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DISSERTATION ABSTRACT 

 

Directing dendritogenesis: defining the role of Reelin and CSPGs in the control of 

cortical dendrite formation 

Eric J. Zluhan 

Dr. Eric C. Olson 

Appropriate dendritic development is essential for normal neuronal function 

throughout life. Disruptions in neuronal dendrite structure alter brain circuitry and are 

associated with debilitating neurological disorders. The Reelin signaling pathway is critical 

for proper cortical dendrite orientation and outgrowth. In Reelin null cortices (reeler), 

dendrites are unstable, retracting from and avoiding their normal target region called the 

marginal zone (MZ). This observation raises the possible existence of a dendritic 

destabilizing cue in the MZ that can be counteracted by Reelin-signaling. The MZ is cell 

sparse but highly enriched in chondroitin sulfate proteoglycans (CSPGs). While CSPGs 

are known to inhibit axonal outgrowth, their impact on dendritic growth is unclear. Here, 

we demonstrate that the growth of the apical dendrite is also inhibited by CSPGs. Soluble 

CSPGs and CSPG-patterned stripes are inhibitory to dendrite growth, but this inhibitory 

effect can be reversed by CSPG ablation via chondroitinase treatment and by activation 

of the Reelin signaling pathway. In reeler explants, chondroitinase treatment rescues 

dendrite growth into MZ. Prior studies have shown that the serine threonine kinase Akt is 

essential for Reelin-dependent dendritic growth and also functions in CSPG-dependent 

neurite retraction. We find that CSPGs induce Akt dephosphorylation which is reversed 

by Reelin addition. CSPG presence had no effect on the cytoplasmic adaptor Dab1, which 



 vi 

is rapidly phosphorylated in response to Reelin. Dab1-deficient neurons were sensitive to 

CSPG stimulation, but Reelin-dependent phosphorylation was blunted. This suggests 

that the extracellular signals imparted on dendrites by Reelin and CSPGs at the MZ 

converge intracellularly downstream of Dab1 at the level of Akt to regulate 

dendritogenesis in the MZ. Disruptions in Reelin signaling cause intellectual disability and 

have been linked to autism. Thus, these findings identify a context in which Reelin 

signaling operates and provide insight into the underlying mechanism of 

neurodevelopmental disorders. 
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Introduction 

The nervous system coordinates sensory input, movement, organ function and 

cognition through remarkably complex neural networks that are entirely dependent on the 

capability of neurons to communicate. Neuronal communication occurs through synapses 

formed between presynaptic axon terminals and postsynaptic dendrites. The shape, 

location and size of the dendritic arbor is directly related to the number and types of 

synapses that a neuron has. Thus, dendritic arbor morphology is a key determinant of 

how neurons function in circuits. Dendritic malformations can impair neuronal 

communication and are linked to several debilitating neurodevelopmental disorders 

necessitating a greater understanding of how the dendritic arbor is formed (Kulkarni and 

Firestein, 2012; Takashima et al., 1989). 

The cues that determine the structure and location of dendrites during 

development determine neuronal function in adulthood. A cue of particular developmental 

importance is Reelin, a secreted signaling molecule that plays a crucial role in the 

deployment and positioning of dendrites. The reeler mouse is a spontaneous mutant 

(Falconer, 1951) that has a deletion of the Reelin gene (D’Arcangelo et al., 1995; 

Hirotsune et al., 1995). The reeler cerebral cortex exhibits profound layering disruptions 

and dendritic malformations (Caviness and Sidman, 1973; Pinto Lord and Caviness Jr., 

1979). Reelin is expressed in the superficial marginal zone (MZ), a target zone for 

neurons to deploy their dendrites at the end of neuronal migration. Reelin binds to its 

receptors on newborn neurons as they complete migration and initiates the Reelin 

signaling pathway (Lee and D’Arcangelo, 2016). However the exact cellular function of 

Reelin signaling in dendritogenesis has been a matter of debate in the field of cortical 
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development (Hattori, 2011; Jossin, 2020; Magdaleno et al., 2002; Zhao and Frotscher, 

2010).  

This critical question still remains unclear: what is the exact function of Reelin 

signaling on dendritogenesis? This question seems straightforward, but it has proven 

difficult to answer in precise terms, leaving gaps in our understanding of cortical 

development. However, many hints to Reelin’s exact biological role can be gleaned from 

key experiments in recent years. In the wildtype cerebral cortex, dendritic processes 

normally project into the MZ, a 15-30 µm thick target zone (Olson et al., 2006; Pinto Lord 

and Caviness Jr., 1979). However, in the reeler cortex, dendritic processes avoid the MZ 

target zone, extending unstable processes away from the MZ. In fixed tissue experiments, 

reeler dendrites project ~60% less of dendritic material into the MZ than wildtype 

dendrites (O’Dell et al., 2012). During live-imaging experiments, WT primary dendrites of 

cortical neurons have a lifetime (i.e. stable growth without retracting during the imaging 

period) of 210 minutes in the MZ and 40 minutes outside of the MZ. Conversely, reeler 

primary dendrites have a lifetime of 15 minutes inside the MZ and 75 minutes outside the 

MZ. This raises an important unanswered question: why do dendrites avoid the MZ in 

the absence of Reelin? If Reelin is solely a spatial guidance or trophic cue, then reeler 

dendrites should extend randomly, equally in all directions. This would be true if Reelin 

either stabilized dendrites in the MZ, or if it attracted dendrites to MZ in the wildtype cortex. 

However, this is not the case. While reeler dendrites are misoriented, they can still extend 

dendrites into the MZ, but quickly retract away from it. These findings warrant taking a 

step back and asking what effects Reelin alone has on rapid dendrite growth. In vitro 

experiments allow the ability to study the specific effects of exogenous Reelin application 
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on acute dendrite growth without other confounding factors. However, most in vitro Reelin 

studies have used hippocampal cultures at longer time periods that may not capture the 

rapid dendritic growth seen in vivo. Furthermore, these studies have had somewhat 

conflicting results (MacLaurin et al., 2007; Niu et al., 2004). Thus far, culture studies using 

cerebral cortical neurons have not shown an overt sensitivity to acute Reelin stimulation 

in vitro (Chai et al., 2009; Jossin and Goffinet, 2001). If Reelin alone did have acute effects 

on dendrite deployment these effects would likely be obvious in vitro, but this has not 

been the case. Therefore, this further supports the idea that Reelin does not simply act 

as a trophic signal for dendritic deployment and growth.  

The MZ appears to be a critical region for apical dendrite development. It is 

strategically placed above the cortical plate, where neurons halt migration and 

differentiate. Upon neuronal migration arrest, dendrites rapidly bloom into the MZ. Thus, 

the MZ is the initial target zone for apical dendrites to project into. However, the exact 

role of the MZ in dendrite development is only partially known. The cues that direct 

dendritogenesis in the MZ are not well characterized. Characterizing the contents of the 

MZ should provide some insight into how the MZ affects dendritogenesis. The main type 

of cells present in the MZ are Cajal-Retzius (CR) cells, that extend tangentially aligned 

axons (Pinto Lord and Caviness Jr., 1979). CR cells secrete Reelin and other signaling 

molecules that contribute to shaping the neural extracellular matrix (nECM) structure and 

contents (Yamazaki et al., 2004). In fact, other than CR cells and their neurites, the MZ 

is cell-sparse and is composed of non-cellular elements including neural extracellular 

matrix (nECM) (O’Dell et al., 2015; Sheppard et al., 1991). Interestingly, less than 3% of 

the surface area of dendritic processes have the potential to be in direct contact with 
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cellular elements (CR cell axons) in the MZ. By extension, >97% of dendritic processes 

are growing into non-cellular material in the MZ. The nECM in the brain has a composition 

and structure unique from that of most tissues or basal lamina. It contains low levels of 

fibrous proteins that typically organize ECM (Ruoslahti, 1996) and instead is organized 

around hyaluronan (Viapiano and Matthews, 2006; Yamaguchi, 2000). Particularly 

important nECM components are the chondroitin sulfate proteoglycans (CSPGs), a family 

of proteins that are modified with highly sulfated glycosaminoglycan side chains 

(Bandtlow and Zimmermann, 2000). CSPGs are generally known to inhibit axonal 

outgrowth (Xu et al., 2015a) but their effects on cortical dendrites are uncharacterized. 

This is surprising considering that CSPGs are highly enriched in the MZ (Pearlman and 

Sheppard, 1996). Given their enrichment in the MZ, CSPGs (and the nECM in general) 

might be critical to shaping dendritic structure in the cerebral cortex. Interestingly, CSPGs 

and Reelin have opposing effects on the Akt-dependent dendritic growth pathway. Akt 

(AKR mouse Thymoma kinase) is a serine threonine kinase with multiple functions in cell 

proliferation, transcription, protein synthesis and neurite growth. Reelin promotes Akt 

activation through phosphorylation at Ser308 and Ser 473 in hippocampal neurons 

(Jossin and Goffinet, 2007) while CSPGs inhibit Akt activation by dephosphorylation in 

cerebellar granule neurons (Ohtake et al., 2016). We hypothesized that the shared 

expression yet opposing effects on Akt might point to dendritic outgrowth regulation at the 

MZ that is disrupted in the reeler cortex. This thesis examines the interaction of Reelin 

and CSPG signaling in dendrite outgrowth. This effort will advance the understanding 

of cerebral cortical dendrite development and may assist the development of new 

therapeutics for diseases caused by dendritic defects.  
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The Structure and Function of Dendrites 

Neuronal function determines how animals interact with the world. Through 

senses, the external world is touched, seen, smelled, tasted and heard. Through muscle 

innervations, a body can move and manipulate objects. Through organ innervation, the 

constant functions to sustain life are orchestrated. Through the brain, the world is 

interpreted and acted on and determines individual personalities.  

The function of the nervous system depends on neuronal communication. 

Dendrites act as intricate, sensitive antennae that receive and integrate information from 

other neurons or sensory receptors. Therefore, the dendrite’s physical structure and 

function are inextricably linked. 

The shape and structure of dendrites is an identifying feature of neuron classes and 

subtypes. Dendritic arbors exhibit diverse morphology between species and in different 

brain regions (Figure 1.1A) (Cajal S, 1904). Dendrite size, location and branching pattern 

determines the surface area of the dendrite and environment in which it samples 

(Lefebvre et al., 2015). Other morphological characteristics of dendrites such as length, 

diameter, orientation and number of branch points further determine how a neuron 

contributes to a circuit.  

Specific dendrite structures contribute to a neuron’s specialized function. For instance, 

sensory neurons use mechanoreceptors receptors on their dendrites that transmit 

external sensations such pain, sound and touch. The territory these dendrites cover, 

known as a receptive field, dictates the neuron’s ability to receive this crucial information. 

Cerebellar Purkinje neurons have massive, branched dendritic arbors that are somewhat 

fan-like and flat; this shape may optimize communication with granule cells beneath them 
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(Kaneko et al., 2011). Pyramidal cells have a distinct ascending apical dendrite that in 

most cases terminate their tufted dendritic arbor within layer 1, contributing to the overall 

radial organization and functional units of the cerebral cortex (Mountcastle, 1997). 

However, even within the class of cortical pyramidal neurons extensive dendritic diversity 

is observed. For instance, apical dendrites of most cortical layer 6 pyramidal neurons 

terminate in layer 4, while a subset terminate in layer 1. In contrast, all apical dendrites of 

layer 5 neurons project to layer 1 (Ledergerber and Larkum, 2010).  

Neurons communicate through synapses, junctions formed predominantly between 

presynaptic axons and postsynaptic dendrites (Figure 1.1B) (Cajal S, 1904). Synapse 

formation is dependent on pre and postsynaptic partners interacting physically through 

specific protein interactions to form the point of contact. Once mature, the typical synaptic 

cleft is 20-40 nm and is the gap across which neurotransmitters diffuse. The cellular 

mechanisms underlying synapse formation are intensively studied as they are also critical 

in establishing specific neural circuitry (Südhof, 2018). The complexity of these 

developmental processes is astounding: a single neuron in the mammalian brain can 

have millimeters of dendritic arbor with tens to hundreds of thousands of synapses that 

communicate with hundreds or thousands of other neurons (Defelipe et al., 2002).  

Synaptic communication is carried out through firing of action potentials which are 

triggered at the axon initial segment of the presynaptic once a voltage threshold is 

exceeded and propagated along the axonal shaft towards the axon terminal by the 

sequential activation of voltage sensitive sodium channels localized along the axon. 

Presynaptic axon terminals contain neurotransmitters that are released once an action 
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potential reaches the end of the axon. The neurotransmitters travel across the synaptic 

cleft and bind to postsynaptic receptors located on dendritic spines.  

Spines are specialized subcellular protrusions that decorate neuronal dendritic arbors 

at post-synaptic terminals (Figure 1.1C). Close to 90% of all excitatory inputs in the brain 

terminate on dendritic spines (Kirov et al., 1999). Dendritic spines can have various 

shapes (e.g. thin, stubby, mushroom-shaped) but typically have a bulbous head which 

creates surface area for synaptic interface, and a thin neck which can act as a diffusion 

barrier for signaling molecules between the spine and dendritic shaft (Harris and Stevens, 

1989).  

The plasma membrane of spines contains neurotransmitter receptors for mostly 

excitatory (e.g. glutamate) and occasionally inhibitory (e.g. GABA) neurotransmitters. 

