explant cultures was carried as previously 

described (Nichols et al., 2013). Briefly, E13 embryos were electroporated ex utero with 

0.33 mg/ml of a pCAG-eGFP (Matsuda and Cepko, 2004) or pCAG-tdTomato construct 

and live-imaged two days later on E15. tdTomato cDNA (Shaner et al., 2004), a gift from 

Dr. Roger Tsien (University of California, San Diego) was cloned into the CAG promoter 

(Miyazaki et al., 1989) expression construct (Matsuda and Cepko, 2004). For fixed tissue 

high-resolution imaging of neurite-axon interactions in the MZ/SPP, E13 explants were 

electroporated with 0.33 mg/ml of pCAGGS-mRFP (gift of Dr. Teiichi Furuichi) and 

fixed two days later at E15. Explants were cultured medial side down on 3 µm pore size 

collagen-coated polytetrafluoroethylene filters (Transwell-COL, Corning) in DMEM-F12 

medium plus GlutaMAX and supplemented with 1% G5, 2% B27, and 1X Penicillin and 
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were then maintained in a high oxygen environment (95% O2/5% CO2) at 37 °C for ~48 

hours prior to imaging or fixation. All cell culture reagents were from Invitrogen 

(Carlsbad, CA). 

 

Cell identification in explants.  Post-migratory tdTomato+ neurons located within 50 

µm of the pial surface were characterized by highly branched apical arbors and 

descending axons (Figure 3.1 – movie supplement 1, cell 2). These neurons have been 

characterized in prior analyses of fixed tissue (Nichols and Olson, 2010; O'Dell et al., 

2012). Based on the timing (E13) and dorsal targeting of the electroporation (Takahashi 

et al., 1999), as well as the strong expression of the transcription factor Tbr1 (Nichols et 

al., 2013; Nichols and Olson, 2010; O'Dell et al., 2012), these post-migratory neurons 

observed on E15 are primarily layer 6 (L6) cortical neurons. In addition, deeper 

tdTomato+ cells were observed that displayed classic migration morphologies, 

characterized by unbranched leading processes and thin trailing processes (Figure 3.1 – 

movie supplement 1, cell 1)(Nadarajah et al., 2001; Noctor et al., 2004; Rakic, 1972). 

These later developing, migrating neurons are likely a mixed population of prospective 

L6 and layer 5 (L5) neurons. 

 

Reelin Injection/Bath Application. A stable HEK293 cell line (Dr. Michael Frotscher, 

University of Freiburg) was used to produce Reelin-conditioned media (Rln-CM) as 

previously described (O'Dell et al., 2012). Amicon Ultra 100,000 molecular weight cut 

off filters (Millipore, Billerica, MA) were used to concentrate medias 20-fold 

concentration in fresh explant culture media. 
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Histology/histochemistry. E15 explants were drop fixed for 1 hour in 4% 

paraformaldehyde/Pagano solution (250 mM Sucrose, 25 mM MgCl2, 2.5 mM KCl, 

HEPES 7.4). The tissue was embedded in 10% calf gelatin (Aldrich), post fixed for 24 

hours in 4% paraformaldehyde/Pagano solution and sectioned at 100 µm using a 

vibratome. Floating sections were sequentially incubated overnight with primary and 

secondary antibodies diluted in PBS (with 0.5% Triton-X-100 and 2% BSA). Anti-

Smi312 (1:1000, Covance) and anti-rat-401 (nestin; 1:50, Developmental Studies 

Hybridoma Bank) were used. Alexa Fluor 488-conjugated IgG (1:500, Molecular Probes) 

and Alexa Fluor 555-conjugated IgG (1:500, Molecular Probes) secondary antibodies 

were used and Hoechst 33342 (2 µg/ml, Molecular Probes) was used to counterstain 

nuclei.  

 

Multiphoton live imaging. Explants were maintained under continuous superfusion with 

oxygenated media warmed by a SH7B inline heater (Warner Instruments, Hamden CT). 

Live imaging was performed on a Thor Accera Series 2-Channel Multiphoton 

Microscope (Thor Labs, Newton NJ) coupled to a Chameleon Multiphoton Ti:Sapphire 

tunable laser for  excitation (Coherent, Santa Clara, CA). Detection was provided by two 

ultrasensitive GaAsP PMTs (Hamamatsu, Middlesex, NJ) with band pass 525/50 nm and 

605/70 nm filter cubes (Chroma Technology, Bellows Falls, VT) for green/red imaging, 

respectively. Images were collected with an Olympus XLUMPlanFLN 20x/1.0 water 

objective with a 2 mm working distance. For eGFP visualization, an optimized 

wavelength of 880 nm was used, while a wavelength of 910 nm was used for explants 
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expressing both tdTomato and eGFP. For all live Imaging studies, z-series were collected 

every ten minutes for up to six hours at 1.0 µm z-intervals. Scanning was bidirectional 

with 10 frame averaging. A typical imaging field was 300 x 300 X 200 µm with typical 

voxel dimensions of 0.293 X 0.293 X 1 µm.    

 

Fixed tissue preparation and high-resolution confocal imaging. Z-series were 

collected with a Zeiss LSM510 laser scanning confocal microscope (SUNY Upstate 

Medical University Center for Bioresearch Imaging). Tissue sections were mounted in 

90% glycerol/20mM Tris/0.5% N-propylgallate and sealed under 0.17 mm micro cover 

glass coverslips (22x50 mm, No.1, VWR). Images were collected using a 40x/1.3 Plan-

NeoFluar oil immersion objective at 0.2 µm z-step intervals with lateral pixel dimensions 

of 0.11 µm. Immersion oil used had a refractive index of 1.518 (Carl Zeiss). Using the 

FIJI plugin MetroloJ, experimental point spread functions (PSFs) and full-width at half 

maximum (FWHM; i.e. system resolution) in both the lateral and axial planes were 

calculated using sub-resolution, 200 nm red (560/580 nm)-green (505/515 nm) 

fluorescent beads (TetraSpeck Fluorescent Microspheres Size Kit, Invitrogen; Figure 3.6 

– figure supplement 3; Figure 3.6 – figure supplement 4; Figure 3.6 – table 

supplement 1). Sub-resolution beads were imaged using the same image acquisition 

parameters as were used to collect z-series for high-resolution neurite-axon interaction 

analysis.  

 

Analysis of neurite arbor dynamics in translocating and post-migratory neurons. All 

images were imported into FIJI (www.fiji.sc), an open source distribution of Image J 
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(Wayne Rasband, NIH). Stacks were registered as four-dimensional hyperstacks (x, y, z, 

and time) using the open source ‘Correct 3D Drift’ plugin in the FIJI package. Individual 

translocating and post-migratory neurons and their full neurite arbors were traced at all 

time points using the open source ‘Simple Neurite Tracer’ plugin in the FIJI package 

(Longair et al., 2011). 3-D reconstructed orthoslices and 4-D movies were made using 

Amira 3D Software for Life Sciences (FEI, Hillsboro, OR). Distance below the pial 

surface, total apical arbor size, and total apical branch number were measured at each 

time point from the registered and hyperstacked skeletonized traces. For translocating 

neurons, only well isolated cells with soma >65 µm below the pia and whose leading 

process contacted the MZ/SPP during the first hour of the 4-hour imaging period were 

analyzed. For post-migratory neurons, only neurons that met three pre-established criteria 

were included for tracing: 1) presence of a fully-translocated soma within 50 µm of the 

overlying MZ/SPP identified at the first image acquisition, 2) no movement of the neuron 

or its arbor out of the xyz frame of imaging over all time points, and 3) an easily 

identifiable and traceable neurite arbor over all time points. Neurite tip extension and 

retraction velocities were determined for all traced cells on a per neurite basis for each 

10-minute acquisition interval. 

 

Analysis of dendrite-axon contact. All images were imported into FIJI (www.fiji.sc), an 

open source distribution of Image J (Wayne Rasband, NIH). Analysis of sub-resolution, 

200 nm red (560/580 nm)-green (505/515 nm) fluorescent beads (TetraSpeck Fluorescent 

Microspheres Size Kit, Invitrogen) revealed a registration error between the red and 

green channels that was corrected with the application of a -1.0, -2.0 (x, y) pixel 
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translation on the green channel (Figure 3.6 – figure supplement 3). This corrective 

translation was applied to all z-series prior to analysis. To assess the interactions between 

developing neurites of post-migratory neurons and CR cell axons, a FIJI macro was 

developed that converted the red and green channel to binary images after Otsu 

thresholding. A median filter of a 1-pixel radius was then applied to remove noise while 

preserving edges. The number of overlapping pixels between the two channels was 

calculated in each z-slice and summed for the entire z-series. A correction for the amount 

of total neurite and axon signal (in pixels) was applied to the overlapping pixel values in 

each z-slice before summation (Figure 3.6 – figure supplement 2). Areas containing 

pixels with above threshold green and red signal were referred to as ‘candidate contact 

areas’ (CCAs), as they represented regions in which the axons and dendrites could not be 

spatially resolved. The areas were expressed as a percentage of the total available neurite 

arbor (red channel) and referred to as ‘percent neurite overlap’. To determine if CCAs 

were the result of random growth into the CR cell axonal plexus, a ‘Shuffle Slices’ was 

applied to the z-stack of the neurite arbor (red) channel. The new ‘shuffled’ neurite arbor 

was then merged back into the properly ordered (non-shuffled) axon (green) channel. The 

newly created two-channel image was then analyzed for CCAs. 3-D reconstructions of 

CCAs were made using the open source ‘3D Viewer’ plugin in the FIJI package. 

 

Statistical analyses. For all dynamic neurite morphology measurements One, Two, or 

Three Way Analyses of Variance (ANOVA) with post-hoc Holm-Sidak pairwise multiple 

comparison procedures were run using the SigmaPlot package (Systat, San Jose, CA) to 

determine significance. 
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RESULTS 

 

To examine the morphological transition from migration to dendritogenesis in 

early-born cortical neurons, we selectively labeled a subset of migrating and 

differentiating neurons via ex utero electroporation (EUEP) of eGFP or tdTomato 

expression plasmids (Matsuda and Cepko, 2004). Electroporations were performed on 

embryonic day 13 (E13) wildtype and reeler embryos. In some cases wildtype and 

reeler:Pde1CeGFP embryos were used, the latter of which possess CR cells expressing 

eGFP. Whole hemisphere explants were then prepared as previously described (Nichols 

et al., 2013; O'Dell et al., 2012). 

  

 When explants were imaged on E15, two major classes of neurons in the cortical 

plate (CP) were apparent.  Differentiating post-migratory neurons located within 50 µm 

of the pial surface were characterized by highly branched apical arbors and descending 

axons. In addition, deeper cells were observed that displayed classic migration 

morphologies, characterized by unbranched leading processes and thin trailing processes 

(Figure 3.1 – movie supplement 1, all cells)(Nadarajah et al., 2001; Noctor et al., 2004; 

Rakic, 1972). In E15 reeler explants, differentiating post-migratory neurons within 50 

µm of the pial surface were often misoriented and possessed simplified and multipolar 

dendritic arbors that extended tangentially, as previously observed (O'Dell et al., 2012). 

The deep cells in reeler mutant explants appeared similar to those in wildtype cortices, 

with many displaying nominal migration morphologies (Figure 3.1 – movie supplement 

2, all cells). 



	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 3. Reelin and Polarized Neurite Outgrowth 

	   143 

 

 To determine the relationship between translocation and the initiation of the 

apical neurite arbor, neurons whose leading process entered a zone extending 15 µm 

underneath the pial surface during the first hour of a 4-hour imaging period were selected 

for quantitative analysis (Figure 3.1C; see Methods). This 15 µm zone approximately 

corresponds to the MZ in wildtype cortices and the superplate (SPP) in reeler mutant 

cortices (Caviness, 1982; O'Dell et al., 2012; Sheppard and Pearlman, 1997). A total of 

190 neurons in wildtype and reeler explants were examined and placed into two primary 

categories based on successful or failed translocation into their final laminar position 

during the subsequent 3-hour imaging period (Figure 3.1C and D). Translocation is 

characterized by the rapid, continuous movement of the neuronal somata during the final 

stage of cortical migration (Nadarajah et al., 2001). A third, miscellaneous category was 

included for cells not readily classified (e.g., neurons that reversed migration direction). 

 

 In wildtype explants, 95% of neurons with a leading process that contacted the 

MZ/SPP successfully translocated during the subsequent ~3 hour imaging period (Figure 

3.1; Figure 3.1 – movie supplement 1, cell 1). The leading processes of these neurons 

displayed dramatic increases in growth and branching into the overlying MZ during the 

translocation period. Surprisingly, 55% of reeler neurons with a leading process that 

contacted the MZ/SPP also successfully translocated and simultaneously elaborated a 

branched arbor. However, in most cases the neurites of these translocating reeler neurons 

appeared to retract and reorganize away from the MZ/SPP after translocation was 

completed (Figure 3.1; Figure 3.1 – movie supplement 2, cell 1). Although 3% of 
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wildtype neurons that contacted the MZ/SPP did not translocate, 41% of such neurons in 

reeler explants failed to translocate, with the majority of those neurons not elaborating a 

branched neurite arbor into the MZ/SPP (Figure 3.1; Figure 3.1 – movie supplement 2, 

cell 3 and 4). This initial analysis suggests 1) that the leading process of an early-born 

migrating cortical neuron may be directly transformed into a branched dendrite upon 

contact with the MZ/SPP, 2) that translocation occurs simultaneous with dendritic arbor 

growth and branching, and 3) a common feature of migrating neurons in reeler cortices, 

whether they translocate (Figure 3.1 – movie supplement 2, cell 1 and 2) or not (Figure 

3.1 – movie supplement 2, cell 3 and 4), is neurite retraction from the MZ/SPP. 

 

 To further characterize and quantify arbor differences between wildtype and 

reeler early-born neurons, neurite arbors were digitally traced in 3D at each time point 

throughout the imaging period (see Methods). The distance between the soma and the 

pial surface, the total apical arbor size, and the total apical branch number (i.e., branch 

number) were determined at each time point (Figure 3.2B, C, and D). To facilitate direct 

comparison between neurons, the time of leading process contact with the MZ/SPP was 

designated t0 on a per cell basis, and all traces were aligned to this time point. For 

wildtype neurons, the total apical neurite arbor increased 240% in size (Figure 3.2C) and 

340% in branch number (Figure 3.2D) in the 110-minute translocation period following 

t0. This substantial increase in arbor size and branching was initiated at the time of 

leading process contact with the MZ/SPP and continued throughout and immediately 

after the translocation period (Figure 3.2C and D; Figure 3.1 – movie supplement 1, 

cell 1). In the subset of reeler neurons that successfully translocated (55%; Figure 3.1B), 
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apical arbor growth increased 200% and branch number increased 280% during the 

translocation period, but arbor size and branch number (both in and out of the MZ/SPP) 

declined 25% and 35% respectively during the immediate post-translocation period 

(Figure 3.2C and D). Importantly, following translocation, it was the radially directed 

processes of these neurons that were lost, which often occurred simultaneously with the 

elaboration of multiple, tangentially oriented primary processes from the same cells 

(Figure 3.2 – figure supplement 1; Figure 3.1 – movie supplement 2, cell 1)(O'Dell et 

al., 2012). The tight correspondence between translocation and dendritic growth was 

underscored by a small number of cells in reeler explants that were observed to arrest 

translocation coincident (i.e., within the 10-minute sampling interval) with apical 

dendrite collapse (Figure 3.1 – movie supplement 2, cell 2). This analysis indicates that 

1) dendritic growth and branching is initiated at the time the leading process contacts the 

MZ/SPP, 2) for the subset of reeler neurons that translocate, dendritic growth and 

branching as well as somal movements are quantitatively similar to wildtype, and 3) 

although reeler neurites project into the MZ/SPP, they become unstable and typically 

begin to retract and reorganize within minutes following translocation. 

 

Based on observations from prior studies (Franco et al., 2011; Gil-Sanz et al., 

2013; Olson et al., 2006; Pinto-Lord et al., 1982; Sekine et al., 2012), we hypothesized 

that non-translocating neurons in reeler explants would retain a compact migration 

morphology. Surprisingly, both wildtype and reeler non-translocating neurons that 

contacted the MZ/SPP were characterized by larger and more highly branched arbors 

than successfully translocating neurons at corresponding time points (Figure 3.2C and 
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D). The arbors of reeler non-translocating neurons displayed multipolar morphologies 

and highly branched arbors localized at deeper positions on the leading process, and did 

not exhibit extensive growth into the overlying MZ/SPP (Figure 3.2 – figure 

supplement 1; Figure 3.1 – movie supplement 2, cell 3 and 4; Figure 3.3 – movie 

supplement 4). In contrast, the rarely observed (3%; Figure 3.1B) wildtype non-

translocating neurons were characterized by bipolar morphologies and often had arbor 

growth into the MZ/SPP, in addition to mislocalized arbor branching at deeper positions 

on the leading process (Figure 3.2 – figure supplement 1; Figure 3.3 – movie 

supplement 2). The arbors of non-translocating reeler neurons were as large and 

branched as those of neurons that had successfully translocated, therefore suggesting that 

the leading process had transformed into the nascent branched dendrite prior to migration 

termination. These analyses of translocating and non-translocating neurons suggest that 

while dendritic growth is tightly correlated with successful translocation, dendritic 

initiation and growth is not sufficient for successful translocation and dendritic initiation 

and growth can occur independent of Reelin signaling.  

 

 The initial period of dendritic arbor growth in both wildtype and reeler cortices 

was highly dynamic with individual neurites displaying periods of rapid extension and 

retraction.  Because radially oriented dendritic arbors largely retracted in reeler cortices, 

we hypothesized that reeler neurites would spend more time retracting and/or retract 

faster than their wildtype counterparts during and immediately after the translocation 

period (Table 3.1). Neurite velocities (from 9 wildtype and 10 reeler translocating 

neurons) were calculated for each 10-minute imaging interval, and compared both during 
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and after translocation (Table 3.1). During translocation a significantly higher average 

velocity of extension (+30%, p = 0.011) and retraction (-27%, p = 0.065) was observed 

for reeler neurites as compared to wildtype controls (Table 3.1). In addition, reeler 

neurites spent a greater percentage of the imaging period retracting compared to wildtype 

(47% vs. 39%, p < 0.001). Differences between reeler and wildtype neurite kinetics 

became more substantial during the immediate post-translocation period: reeler neurites 

had higher average extension (+31%, p = 0.016) and retraction (-54%, p < 0.001) 

velocities compared to wildtype. In addition, reeler neurites spent 54% of the imaging 

period retracting compared to 48% for wildtype neurites (p = 0.009). These differences 

resulted in a slower arbor growth rate for reeler neurons (as compared to wildtype) 

during translocation (+52.2 vs. +64.2 µm /hr, p = 0.651; Table 3.1) and overall neurite 

retraction for reeler arbors during the immediate post-translocation period (-63.2 vs. 

+22.3 µm/hr, p = 0.003; Table 3.1). Similarly, compared to non-translocating wildtype 

neurons, non-translocating reeler neurons demonstrated significantly faster neurite 

extension (+16%, p = 0.058) and retraction (-30%, p = 0.003) velocities, as well as 

significantly reduced (but still positive) arbor growth rates (+11.4 vs. +55.6 µm/hr, p = 

0.003; Table 3.1). Thus in reeler cortices, neurites have consistently elevated extension 

and retraction velocities, and become biased towards more retraction events and higher 

retraction velocities soon after the completion of translocation. 