Neurotransmitter binding triggers the conformational change of different ion channels. 

Excitatory neurotransmission increases the inward flow of positively charged sodium and 

calcium ions into the postsynaptic cell depolarizing the resting membrane potential. 

Inhibitory neurotransmission increases the inward flow of negatively charged ions (Cl-) or 

increases the outflow of positively charged ions (K+), hyperpolarizing the resting 

membrane potential. As a result, the type of neurotransmitter received triggers either an 

excitatory postsynaptic potential (EPSP) or inhibitory postsynaptic potential (IPSP), 

altering the local membrane potential of a portion of the dendrite. Summation of the 

changes in membrane potential at synapses determine the postsynaptic neuron’s overall 

membrane potential. The dendrite integrates thousands of synaptic signals which reach 

the soma and axon initial segment through electrotonic propagation. If the postsynaptic 

neuron’s resting membrane potential (around -70 mV) is depolarized and reaches a 
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certain voltage threshold (around -55 mV) at the postsynaptic cell’s axon initial segment, 

it then fires its own action potential, contributing to the signals received by the next neuron 

in the circuit. Membrane conductivity is dynamic and changes rapidly during development. 

In developing cortical neurons, expression of ion channels changes dramatically, leading 

to increased excitability, increase spontaneous activity and decreases in input resistance 

(Picken Bahrey and Moody, 2003).  

The crucial role of dendrites in neuronal function means malformations in dendrite 

structure can lead to aberrant cortical wiring and disruptions in neuronal communication. 

Dendrite defects have been linked to many neurodevelopmental and neurodegenerative 

disorders (Kulkarni and Firestein, 2012; Martínez-Cerdeño, 2017). Several lines of 

evidence implicate dendritic abnormalities with autism spectrum disorders (ASD) 

(Martínez-Cerdeño, 2017). During early dendritogenesis in the cerebral cortex, excitatory 

neurons exhibit profound changes in the expression of hundreds of genes including the 

majority of the genes linked to intellectual disability and autism (Olson, 2014; Willsey et 

al., 2013). Dendritic abnormalities such as decreased dendritic branching in CA1 and CA4 

were observed in autistic children (Raymond et al., 1995). Dendrite number and MAP2 (a 

dendritic marker) expression are decreased in the dorsolateral prefrontal cortex in autistic 

patients (Mukaetova-Ladinska et al., 2004). Hutsler and Zhang reported that dendritic 

spines of cortical neurons have normal morphology, but spine density is increased in 

cortical pyramidal neurons in layer 2 and temporal lobe layer 5 (Hutsler and Zhang, 2010). 

However, decreases in spine density of some cortical pyramidal neurons have also been 

reported (Williams et al., 1980), suggesting a layer of complexity in spine disruption might 
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be associated with different neuron subtypes or other variables. Spine disruptions can 

lead to alterations in the excitatory/inhibitory balance of neural circuits.  

Dendritic malformations are also a feature of mental retardation. Children with Down 

syndrome display early increases in dendrite branching and length, followed by a rapid 

reduction in dendrite length, branching and spine density (Becker et al., 1986). Dendritic 

atrophy persists in aged Down’s syndrome patients (Takashima et al., 1989). In Rett’s 

syndrome patients, dendritic atrophy is present throughout life, with patients displaying 

decreases in apical and basilar dendrite branches primarily in the premotor, motor and 

inferior temporal cortical regions (Armstrong et al., 1995, 1998). Fragile X syndrome 

(FXS) is a disorder resulting from a mutation in the Fmr1 gene leading to the failure of the 

expression of FMRP protein, which is localized in dendrites and may contribute to 

dendritic growth. FXS patients have abnormal dendritic arborization and spine 

dysgenesis. The dendritic spines have an abnormal immature phenotype with higher 

spine density and longer necks than controls, which may reflect impaired synapse 

stabilization, elimination and pruning (Irwin et al., 2001; Martínez-Cerdeño, 2017).  

Dendritic disruptions are also present in patients with schizophrenia. Neuroimaging 

studies revealed that schizophrenic patients have decreased cerebral cortical volume 

(Harvey et al., 1993), but cell bodies and axons appear to remain intact, indicating 

dendritic loss accounts for the volume decrease (Casanova, 1997; Kulkarni and Firestein, 

2012). Indeed, decreases in primary and secondary basilar dendrites in layer 3 and layer 

5 pyramidal neurons were described in schizophrenic patients (Broadbelt et al., 2002), in 

addition to decreased spine density of deep layer 3 pyramidal neurons (Glantz and Lewis, 

2000). Dendritic abnormalities have also been observed in people with anxiety and 
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depression. In postmortem studies, patients with higher levels of depression and anxiety 

disorders displayed decreases in dendrite and spine density in the hippocampal CA3 

region (Soetanto et al., 2010). 

Dendritic structure remains crucial throughout a neuron’s lifetime. Dendrite damage 

and degeneration is associated with some forms of neurodegeneration. In Alzheimer’s 

disease patients, neurons in the hippocampus show a particular sensitivity to dendrite 

disruptions. CA1 pyramidal cells exhibit loss of apical and basal dendrites, potentially 

caused by tau aggregation in the branches (Braak and Braak, 1997; Dickstein et al., 

2010). Tau aggregation and amyloid beta plaques are also associated with progressive 

loss of synapses and dendritic spines (Dorostkar et al., 2015; Merino-Serrais et al., 2013). 

Physical trauma can lead to dendritic damage and lesions. For instance, in spinal cord 

injuries, trauma correlates with dendritic MAP2 reductions (Li et al., 2000) and aberrant 

spine remodeling (Tan and Waxman, 2012). Aberrant dendritic spine remodeling is also 

linked to chronic, neuropathic pain caused by injury (Kuner and Flor, 2016; Tan et al., 

2012). Finally, toxins can alter dendritic structure. For example, alcohol can impair 

dendrite growth and orientation during development (Powrozek and Olson, 2012; Wang 

et al., 2019; Yanni and Lindsley, 2000), reduce growth of dendrites in newborn neurons 

in adulthood (He et al., 2005) and alter dendritic complexity and spine density (Hamilton 

et al., 2010). Taken together, the disorders associated with dendrite disruption highlight 

the importance of dendritic form and function. Understanding the molecular mechanisms 

that shape dendrites is critical to addressing the many pathologies to which they are 

susceptible. 
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Genesis of a Dendrite 

The characteristic morphological polarity of a neuron with distinct dendrites and 

axons allows neurons to effectively integrate, process and transmit signals between other 

neurons in a circuit. The specialized function of dendrites and axons is evident in both 

their subcellular components and anatomy, which are determined during development. 

The Spanish neuroscientist Santiago Ramón y Cajal was a key pioneer in the field of 

cellular neuroanatomy. Combining Golgi silver staining with his detailed, realistic 

representations of neuronal morphology, he provided the foundation to the neuron 

doctrine and paved the way for structural and functional studies of the nervous system 

(Sotelo, 2003). His work provided some of the first information on the structure of 

dendrites and how they change during different stages of development. However, his 

original depictions of cortical dendrite formation were likely flawed due to technical 

limitations of the method. The Golgi silver staining technique only provides a snapshot of 

development and appears to inefficiently label the nascent cortical dendrite (See 

appendix figure A2). His depictions showed cortical plate neurons with a descending 

axon but lacking any apical process (Cajal S, 1904). This suggested that the dendrite 

formed de novo, emerging directly from a newborn neuron’s soma after migration arrest. 

It is understood now, due to high sensitivity and contrast of genetically encoded 

fluorescent labeling coupled with the ability to perform live imaging, that migrating cortical 

neurons extend a leading process that directly transforms into the nascent dendrite 

(O’Dell et al., 2015).  

For cortical excitatory neurons, dendrite initiation follows axon initiation and both 

events occur during the process of neuronal migration (Figure 1.2) (Barnes et al., 2008). 
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Cortical excitatory neurons are generated from neural precursor cells in the ventricular 

zone and intermediate precursors in the subventricular zone (Mukhtar and Taylor, 2018). 

Neurons in the earliest stages of differentiation do not have distinct polarity, instead 

extending equal immature minor neurites, and are called multipolar neurons (Tabata and 

Nakajima, 2003) . Several lines of evidence from in vitro studies on neuronal polarity using 

primary hippocampal neurons have suggested that axon formation precedes and is 

necessary for dendrite formation (Jan and Jan, 2003). Firstly, the axon is the first 

morphologically distinct neurite that appears to break neuronal symmetry (Dotti et al., 

1988). Furthermore, experimentally altering axon initiation genes disrupts dendrite 

formation (Inagaki et al., 2001; Shelly et al., 2007). Finally, severing putative axons of 

primary neurons leads to a dendrite taking on the fate of an axon and disrupting that 

putative dendrite (Dotti and Banker, 1987). However, in vitro neuronal polarity assays 

have some caveats. One such caveat of many classical in vitro neuronal polarity assays 

is that most cells in dissociated primary neuronal cultures are post-mitotic neurons and 

therefore undergo “re-polarization” of previously polarized neurons (Barnes and Polleux, 

2009). Also, by definition, in vitro experiments of neuronal polarity lack the in vivo 

extracellular cues that might direct axon-dendrite specification. Indeed, in vivo studies 

have highlighted the caveats present in in vitro studies. Importantly, dendrites can still 

form relatively normally in vivo when axon formation is disrupted (Barnes et al., 2007). 

Cell-cell contacts are also probably key for spatiotemporal regulation of neuronal 

polarization (Gärtner et al., 2012; Namba et al., 2014). A radial glial cell (RGC)-neuron 

interaction has been proposed to direct axon formation to the opposite site of cortical 
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neurons during migration (Xu et al., 2015b). Neurons plated on a culture dish are 

separated from these intercellular cues that direct polarity in vivo.  

Extracellular signaling molecules that regulate axon-dendrite polarity further 

demonstrate that spatiotemporal coordination is key for dendrite specification. Sema3A-

signaling acts as a chemoattractant for dendrites, and a chemorepellent for axons 

(Polleux et al., 2000). The intracellular signaling complex that transmits Sema3A-

signaling localizes to the dendrite, increasing cyclic guanosine monophosphate (cGMP) 

levels to specify dendrite identity and promote dendrite development (Szczurkowska et 

al., 2020). Meanwhile, elevated cyclic adenosine monophosphate (cAMP) levels increase 

in the neurite of the putative axon, promoting axon specification and growth (Cheng et al., 

2011; Shelly et al., 2007). As a result, the specific localization of cGMP in neurites of 

putative dendrites suppresses axon fate and promotes dendrite fate, and vice versa for 

cAMP in axons. Polarization is further supported by Reelin signaling which promotes 

dendrite development through Golgi deployment into the apical dendrite, while the 

opposing LKB1-STRAD-Stk25 complex promotes axon development (Matsuki et al., 

2010). Taken together, neurons do possess an intrinsic ability to polarize; this is evident 

because they break symmetry in culture, absent any extrinsic cues. However, 

spatiotemporal cues are critical for orchestrating the mechanisms of neuronal polarity in 

vivo, and therefore culture studies need to be supplemented with in vivo analyses. 

Neuronal migration occurs simultaneously with different stages of cortical neuron 

development related to dendrite formation (Figure 1.2). Neurons traverse the 

subventricular zone (SVZ) and intermediate zone in a multipolar migration mode. When 

neurons reach the subplate, they take on a bipolar morphology, with early specification 
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of an axon and a leading neurite destined to become a dendrite (Noctor et al., 2004). The 

leading process attaches to a RGC substrate through adhesion interactions, and the 

neuron crawls along the RGC (Bystron et al., 2008) in a saltatory movement called 

locomotion (Nadarajah et al., 2001). The neuron traverses past earlier born neurons in 

the cortical plate (CP), towards the top of the CP. The neuron then projects its leading 

neurite into the overlying marginal zone (MZ), detaches from its RGC substrate, and 

switches to a migration mode called translocation (Nadarajah et al., 2001). Translocation 

is a rapid glial-independent movement in which the nucleus moves up through the 

extended leading neurite. Simultaneously, the leading neurite of cortical dendrites 

transforms into the nascent dendrite as the neuron ends migration and reaches this final 

position in the CP (O’Dell et al., 2015; Olson et al., 2006; Pinto-Lord et al., 1982). 

Dendritogenesis is linked to migration arrest and the development of the layered structure 

of the cortex (Figure 1.2) (Chai et al., 2009; O’Dell et al., 2015; Olson et al., 2006). 

Dendrite formation requires the integration of both extrinsic factors and intrinsic 

factors (Jan and Jan, 2003; McAllister, 2002; Puram and Bonni, 2013; Valnegri et al., 

2015a). Extrinsic factors are sensed by the growth cone at the tip of the developing neurite 

and transmitted into intracellular effectors that dictate whether a dendrite grows or retracts 

(Figure 1.3). Historically, axonal growth cones have received much more attention than 

dendrites, but there are functional and conceptual similarities between both (Tamariz and 

Varela-Echavarría, 2015).  

Cortical neurons mostly extend a single leading neurite during neuronal migration. 