 

Consistent with prior findings (Nadarajah et al., 2001), we observed that somal 

translocation paused “beneath” branch points in the leading process until one of the 

branches was retracted, after which time translocation continued in the direction of the 
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remaining branch (Figure 3.3A; Figure 3.3 – movie supplements 1 and 3). Throughout 

hundreds of hours of recorded cortical development, and independently of Reelin 

signaling, neuronal somata were never observed to migrate past a branch point. This 

observation suggests that the establishment of a stable, branched leading process may 

structurally impede further somal movement and could contribute to precise migration 

arrest (Chai et al., 2014; Olson et al., 2006). To explore this possibility in greater detail, 

we examined the data set of traced translocating neurons (n = 9 wildtype and 10 reeler) 

with respect to leading process branch formation. For eight of these wildtype 

translocating neurons, the branch point formed in the leading process upon contact with 

the MZ/SPP was stable for the entire imaging period, and anticipated the somal arrest 

position to within one cell diameter (Figure 3.3A and B; Figure 3.1 – movie 

supplement 1, cell 1; Figure 3.3 – movie supplement 1). In contrast, only 4 of 10 reeler 

translocating neurons successfully established a stable branch point at the MZ-SPP/CP 

border that persisted throughout the imaging period. After migration arrest most 

translocating reeler neurons exhibited apical arbor collapse, including collapse of the 

“stable” branch point, and initiated multiple, tangentially oriented primary processes 

(Figure 3.1 – movie supplement 2, cell 1 and 2; Figure 3.3 – movie supplement 3). 

These observations suggest 1) that the establishment of a stable and branched leading 

process at the MZ and CP boundary prevents further radial movement of the soma, and 2) 

this precise branching event (and the correlated somal arrest) is often disrupted in reeler 

cortices. 
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For some migrating reeler neurons excessive, ectopic branching at deeper 

positions on the leading process may contribute to translocation failure (Figure 3.3A and 

B). Whereas successfully translocating reeler neurons typically possess two distal 

branches when the leading process contacts the MZ/SPP, non-translocating reeler 

neurons typically had six branches (Figure 3.2D). These branches were numerous and 

transient, appearing and disappearing throughout the imaging period. The high density of 

ectopic branches and multiple primary processes prevented the establishment of the 

unbranched leading process that is typically associated with successfully translocating 

cells (Figure 3.3 – movie supplement 4). This suggests that for some reeler neurons the 

inability to resolve mislocalized apical dendritic branches may prevent or contribute to a 

disruption of terminal translocation. Wildtype non-translocating neurons were infrequent 

(3%) and had morphologies distinct from the corresponding reeler neurons, with deeper 

somata positions, greater arbor growth within the overlying MZ/SPP, and deep branches 

that could potentially impede the progress of somal translocation (Figure 3.3A and B; 

Figure 3.3 – movie supplement 2). 

 

 To explore the specific consequences of Reelin-deficiency on dendritic 

growth and stability subsequent to migration, the neurites of post-migratory, layer 6 (L6) 

neurons whose somata were found < 50 µm underneath the pial surface at the beginning 

of the imaging period were examined (Figure 3.4; Figure 3.4 – movie supplements 1 

and 2). Neurite arbors of 13 wildtype and 10 reeler neurons were completely traced at 

each time point throughout a four-hour imaging period. Although the soma of post-

migratory wildtype and reeler neurons were equivalently positioned (Figure 3.4 – figure 
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supplement 1), reeler neurites were tangentially oriented, simplified, and often not 

localized to the MZ/SPP (Figure 3.4 – figure supplement 2).  At the onset of imaging, 

the total apical arbor size was comparable between genotypes (Figure 3.4E), consistent 

with our prior study (O'Dell et al., 2012). Similar to translocating reeler neurons, these 

post-migratory reeler neurites demonstrated higher extension (+16%, p = 0.139) and 

retraction (-23%, p = 0.035) velocities as compared to wildtype controls (Table 3.2). 

Wildtype and reeler neurites spent a similar percentage of the imaging period retracting 

(51% vs. 49%, p = 0.842), leading to similar overall arbor growth rates (+27.6 vs. +18.3 

µm/hr, p = 0.435). Throughout the subsequent 4-hour imaging period however, this non-

significant difference in growth rate produced a modest but significant difference in total 

arbor size between wildtype and reeler neurons (Figure 4E).   

 

Wildtype neurites of all branch orders were longer lived as compared to reeler 

(Figure 3.4B and C). The majority of wildtype primary neurites were stable for the 

entire imaging period (and presumably the entire life of the neuron), whereas the majority 

of reeler primary neurites were not (Figure 3.4B; Figure 3.4 – movie supplements 1 

and 2). When the location of the primary neurite was considered, the difference was 

more dramatic: wildtype primary neurites in the MZ/SPP had an average life span 212 

minutes (within the 240 minute imaging period) compared to 23 minutes for reeler 

primaries (p < 0.001; Figure 4D). Interestingly, reeler primaries outside the MZ/SPP 

were more stable than both wildtype primaries outside the MZ/SPP (73 vs. 39 minutes, p 

= 0.018), and reeler primaries inside the MZ/SPP (73 vs. 23 minutes, p < 0.001). Thus 
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wildtype primary neurites are more stable in the MZ/SPP while reeler primary neurites 

are more stable out of the MZ/SPP. 

 

A marked difference between genotypes is observed in the location of neurite 

initiation and retraction events. Compared to wildtype, nascent reeler dendritic arbors 

had significantly more initiation/retraction events involving primary and secondary 

processes, and significantly fewer tertiary and quaternary initiation/retraction events 

(Figure 3.4G; Figure 3.4 – figure supplement 2). This difference presumably reflects 

the underlying simplification of the reeler neuritic processes. Interestingly, the total 

number of neurite initiations and complete retractions per hour were found to be the same 

between genotypes (p=0.923; Figure 3.4G). Taken together, these observations suggest 

that neurite initiation and retraction frequencies are general, and perhaps cell 

autonomous, properties of the differentiated neuron that are largely independent of Reelin 

signaling during the post-migratory period.   

  

Prior studies have suggested Reelin signaling promotes polarized neurite growth 

(Jossin and Cooper, 2011; Matsuki et al., 2010; Miyata et al., 2010; Nichols and Olson, 

2010; O'Dell et al., 2012). If this is the case, exogenous Reelin application to reeler 

explants might enhance the polarized growth of radial neurites while simultaneously 

stimulating neurite retraction of tangential, misoriented neurites. Alternatively, Reelin 

signaling might globally stimulate neurite growth or stimulate growth of radial neurites 

alone. Consistent with the polarity model, within four hours of recombinant Reelin 

application to reeler explants, a retraction of tangential neurites was observed coincident 
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with the extension of a radially oriented process into the overlying MZ/SPP within 4 

hours (Figure 3.5; Figure 3.5 – movie supplement 1). This structural reorganization of 

the neuron was accompanied by an increase in total apical arbor size and branch number 

(Figure 3.5B and C), a loss of supernumerary primary processes, and increases in 

higher-order branching (Figure 3.5 – figure supplement 1; Figure 3.5 – movie 

supplement 1). The application of exogenous Reelin also reduced neurite extension and 

retraction velocities toward values associated with wildtype post-migratory neurons, and 

significantly increased the number of extension events compared to the reeler baseline 

(Table 3.3). This result shows that the acute consequence of Reelin signaling is neurite 

reorganization and neurite growth in the MZ/SPP and is consistent with our prior finding 

that Reelin rescues neuronal orientation and dendritic projection patterns within 4 hours 

of application (O'Dell et al., 2012). 

 

 Reelin signaling has been proposed to promote leading process adhesion to CR 

cells via upregulation of membrane bound n-cadherin (Franco et al., 2011) and nectin3 

(Gil-Sanz et al., 2013). This raises the possibility that Reelin signaling stabilizes dendritic 

arbors by enhancing the adhesion between developing apical neurites and the processes 

of CR cells in the MZ/SPP. Therefore, the spatial relationship between the dendritic 

filopodia of cortical neurons expressing tdTomato and processes of CR cells expressing 

eGFP was examined in Pde1C::eGFP+ reeler and wildtype explants. Unfortunately, due 

to lower resolution in the axial dimension and difficulties in visualizing the fine caliber 

processes of eGFP+ CR cells, no definitive assessments could be made regarding the 

spatial relationship between tdTomato+ developing neurites and CR cell axons in this 
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preparation. In general however no consistent pattern of neurite contact with larger CR 

cell processes or somata was observed in either wildtype or reeler explants. 

 

 To examine possible Reelin-dependent spatial interactions between dendritic 

filopodia and the fine axonal processes localized to the MZ/SPP (including CR cell 

processes), electroporated mRFP expressing cortical neurons were analyzed in fixed 

sections immunolabeled for the axonal neurofilament Smi312 (Figure 3.6). High-

resolution confocal z-series were acquired of equivalently positioned neurons (Figure 3.6 

– figure supplement 1) and analyzed for areas of potential neurite-axon interaction, 

which we term “candidate contact areas” (CCAs; Figure 3.6A and B). A CCA was 

defined as a region containing pixels with suprathreshold signal on both the red dendrite 

(mRFP) and green axon (Smi312) channels, which indicates colocalization of the 

dendrite and axon to within the approximate  (790 nm) axial resolution of the system 

(FWHM, see Methods; Figure 3.6 – figure supplement 4; Figure 3.6 – table 

supplement 1). The CCAs were identified in each z-slice and used to reconstruct a map 

of possible contact points on the 3D rendered image (Figure 3.6A, B, and C). As a 

positive control for this method we examined the spatial overlap between leading 

processes of migrating neurons and anti-nestin immunolabeled radial glial fibers (Figure 

3.6C and E). In this control case, 34% of the leading processes were colocalized with a 

nestin+ radial glia fiber. 

 

Wildtype neurite arbors had 2.3% of their arbor and somata within a CCA 

compared to 1% of reeler arbors (Figure 3.6D). However, reeler neurites would be 
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expected to have lower percentage of dendrite in CCAs as their dendrites are largely 

excluded from overlying MZ/SPP (O'Dell et al., 2012), wherein CR axons are primarily 

located. Therefore, the analyses were repeated, focusing only on the dendritic neurites 

localized to the MZ/SPP (corresponding to an area ~15 µm below the pial surface). In 

this case, there was no significant difference between wildtype and reeler CCA 

percentages (Figure 3.6E). This finding argues against a model in which Reelin signaling 

promotes dendritic stabilization via enhancement of dendrite-axon contacts. To determine 

if the neurite/axonal overlap was greater than that expected by random neurite growth 

within the MZ/SPP, the nascent dendritic arbor was randomized (via z-stack shuffling of 

the neurite optical channel), and the percent overlap with the non-shuffled axonal optical 

channel was determined (see Methods). There was no difference in percent CCA overlap 

for either wildtype or reeler cortices following this neurite shuffling (Figure 3.6E). 

Although the analysis here can not definitively resolve actual points of cell-cell adhesion, 

the observation that, independent of Reelin signaling, ~95% of the neurite arbor does not 

spatially coincide with axonal processes suggests that dendrite/ECM interactions 

dominate the initial steps of dendritic growth in the cortex.  
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DISCUSSION 

 

This study characterized dynamic events associated with the initiation of cortical 

neurons’ apical dendrite, and their relationship to terminal translocation and migration 

arrest. Although much is known about dendritic initiation in other contexts, including 

cultured hippocampal neurons (Dotti and Banker, 1987; Dotti et al., 1988; MacLaurin et 

al., 2007; Niu et al., 2004), for actively migrating cortical neurons in situ it was unclear 

whether the apical dendrite emerges via direct transformation of the leading process, or 

emerges de novo in the post-migratory period (Ramon y Cajal, 1904). Similarly, it was 

unclear if Reelin controls migration and dendritic growth in situ as related or separate 

processes.  

 

 Direct observation using multiphoton time-lapse imaging demonstrated that upon 

contact with the overlying MZ/SPP, leading processes of both wildtype and reeler early-

born cortical neurons transform into highly branched dendritic arbors (Figure 3.2, Figure 

3.2 – figure supplement 1). Remarkably, the longest lived stable branch point formed 

within 15 minutes of leading process contact with the MZ/SPP and was located at the 

boundary of the CP and MZ/SPP, within one cell diameter of the final soma position 

upon migration arrest (Figure 3.3). These observations suggest that dendritic growth and 

branching may function as a “go signal” for terminal translocation, whereas a stable 

branch point formed by the nascent dendrite near the MZ-SPP/CP border functions as a 

“stop signal”. In the absence of Reelin-signaling a significantly lower percentage of 

translocating neurons were observed, and these neurons showed apical arbor retraction 
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soon after the completion of translocation (Figure 3.2). The inability of reeler post-

migratory neurons to establish an apical dendrite prompted the elaboration of multiple 

tangentially oriented primary processes and a loss of overt morphological polarity. 

 

This loss of polarity can be reversed within ~2 hours of Reelin application: the 

misoriented primary neurites of reeler mutant neurons are retracted, coincident with the 

extension of a radially oriented primary process that displays significant arbor growth and 

branching into the MZ/SPP. While the Reelin-response involves neurite stabilization in 

the radial direction, we find that the response also involves destabilization and retraction 

of neurites in the tangential direction. In addition, this reorganization toward the radial 

direction occurs prior to significant total arbor growth (Figure 3.5)(O'Dell et al., 2012), 

suggesting the initial, and perhaps primary, function of Reelin signaling involves 

organizing the polarity of neurons with respect to the overlying MZ/SPP and pial surface. 

 

Thus our findings on neurite dynamics are consistent with a model of Reelin 

signaling wherein Reelin permits the polarized growth of neurites (Goffinet, 1979; Jossin 

and Cooper, 2011; Jossin and Goffinet, 2007; Matsuki et al., 2010; Miyata et al., 2010; 

Nichols and Olson, 2010; O'Dell et al., 2012; Schneider et al., 2011). The polarity 

disruptions manifest early in cortical development during the period of preplate splitting, 

when layer 6 neurons in reeler cortices, though correctly positioned, remain tangentially 

orientated, and fail to coalesce and align in the radial direction (Nichols and Olson, 

2010). Instead of exhibiting a single, radially oriented process, reeler neurons are 

characterized by multiple tangentially oriented primary processes (O'Dell et al., 2012), 
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thereby suggesting a fundamental disruption of the mechanisms that control polarized 

dendritic outgrowth (Bradke and Dotti, 2000; Gartner et al., 2012; Horton and Ehlers, 

2003). Later in development, a similar Reelin-dependent polarization occurs during the 

transition of multipolar neurons in the intermediate zone to bipolar migrating neurons in 

the developing cortical plate (Jossin and Cooper, 2011).  

 

A molecular mechanism for Reelin-dependent regulation of cell polarity involves 

the serine-threonine kinase Lkb1, a phylogenetically conserved regulator of cellular 

polarity (Alessi et al., 2006). The sterile-kinase family member Stk25 is a modifier of the 

Reelin-deficient phenotype and forms a signaling network with Lkb1 and GM130, a 

Golgi matrix protein (Matsuki et al., 2010). Overexpression of Stk25 causes Golgi 

apparatus condensation and supernumerary axon formation, a phenotype that can be 

rescued by Reelin signaling, which also promotes Golgi deployment into the apical 

dendrite. In this way, Reelin signaling may determine and stabilize the prospective apical 

dendrite by opposing Lkb1-Stk25-GM130 activity. 

 

The cell adhesion molecule N-cadherin also apparently contributes to Reelin-

dependent polarization (Jossin and Cooper, 2011). An N-cadherin enriched area on the 

cell surface may be an early step in neurite growth polarization that subsequently elicits 

the re-orientation of the Golgi apparatus and centrosome (Gartner et al., 2012). Thus, 

Reelin signaling might drive the radial polarization of both layer 6 and later migrating 

multipolar neurons through Rap1-dependent N-cadherin localization to the apical pole 
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simultaneous with suppression of Lkb1-Stk25-GM130, which would in turn enhance 

neurite polarization within the radial dimension. 

 

This polarization model however is difficult to reconcile with the observation that 

41% of the imaged neurons failed to terminally translocate when Reelin signaling is 

blocked. In addition, prior studies have found that cell autonomous suppression or 

knockout of Dab1 causes migrating neurons to arrest ~40 µm below, and prevents normal 

dendritic arborization into, the MZ/SPP (Franco et al., 2011; Olson et al., 2006; Sekine et 

al., 2012). These neurons are nevertheless morphologically polarized along the radial 

glial fiber with a clear leading process and trailing axon. How can the absence of a 

Reelin-dependent polarizing signal contribute to the failure to initiate translocation in a 

morphologically polarized cell? 

 

One possibility is that during terminal translocation the neuron must transition 

from polarity defined by the radial glial substrate to polarity defined by the orientation of 

the apical dendrite. During the translocation period the migrating neuron releases from 

the radial glial process (Nadarajah et al., 2001). At the same time we find the neuronal 

arbor increases ~2.5 fold in size, with most of this new growth localized to the 

extracellular matrix of the MZ/SPP. Thus, new adhesion and polarity systems must be 

deployed to guide the growing arbor. This dendrite-based polarity depends on extrinsic 

signals including Semaphorin 3a (Polleux et al., 2000) and Reelin (O'Dell et al., 2012), as 

well as intrinsic signaling involving LKB/Stradα kinase (Barnes et al., 2007; Matsuki et 

al., 2010) that coordinate the deployment of the Golgi apparatus (Matsuki et al., 2010) 
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and the polarized deployment of N-cadherin (Franco et al., 2011; Gartner et al., 2012; 

Jossin, 2011; Jossin and Cooper, 2011). Reelin-dependent polarity signals might also 

enhance neurite adhesion to MZ/SPP cells (Franco et al., 2011; Gil-Sanz et al., 2013) or 

to the surrounding MZ/SPP ECM (Sekine et al., 2012). Absent Reelin signaling, 

decreased neurite adhesion as well as reduced deployment of the Golgi would lead to an 

inability to establish a stable apical arbor in the MZ/SPP, and subsequent failure to 

initiate translocation for approximately half of the imaged neurons (Figure 3.1). Neurons 

that fail to translocate might deploy an unstable branched dendritic arbor through a 

Reelin-independent default process, which further impairs radial translocation through 

somal arrest at ectopic branch points (Figure 3.3). For neurons that successfully 

translocate, the inability to stabilize the apical dendrite after translocation leads to arbor 

reorganization and loss of morphologic polarity (Figure 3.2; Figure 3.4). In this model, 

Golgi deployment would function as an effector of the polarity signal to selectively 

stabilize the apically directed dendritic arbor at the expense of tangentially oriented 

arbors (Horton et al., 2005). Golgi deployment might serve multiple functions, including 

providing membrane and appropriately modified adhesion molecules underlying dendritic 

growth (Futerman and Banker, 1996; Horton et al., 2005; Wu et al., 2015), as well as 

functioning as a microtubule nucleating center for the apical dendrite (Ori-McKenney et 

al., 2012). Thus the observed Reelin-dependent decrease in velocity of neurite extension 

and retraction (Table 3) might be a consequence of a polarity signal that leads to an 

increase in plasma membrane surface area, increased neurite adhesion (Franco et al., 

2011; Gil-Sanz et al., 2013; Sekine et al., 2012), as well as increased microtubule and 

actin stabilization (Chai et al., 2009) for those neurites localized to the MZ. 
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 In some contexts dendritic growth and branching is supported by the formation of 

nascent synapses between dendrites and axons (Cline and Haas, 2008; Vaughn et al., 

1988; Ye and Jan, 2005). At branch points newly formed synapses form stable points of 

adhesion that are resistant to neurite retraction. However, our analysis of candidate 

contact areas (CCAs) between developing neurite arbors and CR cell axons produced 

little support for any Reelin-dependent, dendrite-axon adhesion (Figure 3.6). CCAs were 

also inconsistently observed at branch points (unpublished observations), indicating that 

many dendritic branch points did not adjoin an axon (Figure 3.6 – figure supplement 4; 

Figure 3.6 – table supplement 1). In fact, for both reeler and wildtype neurons, 97% of 

the neurite was not within a defined CCA, (i.e., was not within 790 nm of an axon), a 

percentage that remained unchanged after spatial randomization of the neurite channel (z-

stack shuffling; Figure 3.6E). The possibility remains that CCAs in the wildtype explants 

contained functioning adhesion or adherens complexes (Franco et al., 2011; Gil-Sanz et 

al., 2013), whereas the CCAs of reeler explants did not. However, sites of adhesion are 

often accompanied by morphological alterations, including branching, thickening of the 

process, and altered trajectory of the process beyond the adhesive point, features that 

were inconsistently observed in wildtype and reeler explants. Our work also cannot 

exclude the possibility that an initial cell adhesion event(s) is required to anchor the 

leading process for proper somal translocation and laminar positioning, with subsequent 

Reelin-dependent neurite outgrowth being independent of cell-cell contacts. 