However, as neurons arrest migration and dendrites begin to branch and grow, dendritic 

filopodia emerge and mature into new branches. Thus, neurons eventually have many 
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concurrently active dendritic growth cones that extend and retract independently. Later in 

development, synaptic filopodia emerge from dendrites and mature into dendritic spines 

(Portera-Cailliau et al., 2003; Takahashi et al., 2003). Growth cones act as small sensors 

that bear membrane receptors that detect adhesive ligands and signaling molecules 

(Gomez and Letourneau, 2014). Flat sheet-like protrusions called “lamellipodia” also 

emerge from the dendritic shaft and may be intermediate structures between filopodia 

and newly formed branches. It has recently been reported that transient lamellipodia 

predict sites of new branch formation in hippocampal neurons (Withers and Wallace, 

2020).  

Dendrite growth cones are highly dynamic and undergo extensive remodeling during 

development (O’Dell et al., 2015; Withers and Wallace, 2020). This remodeling is largely 

due to the organization and reorganization of the cytoskeleton. The cytoskeleton gives 

structure to the dendrite and changes in response to extracellular cues. Dendritic filopodia 

consist of dynamic actin-rich tips that pave the way for subsequent stable dendrite growth. 

Filamentous actin (F-actin) is highly enriched in dendrite terminals at filopodia. 

Polymerization and turnover of actin steers the growth cone towards a growth promoting 

cue, and away from repellent cues (Gomez and Letourneau, 2014). Actin structure is 

remodeled by various actin binding proteins (ABPs). Polymerization is initiated by actin 

nucleators, ABPs that convert globular actin (G-actin) into F-actin seeds (Firat-Karalar 

and Welch, 2011). Actin nucleators are targeted to specific cellular regions in time and 

space, restricting the formation of actin structures to specific regions of the dendrite 

(Rottner et al., 2017; San Ruiz-Miguel and Letourneau, 2014).  
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A key regulator of actin dynamics is the Rho family of GTPases, which act upstream 

of ABPs (Chhabra and Higgs, 2007). Rho GTPases are molecular switches that are 

targeted to the plasma membrane by the release of Rho-GDP dissociation inhibitors 

(Rho-GDIs), whereby their activation state is cycled between an active GTP-bound state 

by guanine nucleotide exchange factors (GEFs) and inactive GDP-bound state by 

GTPase-activating proteins (GAPs) (Rottner et al., 2017). Rac and Cdc42 activation 

facilitates dendrite growth cone motility and branch outgrowth, while RhoA reduces it 

(Leemhuis and Bock, 2011; Scott and Luo, 2001). RhoA activity is transmitted through 

Rho associated protein kinase (ROCK), a serine-threonine kinase that phosphorylates 

substrates such as myosin and LIM domain kinase (LIMK). Myosin activation leads to 

actin contraction and subsequent dendrite retraction (Sundararajan et al., 2019). 

Activation of LIMK leads to the activation of the actin-severing protein Cofilin and 

subsequent actin depolymerization. Cofilin severs F-actin and promotes its turnover, 

organizing space for protrusion and bundling of microtubules and allowing neurite 

extension (Flynn et al., 2012). Nithiandam and Chien demonstrated that patches of 

dynamic F-actin localization predict future dendrite branch points, and that cofilin 

regulates the actin patches and dendrite branching activity (Nithianandam and Chien, 

2018). Cdc42 activation leads to actin polymerization and dendrite branching via Wiskott-

Aldrich syndrome protein (WASP) and Arp2/3 (Kulkarni and Firestein, 2012). Arp2/3 has 

recently been shown to localize to dendrite branch points and initiate sites of dendrite 

branching by promoting actin assembly (Sturner et al., 2019). The actin assembly and 

nucleation protein family of Formins have also been shown to regulate dendritic structure 

through control of actin dynamics. Formin1 is activated by Neurogenin3 and regulates the 
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number of primary dendrites in hippocampal neurons (Simon-Areces et al., 2011) and the 

formin DAAM1 localizes to dendritic filopodia in Purkinje cells to direct dendrite extension 

and retraction in conjunction with Arp2/3 (Kawabata Galbraith et al., 2018). 

As the dendrite extends, microtubules are assembled along the dendritic shafts and 

provide a structural backbone for the dendrite. Microtubule assembly is regulated by 

various microtubule associated proteins (MAPs) that regulate microtubule polymerization, 

microtubule disassembly and the amount of free tubulin (Kulkarni and Firestein, 2012; 

Sweet et al., 2011a). Specific MAPs localize to dendrites or axons. MAP2, for example, 

is a widely used histological marker for dendrites. MAP2 is also crucial for 

dendritogenesis: inhibiting MAP2 via antisense oligonucleotides inhibited dendrite 

formation in cultured cerebellar neurons (Caceres et al., 1992). Microtubules also have 

distinct features in dendrites compared to axons. Dendrites generally have mixed 

microtubule polarity with both plus and minus-end out microtubules, while axons have 

uniform microtubule polarity with plus-end out microtubules (Scott and Luo, 2001). This 

differentiation is key for specific microtubule-directed cargo transport, allowing the bi-

directional transport of dendritic cargo to and from dendritic compartments (Weiner et al., 

2020). Minus-end out microtubules are thought to be transported to dendrites by the 

motor protein CHO1/MKLP1. Depletion of CHO/MKLP1 leads to a loss of minus-end out 

microtubules and a loss dendrite identity with dendrites acquiring axon-like structure and 

organelle composition (Yu et al., 2000). Plus-end-tracking proteins such end-binding (EB) 

proteins further modify microtubule dynamics at the end of microtubules and regulate 

dendrite branching (Sweet et al., 2011b). 
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Specific microtubule motor proteins transport molecular cargo within dendrites. 

Kinesin motors travel towards the plus-end of microtubules, while dynein motor proteins 

travel towards the minus-end of microtubules. The kinesin motor KifC2 has recently been 

shown to form a complex with cGMP-synthesizing proteins in dendrites; localization of 

this complex to the apical dendrite is necessary for the dendrite’s formation and growth 

(Szczurkowska et al., 2020). Dynein complexes transport dendrite-specific signaling 

proteins and receptors; for instance, a dynein-dynactin complex restricts Down Syndrome 

cell adhesion molecule (Dscam) to dendrites (Yang et al., 2008). Disruption of dynein 

heavy chain (Dhc64) results in dendrite growth and branching defects (Liu et al., 2000). 

Lissencephaly1 (Lis1) is a MAP that associates with dynein, as well as Nude1. This 

interaction is critical for dendrite formation and CNS lamination; patients with LIS1 

mutations exhibit loss of sulci and gyri supporting a link between neuronal migration and 

dendritogenesis (Arthur et al., 2015; Gopal et al., 2010; Sudarov et al., 2013; Youn et al., 

2009). LIS1 and Nude1 interact at the centrosome, a microtubule organizing center 

(MTOC), and regulate γTubulin which nucleates microtubules at the leading 

neurite/dendrite (Gopal et al., 2010). Nude1 is a substrate for p35/cyclin dependent 

kinase 5 (Cdk5), a complex essential for neuronal migration and neurite morphology 

(Niethammer et al., 2000). p35/Cdk5 is a neuron-specific effector of the Rac Rho-

GTPase, which suggests a potential link between actin and microtubule regulators 

(Margareta Nikolic, Margaret M. Chou, Wange Lu, 1998; Puram and Bonni, 2013; Scott 

and Luo, 2001). Furthermore, the F-actin-associated protein drebrin interacts with end-

binding protein 3 (EB3) at the interface between microtubule tips and F-actin-rich filopodia 

to promote neurite extension (Geraldo et al., 2008); this interaction is key for dendrite 
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arborization (Sweet et al., 2011b). A coordination between actin and microtubules is 

absolutely essential in order to direct the growth of a highly dynamic neurite (Flynn et al., 

2012). Though, it has been suggested that F-actin content is mainly correlated to 

branching, while microtubule content is correlated to dendrite arbor length (Nanda et al., 

2019). Regardless, coordination of actin and microtubules determines the overall dendrite 

structure. 

Dendritic growth and branching can be regulated through calcium signaling (Wong 

and Ghosh, 2002). Neural activity mediated by calcium transients have recently been 

shown to be critical for early dendritogenesis. Bando et al. showed a role for activity 

dependent control of dendritogenesis in newborn cortical neurons. Overexpression and 

activation of sodium channels in newborn neurons led to increases in calcium transients 

along with premature dendrite branching and migration arrest (Bando et al., 2016; Hurni 

et al., 2017). This suggest that cortical neurons have low levels of neural activity and 

internal calcium transients during migration, then activity and intracellular calcium levels 

elevate during migration arrest and dendritic growth. 

Calcium acts as a second messenger that modulates various downstream targets at 

localized dendritic compartments as well the entire neuron. During early postnatal 

development, dendritic filopodia dynamics exhibit activity-related structural dynamics 

(Portera-Cailliau et al., 2003). Local calcium transients can regulate actin dynamics by 

binding to and modulating ABPs, rho GTPases, and other kinases and phosphatases 

(Gomez and Letourneau, 2014). Global calcium transients initiate transcription 

mechanisms that specify branching patterns (Konur and Ghosh, 2005). Calcium binds to 

the calcium-binding messenger protein calmodulin (CaM), which activates calcium/CaM-



Chapter 1. General Introduction 

 22 

dependent protein kinases (CaMKs). CaMKs can promote or inhibit dendrite outgrowth, 

depending on the isoform and context (Wayman et al., 2008). CaMKII, for example, can 

regulate neurite extension by interacting with actin via CaMKIIbeta (Fink et al., 2003), as 

well as regulate activity of transcription factors via CaMKIIalpha (Gaudillière et al., 2004). 

CaMKIIalpha activates the transcription factor NeuroD and triggers NeuroD-dependent 

transcription, thereby promoting dendrite outgrowth and maintenance through an activity-

dependent mechanism (Gaudillière et al., 2004). The importance of NeuroD signaling has 

been exhibited in cerebellar granule neurons, wherein NeuroD knockdown disrupts 

generation and maintenance of dendrites. NeuroD expression patterns also indicate a 

role for it in neuronal differentiation in the human cerebral cortex, as it was detected in 

the marginal zone (Franklin et al., 2001), however, NeuroD’s downstream transcriptional 

targets that regulate dendritic differentiation are not yet known. The transcription factor 

cAMP-responsive-element binding protein (CREB) is another activity-dependent 

regulator of cortical dendrite growth. CREB activation leads to the expression of sets of 

proteins that promote dendrite growth such as neurotrophins (Mauceri et al., 2011; 

McAllister et al., 1996). Calcium-signaling therefore functions as a positive feedback loop, 

promoting the expression of growth-promoting molecules.  

Dendrites are further organized by organelle content and localization. The polarized 

trafficking of dendritic cargo, including membrane components and proteins, are 

coordinated by the secretory pathway. Dendritic cargo contains large amounts of 

membrane proteins destined for synapses, which require the entire complement of 

secretory organelles for their local synthesis and trafficking (Hanus and Ehlers, 2008). 

Early in cortical dendritogenesis, the Golgi localizes apically in the somatodendritic 
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compartment and projects into the emerging dendrite, presumably supporting the 

differentiation and growth of the emerging dendrite (Matsuki et al., 2010; Nichols and 

Olson, 2010). As the dendrite matures, the Golgi complex undergoes coordinated fission 

(Quassollo et al., 2015), creating satellite Golgi compartments called Golgi outposts that 

localize to branch points in major dendrites where they engage in post-Golgi trafficking, 

assisting in cargo transit to distal dendritic regions (Horton et al., 2005). Golgi outposts 

are critical for development as well as maintenance of dendritic architecture, as Golgi 

outpost disruption causes dendrite shrinkage. Golgi outposts have also been proposed 

to serve as microtubule organizing centers, whereby they concentrate γTubulin at branch 

points to nucleate microtubules (Ori-McKenney et al., 2012). However, conflicting studies 

have demonstrated that Golgi outpost removal did not affect microtubule nucleation 

(Nguyen et al., 2014). Instead, microtubule nucleation at branch sites has recently, and 

perhaps more convincingly, been linked to sites of endosomal Wnt signaling (Weiner et 

al., 2020). The centrosome also serves a well-established role in organizing microtubules. 

Acentrosomal sites of microtubule organization are likely needed as the dendrite grows 

in size because the centrosome initially localizes to the base of the dendrite and supports 

axon-dendrite polarization, but is not present in the dendritic shaft (Barnes et al., 2008). 

Along with Golgi outposts, the endoplasmic reticulum (ER) further supports the trafficking 

of dendritic cargo. The ER exists as a network in dendrites, with increased complexity 

near branch points and spines (Cui-Wang et al., 2012). These local zones of complexity 

are proposed to correspond to sites of new dendritic branches and are particularly 

important for synaptic receptor transit. ER-bound ribosomes serve to synthesize protein 

locally near base of spines to maintain synapses and throughout the shaft to support the 
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overall growth of dendritic branches (Slomnicki et al., 2016). Taken together, neurons 

require exquisite coordination of intracellular signals to direct the growth and maintenance 

of complex dendritic architecture. Disruptions of these processes during dynamic 

developmental phases or adulthood can lead to or amplify disruptions in neural 

connectivity. 

 

Extracellular Cues that Regulate Dendritogenesis 

The intracellular mechanisms that shape the dendrite are coordinated by the 

extracellular environment that the dendritic processes inhabit (Figure 1.3). For cerebral 

cortical neurons, the dendrite is mostly shaped by the cues it encounters in the cortical 

plate and marginal zone. Adhesion between the neuronal leading process and RGC fiber 

is mediated by N-cadherin, a potential first step in specifying the dendrite (Jossin and 

Cooper, 2011; Xu et al., 2015b). As the neuron migrates towards the top of the cortical 

plate, the marginal zone becomes a source for instructional cues that define the dendrite. 