 

This work expands our earlier analysis of Reelin-dependent neurite growth and 

orientation angles, suggesting that a critical function of Reelin signaling during early 
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cortical development is to render neurites competent for growth into the MZ/SPP (O'Dell 

et al., 2012). The orientation of cell bodies and the distribution of neurites in reeler 

mutant cortices are tangential, and not random. A random distribution of orientations 

would be expected in reeler cortices if Reelin functioned exclusively as a positive 

extrinsic cue for polarized growth. Moreover, neurites that grow into the mutant MZ/SPP 

often retract quickly. This observation strongly suggests the presence of an MZ/SPP-

localized inhibitor that is overridden by intact Reelin signaling. This inhibitor could 

simply represent an anti-adhesive component of the MZ/SPP. Alternatively the inhibitor 

could be an active chemorepellent. Because the hypothesized inhibitor prevents, in the 

absence of Reelin, appropriate projection of the leading process and dendrite, reeler 

neurons are unable to polarize appropriately. Although the molecular identity of this 

putative inhibitor is unknown, it is intriguing that two of the locations where Reelin 

signaling apparently operates, the MZ/SPP and the subplate (the junction between the 

intermediate zone and cortical plate), have extensive axonal elaborations during early 

cortical development. We speculate that a normal function of this inhibitor is to prevent 

inappropriate connections between developing leading processes/dendrites and an 

overlying axonal plexus. 
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Figure 3.1. Fewer translocating neurons are found in reeler cortices. (A) Still frames 

of the entire image field at the first (0 minutes) and last acquisition (240 minutes) 

showing fewer translocating cells in the rlr explant compared to wt. eGFP expressing (CR 

cells) are green in the MZ/SPP and tdTomato expressing early-born neurons are red 2 

days after E13 electroporation of Pde1C::eGFP transgenic embryos. (B) A neuron in a 

wt explant shows continuous arbor growth in the MZ/SPP during the translocation period 

(Panel 1). In contrast, neurons in rlr explants show neurite retraction from the MZ/SPP in 

both translocating and non-translocating neurons (Panels 2-4). See Figure 3.1 – movie 

supplements 1 and 2. (C) Categories of neurons quantified in wild type (wt) and reeler 

(rlr) mutant explants. Neurons were included for analysis if their leading process 

contacted the MZ/SPP within the first hour of imaging. The soma of translocating 

neurons attained a position < 50 µm below the pial surface during the subsequent ~3 hour 

imaging period. (D) 95% of wt neurons successfully translocated as compared to only 

55% of rlr neurons. Yates corrected χ2 = 38.8, p < 0.001. Wt analysis: 95 neurons from 

31 explants across 22 litters. Rlr analysis: 95 neurons from 17 explants across 14 litters. 

Scale bars: 50 µm in (A) and 20 µm in (B). Abbreviations: MZ, marginal zone; SPP, 

superplate; CP, cortical plate; CR, Cajal-Retzius; EUEP, ex utero electroporation. 
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Figure 3.1
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Figure 3.2. Leading process growth and branching is disrupted in reeler cortices. (A) 

Representations of flattened (z-projected) translocating and non-translocating neurons in 

wt and rlr explants. (B-D) Quantification of somal positioning and neurite morphology of 

translocating wt and rlr neurons after leading process contact with the M/SPP (t0). Wt and 

rlr translocating neurons demonstrated similar translocation speed (B), arbor growth (C), 

and branch number increases (D) during the phases of pre-translocation and translocation, 

but rlr arbors collapsed and avoided the MZ/SPP in the immediate post-translocation 

period. Non-translocating wt and rlr neurons displayed larger and more highly branched 

arbors than translocating neurons. These neurons showed abnormal arbor growth 

typically localized below the MZ/SPP. Dashed lines represent the lower boundary of the 

MZ/SPP (15 µm) and CP (50 µm) in (A). Error bars denote standard error of the mean. 

Dashed lines represent the pial surface in (D). Two-way ANOVA with post-hoc Holm-

Sidak pairwise multiple comparison procedures were performed between genotypes and 

different phases of translocation on a per cell basis. * p < 0.05, as compared to wt 

controls. Translocating wt analysis: 9 neurons from 8 explants across 8 litters. 

Translocating rlr analysis: 10 neurons from 8 explants across 8 litters. Non-translocating 

wt analysis: 4 neurons from 4 explants across 4 litters. Non-translocating rlr analysis: 9 

neurons from 4 explants across 4 litters. Scale bars: 20 µm in (A) and (D). Abbreviations: 

MZ, marginal zone; SPP, superplate; CP, cortical plate. 
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Figure 3.2
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Table 3.1. Higher neurite extension and retraction velocities and more frequent 

retraction events in reeler cortices. Extension and retraction velocities of all neurites for 

each cell were quantified throughout the imaging period. Rlr neurites showed higher 

extension and retraction speeds than wt in all conditions. Rlr neurites also demonstrated a 

greater numbers of retraction events than wildtype, particularly in the immediate post-

translocation period. These differences produced the lower arbor growth rate observed 

with rlr neurons during translocation and overall arbor retraction during the post-

translocation period. Error bars denote standard error of the mean. Three-way ANOVA 

with post-hoc Holm-Sidak pairwise multiple comparison procedures were performed 

between genotypes, extension/retraction events, and different phases of translocation on a 

per cell basis. Any significant effects and/or interactions were further analyzed by two-

way ANOVA with post-hoc Holm-Sidak comparison procedures. Bars connecting 

different values represent significant differences as compared to wt controls (* p < 0.05). 

Quantitative analysis was run on the same traced data sets presented in Figure 3.2.  
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Table 3.1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neurite Extension 

Velocities ( m/minute)

Neurite Retraction 

Velocities ( m/minute)

Extension Events (%)                  

(Events Observed)

Retraction Events (%)                    

(Events Observed)
Total Arbor Growth ( m)

Arbor Growth Rate 

( m/hour)

wt (n = 9 cells) 0.75 ± 0.06 -0.67 ± 0.04 61.3 ± 1.5                                           
(36.4 ± 6.1)

38.7 ± 1.5                                               
(23.6 ± 4.6)

111.9 ± 28.5 64.2 ± 17.1

rlr (n = 10 cells) 0.98 ± 0.03 -0.85 ± 0.04 53.5 ± 1.4                                           
(41.2 ± 5.4)

46.5 ± 1.4                                               
(35.4 ± 4.9)

101.9 ± 20.6 52.2 ± 12.1

wt (n = 9 cells) 0.70 ± 0.06 -0.65 ± 0.06
51.7 ± 1.7                                           

(27.4 ± 6.0)
48.3 ± 1.7                                               

(24.2 ± 4.5) 30.5 ± 14.6 22.3 ± 22.0

rlr (n = 10 cells) 0.92 ± 0.08 -1.00 ± 0.10 45.7 ± 1.4                                           
(25.4 ± 4.6)       

54.3 ± 1.4                                               
(28.5 ± 4.4)

-50.9 ± 16.9 -63.2 ± 21.8

wt (n = 5 cells) 0.74 ± 0.04 -0.66 ± 0.03
56.8 ± 1.3                                           

(84.6 ± 11.1)
43.2 ± 1.3                                               

(66.2 ± 12.1) 196.8 ± 26.7 55.6 ± 6.5

rlr (n = 9 cells) 0.86 ± 0.05 -0.86 ± 0.03
51.0 ± 0.7                                           

(82.2 ± 15.0)
49.0 ± 0.7                                              

(79.2 ± 14.1) 38.8 ± 11.4 11.4 ± 6.6

Translocation Period

Immediate Post-Translocation Period

Post MZ/SPP Entry (t
0
)

*

*

*

* *

Translocating 

Neurons

Translocating 

Neurons

Non-

Translocating 

Neurons

*

**

*

**

*

**

* *

*

 (p = 0.058)

 (p = 0.065)
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Figure 3.3. Correlation between long-lived neurite branch points and somata 

position. (A) Representations of flattened (z-projected) translocating and non-

translocating wt and rlr early-born neurons. The arrow identifies the longest-lived branch 

point while arrowheads represent transient primary and secondary branches. In all 

translocating neurons, ectopic branches emanating from the primary neurite but below the 

MZ/SPP were successfully resolved prior to somal passage, with final somal arrest 

occurring within one cell diameter below the longest-lived branch point. Non-

translocating wt and rlr neurons displayed ectopic long-lived primary and secondary 

branches below the MZ/SPP that correlated with ectopic somal positioning. (B) 

Quantification of longest-lived branch point and somal position during imaging period. In 

non-translocating wt and rlr neurons the longest-lived branch point was localized to 

significantly deeper positions below the pial surface (non-translocating wt 58.6 and rlr 

56.6 µm) than in successfully translocating wt and rlr neurons (translocating wt 16.0 and 

rlr 23.4 µm, p < 0.001). Quantitative analysis was run on the same traced data sets 

presented in Figure 3.2 and statistical analysis is presented in Figure 3.3 – table 

supplement 1. Dashed lines represent the MZ-SPP/CP boundary. Error bars denote 

standard error of the mean. Three-way ANOVA with post-hoc Holm-Sidak pairwise 

multiple comparison procedures were performed between genotypes, category of neuron 

(translocating and non-translocating), and acquisition time point (branch point 

appearance and end of translocation) on a per cell basis. Scale bars: 20 µm in (A). 

Abbreviations: MZ, marginal zone; SPP, superplate; CP, cortical plate.  
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Figure 3.3
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Figure 3.4. Post-migratory neurons show unstable neurites in reeler cortices. (A) 

Representations of flattened (z-projected) post-migratory neurons in wt and rlr explants 

during a 4-hour imaging period. Rlr neurons demonstrated multipolar morphologies and 

neurites that avoided the overlying MZ/SPP. (B) Scatter plots of process lifetimes by 

branch order. (C) Quantitative analysis on a per cell basis revealed significantly longer-

lived primary, secondary, and tertiary processes in wt neurons with a prominent bimodal 

distribution of primary process lifetimes in the wt controls. (D) Primary processes of rlr 

neurons had significantly shorter lifetimes in the MZ/SPP as compared to both wt 

controls and rlr primary processes outside of the MZ/SPP. Total apical arbor size (E) and 

branch number (F) in wt neurons was observed to significantly increase over time, while 

rlr neurons only demonstrated slight but non-significant increases in arbor size and 

number. (G) No differences were observed in total neurite initiation or retractions per 

hour between genotypes, but rlr neurons displayed significantly more primary process 

initiation and retraction events per hour and fewer tertiary and quaternary initiation and 

retraction events per hour, as compared to wt controls. Dashed lines in (A) represent the 

MZ-SPP/CP boundary. Dashed lines on scatter plots in (B) represent mean values. Error 

bars denote standard error of the mean. For process lifetime analysis, two-way ANOVA 

with post-hoc Holm-Sidak pairwise multiple comparison procedures were performed on a 

per cell basis. For quantitative analysis of total apical arbor size and branch number, one 

and two-way repeated measures ANOVA with post-hoc Holm-Sidak comparison 

procedures were performed over time. For analyses of initiation/retraction events by 

process order, three-way ANOVA with post-hoc Holm-Sidak pairwise multiple 

comparison procedures were performed on a per cell basis. * p < 0.05, as compared to wt 
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controls. # p < 0.05, denoting a significant trend over time. wt analysis: 13 neurons from 

10 explants across 10 litters. rlr analysis: 10 neurons from 6 explants across 6 litters. 

Scale bars: 20 µm in (A). Abbreviations: MZ, marginal zone; SPP, superplate; CP, 

cortical plate. 
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Figure 3.4
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Table 3.2. Altered neurite dynamics of post-migratory neurons in reeler cortices. 

Quantitative analysis of neurite extension and retractions on a per cell basis revealed a 

trend toward faster neurite extension (p = 0.118) and significantly higher retraction 

velocities (p = 0.036) in rlr neurite arbors compared to wt controls. No significant 

differences in the proportion of extension or retraction events were observed between 

genotypes. Error bars denote standard error of the mean. Bars connecting different values 

represent significant differences as compared to wt controls (* p < 0.05). Quantitative 

analysis was run on the same traced data sets presented in Figure 3.4. 
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Table 3.2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neurite Extension 

Velocities ( m/minute)

Neurite Retraction 

Velocities ( m/minute)

Extension Events (%)                  

(Events Observed)

Retraction Events (%)                    

(Events Observed)
Total Arbor Growth ( m)

Arbor Growth Rate 

( m/hour)

wt (n = 13 cells) 0.70 ± 0.03 -0.62 ± 0.04
50.9 ± 1.3                           

(113.5 ± 11.6)
49.1 ± 1.3                          

(108.8 ± 9.1) 109.9 ± 28.7 27.6 ± 7.2

rlr (n = 10 cells) 0.81 ± 0.06 -0.76 ± 0.05
50.5 ± 1.0                             

(92.6 ± 6.3)
49.5 ± 1.0                            

(91.2 ± 7.0) 67.1 ± 34.8 18.3 ± 9.4

Post-Migratory * (p = 0.139)

Neurons
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Figure 3.5. Reelin application causes rapid neuronal reorientation and radially 

directed dendritic growth in reeler cortices. (A) Representations of flattened (z-

projected) post-migratory neurons in wt and rlr explants before and after the application 

of Reelin conditioned media (Rln-CM). Prior to Rln-CM application, rlr neurons were 

misoriented and multipolar. After Rln-CM application, neurons retracted tangential 

primary processes (arrowheads) and elaborated a highly branched apical arbor into the 

overlying MZ/SPP (arrows; A, B, and C). Quantitative analysis of total apical arbor size 

(B) and branching (C) over time revealed significant increases in both measures after the 

application of Rln-CM. Dashed lines on represent the MZ-SPP/CP boundary. Error bars 

denote standard error of the mean. One-way repeated measures ANOVA with post-hoc 

Holm-Sidak multiple comparison procedures were performed across time in order to 

determine any significant changes in total apical arbor growth (B) and branching (C) 

post-Reelin application. # p < 0.01, denoting a significant change over time. * p < 0.05, 

as compared to pre-Reelin application (110 minutes). rlr-Rescue analysis: 4 neurons from 

4 explants across 4 litters. Scale bars: 20 µm in (A). Abbreviations: MZ, marginal zone; 

SPP, superplate; CP, cortical plate; Rln-CM, Reelin-conditioned media. 
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Figure 3.5
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Table 3.3. Application of exogenous Reelin to reeler mutant explants alters neurite 

dynamics. Quantitative analysis of neurite extension and retraction dynamics on a per 

cell basis revealed that application of Rln-CM resulted in a trend towards decreased 

extension and retraction velocities. During baseline acquisitions, rlr neurite arbors 

demonstrated significantly more retraction than extension events. However, application 

of Rln-CM resulted in a significant increase in extension events and arbor growth rate 

into the overlying MZ/SPP during hours 2-4 of the rescue. Error bars denote standard 

error of the mean. Two-way ANOVA with post-hoc Holm-Sidak pairwise multiple 

comparison procedures were performed between treatment phase (baseline 0-2 hrs, 

rescue 2-4 hrs, and rescue 4-6 hrs) and extension/retraction dynamics on a per cell basis. 

Bars connecting different values represent significant differences (* p < 0.05) between 

baseline and segments of Reelin-rescue. Quantitative analysis was run on the same traced 

data sets presented in Figure 3.5. 
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Table 3.3

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neurite Extension 

Velocities ( m/minute)

Neurite Retraction 

Velocities ( m/minute)

Extension Events (%)                  

(Events Observed)

Retraction Events (%)                    

(Events Observed)
Total Arbor Growth ( m)

Arbor Growth Rate 

( m/hour)

Baseline         

(0-2 hr)
0.78 ± 0.10 -0.69 ± 0.09

45.9 ± 1.7                       
(54.8 ± 8.7)

54.1 ± 1.7                       
(63.5 ± 6.9) -6.9 ± 16.7 -3.4 ± 8.4

Rescue        

(2-4 hr)
0.65 ± 0.03 -0.65 ± 0.07 50.3 ± 3.0                       

(59.0 ± 10.7)
49.7 ± 3.0                       

(58.0 ± 10.3)
22.7 ± 39.8 11.3 ± 19.9

Rescue        

(4-6 hr)
0.66 ± 0.06 -0.58 ± 0.05 53.3 ± 1.7                                           

(89.0 ± 13.1)
46.7 ± 1.7                                               

(79.5 ± 14.4)
128.9 ± 42.7 64.4 ± 21.3

reeler (rlr) 

Rescue               

(n = 4 cells)

*** *
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Figure 3.6. Candidate contact areas between developing neurites and MZ/SPP axons 

are not affected by Reelin-deficiency. Candidate contact area (CCA) analysis identifies 

regions where mRFP expressing cortical neurites (red) and Smi312 immunopositive 

MZ/SPP axons (green) cannot be spatially resolved (i.e., are within 790 nm). (A-C) 

CCAs are represented in white and superimposed over the mRFP+ signal. CCA is higher 

in (A) wt as compared to (B) rlr mutant neurons when (D) the entire RFP+ arbor is 

analyzed. (E) CCA analysis revealed no significant differences between wt and rlr 

neurons when analyses are restricted to MZ/SPP localized neurites. Additionally, no 

significant differences in CCAs between wt and rlr explants were observed after z-stack 

shuffling of the dendrite, suggesting random dendrite/axon interactions account for 

measured the CCAs. As a positive control CCA analysis was applied to mRFP+ leading 

processes apposed to nestin expressing radial glial fibers (C and E). This analysis 

revealed an expected high percentage of the leading process forming within CCAs, as 

well as a significant decrease when the leading process z-stack was randomly shuffled 

(E). Error bars denote standard error of the mean. Two-way ANOVA was performed to 

assess CCA differences. * p < 0.05, as compared to wt or non-z-shuffled controls. wt 

whole field analysis: 22 image fields from 11 explants across 11 litters. wt MZ/SPP 

analysis: 22 image fields from 11 explants across 11 litters. rlr whole field analysis: 13 

image fields from 6 explants across 6 litters. rlr MZ/SPP analysis: 14 image fields from 7 

explants across 7 litters. wt nestin control analysis: 37 leading processes from 5 explants 

across 5 litters. Abbreviations: MZ, marginal zone; SPP, superplate; CP, cortical plate. 
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Figure 3.6
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Figure 3.2 – figure supplement 1. Quantitative analysis of primary process and 

higher order branching in translocating neurons. The translocation phase of wt and rlr 

early-born neurons that reach appropriate laminar positions was characterized by a single 

primary process and continuous increases in higher order branching (A, B, C, and D). 