The CR cells are the principal cell type producing these cues, expressing surface 

receptors and secreting ECM components, signaling proteins, proteases and 

neurotransmitters (Yamazaki et al., 2004). CR cells may serve to control the final stage 

of neuronal migration by expressing cell-cell adhesion substrates, mediating heterophilic 

interactions between nectins and homophilic interactions between cadherins (Gil-Sanz et 

al., 2013). Cell-cell interactions also ensure that synaptic domains of dendrites are non-

overlapping. This is accomplished through dendrite self-avoidance and tiling. DSCAMs 

mediate self-avoidance and tiling through homophilic repulsive interactions (Millard and 

Zipursky, 2008). DSCAM’s function has largely been shown in Drosophila sensory 
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neurons, but it also contributes to dendrite morphogenesis in the mammalian cerebral 

cortex (Maynard and Stein, 2012). Cadherins and protocadherins also contribute to self-

avoidance and tiling. In mammals, clustered protocadherins accomplish self-avoidance, 

similar to DSCAM-mediated self-avoidance in Drosophila (Lefebvre et al., 2012). 

Protocadherin clusters consist of different isoform combinations that act as a “barcode” 

for dendritic self/non-self-discrimination (Ing-Esteves et al., 2018). The intracellular 

mechanisms and binding partners that drive protocadherin function in this process is not 

fully elucidated but likely involves regulation of both adhesive interactions as well as 

cytoskeletal-associate kinase pathways (Keeler et al., 2015). Proto-synaptic contacts with 

axons may also contribute to dendritic arbor stabilization. This “synaptotropic” hypothesis 

is supported in certain contexts such as the spinal cord where dendrites grow 

preferentially within axonal rich areas enriched in presynaptic specializations (Vaughn et 

al., 1988). This is likely not the case in the cerebral cortex as the dendritic projection area 

(MZ) contains CR cells and their axons but CR cells are a transient population that dies 

off postnatally (Ledonne et al., 2016; Riva et al., 2019) and therefore do not form stable 

synaptic contacts with cortical dendrites. 

ECM-composition can influence dendrite through adhesive interactions, direct 

signaling events, ligand presentation and biophysical forces. However, surprisingly little 

is known about how ECM shapes dendritic arbors, especially in the cortex. In Drosophila 

sensory neurons, integrin-based ECM interactions restrict dendritic arbors in a 2D plane 

and further support tiling and self-avoidance by preventing contact with dendrites in 

different 3D positions (Han et al., 2012; Kim et al., 2012). In the cortex, α5β1 integrin in 

the neuronal leading process is thought to adhere to fibronectin localized in the MZ to 
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promote translocation, which would presumably support dendrite initiation (Schlomann et 

al., 2009; Sekine et al., 2012). However, the nECM is largely organized around 

hyaluronan, a large, unbranched glycosaminoglycan (GAG) (Viapiano and Matthews, 

2006; Yamaguchi, 2000). The nECM is enriched in chondroitin sulfate proteoglycans 

(CSPGs), a family of proteins that are modified with highly sulfated GAG side chains, 

which also contribute to the anionic, hydrophilic nature of the nECM (Bandtlow and 

Zimmermann, 2000; Yang et al., 2011). A number of CSPGs are hyaluronan binding 

proteins that bridge hyaluronan to the cellular surface thereby serving to organize the 

neural ECM around cells (Bandtlow and Zimmermann, 2000; Yamaguchi, 2000). Other 

proteoglycans such as heparin sulfate proteoglycans (HSPGs) are incorporated into this 

complex structure creating an anionic and biophysically soft and compliant ECM 

(Bovolenta, 2000; Franze, 2013; Franze et al., 2013). The molecules in the nECM are 

known to create diffusion barriers and serve as co-receptors for cell signaling (Smock and 

Meijers, 2018; Yayon et al., 1991). 

In Drosophila, dendritic space-filling of large receptive fields is regulated by HSPGs, 

which act as a permissive signal to nociceptive somatosensory neurons (Poe et al., 2017). 

HSPGs facilitate microtubule stabilization specifically in these neurons’ higher order 

branches, whereas non-space-filling neurons grow independently of HSPGs. While a role 

for matrix HSPGs in mammalian dendrite growth has not been fully demonstrated, the 

transmembrane HSPG syndecan-2 has been shown to regulate dendritic arborization in 

mouse hippocampal neurons in vitro by promoting microtubule stabilization (Chen et al., 

2011). In the vertebrate optic tectum, a gradient of HSPGs has been proposed to stabilize 

the signaling molecule Reelin in a top-down gradient which directs the positioning of 
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retinal ganglion axons and periventricular neuronal dendrites to proper synaptic laminae 

(Di Donato et al., 2018). Reelin is key for dendritic positioning in the cerebral cortex 

(discussed below), but no such interaction with HSPGs has been described outside of the 

retina. HSPGs therefore appear to modulate cell-matrix and ligand interactions that are 

important for dendrite differentiation in certain contexts, but the pathways relevant to 

cortical dendrite development have yet to be fully elucidated.  

CSPGs are an ECM component with extensive roles in neurite outgrowth. CSPGs are 

widely known for their ability to inhibit axons in spinal cord injury scenarios and in vitro 

(Lang et al., 2015; Snow et al., 1990). However, recent studies suggest a more nuanced 

role for CSPGs present in glial scars where the effects on neurites are modulatory 

depending on the CSPG isoform expressed or other ligands present (Anderson et al., 

2016; Rauvala et al., 2017). Nevertheless, the mechanisms of CSPG-induced axon 

inhibition have been characterized recently. CSPGs bind to their receptors leukocyte 

common antigen-related phosphatase (LAR) and receptor protein tyrosine phosphatase 

σ (PTPσ) to initiate convergent and divergent signaling pathways to mediate neurite 

inhibition (Fisher et al., 2011; Ohtake et al., 2016). CSPG signaling modifies neurite 

growth cones through Rho-GTPases and the Pi3K/Akt pathway to regulate cytoskeletal 

dynamics by inhibiting microtubule polymerization and actin assembly (Kelly et al., 2010; 

Ohtake et al., 2016).  

The structure of CSPGs consists of a core protein with sulfated GAG side chains 

(Maeda, 2015). The secreted lectican family of CSPGs (neurocan, versican, brevican, 

aggrecan) are expressed predominantly in the pericellular nECM and serve guidance and 

adhesion roles in development (Viapiano and Matthews, 2006; Yamaguchi, 2000). 
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CSPGs vary in their core sequence as well as the GAG side chains attached to the core 

proteins, which have varying lengths and expression patterns. The GAG side chains are 

functionally important for CSPG binding to receptors and conferring inhibition of neurites 

(Wang et al., 2008). However, certain CSPG core proteins can still inhibit neurites after 

sidechain removal (Dutt et al., 2011; Schmalfeldt et al., 2000). Sidechain removal is 

typically accomplished in loss of function experiments by chondroitinase ABC (chABC) 

application, an enzyme that cleaves chondroitin sulfate sidechains from core proteins and 

abrogates CSPG binding capabilities (Emerling and Lander, 1996). The functional 

significance of CSPGs on dendrites has largely been focused toward the regulation of 

synaptic plasticity where CSPGs constrain morphological changes of dendritic spines (De 

Vivo et al., 2013). Multiple CSPGs are expressed throughout the brain during 

development but a subset are highly concentrated in reticular structures with open “holes” 

at sites of synapse, called perineuronal nets (PNNs) (Celio et al., 1998; Giamanco et al., 

2010). These PNNs are key effectors that close out critical periods of heightened plasticity 

in both the visual cortex (Hou et al., 2017), and somatosensory cortex (Eill et al., 2020). 

The nets are often found ensheathing parvalbumin-positive interneurons, a subset of 

neurons known for their role in regulating developmental plasticity (Mouw et al., 2014). 

CSPGs have also been shown to inhibit/reduce mature cortical dendrites after injury, 

which is reversed by exogenous pleiotrophin addition (Rauvala et al., 2017). The nECM 

that cortical dendrites grow into in the MZ is heavily enriched with CSPGs (Margolis et 

al., 1975; Sheppard et al., 1991). CSPGs have been hypothesized to contribute to a 

framework for neurons in the cortical plate (Pearlman and Sheppard, 1996; Sheppard et 
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al., 1991), however, to date no studies have tested the role of CSPGs on cortical plate 

formation or apical dendrite formation.  

 Secreted cues in the extracellular space are crucial for guiding dendrites and 

regulating branch growth. The class III semaphorin Sema3A binds to its receptor 

Neuropilin 1 and is instructive for neuronal polarity and serves as chemoattractant for 

cortical apical dendrites (Nakamura et al., 2017; Polleux et al., 2000). Sema3A’s effects 

appear to be concentration-dependent as null mice exhibit dendrite length and branching 

defects, and exogenous Sema3a leads to excess dendritic growth (Fenstermaker et al., 

2004). Similar to Sema3a, Slit-Robo interactions repel axons but promote dendrite growth 

in the cortex. As such, Slit 1/3 is expressed highly in the MZ and its receptor(s) Robo1/2 

is expressed by developing neurons in the CP (Whitford et al., 2002). 

Wnt signaling has diverse effects on dendrites. For example, non-canonical Wnt 

signaling activates Rho GTPases to promote dendrite growth in the mouse hippocampus 

(Rosso et al., 2005) while canonical Wnt signaling has been shown to control microtubule 

nucleation in Drosophila dendrites (Weiner et al., 2020). The growth factor family of BMPs 

can also induce dendrite growth in cortical neurons. The effect of BMP7 on dendrite 

growth is pronounced in vitro, eliciting both filopodia and lamellipodia which anticipated 

the sites of collateral branches (Withers and Wallace, 2020). BMP7 application was 

shown to induce dendrite growth by remodeling the actin cytoskeleton through cofilin 

phosphorylation (Podkowa et al., 2013). Neurotrophins such as nerve growth factor 

(NGF), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4) and brain-derived neurotrophic 

factor (BDNF) have varying effects on dendritic growth depending on the context 

(McAllister et al., 1995). BDNF and NT-3, for example, have opposing effects on dendritic 
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growth on layer 4 and layer 6 neurons (McAllister et al., 1997). In layer 4 neurons, NT-3 

inhibits BDNF-induced growth, while in layer 6 neurons BDNF inhibits NT-3-induced 

growth. The spatiotemporal effects of secreted cues point to a mechanism of dendrite 

development where neurons respond to specific cues in different contexts to accomplish 

highly regulated branching patterning (McAllister, 2002; Valnegri et al., 2015b). 

Furthermore, sequential action of gradients of these cues orchestrate growth cone 

guidance and branching patterns (McAllister, 2002). While the dendrite acts as a 

structural antenna for synapses, it simultaneously serves as a receptive structure for 

guidance cues and growth factors. Neuronal growth and maturation depend on dendrites 

receiving these cues to induce downstream cellular growth processes.  

 

Reelin Signaling in Cortical Dendrite Development 

While many extracellular cues have clearly defined effects on dendrites, the role 

of the secreted glycoprotein Reelin has proven somewhat mysterious. Autosomal 

recessive RELN mutations in humans cause Lissencephaly with Cerebellar Hypoplasia 

(LCH) (Hong et al., 2000), a disorder characterized by disrupted cortical architecture, 

intellectual disability and ataxia. Reelin has also been conclusively identified as an autism 

risk factor gene, a finding that has generated significant interest in its function (Lammert 

and Howell, 2016; Lammert et al., 2017; Rubeis et al., 2014). Reelin has long been 

studied for its dramatic loss of function phenotype found in the Reelin null (reeler) mouse. 

The reeler mouse exhibits a characteristic ataxia and “reeling” gait, hence the name 

“reeler” (Falconer, 1951). Analogous to patients with homozygous recessive RELN 

mutations, the reeler brain has dramatic anatomical malformations. The cerebral cortex 
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exhibits a characteristically disorganized and approximately inverted cellular layering, the 

hippocampus is highly disorganized and the cerebellum is small/hypoplastic (Caviness 

and Sidman, 1973; Goffinet, 1979).  

Reelin has identified roles in neuronal polarization, migration, dendritic growth, 

dendritic spine development and synaptic function (D’Arcangelo, 2014; Lee and 

D’Arcangelo, 2016). The neuronal positioning defects found in the reeler has made it a 

particularly attractive system to study neuronal migration. The “inversion” of cellular layers 

with approximately layer 6 neurons towards the top of the CP and layer 2/3 neurons 

towards the bottom, suggests that Reelin serves a role in neuronal migration (Cooper, 

2008; D’Arcangelo, 2014). Studies of Reelin in vivo have strongly suggested that the 

processes of neuronal migration and dendritogenesis appear to be linked, suggesting that 

understanding the intricacies of Reelin signaling is necessary to understand Reelin’s 

exact function in cortical development (O’Dell et al., 2012; Olson et al., 2006; Pinto-Lord 

et al., 1982).  

Reelin is a ~440 kDa glycoprotein secreted by CR cells in the MZ (D’Arcangelo et 

al., 1995; Frotscher, 1998; Ogawa et al., 1995). It binds to its receptors very low-density 

lipoprotein receptor (VLDLR) and apolipoprotein receptor 2 (ApoER2) to initiate the 

canonical Reelin signaling pathway in migrating neurons (Lane-Donovan and Herz, 2017; 

Trommsdorff et al., 1999). Reelin signaling is transduced through the tyrosine 

phosphorylation of the intracellular adaptor protein Dab1, which is required to transmit the 

signaling cascade to downstream effectors (Figure 1.5) (Arnaud et al., 2003; Howell et 

al., 1997a, 1999). Tyrosine phosphorylation of Dab1 is carried out by the Src family 

kinases (SFKs) Src and Fyn which are further activated by phospho-Dab1, resulting in a 
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positive feedback loop required to transmit Reelin signaling (Bock and Herz, 2003). Loss 

of Reelin, VLDLR/ApoER2, Dab1 or Src/Fyn phenocopy the reeler phenotype, indicating 

that each of these components are necessary for Reelin signaling in brain development; 

also, these components constitute what is referred to as the canonical Reelin signaling 

pathway (Bock and May, 2016; Howell et al., 1997b; Sheldon et al., 1997; Trommsdorff 

et al., 1999).  

A key branch of the Reelin signaling pathway is activation of the 

Phosphatidylinositol 3-Kinase – AKR mouse Thymoma Kinase (PI3K-Akt) pathway (Ballif 

et al., 2003; Jossin and Goffinet, 2007). Inhibition of the PI3K-Akt pathway inhibits 

dendrite outgrowth and also disrupts cortical plate formation. PI3K interacts with phospho-

Dab1, leading to the phosphorylation of Akt at T308 through PDK1 and at S473 through 

mTORC2 (Bock et al., 2003; Jossin and Goffinet, 2007). mTOR serine threonine kinases 

(mTORC1 and mTORC2) are crucial downstream effectors of Akt-mediated dendritic 

growth (Urbanska et al., 2012). mTORC1 activates ribosomal protein S6K1, a kinase that 

enhances protein synthesis (Zoncu et al., 2011) while mTORC2 controls actin dynamics 

through Rho family GTPases to facilitate dendrite growth (Jacinto et al., 2004). Other 

downstream effectors in the PI3K-Akt arm of Reelin signaling may await identification, as 

cortical plate formation is PI3K-dependent but independent of mTORC1/2 (Jossin and 

Goffinet, 2007). The related adaptor proteins Crk and CrkL are also essential in Reelin 

signaling (Chen et al., 2004), and their loss causes a phenotype resembling the reeler 

(Park and Curran, 2008). Crk/CrkL is essential for Reelin-induced Akt phosphorylation 

and also the Reelin-Crk-C3G-Rap1 pathway that is critical for cortical neuron migration 

(Ballif et al., 2004; Park and Curran, 2008). Reelin regulates migration through Akt and 
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the Rho GTPase Rap1 which promotes n-cadherin-based adhesion during the transition 

from multipolar to bipolar morphology at the intermediate zone-cortical plate boundary 

(Jossin and Cooper, 2011). At the end of neuronal migration, Reelin signaling also 

activates C3G, a guanine exchange factor (GEF) for activation of Rap1, a pathway 

proposed to promote glia-independent somal translocation through adhesion with N-

cadherin and α5β1 integrin expressed by CR cells in the MZ (Franco et al., 2011; Sekine 

et al., 2012). Crk/CrkL and Akt activation is critical for Reelin-dependent migration and 

dendritogenesis, further supporting a link between the two developmental processes 

(Jossin and Goffinet, 2007; Matsuki et al., 2008). Reelin signaling further coordinates 

dendritogenesis by promoting Golgi extension into the leading neurite (O’Dell et al., 

2012). Stk25-LKB1-GM130 pathway activation leads to Golgi condensation and multiple 

axon formation, which is rescued by Reelin signaling, indicating that Reelin regulates 

dendrite formation in tandem with neuronal polarity (Matsuki et al., 2010). 

Postnatally, Reelin has also been implicated in regulating dendritic spine 

development in excitatory circuits (Niu et al., 2008), as well as spine maturation by 

regulating NMDA receptor surface trafficking and synaptic composition (Groc et al., 

2007). Reelin signaling also showed potential learning and behavior functions, modulating 

mature synaptic function (Herz and Chen, 2006; Trotter et al., 2013). Upon Reelin 

activation, ApOER2 associates with the synaptic scaffolding protein PSD-95 (Beffert et 

al., 2005) and Reelin might modulate NMDA receptor activity, enhancing calcium influx 

and promoting CREB activity (Chen et al., 2005). In contrast, Lane-Donovan et al. 

generated a conditional, tamoxifen-inducible Reelin knockout mouse and found no overt 

behavioral defects in Reelin deficient adult mice, with normal learning and behavior 
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phenotypes; but the mice exhibited a sensitivity amyloid beta toxicity. This indicates that 

previous descriptions of adult mice with Reelin defects might be caused by developmental 

changes in the brain rather than loss of Reelin signaling in the adult (Lane-donovan et al., 

2015). 

Additional components of the Reelin signaling pathway have been proposed to 

exist to facilitate Src/Fyn activation via unidentified Reelin receptors or coreceptors (Bock 

and Herz, 2003; Bock and May, 2016). Notably, EphB has been shown to bind Reelin, 

but ultimately it is not required for Dab1 phosphorylation (Bouché et al., 2013). Reelin has 

also been shown to coordinate migration with Notch-signaling (Hashimoto-Torii et al., 

2008). Non-canonical Reelin signaling pathways outside of the Reelin-VLDLR/ApoER2-

Dab1 pathway have also been demonstrated. Reelin was shown to bind directly to α3β1 

integrin to modulate neuronal migration along RGCs (Dulabon et al., 2000). Reelin also 

interacts with and regulates processing of amyloid precursor protein (APP) and its 

association with α3β1 integrin; an interaction that regulates neurite outgrowth (Hoe et al., 

2009). Furthermore, Erk1/2 activation by Reelin induces early gene expression to 

modulate neuronal differentiation, but is not dependent on Dab1, providing evidence for 

downstream non-canonical Reelin signaling effectors (Lee et al., 2014).  

Taken together, Reelin signaling coordinates a myriad of downstream cellular 

processes through all phases of dendritogenesis through cytoskeletal regulation 

(Leemhuis and Bock, 2011), adhesion systems (Dulabon et al., 2000; Sekine et al., 2014), 

organelle localization/deployment (Matsuki et al., 2010), and protein expression (Chen et 

al., 2005). However, the multitude of known signaling effectors does not answer the 

question of what Reelin’s initial function is during dendrite development. In fact, the 
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breadth of possible roles of Reelin has somewhat clouded the field and led to conflicting 

hypotheses that attempt to answer this question (Zhao and Frotscher, 2010). 

 The Reelin Paradox in Dendritogenesis 

Reelin’s effects have been observed in the earliest stages of cortical dendritogenesis, 

where neurons rely on Reelin signaling to orient their leading process apically towards 

the MZ (Nichols and Olson, 2010; O’Dell et al., 2012, 2015). Deficiency in Reelin signaling 

causes stunted, misoriented dendritic growth both in vivo (Nichols and Olson, 2010; Niu 

et al., 2004; Olson et al., 2006; Pinto Lord and Caviness Jr., 1979) and in vitro (Jossin 

and Goffinet, 2007; Niu et al., 2004). A number of contrasting models are possible to 

describe Reelin’s cellular role in dendritogenesis (Figure 1.4A). Reelin signaling may be 

a simple growth factor or trophic cue that promotes dendrite growth into the MZ (Jossin 

and Goffinet, 2007; Niu et al., 2004). Reelin has also been hypothesized to stabilize the 

leading process (future dendrite) once it arrives in the MZ, facilitating cytoskeletal 

stabilization (Chai et al., 2009) or adhesion to CR cell axons in the MZ (Gil-Sanz et al., 

2013; Sekine et al., 2012) to promote subsequent dendritic growth. However, if Reelin is 

a trophic cue, then its spatial localization in the cortex should determine where neurons 

deploy and grow their dendrites, but much evidence suggests this is not the case. Reelin 

overexpression in the ventricular zone, where neurons are born, does not lead to ectopic 

dendrite initiation or inversion of dendritic patterning (Magdaleno et al., 2002) and, 

similarly, diffuse Reelin protein injections rapidly rescue reeler dendritic growth and 

orientation defects without presenting dendritic heterotopias (Nichols and Olson, 2010).  

If Reelin spatial localization is necessary for dendrite growth, its loss should result in 

equally unstable dendrites inside and outside of the MZ and/or random dendrite 
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orientation. However, imaging of dendritogenesis in explants revealed that reeler neurons 

extend dendrites tangentially, not randomly, and actively avoid the MZ (O’Dell et al., 2012, 

2015). During an imaging period of 240 minutes, dendrites of reeler neurons had an 

average lifetime of just 15 minutes inside the MZ compared to 210 minutes in wildtype 

neurons. Conversely, reeler dendrites located outside of the MZ had a lifetime of 75 

minutes compared to 40 minutes in wildtype. Exogenous Reelin rescued these defects 

within 4 hours of application. Therefore, dendrites prefer to grow into the MZ in the 

presence of Reelin but avoid the MZ in the absence of Reelin.  

In vitro studies offer the possibility to study Reelin’s acute effects in a controlled 

environment, potentially illuminating the dendritic response to Reelin alone. Indeed, 

Reelin application promotes Golgi deployment and dendrite outgrowth in hippocampal 

neurons over several days in vitro (MacLaurin et al., 2007; Matsuki et al., 2010; Niu et al., 

2004). However, Reelin’s rapid effects on dendrite initiation seen in vivo (O’Dell et al., 

2015) have not been recapitulated in vitro. In fact, somewhat conflicting results have been 

reported in experiments examining neuronal dendrites exposed to exogenous Reelin in 

cultures. Niu et al. found that Reelin addition to hippocampal neuron cultures increased 

dendrite growth after 4-5 DIV (Niu et al., 2004). In contrast, MacLaurin et al. found that 

cultured Dab1-deficient neurons (loss of Reelin signaling) exhibited a transient disruption 

in dendritic growth but no long term reduction in arbor size (MacLaurin et al., 2007). The 

authors proposed this discrepancy might be due to differences in the purity of culture 

populations, but this highlights that Reelin’s effects in vitro are not clear.  

In addition to these studies in hippocampal neuron cultures, only a small number of 

studies have examined Reelin’s effects on cultured immature, cortical neurons. Chai et 
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al. reported that Reelin stabilized neurite growth of cortical neurons on Reelin-positive 

stripes, however, there was no quantification in these experiments or confirmation of 

dendritic identity (Chai et al., 2009). If Reelin, has a trophic or spatial effect on dendrites 

it likely would be apparent in neuronal cultures, but this has not been consistently 

demonstrated. 

It is possible that Reelin’s initial action is to promote cell-cell adhesions between 

dendrites and CR cells in the MZ and that reeler dendrites lose the ability to make these 

adhesions (Figure 1.4A) (Gil-Sanz et al., 2013). However, high-resolution imaging 

suggests that only less than 3% of dendrites make contact with CR cell axons in the MZ, 

a number unchanged in the reeler brain and similar to the amount of contact expected by 

random dendritic growth (O’Dell et al., 2015). Furthermore, genetic ablation of the majority 

of CR neurons does not lead to a reeler phenotype which would be expected in this 

adhesion model (Yang et al., 2000; Yoshida et al., 2006) as CR cells provide the majority 

of the cellular elements within the MZ.  

The finding that the loss of Reelin-producing cells does not recapitulate a reeler 

dendrite phenotype is puzzling. Equally as puzzling is the finding that reeler dendrites 

actively avoid the MZ. One possible explanation for these findings is that CR cells secrete 

an unknown inhibitory cue into the nECM of the MZ. This dendrite de-stabilizing/inhibitory 

factor in the MZ would exerts its effect in the absence of Reelin signaling (reeler) but be 

lost in the CR-ablated cortex. This presents an alternative model for Reelin function in 

which Reelin permits dendrite growth into the MZ. This model would explain the findings 

discussed above (Figure 1.4B). Taken together, observations suggest that rather than a 
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trophic cue that promotes dendrite growth in the MZ, Reelin has context dependent 

activity and permits dendrite growth and stabilization into the MZ.  

What might be inhibiting dendrite growth in the reeler MZ? The main cell type in the 

MZ is CR cells, but overall the MZ is largely cell sparse. Because >97% of newly formed 

dendrite contacts extracellular space in the MZ (O’Dell et al., 2015), it is possible that 

Reelin permits dendrite growth into the nECM-rich MZ and without Reelin dendrites are 

destabilized by MZ nECM component(s). nECM in the MZ is characterized by high 

expression levels of CSPGs (Meyer-Puttlitz et al., 1996; Sheppard et al., 1991). Because 

dendrites normally grow into the CSPG-rich MZ when Reelin is present, CSPGs have 

emerged as a potential inhibitory nECM component for cortical dendrites. As discussed 

previously, CSPGs inhibitory nature towards neurites is well documented, but their 

specific effects on dendrites have not been described (Popat et al., 2002; Snow et al., 

1990). Several CSPG mRNAs and proteins are highly expressed in the MZ (Pearlman 

and Sheppard, 1996) and CSPG-signaling receptors RPTPσ and LAR are expressed in 

embryonic cortical neurons (Visel et al., 2004); therefore, CSPG signaling has the 

potential to influence dendritic growth. Finally, CSPG signaling exerts opposing effects 

on downstream molecular pathways shared with Reelin signaling, including the Akt and 

Erk1/2 pathways (Figure 1.5) (Jossin and Goffinet, 2007; Ohtake et al., 2016). Taken 

together, this points to a possible convergence of Reelin signaling and CSPG signaling 

in which Reelin and CSPGs have opposing effects on dendrites to regulate dendritic 

growth. 