During the immediate post-translocation phase however, wt arbors continued to branch 

from the single primary process, while rlr neurons displayed significant increases in 

primary processes (i.e. multipolar) coupled with significant decreases in higher order 

branching (A, B, C, and D). This reflects the overall arbor collapse during the post-

translocation phase observed in Figure 3.2. Interestingly, the pre-translocation phase of 

rlr neurons was characterized by an elevated number of primary process number (as 

compared to wt controls), but these extra primaries were successfully retracted prior to 

the start of translocation (C). Non-translocating wt and rlr neurons displayed large, highly 

branched arbors (A, B, C, and D). However, rlr non-translocating neurons remained 

multipolar throughout the entirety of imaging, as compared to wt non-translocating 

neurons, which displayed single primary process, bipolar morphologies. Error bars 

denote standard error of the mean. Two-way ANOVA with post-hoc Holm-Sidak 

pairwise multiple comparison procedures were performed between genotypes and 

different phases of translocation on a per cell basis. * p < 0.05, as compared to wt 

controls. Quantitative analysis was run on the same traced data sets presented in Figure 

3.2. Abbreviations: MZ, marginal zone; SPP, superplate; CP, cortical plate. 
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Figure 3.2 – figure supplement 1
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Figure 3.3 – table supplement 1. Quantification of somal and longest-lived branch 

point distance from the pial surface. Somal and longest lived branch point distance 

from the pial surface at times corresponding to the branch point appearance and the end 

of translocation are represented graphically in Figure 3.3B. Three-way ANOVA with 

post-hoc Holm-Sidak pairwise multiple comparison procedures were performed between 

genotypes, category of neuron (translocating and non-translocating), and time point 

(branch point appearance and end of translocation) on a per cell basis. Any significant 

effects and/or interactions were further analyzed by two-way ANOVA with post-hoc 

Holm-Sidak comparison procedures. * p < 0.05, branch point appearance vs. end of 

translocation within same genotype and category. Bars connecting different values 

represent significant differences (p < 0.05) between genotypes and categories. 

Quantitative analysis was run on the same traced data sets presented in Figure 3.2.  
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Figure 3.3 – table supplement 1
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Figure 3.4 – figure supplement 1. Distance from the pial surface in post-migratory 

wildtype and reeler early-born neurons. (A) There were no observed differences in 

distance from the pial surface between wt and rlr neurons at either the first or last image 

acquisition, as measured by the somal tip to the closest point of the pial surface. Error 

bars denote standard error of the mean. Quantitative analysis was run on the same traced 

data sets presented in Figure 3.4. 
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Figure 3.4 – figure supplement 1
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Figure 3.4 – figure supplement 2. Quantitative analysis of primary process and 

higher order branching in post-migratory early-born neurons. Analysis of total 

primary process length (A) and number (C) demonstrated significantly greater primary 

process lengths and primary process numbers in rlr neurons compared to wt over time. 

This accounts for the multipolar morphologies of rlr neurons as compared to the bipolar, 

single primary process morphologies of wt neurons. However, wt arbors showed 

significantly greater higher order branch lengths (B) and numbers (D) as compared to rlr 

arbors over time. This analysis demonstrates that while overall branch number is similar 

between wt and rlr arbors over time (Figure 3.4F), the distribution of that branching is 

very different across branch orders. Error bars denote standard error of the mean. For 

quantitative analysis of total primary process and higher order process size and number, 

one and two-way repeated measures ANOVA with post-hoc Holm-Sidak comparison 

procedures were performed between genotypes over time. * p < 0.05, as compared to wt 

controls. # p < 0.05, denoting a significant trend over time. Quantitative analysis was run 

on the same traced data sets presented in Figure 3.4. 
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Figure 3.4 – figure supplement 2 
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Figure 3.5 – figure supplement 1. Quantitative analysis of primary processes and 

higher order branching in reeler mutant explants treated with exogenous Reelin. At 

baseline acquisitions, rlr neurons displayed misoriented and multipolar morphologies. 

After application of Rln-CM however, these neurons began retraction of excess primary 

processes, and began to elaborate appropriately oriented and branched processes into the 

overlying MZ/SPP. Quantitative analysis of primary and higher order process growth and 

branching revealed significant decreases in primary process length and number (A and 

C), accompanied by significant increases in higher order branch length and numbers (B 

and D) after the application of exogenous Rln-CM. Error bars denote standard error of 

the mean. One-way repeated measures ANOVA with post-hoc Holm-Sidak multiple 

comparison procedures were performed across time in order to determine any significant 

changes in total primary and higher order process growth (A and B) and branching (C 

and D) post-Reelin application. # p < 0.01, denoting a significant trend over time. * p < 

0.05, as compared to pre-Reelin application (110 minutes). Quantitative analysis was run 

on the same traced data sets presented in Figure 3.5. Abbreviations: Rln-CM, Reelin-

conditioned media. 
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Figure 3.5 – figure supplement 1
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Figure 3.6 – figure supplement 1. Distance from the pial surface in fixed, CCA 

analyzed wildtype and reeler early-born neurons. No significant differences in 

distance from the pial surface were observed between wt and rlr neurons included in 

image fields for CCA analysis (A). Error bars denote standard error of the mean. 

Quantitative analysis was run on the same data sets presented in Figure 3.6. 
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Figure 3.6 – figure supplement 1
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Figure 3.6 – figure supplement 2. Target mRFP+ neurite and starting Smi312+ 

signal in wildtype and reeler early-born neurons included for CCA analysis. For 

CCA analysis of mRFP+ neurites and Smi312+ CR-cell axons, the percent neurite arbor 

overlap (i.e. potential sites of interaction) was normalized to both the target mRFP and 

starting Smi312 signal on a per image field basis for both wt and rlr neurons. There was 

no observed difference in either target mRFP neurite or starting Smi312 signal between 

wt and rlr explants in CCA analysis applied to both the entire imaging field (A) as well as 

signal localized to the MZ/SPP (B). Error bars denote standard error of the mean. 

Quantitative analysis was run on the same data sets presented in Figure 3.6. 

Abbreviations: MZ, marginal zone; SPP, superplate. 
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Figure 3.6 – figure supplement 2
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Figure 3.6 – figure supplement 3. Identification and translational correction of a 

red/green channel registration error using multichannel fluorescent beads. 

Multichannel fluorescent beads of 4 µm (A), 1 µm (B), and 0.2 µm (C) diameters were 

imaged using the same acquisition parameters as were used to collect z-series for high-

resolution CCA analysis (see Methods). Overlay of the red (560/580 nm) and green 

(505/515 nm) fluorescent bead channels (A, B, and C, third column) revealed a 

registration error that was corrected with the application of a -1.0, -2.0 (x, y) pixel 

translation on the green channel (A, B, and C, fourth column). This corrective translation 

was applied to the green channel of all wt, rlr, and wt nestin control image fields prior to 

CCA analysis for potential areas of interaction. Scale bars: 5 µm in (A, B, and C), 1 µm 

in the insets of (B), and 0.2 µm in the insets of (C). 
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Figure 3.6 – figure supplement 3
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Figure 3.6 – figure supplement 4. Calculation of the point spread function and 

system resolution using multichannel fluorescent beads. Multichannel, sub-resolution 

fluorescent beads of 0.2 µm diameters (A) were imaged using the same confocal 

microscope image acquisition parameters as were used to collect z-series for high-

resolution CCA analysis (see Methods). Z-steps at 0.2 µm intervals through the red (B) 

and green (C) channels of a single sub-resolution bead as well as a 3D representation of 

this bead in each channel (D and E) demonstrate the typical hourglass shape of the point 

spread function (PSF). Using the FIJI Plugin MetroloJ, 3D PSFs and full-width at half 

maximum (FWHM) values were generated from sub-resolution beads in the lateral and 

axial dimensions, which are depicted in Figure 3.6 – table supplement 1.  
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Figure 3.6 – figure supplement 4
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Figure 3.6 – table supplement 1. Calculation of the point spread function and system 

resolution using multichannel fluorescent beads. Using the FIJI Plugin MetroloJ, 3D 

PSFs and FWHM values were generated from sub-resolution beads in the lateral and 

axial dimensions, as described in Figure 3.6 – figure supplement 4. This plugin also 

generated a theoretical resolution based upon confocal acquisition parameters (see 

Methods). Based upon experimental PSF calculations, this confocal system is limited to 

a lateral resolution of ~ 350 nm and an axial resolution of ~ 790 nm in the lower 

resolution red channels. Any potential neurite-axon interactions identified via CCA 

analysis must therefore be assumed to be no closer than 350 nm and 790 nm in the lateral 

and axial dimensions, respectively. It thus remains possible that Reelin-dependent 

differences in neurite-axon proximity do exist below our current system resolution. Note, 

the dimensions of the voxel used in this study (110 X 110 X 200 nm) was approximately 

half the corresponding dimension of the point spread function (FWHM) indicating our 

resolution is limited by the PSF under these conditions. Multichannel, sub-resolution 

fluorescent bead analysis: 15 beads from 3 separate image fields (5 beads per field). 

Abbreviations: FWHM, full width half maximum. 
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Figure 3.6 – table supplement 1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental Resolution 

FWHM (µm)

Theoretical 

Resolution (µm)

Acquisition Sampling 

Frequency (µm)

X 0.31 ± 0.01 0.23 0.11
Y 0.26 ± 0.01 0.23 0.11
Z 0.68 ± 0.02 0.58 0.20

Experimental Resolution 

FWHM (µm)

Theoretical 

Resolution (µm)

Acquisition Sampling 

Frequency (µm)

X 0.35 ± 0.01 0.26 0.11
Y 0.29 ± 0.01 0.26 0.11
Z 0.79 ± 0.02 0.64 0.20

Green Channel (505/515)

Red Channel (560/580)
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Figure 3.1 – movie supplement 1. Migrating and differentiating deep layer neurons 

in a wildtype Pde1C explant. Time-lapse imaging of wt explants revealed both actively 

translocating and post-migratory tdTomato+ early-born cortical neurons in cortical 

explants derived from Pde1C::eGFP transgenic embryos. In these explants the eGFP 

expressing CR cells (green) are found in the MZ/SPP and migrating and differentiating 

deep layer neurons (red) are found in the developing cortical plate. Actively translocating 

neurons first extend a sparsely branched leading process into the MZ/SPP. This was 

followed by rapid somal translocation and simultaneous elaboration of the dendritic arbor 

(Cell 1). The somata of post-migratory neurons on the other hand were localized just 

beneath the MZ/SPP and demonstrated a highly branched dendritic arbor that grew into 

the overlying MZ/SPP throughout the imaging period (Cell 2). Z-series were acquired at 

10-minute intervals for 4 hours (0-240 minutes). Time bar in lower left corner denotes the 

time acquisition actively observed in the viewer. Scale bars: 50 µm in whole dataset, 20 

µm in individually cropped ROIs. Abbreviations: Pde1C, phosphodiesterase 1C. 

 

Figure 3.1 – movie supplement 2. Migrating and differentiating deep layer neurons 

in a reeler Pde1C explant. Time-lapse imaging of rlr explants revealed both actively 

translocating and post-migratory early-born cortical neurons. The actively translocating 

neurons behaved like wt neurons during translocation, but demonstrated significant arbor 

collapse and MZ/SPP avoidance during the immediate post-translocation period (Cell 1). 

Neurons that failed to translocate (~ 41% of neurons in reeler explants) showed highly 

branched arbors that grew below the MZ/SPP. In some cases these neurons would 

establish neurite contact with the MZ/SPP for brief periods that were followed by 
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retraction (Cell 2). In addition some neurons would show leading process collapse during 

translocation (Cells 3 and 4). Post-migratory neurons were usually multipolar and 

tangentially oriented below the MZ/SPP. These cells had highly dynamic and sparsely 

branched arbors that largely avoided the overlying MZ/SPP throughout the imaging 

period (Cell 5). Z-series were acquired at 10-minute intervals for 4 hours (0-240 

minutes). Time bar in lower left corner denotes the time acquisition actively observed in 

the viewer. Scale bars: 50 µm in whole dataset, 20 µm in individually cropped ROIs. 

Abbreviations: Pde1C, phosphodiesterase 1C. 

 

Figure 3.3 – movie supplement 1. Relationship between leading process branching 

and somal position in a translocating wildtype neuron. Z-series were acquired at 10-

minute intervals for 4 hours (0-240 minutes). Time bar in lower left corner denotes the 

time acquisition actively observed in the viewer. A white arrow denotes the neuron of 

interest and dashed lines represent the overlying pial surface. The appearance of the 

stable branch point is annotated in 3-D space, followed by a complete 360° rotation at the 

current image acquisition, prior to continuation of the time-series. Scale bars: 20 µm. 

Abbreviations: MZ, marginal zone; SPP, superplate; CP, cortical plate. 

 

Figure 3.3 – movie supplement 2. A non-translocating deep layer neuron in a 

wildtype explant. Z-series were acquired at 10-minute intervals for 4 hours (0-240 

minutes). Time bar in lower left corner denotes the time acquisition actively observed in 

the viewer. A white arrow denotes the neuron of interest and dashed lines represent the 
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overlying pial surface. Scale bars: 20 µm. Abbreviations: MZ, marginal zone; SPP, 

superplate; CP, cortical plate. 

 

Figure 3.3 – movie supplement 3. Relationship between leading process branching 

and somal position in a translocating reeler neuron. Z-series were acquired at 10-

minute intervals for 3 hours (0-180 minutes). Time bar in lower left corner denotes the 

time acquisition actively observed in the viewer. A white arrow denotes the neuron of 

interest and dashed lines represent the overlying pial surface. The appearance of the 

stable branch point is annotated in 3-D space, followed by a complete 360° rotation at the 

current image acquisition, prior to continuation of the time-series. Scale bars: 20 µm. 

Abbreviations: MZ, marginal zone; SPP, superplate; CP, cortical plate. 

 

Figure 3.3 – movie supplement 4. A non-translocating deep layer neuron in a reeler 

explant. Throughout the imaging period, rlr non-translocating neurons were 

characterized by multipolar morphologies and a subsequent failure of somal translocation 

despite leading process entry into the overlying MZ/SPP. At no point was the soma 

observed to migrate past an existing branch point. Z-series were acquired at 10-minute 

intervals for 4 hours (0-240 minutes). Time bar in lower left corner denotes the time 

acquisition actively observed in the viewer. A white arrow denotes the neuron of interest 

and dashed lines represent the overlying pial surface. Scale bars: 20 µm. Abbreviations: 

MZ, marginal zone; SPP, superplate; CP, cortical plate. 
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Figure 3.4 – movie supplement 1. 4-D rendering of a post-migratory tdTomato+ 

neuron in a wildtype explant. Despite the dynamic nature of the neurite tips, wt neurite 

arbors appeared were relatively stable, with long-lived processes of all branch orders. In 

addition, arbor growth and branching appeared to be primarily localized to the MZ/SPP. 

Z-series were acquired at 10-minute intervals for 4 hours (0-240 minutes). Time bar in 

lower left corner denotes the time acquisition actively observed in the viewer. A white 

arrow denotes the neuron of interest and dashed lines represent the overlying pial surface. 

Scale bars: 20 µm. Abbreviations: MZ, marginal zone; SPP, superplate. 

 

Figure 3.4 – movie supplement 2. 4-D rendering of a post-migratory tdTomato+ 

neuron in a reeler explant. Post-migratory early-born cortical neurons in rlr explants 

demonstrated tangential orientation, multipolar morphologies and sparsely branched but 

dynamic neurite arbors. Z-series were acquired at 10-minute intervals for 4 hours (0-240 

minutes). Time bar in lower left corner denotes the time acquisition actively observed in 

the viewer. A white arrow denotes the neuron of interest and dashed lines represent the 

overlying pial surface. Scale bars: 20 µm. Abbreviations: MZ, marginal zone; SPP, 

superplate. 

 

Figure 3.5 – movie supplement 1. 4-D response of a post-migratory neuron in a 

reeler explant treated with Reelin-conditioned media. During baseline image 

acquisition (0-120 minutes), post-migratory rlr neurons displayed typical mutant neurite 

arbor dynamics, characterized by multipolar morphologies, sparse higher-order 

branching, and a general avoidance of the overlying MZ/SPP. After the application of 
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Reelin conditioned media (Rln-CM) misoriented primary processes were retracted, 

simultaneous with the extension of an apically oriented primary neurite which grew into 

the overlying MZ/SPP (120-370 minutes). Z-series were acquired at 10-minute intervals 

for 6 hours (0-370 minutes), and Rln-CM was added at 120 minutes. Time bar in lower 

left corner denotes the time acquisition actively observed in the viewer. A white arrow 

denotes the neuron of interest and dashed lines represent the overlying pial surface. Scale 

bars: 20 µm. Abbreviations: MZ, marginal zone; SPP, superplate; Rln-CM, Reelin-

conditioned media. 

 

All supplemental movies are available through request to author. 
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CHAPTER 4 

 

GENERAL DISCUSSION AND FUTURE DIRECTIONS 
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GENERAL DISCUSSION AND FUTURE DIRECTIONS 

 

Redefining the role of Reelin signaling in early cortical development 

 The traditional classification of Reelin-Dab1 signaling deficiency as a neuronal 

migration disorder is based on the observation of mislocalized neurons in the reeler 

cortex and the understanding that cortical neurons achieve their appropriate position 

through the process of neuronal migration (Angevine and Sidman, 1961; Caviness and 

Sidman, 1973; Rakic, 1972). However, this classification, while histologically 

appropriate, does not necessarily speak to the underlying cellular function of Reelin-Dab1 

signaling.  The emerging picture from a number of recent studies, including my own, 

suggests a primary function of Reelin signaling is to control the initial polarize growth of 

the dendrite. 

 

 Our work shows that Reelin’s proposed separate functions in dendritogenesis and 

cell positioning are simultaneous and occur during the patterned deployment of the 

nascent dendrite. Our work provides novel insights into several related areas: first, we 

quantitatively describe the origin of the apical dendrite by direct transformation of the 

migrating neuron’s leading process. Next, we show that migration arrest and subsequent 

lamination may be a direct consequence of localized dendritic branching at the marginal 

zone/cortical plate (MZ/CP) border. Finally we provide clear evidence that neurites 

projected into the MZ are unstable and retract in the absence of Reelin signaling. This 

final observation provides a new testable model of Reelin signaling and establishes a 

quantified footing for further analysis of Reelin function on neurites.     
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Although this thesis suggests a new permissive role for Reelin signaling in early 

cortical development, how this new model integrates with existing models is not 

completely clear. Recent have studies provided strong evidence for a biological function 

of Reelin in the induction of neuronal polarity (Jossin and Cooper, 2011), the initiation of 

terminal translocation dependent on cell-cell (Franco et al., 2011; Gil-Sanz et al., 2013) 

or cell-extracellular matrix (ECM) adhesions (Sekine et al., 2012), and the initiation of 

polarized and stable dendritic outgrowth (Nichols and Olson, 2010; O'Dell et al., 2012). 

Our observations in both fixed (Chapter 2) and live imaged (Chapter 3) cortical explants 

can reconcile some aspects of these competing models. 

 

   First, we observed that Reelin promotes stable, directional dendritic growth and 

branching in post-migratory, early-born cortical neurons into the otherwise exclusionary 

MZ, perhaps via counteraction of an inhibitory cofactor of leading process and dendritic 

polarized growth. Reelin, by counteracting an inhibitor could allow a polarizing signal in 

post-migratory neurons via Rap1-dependent stabilization of membrane bound N-cadherin 

in the leading process or developing dendrite arbor (Franco et al., 2011; Gil-Sanz et al., 

2013; Jossin and Cooper, 2011), followed by subsequent localization of the Golgi 

apparatus and centrosome to the base of the apically oriented dendrite (Gartner et al., 

2012b). Arbor growth would be not only be reinforced via Reelin-dependent antagonism 

of the pro-axogenic Lkb1/Stradα/Stk25 pathway and subsequent Golgi investment 

(Matsuki et al., 2010), but also through alterations in n-cofilin phosphorylation and 

cytoskeletal stability (Chai et al., 2009). In this manner, Reelin-induced neuronal 
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polarization in post-migratory early-born neurons is a downstream consequence of 

localized dendritic stabilization in the overlying subplate (Jossin and Cooper, 2011) or 

MZ (Franco et al., 2011; Nichols and Olson, 2010; O'Dell et al., 2012; Olson et al., 

2006). 

 

 In regards to the role of Reelin signaling in terminal translocation however, a 

unifying model becomes less clear. Reelin-deficient neurons that failed to translocate into 

appropriate laminar positions are hypothesized to have 1) failed to productively contact 

the MZ or 2) ‘pre-deployed’ their dendritic arbors at positions deep within the CP, 

possibly after failing to productively contact the MZ. This suggests that Reelin induces 

localized dendritic arbor branching at the border of the MZ/CP, potentially through the 

aforementioned mechanisms of Reelin-induced arbor stability (N-cadherin, Golgi 

investment, and cytoskeletal stabilization), which in turn allows for appropriate 

polarization and subsequent terminal translocation. This stable branching also acts as a 

physical barrier to migration at the MZ/CP border. Therefore, the induction of somal 

translocation and appropriate laminar positioning in early-born cortical neurons may be a 

downstream consequence of Reelin-induced dendritic arbor stabilization and polarization 

towards the overlying MZ. 

 

Interestingly, in Reelin-deficient explants, a population (55%) of early-born 

neurons was observed to successfully translocate into appropriate laminar positions 

despite subsequent arbor collapse and MZ avoidance. In addition, independent of Reelin 

signaling, the leading process of migrating neurons was directly transformed into the 
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apical dendritic arbor, a coordinated process of oriented arbor elaboration into the 

overlying MZ occurring simultaneous with terminal translocation. These observations not 

only conflict with prior studies that demonstrated translocation failure in the absence of 

Reelin signaling (Franco et al., 2011; Olson et al., 2006; Sekine et al., 2012), but with our 

own model of Reelin-induced dendritic arbor stabilization/polarization and subsequent 

terminal translocation.  However, it remains possible that other MZ-localized cofactors 

work in concert with Reelin signaling to promote dendritic stabilization via changes in 

cell adhesive properties and cytoskeletal reorganizations. In this way, a redundancy of 

cues ultimately resulting in stable branching at the MZ/CP border suggests Reelin may be 

sufficient, but not necessary for the arbor stability required for appropriate polarization 

and subsequent terminal translocation into final laminar positions. As previously 

discussed however, once proper laminar positions are achieved in this subpopulation of 

Reelin-deficient neurons, the absence of this signal required for post-migratory dendritic 

arbor stabilization and polarized growth into the MZ results in arbor collapse and the 

adoption of multipolar, non-polarized morphologies. 

 

Although this body of work enhances our understanding of the biological effects 

of Reelin-Dab1 signaling during early cortical development, there is much to be 

completed before Reelin’s precise role in cortical development, health, and disease is 

elucidated. Identification of the putative MZ localized cofactor and its precise 

relationship with Reelin and subsequent stable, polarized dendritic outgrowth is essential 

for our future understanding of the biological role of Reelin-Dab1 signaling in early 

cortical development. It also remains critical to unravel the role of Reelin-Dab1 signaling 
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in potential direct dendrite-axon contacts and/or ECM interactions in translocating and 

post-migratory neurons through use of the Pde1C transgenic mouse. This experimental 

model would also allow for the elucidation of the precise temporal relationship between 

Reelin-Dab1 signaling, upregulation of adhesion related proteins, changes in polarity-

associated organelle localization, and subsequent changes in arbor growth and branching. 

In this manner, we believe the current work is an important first step towards a better 

understanding of Reelin-Dab1 signaling in early cortical development. 

 

Key questions emerging from my work and possible experimental approaches 

In order of importance from my perspective, the key questions emerging from this 

body of work are: 1) The chemical nature of the inhibitor and its potential localization 

and interactions with the neural ECM. Identification of this cofactor is critical for a fuller 

understanding of the Reelin signaling pathway and its role in neural development. 2) 

Determining the temporal relationship between Reelin-dependent localization of polarity-

associated organelles (i.e., Golgi apparatus and centrosome) and polarized neurite 

initiation and directional dendritic outgrowth. This question will further refine our 

understanding of the initial biological event(s) triggered by Reelin signaling. 3) The 

relationship between Reelin-dependent dendritic growth and somal translocation. This 

will provide insight into the cell-biological basis of early dendritic growth (i.e., whether it 

depends on direct axonal contacts, ECM interactions, or both) and the nucleokinetic 

events underlying somal translocation. I will address each of these future questions and 

possible experimental approaches in the remainder of this chapter. 
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Reelin and the Developmentally Regulated Cofactor  

 An intriguing model of Reelin-Dab1 signaling involves the presence of a 

developmentally regulated cofactor potentially localized to the MZ and permissive to 

Reelin’s activity. Several independent lines of work have lent evidence to this model. 

One of the first studies demonstrated that ectopic expression of Reelin in the VZ rescued 

preplate splitting, cerebellar hypoplasia, and ataxia associated with the reeler mutant 

mouse (Magdaleno et al., 2002). If Reelin were acting as a chemoattractant (Gilmore and 

Herrup, 2000), chemorepellant (Ogawa et al., 1995; Schiffmann et al., 1997; Sheppard 

and Pearlman, 1997), stop and/or detachment signal (Cooper, 2008; Dulabon et al., 

2000), this ectopic expression would not have been expected to rescue preplate splitting 

in reeler mutants, or have no observed effect on cortical development in wildtype mice.  

 

Concentration dependent effects of Reelin-Dab1 signaling have also been 

proposed (D'Arcangelo, 2006), but if proper cortical development was dependent upon a 

concentration gradient of Reelin, bath application of recombinant Reelin to reeler mutant 

slice cultures should not have been observed to rescue preplate splitting (Jossin et al., 

2004; Jossin et al., 2003). Our own data supports this argument, as bath application of 

recombinant Reelin was observed to rescue L6 neuron orientation, Golgi organization, 

and dendritic projection defects in reeler mutant explants (O'Dell et al., 2012)(Chapter 2). 

In addition, application of exogenous Reelin to wildtype explants, which would 

potentially abolish the existing Reelin concentration gradient, yields no observed defects 

in the orientation or arborization of early-born L6 neurons (O'Dell et al., 2012).  
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More recently, it was observed that neither endogenous nor exogenous Reelin was 

capable of inducing preplate splitting in immature regions of developing cortex (Nichols 

and Olson, 2010). In this study, it was also observed that injected exogenous Reelin 

elicited a L6 neuron orientation and dendritogensis response despite diffuse localization 

to the MZ and CP, thus lending further evidence towards the existence of a 

spatiotemporally regulated cofactor of Reelin-Dab1 signaling. Our own work in both 

fixed (Chapter 2) and multiphoton live-imaged tissue (Chapter 3) add to these findings, 

suggesting the presence of a neurite inhibitory factor localized to the MZ which Reelin-

Dab1 signaling may counteract. Therefore, in the absence of Reelin signaling the MZ can 

perhaps be characterized as a region devoid of layer 6 (L6) neurite growth and 

arborization, demonstrating active avoidance of this now ‘exclusionary’ zone.   

 

Despite strong evidence for the existence of a spatiotemporally regulated cofactor 

of Reelin signaling, this concept has yet to be demonstrated convincingly, most 

appropriately via the identification of a distinct ligand, chemotropic signaling molecule, 

or transcription factor. Therefore, a next logical step in these investigations would be an 

attempt to determine the nature of this cofactor(s), and a recent gene expression study 

may aid in the elucidation of this molecule (Cameron et al., 2012). This study identified 

up- and down-regulated genes expressed in migrating excitatory neurons during early 

cortical development using isolated GFP-expressing neurons from the 

Tg(Eomes::eGFP)Gsat transgenic mouse. The expressing patterns demonstrated a 

majority of genes (224/317) with peak expression in the developing cortical plate (i.e. 
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during migration and differentiation) and included a variety of transcription factors, 

chemotropic signaling molecules, as well as some non-canonical neurotransmitter 

signaling molecules.  

 

It therefore remains possible that any one (or more) of these upregulated genes 

and their associated signaling pathways could be representative of the putative Reelin 

cofactor during preplate splitting (for example semaphorin, ephrin, netrin, and/or slit). 

Using co-electroporation of our standard CAG-eGFP with shRNAs specific to candidate 

cofactor molecules in wildtype brains, the previously described explant hemisphere 

model (Nichols et al., 2013; Nichols and Olson, 2010; O'Dell et al., 2012) would be a 

useful tool for rapid, high-throughput screening of neuronal migration and cortical 

lamination defects similar to those observed reeler mutant cortex, at least during early 

periods in cortical development. This explant model would also useful for pharmalogical 

inhibition of potential cofactor candidate pathways via bath application or sub-meningeal 

injection.  

 

The neural ECM represents an essential microenvironment for neurons and glia, 

playing essential roles in neurogenesis, migration, axon outgrowth and synaptogenesis 

during development (Bandtlow and Zimmermann, 2000; Faissner et al., 2010; Soleman et 

al., 2013), while affecting neuronal plasticity, responses to injury, and regeneration in 

adulthood (Dityatev et al., 2010; Grimpe and Silver, 2002; Kwok et al., 2011; Meredith et 

al., 1993). The ECM is characterized by significant changes in both quantity and 

composition over the course of cortical development (Carulli et al., 2010; Galtrey and 
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Fawcett, 2007; Miyata et al., 2012; Miyata et al., 2007), but essentially is composed 

glycoproteins and proteoglycans. Protetoglycans are composed of a protein core 

decorated with negatively charged glycosaminoglycan (GAG) chains. The specific type 

of proteoglycan is dictated by the composition of the associated GAG chains, including 

keratin sulfate proteoglycans, heparin sulfate proteoglycans (HPSGs), and chondroitin 

sulfate proteoglycans (CSPGs). CSPGs are major component of the neural ECM and 

form lattice-like structures known as perineuronal nets (PNNs) surrounding sub-

populations of neurons. The appearance of these PNNs coincides with the closure of the 

critical period and likely play a role in the restriction of neuronal plasticity (Bruckner et 

al., 1993; Carulli et al., 2010; Dityatev et al., 2010; Galtrey and Fawcett, 2007; Soleman 

et al., 2013).  

 

Although the amount of ECM (relative to cell mass) gradually declines and 

changes in composition over development, during early cortical development this ratio of 

ECM to cell mass is very high (Miyata et al., 2012). Therefore, it is plausible that the 

putative Reelin cofactor resides within this large ECM space, localized to the MZ, or 

even the structural components of the ECM itself could act as a potential cofactor.  

Whether the adhesive properties of the neural ECM act as a scaffold and/or anchor point 

for translocating neurons, or allow for stable growth into the overlying MZ through 

unknown signaling pathways has yet to be determined. However, there is indirect 

evidence that Reelin might interact with proteoglycans in the ECM. First, reeler mice 

have been reported to demonstrate abnormal increases in ECM GAG content (Matsui et 

al., 1993), as well as a reduction in galactosyltransferase activity in the cortex and 
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cerebellum (Shur, 1982). In addition, both Reelin and CSPS expression increase in 

response to nerve crush injury (Panteri et al., 2006a), although Reelin’s precise role in 

regeneration following nerve damage is less well characterized than the proteoglycans of 

the ECM. There have also been reports of substantial abnormalities of CSPGs in the 

amygdala and entorhinal cortex of human patients with schizophrenia (Berretta, 2012; 

Pantazopoulos et al., 2010), a disorder already highly implicated with Reelin-Dab1 

signaling defects (Costa et al., 2004; Dong et al., 2005; Guidotti et al., 2000a; Guidotti et 

al., 2000b).  

 

Finally, and perhaps most convincingly, a molecular analysis of the Reelin 

subrepeat regions demonstrated a 3D model with structural features similar to 

polysaccharide-binding domains, often found on proteoglycans in the ECM (Panteri et 

al., 2006b). As the C-terminal region (CTR) of Reelin is positively charged and 

colocalized to the ECM, which contains negatively charged GAG chains, it remains 

feasible that this region of the Reelin glycoprotein mediates interactions with CSPGs of 

the ECM. Supporting this theory is evidence demonstrating that although the positively 

charged CTR of Reelin is unnecessary for secretion, it significantly contributes to 

Reelin’s signaling efficiency and activation of downstream signaling effectors (Nakano et 

al., 2007). It was also demonstrated that full-length Reelin binds with more stability to 

ApoER2 and VLDLR than does Reelin lacking the CTR, suggesting the CTR region may 

bind an unidentified co-receptor molecule on the cell membrane to fully activate Reelin-

Dab1 signaling. Lastly, although the central fragment of Reelin (RR3-RR6) directly binds 

ApoER2 and VLDLR and can demonstrate reeler phenotype rescue in slice cultures 
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(Jossin and Goffinet, 2007; Jossin et al., 2004), other studies have suggested that spatial 

relationship between the CTR and RR8 are essential for Reelin signaling, perhaps via the 

induction of conformational change to permit interactions with the putative Reelin 

cofactor (Kohno et al., 2009; Nakano et al., 2007).   

  

Our ex utero explant model offers a useful methodology in the elucidation of the 

potential interactions between Reelin and the ECM (CSPGs) and their ultimate effect on 

early cortical development and preplate splitting. To achieve ECM degradation localized 

to the MZ, submeningeal injections of chondroitinase ABC (ChABC) could be applied to 

E13-E15 GFP+ electroporated explants in both wildtype and reeler mutant cortices, in 

addition to injection of exogenous recombinant Reelin as a rescue condition. Differences 

in L6 neuron directed neurite growth and arborization into the overlying, now chondroitin 

sulfate-GAG (CS-GAG) depleted MZ would then be assessed, in addition to somal 

orientation and Golgi polarization. Finally, our multiphoton live imaging techniques 

could also be applied to this model, assessing in real-time the effects of ECM degradation 

on neuronal translocation and dynamic neurite growth/arborization into the MZ.  

 

Reelin and the Intracellular Regulation of Neuronal Polarity 

 Prior studies have suggested a tightly regulated temporal sequence of Reelin-

Dab1 signaling induced Golgi polarization, cellular orientation, and oriented growth of 

MAP2+ apical dendrites (Nichols and Olson, 2010; O'Dell et al., 2012). Thus, 

determining the precise order of these intracellular events will therefore further enhance 

our understanding of Reelin’s role in early cortical development.  
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The importance of the both the centrosome and Golgi apparatus in neuronal 

migration, cellular polarity, and dendritogenesis has been previously demonstrated (de 

Anda et al., 2010; de Anda et al., 2005; de Anda and Tsai, 2011; Yadav and Linstedt, 

2011). In developing cortical neurons, the Golgi and centrosome are first localized to the 

site of axon initiation (de Anda et al., 2005; de Anda and Tsai, 2011; Zmuda and Rivas, 

1998), but are later re-positioned to the opposite side of the neuron, from which the apical 

neurite will emerge (Horton et al., 2005; Yadav et al., 2009; Ye et al., 2007). More 

specifically, the centrosome is first localized towards the pial surface in multipolar 

neurons in the lower IZ (de Anda et al., 2010). As the multipolar neuron migrates through 

the IZ, a lateral process emerges with the centrosome at its base, extending to form the 

axon (Sakakibara et al., 2014). Finally, the centrosome (and Golgi apparatus) reorient to 

the future base of a pia-directed process, which will become the leading process during 

radial migration and somal translocation (Sakakibara et al., 2014).  

 

Elucidation of the precise temporal sequences of these polarity-related organelles 

in regulation to neurite outgrowth is essential for our understanding of the underlying 

mechanisms of Reelin-Dab1 signaling. Recently, the pro-dendritogenic Reelin-Dab1 

signaling pathway has been linked to neuronal polarity via Golgi positioning through an 

antagonistic relationship with the pro-axongenic Lkb1/Stradα signaling pathway 

(Matsuki et al., 2010). These opposing pathways thus allow for tight temporal regulation 

of axon and dendrite initiation during neuronal translocation and arbor expansion via 

effects on Golgi localization and morphology. In addition, it was also recently 
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demonstrated that Reelin-dependent increases in membrane N-cadherin expression are 

important for cortical neuron polarity and translocation (Franco et al., 2011; Gil-Sanz et 

al., 2013; Jossin and Cooper, 2011). In agreement with this finding, a high temporal 

resolution live imaging study of hippocampal and primary cortical cultures revealed N-

cadherin concentrates at the pole from which a newborn neurite will emerge, preceding 

PI3K and actin cytoskeletal-dependent movement of Golgi apparatus and centrosome to 

the newly forming axis of polarization (Gartner et al., 2012a).  

 

Our own previous work has demonstrated that in reeler mutant explants, L6 

neurons were characterized by compact and juxtanuclear Golgi apparatus that was not 

deployed in the leading process (O'Dell et al., 2012). This is opposed to wildtype L6 

neurons that demonstrated elongated Golgi localized to the primary apical neurite. In 

addition, preliminary analysis of Golgi kinetics in post-migratory wildtype and reeler 

neurons using multiphoton live imaging revealed that Golgi localization to a primary 

neurite was associated with significantly longer, thicker, and longer-lived processes 

independent of the presence of Reelin (Appendix, Supplemental Chapter 2). Qualitative 

assessment of Golgi dynamics revealed stereotyped behaviors in wildtype neurons, while 

reeler neurons displayed a wider variety of Golgi phenotypes (Appendix, Supplemental 

Chapter 2). Overall, our preliminary observations of Golgi dynamics in wildtype and 

reeler early-born post-migratory cortical neurons suggest that although Reelin signaling 

may not be required for general Golgi dynamics and mobility within the cytoplasm, it is 

hypothesized to aid in the localization of Golgi apparatus to a properly oriented and 

stable primary process to allow for subsequent arbor growth and expansion into the 
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overlying MZ. Unfortunately, the temporal resolution of this preliminary study wasn’t 

high enough to determine if neurite initiation preceded or succeeded Golgi movement and 

localization.  