In the following chapters this hypothesis is tested, and the results are used to 

answer the question of why dendrites avoid the MZ in the absence of Reelin. Furthermore, 
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the effects of CSPGs on cortical dendrite formation and the signaling pathways that 

intersect with Reelin signaling are interrogated. The findings point to a potential site of 

intervention for neurological disorders caused by dendritic defects and illuminate 

unexplored, fundamental mechanisms of cortical development.  
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Figure 1.1. Dendritic structure and function are linked. (A) Dendritic structure is 

diverse, varying across neuronal subtypes depending on neuron location and function. 

Examples of different types of dendritic branching patterns are shown in a Purkinje Cell 

(1), granule cell (2), motor neuron (3), tripolar neuron (4), pyramidal neuron (5), chandelier 

cell (6), spindle neuron (7) and stellate cell (8). Credit: Ferris Jabr; based on drawings 

from Cajal). (B) Illustration of a neuron receiving multiple inputs from presynaptic neurons. 

Postsynaptic neurons receive thousands of excitatory and inhibitory inputs from 

presynaptic neurons. Presynaptic axons terminate largely on dendrites, but also the 

soma. Dendritic structure of postsynaptic neurons determines how a neuron contributes 

to a functional circuit. (C) Sites of synaptic contact on dendrites occur at small membrane 

protrusions called dendritic spines. Neurotransmitters (e.g. glutamate) are released by 

presynaptic axons and bind to their receptors on dendritic spines. This leads to a 

conformational change in ion-permeable channels. In excitatory synapses, calcium-

permeable ion channels allow an influx of positively charge calcium ions and local 

depolarization, termed an excitatory postsynaptic potential (EPSP). If summation of 

EPSPs in the cell leads to an overall depolarization threshold at the axon initial segment, 

an action potential is fired.  
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Figure 1.2. The phases of dendrite formation in the cerebral cortex. (1) After cell 

cycle exit, a postmitotic neuron (purple) undertakes a multipolar morphology with multiple 

neurites that do not have axon-dendrite identity. The multipolar neuron migrates slowly 

through the SVZ. (2) The neuron makes contact with RGC cells (green) and begins glial-

dependent migration, simultaneously breaking asymmetry and forming a leading process. 

(3) Symmetry is further defined as the neuron extends a trailing process (axon) which 

extends tangentially in the IZ and continues to grow. (4) Towards the top of the CP, the 

neuron extends the leading process/neurite into the MZ and undergoes glial-independent 

somal translocation. (5) The leading process/neurite commits to becoming the apical 

dendrite as it stabilizes and branches in the MZ. Simultaneously, the neuron halts 

migration. (6) The apical dendrite continues to grow and terminates into specific layers 

depending on its position and identity. Basal dendrites also emerge from the soma. The 

function of dendrites in differentiated neurons relies on the coordination of each step of 

dendrite formation. Adapted from Barnes et al. 2009.  
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Figure 1.3. Extracellular signals act on dendritic growth cones/filopodia to regulate 

intracellular effector molecules. The growth cone consists of (1) small filopodia 

extensions, (2) flat lamellipodia and (3) a primary dendritic shaft. (4) Secondary branches 

emerge from the primary shaft. The path of a dendritic growth cone is determined by cell-

cell interactions, cell-ECM interactions, neurotransmitters and signaling molecules. These 

cues can inhibit or promote dendrite growth through signaling pathways that regulate 

cytoskeletal dynamics, protein production, transcription, membrane localization and 

organelle localization.  
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Figure 1.4. Reelin models for dendritogenesis. (A) Possible models for Reelin’s role 

in dendritogenesis. (1) Reelin may regulate dendritogenesis by stabilizing process 

outgrowth into the MZ, (2) attracting dendrites to their point of deployment or acting as a 

cofactor for another growth-promoting cue in the MZ, (3) promoting cell-cell adhesion 

between neurons and overlying Cajal-Retzius cells, (4) or permitting dendritic outgrowth 

into a normally non-permissive MZ. (B) Evidence for Reelin acting as a cue that permits 

dendritogenesis in the MZ. Reeler dendrites actively avoids the MZ without Reelin. 

Meanwhile, diffuse injections across the cerebral wall rescue dendrite projection into the 

MZ. Overexpression of Reelin in the VZ does not lead to dendrites orienting this source 

of Reelin and rescues the reeler phenotype. Ablation of CR cells in the MZ does not 

recapitulate the reeler phenotype. Together, these findings argue in favor of Reelin acting 

as a cue that permits dendrite growth into the MZ, counteracting an inhibitory cue 

expressed by CR cells.  
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Figure 1.4 
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Figure 1.5. Convergence of Reelin and CSPG signaling molecules. Reelin signals 

through Dab1 which is reciprocally phosphorylated by Src/Fyn in the canonical Reelin 

signaling pathway. Downstream pathways critical for dendritogenesis include the Crk 

pathway and Akt pathway. Reelin and CSPG signaling converge on many effector 

molecules, especially in the Akt pathway. PI3K is activated by Dab1 and converts PIP2 

into PIP3, which leads to Akt activation. CSPGs binding to its receptors PTPsigma and 

LAR, on the other hand, leads to Akt dephosphorylation and inactivation, possibly through 

PI3K dephosphorylation. The shared downstream molecular responses are antagonistic 

to each other. 
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Figure 1.5 
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CHAPTER 2 

 

Reelin Counteracts Chondroitin Sulfate Proteoglycan-Mediated Cortical Dendrite 

Growth Inhibition 
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ABSTRACT  

Disruptions in neuronal dendrite development alter brain circuitry and are associated with 

debilitating neurological disorders. Nascent apical dendrites of cortical excitatory neurons 

project into the marginal zone (MZ), a cell-sparse layer characterized by intense 

chondroitin sulfate proteoglycan (CSPG) expression. Paradoxically, CSPGs are known 

to broadly inhibit neurite growth and regeneration. This raises the possibility that the 

growing apical dendrite is somehow insensitive to CSPG-mediated neurite growth 

inhibition. To test this, developing cortical neurons were challenged with both soluble 

CSPGs and CSPG-positive stripe substrates in vitro. Soluble CSPGs inhibited dendritic 

growth and cortical dendrites respected CSPG stripe boundaries; effects that could be 

counteracted by prior CSPG inactivation by chondroitinase. Importantly, addition of Reelin, 

an extracellular signaling protein highly expressed in the MZ, partially rescued dendritic 

growth in the presence of CSPGs. High resolution confocal imaging revealed that the 

CSPG-enriched areas of the MZ spatially correspond with the areas of reduced dendritic 

density in the Reelin null (reeler) cortex compared to controls. Chondroitinase injections 

into reeler explants resulted in increased dendritic growth into the MZ, recovering to near 

wildtype levels. Activation of the serine threonine kinase Akt is required for Reelin-

dependent dendritic growth and we find that CSPGs induce Akt dephosphorylation, an 

effect that can be counteracted by Reelin addition. In contrast, CSPG application had no 

effect on the cytoplasmic adaptor Dab1, which is rapidly phosphorylated in response to 

Reelin and is upstream of Akt. These findings suggest CSPGs do inhibit cortical dendritic 

growth, but this effect can be counteracted by Reelin-signaling. 
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INTRODUCTION 

The structure of neuronal dendrites is an identifying feature of neuron subtypes 

and determines neuronal responses to synaptic input. Dendritic structural abnormalities 

are associated with both neurodevelopmental disease and neurodegeneration (Kulkarni 

and Firestein, 2012). Precise integration of both intrinsic factors and extrinsic factors is 

crucial for the formation of the dendritic arbor (Jan and Jan, 2003; McAllister, 2002; 

Valnegri et al., 2015). The forming apical dendrites of cortical excitatory neurons project 

into the marginal zone (MZ) as the neurons complete migration (O’Dell et al., 2015; Olson 

et al., 2006; Pinto-Lord et al., 1982).  

The MZ is enriched in Reelin, an extracellular protein secreted by Cajal-Retzius 

neurons that are located in the MZ. While the Reelin null (reeler) cerebral cortex is well 

known for its characteristically disorganized and approximately inverted cellular layering, 

deficiency in Reelin-signaling also causes a dramatic dendritic disruption with stunted, 

misoriented dendritic growth both in vivo (Nichols and Olson, 2010; Niu et al., 2004; Olson 

et al., 2006; Pinto Lord and Caviness Jr., 1979) and in vitro (Jossin and Goffinet, 2007; 

Niu et al., 2004). Prior time-lapse imaging of dendritic initiation and growth showed that, 

in the reeler cortex, a subset of neurons demonstrate appropriate dendritic initiation and 

early projection into the MZ. However, in contrast to controls, the reeler dendrites become 

unstable and retract from the MZ, reorganizing tangentially underneath the MZ. 

Application of recombinant Reelin protein to reeler cortices caused the rapid re-projection 

of the dendrite into the MZ (O’Dell et al., 2015). These findings suggest a context-specific 

function for Reelin in stabilizing the nascent apical dendrite in the MZ and the potential 
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existence of a dendrite de-stabilizing factor in the MZ that exerts its effect in the absence 

of Reelin-signaling.  

During development the neural extracellular matrix (nECM) in the MZ is 

characterized by high expression levels of chondroitin sulfate proteoglycans (CSPGs) 

(Meyer-Puttlitz et al., 1996; Sheppard et al., 1991). CSPGs are composed of core proteins 

modified with highly sulfated glycosaminoglycan side chains (Bandtlow and Zimmermann, 

2000). CSPGs are generally inhibitory to neurite outgrowth, specifically axonal outgrowth 

and axon regeneration (Sharma et al., 2012). CSPGs may inhibit neurite growth by acting 

as an anti-adhesive substrate (Emerling and Lander, 1996) but specific signaling events 

have also been demonstrated. For example, subsets of CSPGs are known to bind and 

augment the signaling of other compounds in the nECM (Smock and Meijers, 2018). In 

addition, some CSPGs have been shown to directly bind and activate receptors such as 

RPTPσ (receptor tyrosine phosphatase sigma) and LAR (leukocyte common antigen-

related) which are known to functionally inhibit axonal regeneration (Fisher et al., 2011; 

Lang et al., 2015). 

Dendritic growth into the CSPG-rich MZ in wildtype cortices suggests that the 

growing apical dendrite may be insensitive to CSPG-mediate neurite growth inhibition. 

However, the observation that in reeler cortices dendrites avoid the MZ raises the 

possibility that CSPGs are inhibitory to dendritic outgrowth and Reelin-signaling may 

counteract this inhibition. To test the effects of CSPGs on dendritic growth, embryonic 

cortical neurons were cultured in the presence of purified neural CSPGs presented either 

in soluble form or as patterned stripe substrates. In these assays, CSPGs were inhibitory 

to cortical dendritic growth and branching. This inhibition could be counteracted by 
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inactivating the CSPGs with chondroitinase ABC (chABC), an enzyme that abrogates 

CSPG binding to its receptors, or partially counteracted by the application of recombinant 

Reelin protein.  

We further addressed the possibility that CSPGs destabilize the apical dendrite in 

the absence of Reelin using a whole hemisphere explant approach. This organotypic 

explant captures early cortical development (E13-E15) including normal preplate splitting, 

a Reelin-signaling dependent process (Nichols et al., 2013). We show that digestion of 

CSPG side chains with chondroitinase partially rescued dendritic projection patterns 

within the MZ of reeler explants. We also found that the serine threonine kinase Akt, a 

common downstream signaling component for both Reelin-signaling and some CSPG-

signaling pathways was reciprocally regulated by CSPGs and Reelin, with canonical 

Reelin signaling counteracting CSPG-mediated Akt inactivation. These findings suggest 

that an important function of Reelin-signaling is to counteract CSPG-mediated dendrite 

destabilization. 
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MATERIALS AND METHODS 

Mice 

Animals were used in compliance with approved protocols by the Institutional Animal Care 

and Use Committee. Reeler (B6C3Fe a/a-Reln; Jackson Laboratories) and scrambler 

(A/A-Dab1 scm/J; Jackson Laboratories) heterozygote mice were mated to produce 

Reelin-deficient reeler and Dab1-deficient scrambler mutant embryos, respectively. For 

primary culture experiments (except scrambler cultures), embryonic cortices from 

Reelin+/- matings were pooled together prior to dissociation. Cortices from scrambler 

litters were genotyped and dissociated separately. For explant injection experiments, the 

embryos were genotyped after explant preparation. The day of plug discovery is 

considered embryonic day 0 (E0). Sexes were combined for all experimental analyses. 

 

Explants cultures 

Whole hemisphere explants were prepared at E13 (Nichols et al., 2013). Embryonic 

cerebral ventricles were injected with 0.8 mg/mL DCX-mRFP (Wang et al., 2007) plasmid 

DNA into the cortical ventricle and electroporated, ex utero. Explants were cultured medial 

side down on 3 µm pore size collagen-coated polytetrafluoroethylene filters (Transwell-

COL; Corning, NY) in DMEM-F12 medium + GlutaMAX and supplemented with 2% B27, 

1% G5 and 1X penicillin (all from Invitrogen). The explants were maintained in a high 

oxygen Billups-Rothenberg Incubator chamber within a standard 37° C tissue culture 

incubator. 2 days later, the explants were either taken for primary cultures or used for 

histology.  
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Primary neuron cultures 

Dorsal regions of neocortex were dissected from embryos at E15 or from explants two 

DIV after E13 ex utero electroporation and culturing. The tissue was dissociated in 0.25% 

Trypsin-EDTA for 15 minutes in a 37° C water bath with occasional, gentle trituration. The 

dissociated cells were then plated in Neurobasal medium supplemented with 2% B27, 1X 

GlutaMAX and 1X Pen/Strep on 24 or 96 well plates coated with 50 µg/mL poly-D-lysine 

(Sigma). Cultures were seeded at 1.2X106 cells/well (24 well plate) for Western blots, 

1X105 cells/well of a 96 well plate for subsequent microscopic analyses of morphology or 

2.5X104 cells/well of a 96 well plate for quantitative immunocytochemistry. The cultures 

were maintained in a 37° C, 5% CO2 incubator. After 2 DIV (E17 equivalent) cultures were 

either fixed for microscopic analyses or scraped and lysed for western blot analyses. For 

exogenous CSPG exposure, purified neural CSPGs (CC117, EMD Millipore) were 

suspended in PBS at 50 µg/mL and added to the medium of cultured neurons at 3 µg/mL.  

 

Stripe assay 

50 µg/mL CSPG stripes were patterned on PEI-coated 50 mm dishes with silicon matrices 

by overnight incubation at 37° C (Knöll et al., 2007). The next day, the matrices were 

removed and the stripe area was immediately coated with Matrigel (354277, Corning) for 

1 hour. Dissociated cortical neurons were then added to the stripes. After 24 hours, Reelin 

or control media was added to the neurons and subsequently fixed in PFA.  

 

Chondroitinase ABC injection 
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10uL Wiretrol glass pipettes (Drummond Scientific Co.) were pulled to a fine point using 

a Sutter P-87 Microelectrode Puller (Sutter Instruments) and the tip was broken with 

jeweler’s forceps. On E15, chondroitinase ABC (100 mU/µL; C3667, Sigma) or phosphate 

buffered saline (PBS) injections (~1 µL) were made at 3-4 points along the dorsolateral 

area of the explant, corresponding to dorsomedial cortex. Injection periods were brief 

(<15 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 16 hrs.  

 

Quantification of dendritic projection into the MZ. 

The amount of dendritic projection within the MZ in different experimental conditions was 

approximated as described (O’Dell 2012, O’Dell 2015) with minor modifications. Z-series 

were flattened and thresholded using NIH ImageJ (W. Rasband, National Institute of 

Health, Bethesdsa, MD). The integrated density of mRFP-positive pixels in the MZ, 

defined as the area within 15 µm of the pial surface, was normalized to the integrated 

density of mRFP-positive pixels in underlying 35 µm of CP. This latter value roughly 

reflects the number of mRFP+ electroporated neurons contributing mRFP-positive 

dendrites to the overlying MZ. The mRFP-positive MZ/mRFP-positive CP ratios then 

becomes an approximation of dendritic projection in the MZ per neuron. These values 

were then compared between experimental conditions.  

 

Conditioned media production 
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A HEK293 cell line was used to produce control-conditioned media (CM) and a stably 

transfected HEK293 cell line (Dr. Michael Frotscher, University of Freiburg) was used to 

produce Reelin-conditioned media (RM). Cells were cultured to near-confluence, washed 

in Opti-Mem media and incubated for 48 hours in serum free Opti-MEM media 

supplemented with 1X GlutaMAX and 1X Pen/Strep. Centrifugation of the conditioned 

media in Amicon Ultra 100,000 kD molecular weight cut off filters (Millipore, Billerica, MA) 

brought the medias to a 10X concentration and medias were diluted 5-fold upon addition 

to cultures (Nichols and Olson, 2010). 

 

Immunocytochemistry 

Cells were fixed in 4% PFA in Pagano solution (250 mM sucrose; 25 mM MgCl2; 2.5mM 

KCl; HEPES, pH 7.4) (+ phosphatase inhibitors for phospho immunostaining) for 15 

minutes at room temperature, rinsed 3X for 5 min in Pagano and incubated with blocking 

solution (Pagano + 0.25% Saponin + 2% BSA) for 1 hr. Cells were incubated in primary 

antibodies diluted in blocking solution for 1 hr, rinsed 3X for 5 min with Pagano solution, 

incubated with appropriate secondary for 1 hour, then rinsed 3X for 5 min with Pagano 

solution. The primary antibodies used were anti-MAP2 (1:250, Chemicon, ab5756), anti-

SMI-312 (1:1,000, Covance, SMI312R), anti-p-Akt (1:100, Santa Cruz, sc-514032), Cat-

315 (1:20, from R. Matthews; Dino et al., 2006), CS56 (1:200, Abcam, ab11570) and anti-

Doublecortin (1:500, gift from C. Walsh; Gleeson et al., 1999) polyclonal sera. Appropriate 

AlexaFluor 488-conjugated, AlexaFluor 555-conjugated and AlexFluor 647-conjugated 

secondary antibodies were used. Hoechst 33342 (2 µg/mL; Invitrogen) was used to 

counterstain nuclei. Immunohistochemistry for explants was performed as previously 
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described (Nichols et al., 2013). Images were collected with a Zeiss LSM780 laser 

scanning confocal microscope (SUNY Upstate Advanced Fluorescence Imaging Core). 

 

Western blot analysis 

Cells were rinsed in ice-cold PBS then lysed in ice-cold RIPA buffer (50 mM Tris-HCl; 1% 

NP-40; 0.25% Na-deoxycholate; 150 mM NaCl; 1 mM EDTA, pH 7.4) supplemented with 

phosphatase inhibitors (1.0 mM sodium orthovandadate; 20mM sodium fluoride) and a 

protease inhibitor mixture (P-8340, Sigma). All samples were loaded into a 10% SDS-

PAGE gel and transferred to a 0.45-µm PVDF Immobilon®-FL membrane (EMD Millipore). 

Membranes were incubated for 1 hr at room temperature in Odyssey blocking buffer (LI-

COR Biosciences) then incubated with primary antibodies overnight at 4 °C. The primary 

antibodies were p-Akt (mouse 1:1,000, Santa Cruz, sc-514032), Akt (1:1,000, Cell 

Signaling, 4685). p-ERK1/2 (1:000, Santa Cruz, sc-7383), anti-GAPDH (1:2000, UBPBio, 

Y1041), anti-pY99 for detection of phosphorylated Dab1 (1:1000, Santa Cruz, sc-7020) 

and anti-Dab1 (1:1000, Sigma, AB5840). Appropriate IRDye® 800CW and IRDye® 

680RD secondary antibodies (LI-COR Biosciences) were used and membranes were 

scanned on an Odyssey® CLx system (LI-COR Biosciences). 

 

Statistical analyses 

Data in graphs are shown as means ± the standard error of the mean. Experiments 

comparing a single determination of means between two independent groups were 

analyzed with Student’s t-test. One-way ANOVA with Šídák’s multiple comparisons post-

hoc tests were used for comparisons between multiple means. Data organization was 
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carried out in in Microsoft Excel and statistical analyses were carried out in GraphPad 

Prism 8. 
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RESULTS 

CSPG inhibition of cortical dendrite growth is rescued by Reelin addition in vitro 

Although CSPGs often inhibit neurite outgrowth, their effects can vary depending 

on the context (Dutt et al., 2011; Wu et al., 2004). Reelin’s effects also appear to be 

context specific. For instance, Reelin-signaling has a robust role in dendritogenesis in 

vivo (O’Dell et al., 2012, 2015; Olson et al., 2006; Pinto Lord and Caviness Jr., 1979), but 

Reelin’s dendritic growth effects in vitro are smaller and have not been described in 

cortical neurons (MacLaurin et al., 2007; Niu et al., 2004). To expressly test acute effects 

of CSPGs and Reelin in control of cortical dendrite growth, we prepared cortical neurons 

for in vitro testing. Developing cortical neurons were labeled in explants by electroporation 

of a DCX-mRFP expression construct (Wang et al., 2007) on E13 to sparsely label 

neurons for neurite tracing (Longair et al., 2011). Cortical neurons begin to express DCX 

beneath the cortical plate and serves as a marker for cells that are sensitive to Reelin 

signaling. To test whether CSPGs directly affect dendrite growth, we dissociated and 

cultured DCX-mRFP-positive neurons from explants 2 days after electroporation and 

added purified neural CSPGs containing versican, phosphocan, neurocan and aggrecan 

(Millipore; 3 µg/mL) to the media. Cultures were fixed after 2 days in vitro (DIV), at which 

point labeled neurons displayed characteristic polarity with a single long axon and multiple 

shorter dendrites (Figure 2.1A-E). At this early stage of differentiation (2 DIV), commonly 

used molecular markers do not uniquely distinguish dendrites and axons (Caceres et al., 

1986; Kosik and Finch, 1987). Therefore, the axon was determined by morphology 

(longest thin process) and the remainder of the neurites emanating from the cell body and 

their branches were assigned dendritic identity (Barnes and Polleux, 2009; Bartlett and 
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Banker, 1984; Dotti et al., 1988). Cells cultured with CSPG containing media displayed 

decreased dendrite length compared to control media treatment (CM) (CM = 150.0 µm 

vs. CSPG+CM = 121.5 µm, p = 0.013; Figure 2.1C, J and F), along with decreased axon 

length (CM = 252.2 µm vs. CSPG+CM = 184.5 µm, p = 0.014; Figure 2.1C and G). To 

test if this inhibition was due to functional CSPG interactions, we treated CSPGs with 

chondroitinase ABC (chABC), an enzyme that cleaves the chondroitin sulfate side chains 

from proteoglycan core proteins. Side chain removal abrogates CSPG binding to their 

receptor(s) and thereby functionally inactivates the CSPG (Sharma et al., 2012; Silver 

and Miller, 2004). Pretreating the purified CSPGs with chondroitinase prevented inhibition 

of both dendrites (CSPG+CM = 121.5 µm vs. CSPG+chABC = 161.3 µm, p = 0.003; 

Figure 2.1E, F and L) and axons (CSPG+CM = 184.6 µm vs. CSPG+chABC = 257.2 µm, 

p = 0.009; Figure 2.1E and G). Next, we tested whether CSPG inhibition in vitro is 

affected by the presence of Reelin by adding Reelin conditioned media (RM) to the 

cultures. Interestingly, Reelin addition alone had no effect on dendrite growth in our 

experiments (CM = 150.0 µm vs. RM = 149.4 µm, p = 0.921; Figure 2.1B, F and I). 

However, Reelin addition reversed the inhibition of dendritic growth observed with CSPGs 

(CSPG+CM = 121.5 µm vs. CSPG+RM = 156.9 µm, p = 0.011; Figure 2.1D, F, J and K), 

while having no effect on axons (CSPG+CM = 184.6 µm vs. CSPG+RM = 183.8 µm, p = 

0.999). Our results agree with previous findings that axons are sensitive to CSPG 

stimulation (Wang et al., 2008) but not Reelin (Jossin and Goffinet, 2001). The findings 

that Reelin alone has no measurable effect on dendrites but reverses CSPG-dependent 

dendrite inhibition might shed light on Reelin’s context specific effects.  
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CSPG stripes inhibit dendrite growth which is rescued by Reelin or chondroitinase 

treatment 

Inhibition of developing axons in response to CSPG substrates has been well 

documented (Snow, 1994; Walter et al., 1990), but the response of embryonic cortical 

neuron dendrites to localized CSPG substrates is not known. Because the MZ contains 

localized expression of CSPGs, we reasoned that a stripe assay (Knöll et al., 2007; Walter 

et al., 1987a) with alternating CSPG-positive and CSPG-negative stripes might mimic the 

effects of cortical dendrites encountering the MZ in vitro. To test the effects of localized 

CSPGs on cortical dendrites, we generated CSPG-positive or chondroitinase treated 

CSPG-positive stripes and plated E15 embryonic cortical neurons on the substrates. 

CSPG-positive stripes were identified with a Cat-315 antibody that binds a carbohydrate 

epitope on a subset of CSPGs that is not sensitive to digestion with chondroitinase (Dwyer 

et al., 2012, 2015; Matthews et al., 2002) or CS56 which detects chondroitin sulfate side 

chain epitopes (Avnur and Geiger, 1984). After 4 DIV, neurons have undergone extensive 

dendritic and axonal outgrowth. Neurons were immunolabeled with an antibody directed 

against the dendrite marker MAP2 and axonal marker SMI-312. However, even at 4 DIV, 

MAP2 and SMI-312 immunosignal did not exclusively localize to dendrites and axon, 

respectively. MAP2, in particular labeled the somatodendritic compartment. However, 

MAP2 signal did preferentially identify short dendrite-like neurites and SMI-312 

preferentially labeled long axon-like neurites (Figure 2.2A) thus MAP2 and SMI-312 

signal was used for analyses of dendritic and axonal growth, respectively. As expected 

SMI-312-positive axons avoided the CSPG-positive stripes, and similarly, MAP2-positive 

dendrites also avoided the CSPG-positive stripes (Figure 2.2A). However, axons and 
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dendrites grew indiscriminately onto chondroitinase treated CSPG stripes. This shows for 

the first time, that CSPG-enriched areas are relatively non-permissive for the growth of 

the nascent cortical dendrite. These finding are surprising, given that wildtype cortical 

dendrites grow into the CSPG-rich MZ in vivo.  