 

Therefore, future experiments are suggested in which Golgi dynamics in wildtype 

and reeler explants are acquired at higher temporal resolutions (i.e. every 2 minutes) in 

an attempt to better elucidate the relationship between Golgi localization and neurite 

initiation/retraction in the multipolar phenotype observed in post-migratory reeler 

neurons. Co-electroporation of plasmids encoding polarity-related molecules could also 

help to determine the precise sequence of subcellular events related to oriented neurite 

outgrowth and branching into the overlying MZ. For example, wildtype E13 explants 

could be co-electroporated with a pCAG-tdTomato construct to label L6 neurons, in 

addition to plasmids that encode fluorescent fusion proteins localized to two other 

polarity-associated organelles (i.e. Golgi and centrosome, Golgi and N-cadherin, N-

cadherin and centrosome). These polarity-associated organelles would necessitate 

fluorophores with distinct absorption spectra from tdTomato (i.e. eGFP and 

mCerulean/CFP), in addition to appropriate emission filters, thus allowing for distinct 

visualization and tracking of each organelle in relation to each other, as well as to the 

dynamic tdTomato+ primary neurites. Along this line, prior studies have demonstrated 

that two-photon excitation of three distinct fluorophores is achievable via the use of 

synchronized pulses from a femtosecond laser and an optical parametric oscillator 

(Mahou et al., 2012). 
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A critical experiment for the elucidation of Reelin’s role in Golgi localization and 

subsequent neurite growth and branching is multiphoton live imaging during the 

application of exogenous Reelin to a reeler mutant explant which has been co-

electroporated with pCAG-tdTomato and an eGFP tagged trans-Golgi membrane marker, 

such as 1,4-galactosyltransferase (GalT). In such a study, it is hypothesized that the 

previously observed dynamic and mislocalized Golgi apparatus in the absence of Reelin 

would become stably localized to a pia-oriented primary neurite after the addition of 

exogenous Reelin. In addition, it would be expected that the now Golgi-invested, 

properly oriented primary neurite would demonstrate subsequent growth and branching 

into the overlying MZ, with simultaneous retraction of additional primary neurites. With 

high temporal acquisitions and potential three-channel imaging of multiple polarity-

associated organelles, it could be determined if the addition of exogenous Reelin to reeler 

explants results in the establishment of a new, properly oriented primary process 

followed by subsequent Golgi investment, or whether Golgi and/or centrosome 

localization precedes new primary process formation. It also remains possible that 

addition of exogenous Reelin results in Golgi/centrosome localization to a previously 

existing, properly oriented primary neurite, with subsequent retraction of other 

misoriented primaries.  

 

Live imaging of early-born neuron Golgi and/or centrosome dynamics in wildtype 

and reeler explants in the Pde1C transgenic mouse are also suggested. This mouse line 

expresses eGFP in both the subplate (SP) and Cajal-Retzius (CR) cells (with stronger 

observed expression in CR cells). Visualization of the dynamic interactions between 
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developing neurites and CR cell axons in both translocating and post-migratory neurons, 

and the subsequent dynamics of polarity-associated organelles in response to these 

interactions is key to understanding Reelin’s role in Golgi localization to oriented and 

stable arbor growth into the MZ. As previously described, such studies would necessitate 

co-electroporation and multiphoton three-channel imaging with high temporal 

acquisitions. In the absence of Reelin-Dab1 signaling, decreases in potential neurite-axon 

interactions may lead to subsequent Golgi destabilization, visualized as compact, highly 

dynamic Golgi that migrate between short-lived, unstable primary processes. These 

potential increases in Golgi dynamics would perhaps be due to decreases in membrane 

bound N-cadherin (Franco et al., 2011; Gartner et al., 2012a; Jossin and Cooper, 2011). 

In addition, the application of exogenous Reelin to reeler Pde1C explants would be 

expected to rescue any observed defects in neurite-axon interactions and subsequent 

Golgi/centrosome dynamics. Such a study would help to elucidate whether Reelin-Dab1 

signaling via direct neurite-axon interactions plays a role in Golgi reorientation and 

subsequent stable, directed growth into the overlying MZ. Finally, the application of the 

Src-family kinase (SFK) inhibitor PP2 to wildtype Pde1C explants co-electroporated with 

a Golgi (centrosome or N-cadherin) marker would allow for visualization of the precise 

temporal sequence of arbor collapse and localization of polarity-associated organelles 

when potential neurite-axon interactions are destabilized via interference with the Reelin-

Dab1 signaling pathway.  
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Reelin and the Regulation of Somal Translocation 

 Recent work on the biological role of Reelin in early cortical development has 

suggested new models of Reelin-Dab1 signaling involving the induction of neuronal 

polarity. It was proposed that activation of the Reelin signaling pathway induces a Rap1-

dependent increase of N-cadherin at the plasma membrane, allowing for subsequent 

polarization of multipolar neurons at the IZ/CP border towards the cortical plate (Jossin 

and Cooper, 2011). In addition, Rap1 and N-cadherin appeared to play no direct role in 

glia-dependent locomotion. However, a similar study observed that Dab1 acts to stabilize 

the leading processes of translocating neurons in a Rap1-dependent manner (Franco et 

al., 2011), thus suggesting that Reelin-Dab1 signaling plays a role at a different stage of 

cortical development than the prior study (somal translocation vs. polarization).  

 

  As the ECM of the MZ provides a microenvironment enriched with localized 

glycoproteins, secreted neurotropic factors, and adhesive proteoglycan scaffolds, this 

region is an essential component for translocating cortical neurons, whether through 

direct interactions with CR cell axons or through indirect interactions with the secreted 

ligands of the ECM. During the process of somal translocation the tip of the leading 

process appears to be adhered near the pial surface. This direct physical connection is 

proposed to act as an anchor point for translocating neurons, and has been reported to 

required N-cadherin (Franco et al., 2011; Gil-Sanz et al., 2013) and α5β1 integrin (Sekine 

et al., 2012). The latter study demonstrated that canonical Reelin binding to 

ApoER2/VLDLR activates integrin α5β1 through an ‘inside-out’ mechanism involving 

the Dab1-Crk/CrkL-C3G-Rap1 pathway. Activated integrin α5β1 then promotes somal 
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translocation via neuronal adhesion to ECM localized fibronectin. In addition, a recent 

study also demonstrated that direct interactions between nectin1+ CR cell axons and 

nectin3+ translocating dendrites are critical for migration, and Reelin signaling to Rap1 

stabilizes membrane bound N-cadherin through nectin3 and afadin (Gil-Sanz et al., 

2013). 

 

 The previously described publications therefore present conflicting roles of the 

ECM in Reelin-induced somal translocation. Although both models require Reelin-Dab1 

signaling as the upstream activator, the former study suggests interactions with 

fibronectin and other ECM secreted molecules are responsible for leading process 

stability and subsequent translocation (Sekine et al., 2012). The latter study however 

implicates direct contacts/anchor points with CR cells axons and subsequent Rap1, 

nectin, and N-cadherin as the mediator of somal translocation (Franco et al., 2011; Gil-

Sanz et al., 2013). Therefore, an in depth analysis of the potential physical interactions 

between axons, dendrites, and the surrounding ECM is necessitated to precisely 

determine Reelin’s role in the stabilization of leading processes and subsequent 

translocation. 

 

Our high-resolution fixed tissue analysis of interactions between post-migratory 

neurites and CR cell axons in the MZ suggest that early-born neuron dendrites may in 

fact not be tracking directly with MZ-localized axons, but rather randomly exploring the 

ECM of this axonal plexus (Chapter 3). In addition, qualitative observations made in 

post-migratory neurons in live-imaged wildtype and reeler explants from Pde1C transient 
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mice implied transient interactions between developing neurites and CR cell axons 

(unpublished observations). However, these interactions were not maintained, and 

neurites appeared to more often explore the surrounding ECM of the MZ (at least in 

wildtype cortices). 

 

  Although these observations appear to be in direct conflict with prior publications, 

which suggest direct interactions between developing neurites and CR cell axons (Gil-

Sanz et al., 2013), these differences can potentially be explained by the differing 

morphologies of the neurons analyzed in each study. More specifically, the previous 

publication (Gil-Sanz et al., 2013) focused on translocating neurons, while our high-

resolution fixed tissue analysis focused on post-migratory neurons. It remains plausible 

that during the first stages of somal translocation, there is direct contact between 

translocating leading processes and CR cell axons, resulting in a Reelin to Rap1 induced 

stabilization of membrane bound N-cadherin (via nectin3 and afadin)(Franco et al., 2011; 

Gil-Sanz et al., 2013). These interactions would thus serve as an anchor point for 

subsequent somal translocation. As previously discussed, as our own data suggest proper 

somal translocation in the absence of Reelin (Nichols and Olson, 2010)(Chapter 3), there 

could exist additional ECM signaling molecules (fibronectins and CSPGs for example) 

capable of inducing Rap1-dependent stabilization of membrane bound N-cadherin 

necessary for proper neurite-axon adhesion and subsequent translocation. 

 

However, once these early-born cortical neurons complete somal translocation, 

our data suggest Reelin-Dab1 signaling may allow for stable, directed arbor growth and 
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branching into the overlying MZ via neurite interactions with the surrounding ECM. At 

this point in an early-born neuron’s development (post-translocation), direct interactions 

with CR cell axons may therefore not be necessary for proper arbor growth, while instead 

interactions with Reelin and other ECM proteins such as fibronectins (Sekine et al., 2012) 

and CSPGs (Matsui et al., 1993; Panteri et al., 2006a; Shur, 1982) may play a more 

dominate role. This hypothesis is indirectly supported by studies demonstrating that 

single, unbranched processes (i.e. the leading process) are stabilized by adhesion factors, 

which may also inhibit leading process branching (Elias et al., 2007; Vitriol and Zheng, 

2012). Therefore, direct contact between leading processes and CR cell axons (and the 

adhesive signals they produce, such as N-cadherin stabilization via Rap1, nectins, and 

afadin) could be responsible for the sparsely branched, stable leading process phenotype 

observed during somal translocation. Post-translocation however, these direct contact 

adhesive/anchoring (and potentially branch inhibiting) signals may be less important for 

proper arbor growth and branching, whereas interactions with branch-promoting signals 

from the surrounding MZ ECM (Reelin, fibronectins, CSPGs) may begin to play a larger 

role.   

 

 Our current ex utero model of cortical development is therefore an excellent tool 

to elucidate the precise temporal interactions between early-born neurons and CR cell 

axons during and after somal translocation. First, our high-resolution, Nyquist sampled 

analysis of neurite-axon interactions in fixed tissue should be applied to both 

translocating and post-migratory early-born cortical neurons, therefore allowing for the 

determination if direct contacts are present during the translocation phase, but not post-
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translocation. The potential involvement of Reelin-Dab1 signaling on any observed 

neurite-axon interactions could then be assessed and compared in both translocating and 

post-migratory neurons in reeler mutant cortices. Electron microscopy or super-

resolution microscopy (ground state depletion, stimulated emission depletion, and/or 

structural illumination microscopy) could also be applied to this tissue in order to make 

more accurate assessments of the proximity relationships between developing neurites 

and CR cell axons in both the presence and absence of Reelin. 

 

In addition, potential interactions between developing neurites and CR cell axons 

in the MZ could be assessed in real-time using multiphoton live imaging of translocating 

and post-migratory neurons in the Pde1C::eGFP transgenic mouse. As this mouse line 

expresses eGFP in both the SP and CR cells, neurite-axon interactions could easily be 

assessed and tracked over time via E13 electroporation of a CAG-tdTomato construct and 

visualization/data collection at E15 (Nichols and Olson, 2010; O'Dell et al., 

2012)(Chapter 3). This methodology would be extremely useful in demonstrating the 

hypothesis that translocating neurons make direct contact with axons in the overlying 

MZ, but post-translocation, these interactions are transient. What more, the effect of 

Reelin-Dab1 signaling on potential neurite-axon interactions in translocating and post-

migratory neurons could be assessed by crossing the Pde1C transgenic mouse in the 

reeler background. Assessment of neurite-axon interactions in translocating and post-

migratory wildtype neurons, as well as comparison with live imaging data collected from 

reeler Pde1C explants is therefore currently underway. Appropriate controls, such as 

assessment of neurite-axon interactions in translocating and post-migratory neurons in 
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Pde1C reeler mutant explants rescued with exogenous application of recombinant Reelin 

are also suggested. 

 

Our ex utero methodology using wildtype and reeler Pde1C mutant explants co-

electroporated with shRNAs targeted to proteins implicated in somal translocation would 

also shed light on the role of potential direct neurite-axon contacts in somal translocation 

in early cortical development. As previously discussed, we observed a significant 

percentage of early-born neurons (55%) translocate into appropriate laminar positions in 

the absence of Reelin (Chapter 3), suggesting that although Reelin-Dab1 signaling can 

stabilize membrane-bound N-cadherin in migrating neurons (Franco et al., 2011; Jossin 

and Cooper, 2011), there could exist other MZ-localized factors that upregulate the 

adhesion pathways necessary for migration and proper laminar positioning. This in turn 

would imply that Reelin-Dab1 signaling might be sufficient, but not necessary for 

terminal translocation (at least in a subpopulation of translocating reeler neurons). 

  

Live imaging analysis of neurite-axon interactions in wildtype and reeler Pde1C 

explants co-electroporated with shRNAs targeting N-cadherin, Rap1, and/or nectin1 

(Franco et al., 2011; Gil-Sanz et al., 2013; Jossin and Cooper, 2011) could thus be 

conducted in order to determine if loss of these adhesion/adhesion related molecules 

interfere with potential direct neurite-CR cell axonal contacts and subsequent somal 

translocation. If the population of early-born neurons that were previously observed to 

successfully translocate in reeler explants were now observed to fail to achieve proper 
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laminar positioning, it would suggest that general activation of N-cadherin adhesions are 

more important for somal translocation than Reelin-Dab1 specific signaling.  

   

Finally, early-born neurite-axon interactions should be assessed in wildtype 

Pde1C explants in the presence of the SFK selective inhibitor PP2. Multiphoton live 

imaging on E15 of both translocating and post-migratory neurons in the presence of PP2 

(after a 2 hour baseline acquisition) would aid in the elucidation of the role of Reelin-

Dab1 signaling in the potential interactions between the neurites of translocating cells and 

the overlying axonal plexus of the MZ. It is hypothesized that in wildtype post-migratory 

neurons, addition of a SFK inhibitor would result in neurite arbor collapse, initiation of 

multiple primary processes, and subsequent avoidance of the overlying MZ, similar to the 

reeler phenotype observed in our own studies (Nichols and Olson, 2010; O'Dell et al., 

2012)(Chapter 3). Neurite-axon interactions would then be compared to data collected in 

wildtype and reeler Pde1C explants untreated with PP2, as well as to interactions 

observed during the baseline acquisition (prior to PP2 addition) as an internal control. As 

a final control, all of the previously described experimental conditions should be repeated 

in the presence of PP3, which inhibits EGF-R kinase (but not SFKs), and serves as a 

negative control for PP2 studies (Hou et al., 2007; Traxler et al., 1997). Preliminary 

multiphoton live imaging studies with the addition of PP2 to wildtype explants have 

qualitatively demonstrated acute post-migratory neurite arbor collapse (unpublished 

observations), and the previously proposed experiments of neurite-axon interactions in 

the Pde1C transgenic mouse line in the presence of PP2 are currently underway. 
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Our live imaging analysis of both wildtype and reeler early-born explants also 

revealed that the leading process of successfully translocating neurons is directly 

transformed into the apical dendritic arbor (Chapter 3). These processes of MZ-localized 

apical arbor elaboration and terminal translocation occurred simultaneously, and 

translocation arrest occurred within one cell diameter of a stable branch point initiated at 

the MZ/CP border. In reeler explants however, once proper laminar positions were 

achieved, the apical arbor became highly unstable, demonstrating significant higher-order 

branch collapse and the appearance of multiple primary processes emanating from the 

neuronal somata.  

 

Interestingly, both wildtype and reeler early-born neurons that failed to 

successfully translocate (~5% and ~41%, respectively) were characterized by highly 

branched apical arbors with branch points localized at deeper positions on the leading 

process (Chapter 3), suggesting a potential ‘pre-deployment’ of the dendritic arbor. 

Taken together, these observations suggest Reelin may play a role in the formation of a 

stable branch point at the MZ/CP border, which not only allows for further elaboration 

into the overlying MZ, but also acts as a physical barrier and endpoint to somal 

translocation. In this manner, migration arrest may be a knock-on effect of Reelin-

induced branching and stabilization at the MZ/CP border. In the absence of Reelin 

signaling, dendritic pre-deployment and the formation aberrant branch points at deeper 

positions in the CP could thus impede appropriate somal translocation and laminar 

positioning. 
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To test the hypothesis that stable dendritic branch points determine the endpoint 

of migration, the induction of aberrant branch points in properly translocating, wildtype 

early-born neurons and their effects on somal translocation would need to be assessed. 

Aberrant branch point initiation could be achieved via optogenetic manipulations of our 

previously described explant methodologies. Briefly, E13 EUEP of a fluorescently 

labeled channelrhodopsin (i.e. ChR2) in wildtype explants would be followed by 

application of blue light on E15 in actively migrating early-born neurons at deep 

locations in the CP. The subsequent depolarization would be predicted to induce aberrant 

dendritic branching in the leading process, effectively halting terminal translocation. Co-

electroporation and activation of the yellow-light activated chloride pump halorhodopsin 

might be expected to result in the retraction of aberrant branches followed by the 

continuation of translocation into appropriate laminar positions. In addition, activation of 

electroporated halorhodopsin in non-translocating reeler neurons might rescue these 

stuck cells, resulting in aberrant branch retraction and successful terminal translocation. 

However, if proper laminar positions were achieved via retraction of aberrant branch 

points along the leading process, arbor collapse and adoption of a multipolar phenotype 

during the immediate post-translocation period would be expected, similar to 

observations made in > 50% of successfully translocating reeler neurons (Chapter 3). 

 

Several lines of evidence support the basis for these optogenetic experiments. 

First, it has been previously demonstrated that embryonic CR cells display spontaneous 

activity that is successfully blocked by both GABAergic and glutamatergic antagonists, 

and participate in correlated networks (Aguilo et al., 1999). In addition, although post-
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migratory cortical neurons display more frequent spontaneous calcium transients than 

actively migrating layer 2/3 neurons, elevation of calcium activity (via expression of a 

prokaryotic voltage-gated sodium channel) in these migrating neurons resulted in 

premature dendritic arbor branching and somal arrest at deep positions in the CP (Bando 

et al., 2014). Finally, a recent study revealed that the activation of Na+ channels triggers 

Ca2+ signaling in the preplate of E13 mice, which in turn leads to glutamate secretion and 

subsequent amplification of this Ca2+ signal (Albrieux et al., 2004; Platel et al., 2005). 

Based on these studies, activation of electroporated channelrhodopsin in early-born 

migrating cortical neurons and subsequent depolarization/calcium transients would be 

expected to induce premature dendritic branching and halt ongoing terminal 

translocation. In addition, such a system of optogentic control could be used to assess the 

role of glutamatergic signaling and calcium transients in stable arbor growth and 

branching into the overlying MZ in wildtype and reeler post-migratory early-born 

neurons. 
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EX UTERO ELECTROPORATION AND WHOLE HEMISPHERE EXPLANTS: A 

SIMPLE EXPERIMENTAL METHOD FOR STUDIES OF EARLY CORTICAL 

DEVELOPMENT 
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SUMMARY 

 

This protocol describes an improved explant procedure that involves ex utero 

electroporation, dissection and culture of entire cerebral hemispheres from the embryonic 

mouse. The preparation facilitates pharmacological studies and assays of gene function 

during early cortical development. 
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ABSTRACT 

 

Cortical development involves complex interactions between neurons and non-neuronal 

elements including precursor cells, blood vessels, meninges and associated extracellular 

matrix. Because they provide a suitable organotypic environment, cortical slice explants 

are often used to investigate those interactions that control neuronal differentiation and 

development. Although beneficial the slice explant model can suffer from drawbacks 

including aberrant cellular lamination and migration. Here we report a whole cerebral 

hemisphere explant system for studies of early cortical development that is easier to 

prepare than cortical slices and shows consistent organotypic migration and lamination. 

In this model system, early lamination and migration patterns proceed normally for a 

period of two days in vitro, including the period of preplate splitting, during which 

prospective cortical layer six forms. We then developed an ex utero electroporation 

(EUEP) approach that achieves ~80% success in targeting GFP expression to neurons 

developing in the dorsal medial cortex. 

 

The whole hemisphere explant model makes early cortical development 

accessible for electroporation, pharmacological intervention and live imaging approaches. 

This method avoids the survival surgery required of in utero electroporation (IUEP) 

approaches while improving both transfection and areal targeting consistency. This 

method will facilitate experimental studies of neuronal proliferation, migration and 

differentiation. 
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INTRODUCTION 

 

 The mammalian cerebral cortex forms through the concerted proliferation, 

migration and differentiation of successively generated neurons. Each neuron is born in 

the ventricular zone (VZ) and migrates from the VZ into the intermediate zone (IZ), 

forming the cortical plate (CP) (Rakic, 1990). As they pass through different cortical 

domains, the migrating neurons display multiple modes of migration (Noctor et al., 2004; 

Tabata and Nakajima, 2003) that depend on the extracellular environment and other 

cellular elements (e.g., radial glia) within the developing tissue. Cortical neurons then 

arrest migration at the top of the forming cortical plate in the coincident processes of 

neuronal migration arrest and dendritogenesis (Olson et al., 2006).  

 

 Cortical development is initiated between embryonic days 11-13 (E11-13) 

(Takahashi et al., 1999) through establishment of the primordial plexiform layer (Marin-

Padilla, 1971) or preplate (PP), a layer of pioneer neurons that overlies the VZ. 

Prospective layer 6 cortical neurons (i.e., the first cortical neurons born in the VZ) then 

orient their somata in a stereotypical pattern and coalesce into a distinct layer within the 

PP (Nichols and Olson, 2010). These events split the preplate into a superficial marginal 

(future cortical layer 1) and a deep zone, the latter composed of subplate cells (transient 

cortical layer 7). This process, termed preplate splitting, is a foundational event in the 

future growth of the cerebral cortex (Sheppard and Pearlman, 1997). 

 

 Many genetic mutations have been identified that disrupt various aspects of 
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cortical development (Manzini and Walsh, 2011). Cortical development can also be 

negatively impacted by exposure to ingested toxins such as cocaine (Jones et al., 1996) 

and alcohol (Olney, 2004). Because cortical malformations that arise during development 

are likely contributors to neurological disorders (e.g., autism, schizophrenia), empirical 

investigations of perturbations to cortical development are inherently important. It is 

therefore of considerable importance to establish approaches to study cortical 

development that allow rapid assays of genetic or toxin effects but that also preserve the 

possible interactions between differentiating neurons, other cell types and extracellular 

matrix (ECM) during this early period of brain development (Levitt et al., 1998). 

 

 Slice explants (Stoppini et al., 1991) have provided such a system and have been 

widely used to assay cortical neuron development (Elias et al., 2007; Franco et al., 2011; 

O'Rourke et al., 1992). However, slice assays can suffer from the drawback that neuronal 

migration and lamination can be abnormal (Gotz and Bolz, 1992) possibly due to damage 

to the meningeal cells that surround the developing brain and anchor the radial glial 

scaffold. As radial glial fibers are an important substrate for cortical neuron migration 

(Cameron and Rakic, 1994) disruption of the basal lamina by slicing may locally disrupt 

radial glial architecture and lead to altered cortical migration. In addition the sliced 

surfaces of explants provides a region of dead cells that may alter the normal composition 

of the ECM in these areas. 

 

 More recent approaches have focused their analysis on cells located deep in the 

slice that are surrounded by appropriate healthy cell types and ECM. However, in some 
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cases these newer approaches can require that the original thick cultured slice be cryo-

sectioned or paraffin-sectioned after fixation so that the relatively normal interior of the 

slice is made available for analysis (Jossin and Goffinet, 2007; Jossin et al., 2003; 

Lizarraga et al., 2012). Both the original vibratome sectioning to prepare the live slices 

for culture as well as the subsequent cryosectioning of fixed slices for analysis require 

care and effort for these assays to work. 

 

 To provide a simple, complementary approach for studies of early cortical 

development we have modified an existing slice approaches (Stoppini et al., 1991) to 

facilitate studies of early cortical development. We have developed a whole hemisphere 

explant model similar to an existing E14 whole hemisphere model that involved shaking 

cultures at 65 rotations per minute and permitted organotypic growth for 16-18 hrs 

(Kingsbury et al., 2003; Rehen et al., 2006).  In our approach, whole hemisphere explants 

are placed on semi-permeable membrane (Stoppini et al., 1991) with in a high oxygen 

culture atmosphere (Jossin et al., 2004; Jossin et al., 2003) to extend organotypic cortical 

growth for 48 hrs. This approach also allows for consistent electroporation of developing 

cortical neurons. The embryos are removed from the uterus and electroporated to 

introduce plasmid DNA and the telencephalon is then dissected. Each hemisphere is 

isolated and placed medial side down on a collagen–coated filter. The explant is then 

cultured for a period of 48 hrs, a period that encompasses preplate splitting (Sheppard 

and Pearlman, 1997). During the culture period, L6 neurons develop from precursor to 

differentiated neuron (O'Dell et al., 2012) correctly positioned within the cortical plate. 

Throughout this period the developing neuron is surrounded by the appropriate ECM and 
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cell types that would confront the corresponding cell in vivo. This system has already 

proved valuable in deciphering the cellular events that underlie ethanol toxicity 

(Powrozek and Olson, 2012), layer 6 formation and preplate splitting (Nichols and Olson, 

2010; O'Dell et al., 2012). 
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PROTOCOL 

 

1. Ex Utero Electroporations with Green Fluorescent Protein expression plasmid.  

1. Plasmid DNA injection solutions are prepared with 0.33mg/ml CAG-eGFP DNA 

(Matsuda and Cepko, 2004) diluted to the appropriate concentration in ddH2O. Qiagen 

Endo-Free Maxi-Preps are used to purify the plasmid from transformed bacteria. Fast 

green dye at ~0.02% (w/v final) is added to the DNA solution as an injection tracer. 

 

2. To prepare the surgical area, spray down bench top and dissecting microscope stage 

with a 70% ethanol solution and wipe dry. Spray surgical scissors and forceps with 70% 

ethanol prior to dissection and wipe dry.  

 

3. Timed Pregnant Swiss/Webster dams are sacrificed on E13 by CO2 inhalation and the 

embryos are removed from the uterus and placed in a 10cm petri dish containing ice cold 

Hanks balanced saline solution (HBSS). 

 

4. Carefully dissect each embryo from the surrounding extraembryonic membranes and 

keep in ice-cold HBSS. 

 

5. Transfer each embryo individually to a second 10cm petri dish containing cold HBSS. 

Use a Hamilton syringe to inject 2-3ml of the DNA fast green mixture into the ventricle 

of the left cerebral hemisphere, taking care to inject in a cortical area spatially separate 

from the cortical area for future analysis. 
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6. To electroporate, hold the embryo gently with forceps and lightly place the positive 

paddle of the tweezer electrode on the dorsal midline of the head and lightly place the 

negative paddle underneath the embryo chin. Electroporations are achieved with a 

BTX830 electroporator programmed to deliver five 30V pulses of 50msec duration, 

separated by 950msec intervals. These settings are for the BTX830 model. Other systems 

can be used according to manufacturer’s instructions. 

 

2. Whole hemisphere explant preparation. 

1. After electroporation the embryos are placed back into ice-cold HBSS. The brain is 

removed using two #5 jeweler forceps to remove the skin and cartilaginous skull from the 

embryo head. A forcep is then slid underneath the brain to remove the intact brain from 

the skull. The electroporated hemisphere (left) is then dissected away from the brain and 

attached mid-brain tissue is removed. Throughout the dissection procedure care is taken 

to not damage the meninges overlying the left cortical hemisphere. 

 

2. Once dissected each embryo is transferred in HBSS using a pipettor with a cut 1 mL 

pipette tip. The hemisphere is gently expelled onto a collagen coated culture insert. Up to 

six hemisphere explants are arranged medial side down on each 24mm insert. Once 

arranged, excess HBSS is removed from the insert and the insert is then placed into one 

35 mm well of a 6 well dish. The well contains exactly 2.7 mL of media: DMEM-F12 

media containing Glutamax and supplemented with 2% B-27, 1% G5 and 1% Penicillin-

Strep. A few drops of the media from the well can be pipetted on top of each explant, but 

do not add media in excess of the original 2.7 mL per well. 
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3. Once the explants have been placed onto Collagen filters the 6 well dish containing the 

explants is placed into a Billups Rothenberg (BR) chamber (that also contains a 

humidifying dish of water). A 95%/5% Oxygen/CO2 gas mixture is infused into the 

chamber for at least 1 min before sealing the chamber shut and disconnecting the 

95%/5% Oxygen/CO2 gas supply tube. The BR chamber is then placed into a 37°C tissue 

culture incubator for the remainder of the culture period, 1-3 DIV. 

 

3. Fixation of explant tissue for histology. 

1. In a fume hood prepare the Pagano fixation solution by first solubilizing 8 grams of 

paraformaldehyde in 100mL of preheated (~80°C) ddH2O. Add 1-3 drops concentrated 

NaOH to promote solubilization and gently stir. Once solubilized mix the 8% 

paraformaldehyde solution 1:1 with a solution that is 500mM sucrose, 100mM Hepes 7.4, 

50mM MgCl2, 5mM KCl for a final concentration of 4% paraformaldehyde in 250mM 

sucrose 50mM Hepes, 25mM MgCl2, 2.5mM KCl, pH 7.4. 

 

2. To fix the explants warm the Pagano fix solution to 37°C. Quickly remove most of the 

DMEM/F12 media from each culture well and add 5 mL of Pagano Fix to each well of 

explants. Make sure to cover each explant completely in fix. Fix for 1hr at room 

temperature (RT). Do not remove explants from filter prior to 1hr of fixation.  

 

3. After fixation remove the Pagano fix solution and replace with Pagano solution 

without fix (250mM sucrose 50mM Hepes, 25mM MgCl2, 2.5mM KCl, pH 7.4). Add a 

few drops of 10% sodium azide and store at 4°C until embedding. 
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4. Embedding and sectioning for histology 

1. Prepare a 10% calf skin gelatin solution by solubilizing 10 grams of calf skin gelatin in 

100mL of warm water (55-60°C). Place gelatin solution on a hot plate set to 60°C and 

swirl periodically until solubilized. 

 

2. Pour approximately 10mL of the 10% gelatin solution into the bottom of a 10cm petri 

dish and allow 30min to solidify. This will form a “pad” for embedding the explants. 

These pads can be prepared days in advance and stored at 4°C. Use a ruler to draw a grid 

on the bottom of the petri dish and transfer individual explants into each box of the grid. 

Remove residual Pagano solution and using a pipetter, cover each explant with with 

warm 10% gelatin solution and allow to solidify. Resume slow addition of gelatin 

solution until each explant is completely surrounded by gelatin, taking care not to melt 

the pad by the addition of too much warm gelatin at once. Allow for the gelatin to harden 

for ~1hr. Once hardened the individual explants can be cut out in small blocks of gelatin. 

The blocks are then post-fixed in Pagano fix for 24-48 hrs prior to sectioning with a 

vibratome. 

 

3. Explants in gelatin blocks are positioned olfactory bulb up and sectioned in the coronal 

plane at 100mm thickness. The sections are collected and stored in PBS + 0.1% sodium 

azide at 4°C until immunohistochemical processing. 

 

4. Immunohistochemical detection is performed by transferring sections into a 24 well 

plate (2-3 sections per well). First block non-specific antibody binding by adding 0.5mL 
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PBST+B (PBS + 0.5% TritonX100 and 2% BSA) to each well, incubate 1hr with gentle 

shaking. The appropriate primary antibody is then diluted in PBST+B and 0.4mL per 

well is added for overnight incubation at RT. The primary is washed out with 3X PBS 

washes for at least 10min each. The secondary antibody and 2µg/mL Hoechst 33342 

nuclear stain are then diluted in PBST+B and the samples are incubated for 2hr at RT 

with gentle shaking. Three PBS washes (10 min each) are performed and then the 

sections are mounted on slides using a 90% glycerol 50mM Tris pH7.4 mounting media. 
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REPRESENTATIVE RESULTS 

 

 The embryonic rodent cortex exhibits a transverse neurogenetic gradient 

throughout the developmental period, such that lateral neocortex is approximately 1 day 

more mature than dorsal medial neocortex (Suter et al., 2007). The bulk of layer 6 

neurons are thus generated (i.e., exhibit their final S-phase) on E12 in lateral cortex (also 

called Field 40(Takahashi et al., 1999)) and at E13 in the dorsal medial cortex (also 

called Field 1(Takahashi et al., 1999)). Preplate splitting begins approximately 1 day after 

Layer 6 neuron generation and thus is initiated in the lateral cortex on E13 and the dorsal 

cortex on E14. To study preplate splitting and the initiation of cortical plate development, 

we modified a slice explant assay (Jossin et al., 2004; Jossin et al., 2003) such that entire 

cerebral hemispheres were cultured typically from E13 to E15 (Figure A1.1). 

 

 We tested the viability of the cortical explant technique by examining the growth 

of whole hemisphere explants derived from Tg(Eomes::eGFP)Gsat mice (Figure A1.2). 

This mouse strain contains a transgene that reports immature neurons of the excitatory 

cortical lineage (Englund et al., 2005; Kwon and Hadjantonakis, 2007; Nichols and 

Olson, 2010). Whole hemisphere cortical explants were prepared at E13, at a time point 

prior to preplate splitting in the dorsal neocortex (Figure A1.2A). Cortical explants from 

the same litter were drop fixed sequentially over a period of 2 DIV and processed for 

subsequent histological analysis. At the initial analysis time point (DIV 0), preplate 

splitting has not yet occurred in Field 1 (Dorsal neocortex; Figure A1.2A, E). By 1 DIV 

the CP is apparent (Figure A1.2B, C, F, G), and it continues to grow up to 2 DIV 
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(Figure A1.2D, H). Thus the whole hemisphere explants cultured initially at E13 support 

for two days the maturation of the cerebral cortex and captures preplate splitting in the 

dorsal neocortex. 

 

 To confirm normal histological development in the dorsal neocortex, we 

immunostained 2 DIV explants for chondroitin sulfate proteoglycans (CSPGs), an 

extracellular matrix component that is also an established marker of the PP and its 

derivatives the MZ and SP (Milev et al., 1998; Pearlman and Sheppard, 1996; Sheppard 

and Pearlman, 1997). Immunostaining for CSPGs reveals two bands of CSPG 

immunoreactivity in the dorsal cortex indicating appropriate splitting of the PP into MZ 

and SP during the in vitro culture period (Figure A1.3A-C). The PP is split by L6 

cortical neurons that are known to express the transcription factors Ctip2 and Tbr1 (Kwan 

et al., 2008; McKenna et al., 2011; Nichols and Olson, 2010). The immunostaining 

pattern of these markers (Figure A1.3D-F, G-I, respectively) confirms the appropriate 

expression of these transcription factors in the newly formed CP. Together these analyses 

confirm organotypic early cortical development in the whole hemisphere explants.  

 

 In utero electroporations have been used extensively to assay for cell autonomous 

gene function in the developing cortex (Tabata and Nakajima, 2001). We therefore tested 

whether electroporation could successfully transfect neurons in the whole hemisphere 

explant model. The left ventricle of intact E13 embryos were injected with 0.33 mg/ml 

CAG-GFP plasmid and electroporated (see Methods) to introduce the plasmid DNA into 

the neuronal precursors that line the lateral ventricle (Figure A1.1A). After 2 DIV the 
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explants were dropped fixed and sectioned for histological analysis. At this time point, 

GFP expressing cells were observed in all cortical zones across the cerebral wall (Figure 

A1.4A-C). GFP expression could be observed from neuronal precursors in the VZ while 

intense GFP expressing cells were observed in the IZ and CP.  Importantly, numerous 

GFP+ neurons were observed at the top of the forming CP with emerging dendrites and 

axons. The cells have formed a discrete layer at the interface between the CP and MZ 

indicating appropriate migration arrest and lamination (Figure A1.4A-C, arrows). The 

dendrites extended into the MZ while corticofugal axons extend below the CP and into 

the IZ (Figure A1.4A-C & Figure A1.5). Below the differentiating cells are GFP+ cells 

in varying states of maturity, including neurons with a bipolar morphology, juxtaposed to 

radial glial fibers and below them, multipolar neurons in the IZ (Figure A1.4 D-F). In 

addition, the dendrites are observed extending into the MZ where the ECM protein Reelin 

is appropriately immunolocalized (Figure A1.4G-I). The electroporation and explant 

conditions thus permit normal development of cortical neurons through the stages of 

precursor to migrating neuron to immature differentiating neuron. 

 

At the time of electroporation (E13) 100% of the neurons produced by the dorsal 

neocortical VZ are L6 neurons, the neurons that split the PP (Takahashi et al., 1999). 

Successful electroporation requires that constructs be introduced into neurons during the 

6 hrs immediately prior to, or during, M-phase of the cell cycle(Stancik et al., 2010). It is 

thus expected that the earliest postmitotic, GFP+ neurons following E13 electroporation 

in the dorsal cortex (Field 1) should populate the forming CP. Such neurons were 

observed (Figure A1.4) indicating that the protocol can reliably target L6 cortical 
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neurons for studies of their migration and maturation. 

 

 To estimate the “success rate” of the electroporation/explant procedure we 

analyzed an ongoing investigation from our lab. In the course of that study, 21 litters of 

explants have been prepared, a total of 248 embryos were electroporated (as described 

above) with CAG-GFP, and a single hemisphere explant from each embryo was prepared. 

Of the original 248 explants, 195 (79%) were judged suitable for imaging and analysis. 

About half of the 53 explants that could not be analyzed failed to express GFP or had 

mis-targeted GFP expression. The remaining losses were explained by dysmorphic 

growth due to explant detachment from the culture filter, or problems associated with 

histological processing. This success rate of roughly 80% (Figure A1.5) has rendered the 

explant system suitable for pharmacological studies (Powrozek and Olson, 2012), as well 

as the analysis of recessive mutations (Nichols and Olson, 2010) that adversely affect 

early cortical development. 
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DISCUSSION 

 

 We have improved and evaluated an experimental model – whole hemisphere 

explants – for the study of early cortical development (E13-E15). The model has proven 

useful for the analysis of migration and differentiation of the excitatory neuron lineage 

that constitutes layer 6 of the cerebral cortex (O'Dell et al., 2012; Powrozek and Zhou, 

2005). The principle advantages of the system are 1) organotypic growth for 2 DIV, 2) 

simplicity of preparation, and 3) experimental access to the neurons for electroporation, 

pharmacological manipulation and imaging during this early, critical period of brain 

development. We have used the system to document subtle differences in the 

morphology, orientation, and dendritic growth of layer 6 cortical neurons (Nichols and 

Olson, 2010; O'Dell et al., 2011) during the period of preplate splitting. 

 

 The excitatory neurons that populate layer 6 are largely composed of 

corticothalamic projection neurons that provide reciprocal input to the dorsal thalamus 

(Brumberg et al., 2003; Tombol et al., 1975) and are hypothesized to participate 

functionally in the synchronization of neural function in the cortex (Jones, 2009). 

Although these neurons are physiologically specialized, the generation, migration and 

maturation process of layer 6 neurons shares basic features with all excitatory neurons in 

layers 2-6 of the cortex. Specifically, all cortical excitatory neurons are generated in the 

dorsal telencephalic VZ, migrate through the IZ as multipolar neurons, and differentiate 

within the CP (Nichols and Olson, 2010). The maturation of excitatory cortical neurons is 

driven by a core set of sequentially expressed transcription factors: Pax6, Tbr2, and Tbr1 
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(Englund et al., 2005). This sequence is shared by all excitatory neurons in layers 2-6 

(Kowalczyk et al., 2009) and we confirmed the appropriate expression of Tbr1 in the 

newly formed CP (Figure A1.3G-I). Utilizing this approach to investigate the 

development of layer 6 cortical neurons should thus provide essential insights into the 

development of neurons that constitute all cortical layers.  

 

Whole hemisphere explants complement existing approaches for studies of 

cortical neuron development. Prior studies have employed an E14 whole hemisphere 

explant approach to study cortical development for 1 DIV (Kingsbury et al., 2003; Rehen 

et al., 2006). We have coupled whole hemisphere explants with ex utero electroporation 

to investigate 2 days of cortical development during the period of L6 formation and 

preplate splitting. In contrast to in utero electroporations at E13, the success rate of ex 

utero electroporations followed by whole hemisphere explant is higher: in our hands we 

achieve ~80% success in targeting electroporation to the dorsal telencephalon. 

Additionally, in utero electroporations require a survival surgery and take considerably 

more technical effort than the whole hemisphere ex utero approach. Finally, in utero 

studies are not readily amenable to precise pharmacological manipulations and imaging 

approaches. Precise temporal control in the delivery or activation of drugs and molecular 

agents (expression vectors, silencing constructs, etc.) at defined concentrations is 

provided with the whole hemisphere explants, but is more difficult to achieve in utero. 

Live optical monitoring of the resultant effects of such manipulations, with spatial 

resolution in the micron range, is readily available with EUEP, but not IUEP. Such 

precision is likely to substantially enhance the interpretive power of data collected from 
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experiments involving cortical development and function. Thus for studies of early 

cortical development whole hemisphere explants possess distinct experimental 

advantages over the in utero approach. At this time, however, for studies of upper layer 

cortical neurons and experiments requiring data collection > 48 hr, slice explants and in 

utero approaches remain preferable. 

 

There are several critical requirements for success of the whole hemisphere 

explant technique. First, growth of the explant is highly sensitive to the mechanical 

integrity of the meninges. Physical damage to the meninges (i.e., punctures or tears) will 

at a minimum disrupt local development of the underlying cortex. Secondly, explant 

growth is sensitive to the total volume of media within the culture well: with too much 

media the explants will disengage from the filter and develop distorted CP architecture; 

with too little media and the explants are likely to dehydrate and experience excessive 

cell death. Lastly, with the current technique explants we have documented cortical 

growth for 2 DIV. When starting at E13 this developmental time window, although 

admitting many valuable investigations, restricts analyses to a period prior to 

synaptogenesis and canonical neuronal communication. Although the cortical neurons at 

E14.5 express many mRNAs encoding synaptic proteins (www.genepaint.org), 

synaptogenesis does not begin until ~E15 in the lateral cortex, and this synaptogenesis is 

confined to preplate cells rather than layer 6 neurons (Konig et al., 1975). Some critical 

questions concerning cortical synapse formation and function are therefore not currently 

addressable with the whole hemisphere explant system. 

In conclusion the whole hemisphere explant preparation can be used reliably and 
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consistently to investigate early cortical development in mouse models of heritable brain 

malformations. The technique is readily adaptable to RNAi, shRNA, and other molecular 

and pharmacological manipulations. The whole hemisphere explant is also suitable for 

studies involving applied recombinant protein, drugs and environmental toxins.  
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MATERIALS 

 

Name  Company Catalog Number Comments 
Reagents    
DMEM/F12 + GlutaMAX GIBCO 10565  
G5 Supplement 100X Invitrogen 17503-012   
B27 Serum-Free Suppl. 50X Invitrogen 1504-044  
Pen / Strep Liquid 100X Invitrogen 15140-122  
HBSS 500 ml GIBCO 14025   
Culture insert collagen coated Costar 3492  
Bovine skin gelatin Sigma G9382   
Hoechst 33342 Invitrogen H1399  
Bovine Serum Albumin Sigma 7906   
EndoFree Plasmid Maxi Kit Qiagen  12362   
Equipment    
BTX 830 Electroporator Harvard Apparatus 450052  
Tweezer electrodes 10mm Harvard Apparatus 450166  
Incubator Billups Rothenberg MIC-101  
Hamilton syringe (5uL) Hamilton 87930   
Hamilton syringe needle Hamilton 7803-04 Specify 1" 

and style 4 
Dumont #5 Forceps FST 11251-10  
Fine Scissors Tough Cut 9 cm FST 14058-09  
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Figure A1.1. Whole hemisphere explant procedure with ex utero electroporation. 

(A) E13 mouse embryos are injected with a plasmid DNA solution and electroporated. 

The brains are dissected and transected sagitally. The electroporated hemispheres are then 

placed medial side down on a collagen coated filter and cultured for 2 DIV. The 

hemispheres can then be imaged live or fixed for histology and subsequent imaging 

analysis. (B) A photo of 10 explants placed on three filters in a six well tissue culture 

dish. (C) The six well dish with explants is placed in a high oxygen environment (95% 

O2 / 5% CO2) within a Billups-Rothenberg Incubator chamber, which is then placed in a 

standard 37 °C tissue culture incubator. 
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Figure A1.1 
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Figure A1.2. Organotypic growth of cortical plate in whole hemisphere explants 

derived from a single litter of Eomes::eGFP embryos. (A, E) A coronal section from a 

drop-fixed brain at the beginning of the culture period (0 DIV). Note that the PP is 

present but that CP has yet to form. The green signal is produced by GFP expression in 

immature excitatory neurons and the blue is Hoechst dye that labels the nucleus of all 

cells. (B, F). CP growth, denoted by dashed lines, is observed by 0.5 DIV and increases 

by 1 DIV (C) and (G) and 2 DIV (panels D and H). Note the increased thickness of the 

GFP expressing cell domain in panels (A-D), indicating the proliferation and 

differentiation of the excitatory neuron lineage in the explant. Scale bars are 500 µm 

(panel A) and 50 µm (panel H). Abbreviations: CP, Cortical Plate; IZ, Intermediate 

Zone; MZ, Marginal Zone; SP, Subplate; VZ, Ventricular Zone. 
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Figure A1.2 
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Figure A1.3. Preplate splitting in whole hemisphere explants. (A-C) Chondroitin 

sulfate proteoglycan (CSPG) immunostaining illustrates the division (splitting) of the PP 

into the MZ and SP. (D-F) Expression of the transcription factor Ctip2 in the newly 

formed CP. (G-I) Expression of the transcription factor Tbr1 in the newly formed CP. 

Scale bars are 50 µm in panels C, F, I. 
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Figure A1.3 
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Figure A1.4. GFP expression in whole hemisphere explants after E13 ex utero 

electroporation. (A-C) GFP expression after 2 DIV. Note the layer of cortical neurons 

forming at the top of the CP (arrows). (D-F) Nestin (red) immunoreactivity in a section 

from a whole hemisphere explant. (G-H) Reelin (red) immunoreactivity in a section 

derived from a whole hemisphere explant. Scale bars in panels C, F, and I are 50 µm. 
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Figure A1.4 

 

 

 

 

 



                                                             Appendix Supplemental Chapter 1: EUEP Methods 

 284 

Figure A1.5. Variability in targeting ex utero electroporations to dorsal medial 

cortex (Field 1). Eleven embryos from a single litter were electroporated with the CAG-

GFP expression construct (0.33 mg/ml) and cultured as whole hemisphere explants. (A-I) 

Nine of eleven explants showed expression of GFP in dorsal medial cortex. Although 

GFP expression varies between explants, in each explant GFP is detected in all three 

cortical zones (i.e., VZ, IZ and CP). Scale bar is 50 µm in panel A. 
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Figure A1.5 
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Supplemental Video A1.1 Ex utero electroporation and whole hemisphere explants: 

a simple experimental method for studies of early cortical development 

All supplemental movies are available through the Journal of Visualized Experiments 

(JoVE): 

http://www.jove.com/video/50271/ex-utero-electroporation-whole-hemisphere-explants-

simple 



                                         Appendix Supplemental Chapter 2: Reelin and Golgi Dynamics 

 287 

APPENDIX 

 

SUPPLEMENTAL CHAPTER 2 

 

THE ROLE OF REELIN SIGNALING IN GOLGI APPARATUS POSITIONING 

AND NEURONAL POLARITY 
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SUMMARY 

 

The Golgi apparatus has been long known to play a major role in the polarization 

of cortical neurons (de Anda and Tsai, 2011; Yadav and Linstedt, 2011; Yadav et al., 

2009), first predicting the site of axon initiation (de Anda and Tsai, 2011; Sakakibara et 

al., 2014; Zmuda and Rivas, 1998) and later localization to the future site of apical 

neurite emergence (Horton et al., 2005; Sakakibara et al., 2014; Ye et al., 2007). In 

actively migrating neurons, the Golgi apparatus, centrosome, and microtubule organizing 

center are all localized to the leading front of the nucleus (Sakakibara et al., 2014; Schaar 

et al., 2004; Schaar and McConnell, 2005), while post-migratory neurons are often 

characterized by the distribution of Golgi outposts into the apical arbor (Ori-McKenney 

et al., 2012). Proper localization of the ER-to-Golgi secretory functions is essential for 

the normal development of the neuron, allowing for new membrane addition and 

microtubule-directed delivery of specific protein complexes necessary for both somal 

translocation and dendritic arbor growth and branching (Horton and Ehlers, 2003a, b; 

Horton et al., 2005; Ye et al., 2007).  

 

Recent work has implicated the Reelin-Dab1 signaling pathway to neuronal 

polarity and Golgi positioning via an antagonistic relationship with the pro-axogenic 

Lkb1/Stradα pathway (Matsuki et al., 2010). Furthermore, live imaging of hippocampal 

and primary cortical neuron cultures has demonstrated accumulation of N-cadherin at the 

pole from which the neurite will emerge (Gartner et al., 2012a; Gartner et al., 2012b). 

This localization was also observed to precede actin-dependent movement of the Golgi 
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apparatus and centrosome towards the newly polarized axis. Interestingly, a separate 

investigation suggests that Reelin induced, Rap1-dependent increases in surface 

expression of N-cadherin in migrating cortical neurons is necessary for polarization at the 

IZ/CP border and subsequent somal translocation (Franco et al., 2011; Jossin, 2011; 

Jossin and Cooper, 2011). To better understand the underlying mechanisms involved in 

the stabilization and polarized outgrowth of the developing dendritic arbor, it remains 

essential to elucidate the precise temporal sequence of these polarity-associated 

organelles (Golgi apparatus, centrosome, N-cadherin) and their potential interactions with 

the Reelin-Dab1 signaling pathway. 

 

Our own prior studies demonstrate that in the absence of Reelin signaling, L6 

neurons are characterized by compact Golgi apparatus not localized to any particular 

leading process (O'Dell et al., 2012). In addition, preliminary analysis of Golgi dynamics 

in live imaged, post-migratory wildtype and reeler cortical neurons revealed that Golgi 

apparatus localization to a primary neurite was associated with significantly longer, 

thicker, and longer-lived processes independent of the presence of Reelin (Figure A2.1 

E-G). These observations thus confirm pre-existing models of Golgi function in which 

the Golgi serves to deliver membrane, secretory vesicles, and protein complexes 

necessary for the stable growth and development of the associated process (Horton and 

Ehlers, 2003b; Horton et al., 2005). Interestingly, although Golgi association with a 

primary neurite resulted in longer-lived processes independent of Reelin signaling (as 

compared to primary processes with no Golgi association), reeler primary neurites with 

an associated Golgi demonstrated significantly shorter lifetimes as compared to their 
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wildtype, Golgi-associated counterparts (Figure A2.1 G). This may in turn reflect the 

more dynamic nature of the reeler Golgi apparatus, which was often observed to migrate 

between the multiple primary processes characteristic of reeler early-born cortical 

neurons (Figure A2.1 C-D).   

 

Further qualitative assessment of Golgi dynamics revealed stereotyped behaviors 

in wildtype neurons, while reeler neurons displayed a wider variety of Golgi phenotypes 

(Figure A2.1 A-D; unpublished observations). Although almost all wildtype neurons 

were characterized by the presence of a Golgi apparatus localized to the proximal stalk of 

a pia-oriented primary neurite, in the absence of Reelin, there were more observations of 

dynamic Golgi that moved between the existing multiple primary neurites characteristic 

of post-migratory reeler neurons (Chapters 2 and 3). In addition, in reeler mutant 

explants, there were more observations of Golgi localized to the neuronal soma 

(juxtanuclear) instead of the base of a primary neurite. Interestingly, wildtype neurons 

displayed a small number of cases in which the Golgi appeared to switch its preferential 

localization from one side of an existing branch point (on the primary process) to the 

other. This minor shift in Golgi position was followed by rapid collapse of the now Golgi 

absent branch, and increased growth and branching newly invested branch. Similar 

observations of arbor collapse were made in reeler neurons when Golgi localization 

shifted to the base of a different primary neurite. Lastly, although Golgi were associated 

with a primary neurite in all qualified reeler neurons, many of these processes were not 

oriented properly towards the pial surface into the overlying MZ.  
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This suggests that although Reelin signaling may not be required for general 

Golgi mobility and cytoplasmic dynamics, it may play a role in localization of Golgi 

apparatus to a properly oriented and stable primary process, thus allowing for subsequent 

arbor growth and expansion into the overlying MZ. Based on recent findings, it would be 

expected that Golgi localization to a newly emerging, properly oriented primary process 

would be preceded by asymmetric accumulation of N-cadherin to this developing pole 

(Gartner et al., 2012a). Although the temporal resolution of this preliminary study wasn’t 

high enough to determine if neurite initiation preceded or succeeded Golgi movement and 

localization, such imaging is highly suggested in order to precisely determine of the role 

of Reelin in Golgi positioning, and the subsequent effects on arbor growth, branching, 

and stability into the overlying MZ (Chapter 4). 
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METHODS 

 

E13 embryos were co-electroporated ex utero with 0.33 mg/ml of a pCAG-

tdTomato and pCAG-GalT-eGFP construct and live imaged two days later on E15 using 

a Thor Accera Series 2-Channel Multiphoton Microscope with Multiphoton Beam 

Conditioner (Thor Labs) powered by a Chameleon Multiphoton Ti:Sapphire tunable laser 

(Coherent). tdTomato+ post-migratory neurons co-expressing eGFP+ trans-Golgi 

apparatus were imaged for four hours at ten-minute intervals.  

 

All images were imported into FIJI (www.fiji.sc), an open source distribution of 

Image J (Wayne Rasband, NIH). Individual neurons and their primary neurite processes 

were traced at all time points using the open source Simple Neurite Tracer plugin in the 

FIJI package (Longair et al., 2011). Prior to tracing, neurons and associated Golgi were 

registered as five-dimensional hyperstacks (x, y, z, time, and channel) using the open 

source ‘Correct 3D Drift’ plugin in the FIJI package. 5-D registration facilitated the 

tracking and tracing of primary process dynamics in relation to Golgi investment and 

positioning. Primary processes lengths, lifetimes, and calibers were recorded at each time 

point. The caliber of a primary process was consistently represented as the measured 

thickness of the tdTomato+ neurite at the point where the proximal neurite stalk tapered 

to a diameter of equal, consistent thickness (~ 7 um from the somal tip). 

 

In addition, the location of the eGFP+ trans-Golgi apparatus was characterized in 

relation to the traced primary processes. Golgi were categorized as ‘Localized’, or ‘Non-
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Localized’ to each primary process. A Golgi categorized as ‘Localized’ described a Golgi 

either elongated down or situated at the base of the primary process, while ‘Non-

Localized’ described a Golgi not associated with the base of a primary process. Only 

neurons that met three pre-established criteria were included for tracing and Golgi 

dynamics analysis: presence of a post-migratory neuron with an identifiable Golgi 

apparatus within 50 µm of the overlying MZ, no movement of the neuron nor its arbor 

out of the xyz frame of imaging over all time points, and an easily identifiable and 

traceable primary process and visible Golgi over all time points.  
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FIGURES 
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Figure A2.1. The role of Reelin signaling in Golgi apparatus positioning and 

neuronal polarity. (A-D) Flattened z-stacks of tdTomato+ early-born cortical neurons 

with eGFP+ trans-Golgi apparatus in wildtype (A-B) and reeler (C-D) E15 live imaged 

explants. Quantification of primary process thickness (E), length (F), and lifetime (G) in 

relation to association with a Golgi apparatus (localized vs. non-localized) in wildtype 

and reeler cortical neurons revealed that independent of Reelin signaling, the localization 

of a Golgi apparatus was associated with significantly longer, thicker, and longer-lived 

primary processes (as compared to processes with no localized Golgi). Interestingly, even 

when reeler primary processes were associated with the presence of a Golgi, they 

displayed significantly shorter lifetimes (G) than their wildtype Golgi associated 

counterparts. White dashed lines represent the overlying pial surface drawn over flattened 

z-stacks. Yellow asterisks denote Golgi of interest tracked over time. Z-series were 

acquired at 10-minute intervals for 4 hours (0-240 minutes) at 910 nm, and represented in 

this figure at 20-minute intervals. Error bars denote standard error of the mean. Two-way 

ANOVA with post-hoc Bonferroni t-tests were preformed between genotypes and Golgi 

association status (localized and non-localized) on a per primary process basis. * p < 0.05 

and *** p <  0.001, as compared to either wildtype or Golgi localized controls. wildtype 

analysis: 26 primary processes from 15 neurons from 8 explants across 6 litters. reeler 

analysis: 32 primary processes from 11 neurons from 4 explants across 4 litters. Scale 

bar: 20 µm. Abbreviations: GalT, 1,4-galactosyltransferase. 
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Figure A2.1 
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