Dendritic avoidance of CSPGs in vitro is reminiscent of the dendritic avoidance the 

MZ reeler dendrites exhibit in vivo (O’Dell et al., 2012, 2015). We therefore tested if Reelin 

addition to the cultures could reverse dendritic inhibition on the CSPG-positive stripes. 

Because Reelin’s biochemical and cellular effects on cortical dendrites are rapid (Jossin 

and Goffinet, 2007; Nichols and Olson, 2010; O’Dell et al., 2015), we performed short-

term applications to test for Reelin and CSPG interactions in neurons undergoing dendrite 

initiation. E15 embryonic cortical neurons were plated on CSPGs stripes and at 1 DIV, 

Reelin or control media was added to the cultures. Cultures were fixed at 2 DIV and 

immunostained for MAP2 and CSPG. This allowed quantification of MAP2-positive pixels 

on CSPG-positive stripes normalized to MAP2-positive pixels on CSPG-negative stripes 

(Figure 2.2B). Of note, MAP2 signal was present in the somatodendritic compartment. 

Chondroitinase pre-treatment completely restored the normalized dendrite growth onto 

the CSPG stripes (CM = 0.70 vs. chABC = 1.06, p = 0.001; Figure 2.2E). Recombinant 

Reelin addition also increased the amount of dendrite growth onto CSPG-positive stripes, 

albeit to a lesser extent (CM = 0.70 vs. RM = 0.94, p = 0.005).  

During early cortical development, the MZ is a ~15 µm region characterized by 

high CSPG expression (Pearlman and Sheppard, 1996) that is encountered by the 

growing apical dendrite. We therefore reasoned that it might be more physiologically 

relevant to measure dendritic growth at the 15 µm edge of the CSPG-positive stripe as 
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opposed to measuring MAP2 signal on the entire CSPG stripe. We took high 

magnification images and quantified the average intensity of MAP2-positive signal in the 

15 µm CSPG-positive stripe edge, normalizing to the average intensity of MAP2-positive 

signal in the adjacent 15 µm of CSPG-negative stripe (Figure 2.2B-D). This revealed a 

greater dendritic inhibitory effect of CSPGs (Figure 2.2F). Controls showed a dramatic 

decrease in the ratio of MAP2-positive signal on the CSPG-positive stripe which was 

rescued by chondroitinase pretreatment (CM = 0.26 vs. chABC = 0.97, p < 0.001) and 

partially rescued by Reelin addition (CM = 0.26 vs. RM = 0.69, p = 0.001). This indicates 

that dendrites are sensitive to steep changes CSPG concentration and that Reelin 

application can counteract the effect of CSPG-mediated dendritic growth inhibition.  

 

Chondroitinase ABC injection partially rescues reeler dendrite growth into the MZ. 

CSPGs localized in the MZ have been suggested to guide axonal tracts of preplate 

neurons and serve as scaffold for cortical plate formation (Pearlman and Sheppard, 1996), 

but their role in cortical development is still largely uncharacterized. The observation that 

dendrites avoid areas of intense CSPG immunoreactivity in vitro led us to hypothesize 

that inactivation of CPSGs might rescue dendrite outgrowth into the MZ in the reeler. To 

test this, we prepared wildtype and reeler cortical explants and injected chondroitinase 

ABC (100 mU/µL) or PBS at multiple points along the dorsal cortex. To label developing 

deep layer neurons, E13 wildtype or reeler cortical explants were electroporated with a 

DCX-mRFP expression construct (Wang et al., 2007). After 1.5 DIV (equivalent to E14.5), 

the explants were injected with either chondroitinase or PBS and then fixed for histological 

analyses after an additional 0.5 DIV (Figure 2.3A). Previous findings showed that reeler 
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dendrites display decreased dendrite projection into the MZ, that could be rescued by 

injection of recombinant Reelin protein in the MZ (O’Dell et al., 2012, 2015). Wildtype 

neurons displayed a dendritic projection ratio (dendritic mRFP-positive pixels in MZ / 

mRFP-positive pixels in underlying CP, See Methods) of ~0.4 compared to the projection 

ratio in reeler cortices of ~0.1 (wildtype = 0.38 vs. reeler = 0.099, p = 0.021; Figure 2.3C), 

values consistent with prior studies (O’Dell et al., 2012). Importantly, chondroitinase 

treatment had little effect on dendritic growth (wildtype = 0.38 vs. wildtype+chABC = 0.44, 

p = 0.907) and cortical plate (CP) formation in wildtype explants (Figure 2.3D). The 

efficacy of chondroitinase treatment was confirmed in parallel sections that showed an 

absence of CS56 immunostaining in chondroitinase treated areas. Supporting our 

hypothesis, chondroitinase treatment of reeler explants restored the dendritic outgrowth 

ratio (reeler = 0.099 vs. reeler+chABC = 0.33, p = 0.025; Figure 2.3C). Though 

chondroitinase treatment rescued dendrite projections into the MZ, it did not fully revert 

reeler dendrite to wildtype morphology, as the rescued neurons often appeared 

disoriented and not uniformly apically directed (Figure 2.3B). This suggests that other 

factors may contribute to appropriate orientation of cortical neurons (Polleux et al., 2000). 

In addition, the CSPG core proteins themselves may have residual inhibitory properties, 

as is the case for versican on axon outgrowth (Dutt et al., 2011; Schmalfeldt et al., 2000).  

 

Canonical Reelin signaling reverses CSPG-induced Akt dephosphorylation 

The Reelin-signaling pathway and its role in dendritic growth has been 

characterized (Jossin and Goffinet, 2007; Matsuki et al., 2010; Niu et al., 2004; Olson et 

al., 2006; Pinto Lord and Caviness Jr., 1979). Reelin binds to its receptors VLDLR and 
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ApoER2 (Lane-Donovan and Herz, 2017) leading to the activation of Src family kinases 

(SFKs) and tyrosine phosphorylation of Dab1 (Bock and Herz, 2003; Howell et al., 1999), 

an essential cytoplasmic adaptor protein (Howell et al., 1997; Sheldon et al., 1997). 

Reelin-signaling diverges to modulate key effectors, including activation of the 

serine/threonine kinase Akt (protein kinase B) to regulate dendritic outgrowth (Jossin and 

Goffinet, 2007). Akt is activated by phosphorylation at T308 within the active site (Bozulic 

and Hemmings, 2009) and S473 within the hydrophobic domain (Hart and Vogt, 2011). 

Reelin also activates the serine/threonine kinase Erk1/2 through a Dab1-independent 

pathway to modulate synaptic plasticity (Lee et al., 2014). CSPG-signaling also regulates 

Akt activity: CSPGs bind to RPTPσ (Shen et al., 2009) and LAR (Fisher et al., 2011) 

leading to dephosphorylation of Akt and Erk1/2 in cultured Neuro2A cells and cultured 

cerebellar granule neurons (Ohtake et al., 2016). Importantly, pharmacological Akt 

inhibition prevents Reelin-dependent dendritic growth in slice explants (Jossin and 

Goffinet, 2007). Because of the known opposing biochemical effects on Akt and Erk1/2, 

and because Reelin application rescued CSPG-induced dendrite inhibition, we 

hypothesized that Reelin and CSPGs might share antagonistic signaling effectors that 

are modulated to regulate cortical dendritogenesis. To test if Reelin and CSPGs have 

opposing effects on Akt and Erk1/2 phosphorylation state in cortical neurons, we cultured 

neurons from E15 cortices and stimulated them with soluble neural CSPGs and Reelin or 

control conditioned media. As expected, Reelin addition led to increased Dab1 and Akt 

(S473) phosphorylation (CM = 0.98 vs. RM = 1.45, p = 0.016; Figure 2.4C), indicative of 

activation of the canonical Reelin-signaling pathway. However, we observed no change 

in Erk1/2 phosphorylation levels (Figure 2.4D). CSPG addition led to a decrease in 
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baseline Akt phosphorylation levels (CM = 0.98 vs. CSPG+CM = 0.54, p = 0.010; Figure 

2.4C) but had no effect on Erk1/2. In support of our hypothesis, Reelin addition reversed 

CSPG-induced Akt dephosphorylation (CSPG+CM = 0.54 vs. CSPG+RM = 1.35, p = 

0.004). In contrast, pharmacological blockade of Akt activation by Triciribine was not 

rescued by Reelin addition (TCBN+CM = 0.49 vs. TCBN+RM = 0.48, p = 0.970). These 

findings suggest there may be biochemical convergence of Reelin and CSPG-signaling 

at the level of Akt but not Erk1/2 in cortical neurons. 

Because Reelin and CSPGs are both expressed in the extracellular space of the 

marginal zone (Nichols and Olson, 2010), it is possible that Reelin and CSPGs interact 

directly to modulate receptor binding activity (Smock and Meijers, 2018). To first 

determine whether Reelin-dependent Dab1 phosphorylation occurs in the presence of 

CSPGs we examined Dab1 phosphorylation status. While CSPG addition led to a 

decrease in Akt phosphorylation, Dab1 phosphorylation remained intact (CSPG+CM = 

0.95 vs. CSPG+RM = 1.51, p = 0.042; Figure 2.4B), suggesting that Reelin and CSPG 

signals converge intracellularly. To further test this, we cultured neurons from Dab1-

deficient (scrambler) mice, which do not respond to Reelin, stimulated them with Reelin 

and CSPGs and measured p-Akt levels by immunostaining with an anti phospho-Akt 

antibody (Figure 2.4E). As expected, quantified immunofluorescence signal showed no 

increase p-Akt levels above baseline after Reelin addition to Dab1-deficient neurons (CM 

= 100% vs. RM = 99.6%, p = 0.92; Figure 2.4F) and CSPG addition caused a decrease 

in p-Akt in Dab-deficient neurons (CM = 100% vs. CSPG+CM = 53.8%, p = 0.001). 

However, the return to baseline p-Akt levels in the CSPG+RM group (CM = 100% vs. 

CSPG+RM = 93.6%, p = 0.85) is not expected based on prior western blot studies which 
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have demonstrated the necessity for Dab1 in Reelin-dependent Akt phosphorylation. This 

result warrants further investigation but may indicate that non-canonical (i.e., Dab1-

independent) Reelin-signaling might be able to return p-Akt levels to baseline after CSPG 

treatment whereas canonical Reelin signaling may be required to drive p-Akt levels above 

baseline. Alternatively the residual Dab1 protein in the scrambler brain, which has been 

reported at levels of <5% (Sheldon et al., 1997) may be sufficient to antagonize CSPG 

signaling but insufficient to drive p-Akt levels above baseline. Taken together, the results 

indicate that Reelin biochemically counteracts CSPG signaling at the level of p-Akt. 

Because CSPGs and Reelin have concentrated expression in the marginal zone, 

where dendrites deploy, we hypothesized that the Reelin/CSPG phospho-Akt response 

would localize to the nascent dendrite. To test this, we stimulated cultured neurons with 

CSPGs and Reelin as described above. The phospho-Akt signal was quantified along the 

length of neuronal dendrites and around the diameter of neuronal somata. P-Akt signal 

was normalized to the immature marker doublecortin (DCX) (Gleeson et al., 1999). In 

agreement with our previous experiments, CSPG addition led to a decrease in p-Akt 

levels in the dendrites (CM = 100.00% vs. CSPG+CM = 86.7%, p = 0.020; Figure 2.5B), 

while Reelin increased baseline p-Akt levels (CM = 100.0% vs. RM = 120.8%, p = 0.008) 

and reversed CSPG-dependent Akt dephosphorylation (CSPG+CM = 86.7% vs. 

CSPG+RM = 120.4%, p = 0.001). In neuronal somata, p-Akt levels were also increased 

by Reelin addition, and CSPG-induced Akt dephosphorylation was reversed to a slightly 

lesser degree than in dendrites (CSPG+CM = 92.6% vs. CSPG+RM = 112.0%, p = 0.030). 

These findings support the hypothesis that Reelin-signaling and CSPG-signaling have 

opposing effects on a key dendritic outgrowth regulatory pathway in cortical neurons.  
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DISCUSSION 

The robust, localized expression of CSPGs in the cortical marginal zone suggests 

an important role for early dendrite outgrowth. Previous studies of CSPGs effects on 

dendrite development have largely focused on brain plasticity, where CSPGs regulate 

synapse stability and plasticity (Levy et al., 2014). CSPGs are also well known for their 

role in the axonal development, guiding and restricting axonal process outgrowth 

(Hartmann and Maurer, 2001). However, the effects of CSPGs on dendrite outgrowth 

have largely been neglected. This study demonstrates for the first time cellular and 

biochemical inhibitory effects purified CSPGs have on cortical dendrite outgrowth and the 

role of Reelin-signaling in counteracting this inhibition.  

Because dendrites normally grow into the CSPG-rich marginal zone, we expected 

dendritic processes of cultured neurons to grow freely in the presence of CSPGs. 

Surprisingly, dendrites were inhibited both by soluble CSPGs and CSPG-positive stripe 

substrates (Figures 2.1 and 2.2). Dendritic avoidance of CSPG sources is reminiscent of 

dendritic avoidance of the marginal zone in reeler cortices which led us to ask if Reelin 

addition in vitro could rescue dendritic inhibition. Reelin application did rescue dendrite 

growth on CSPG-positive stripes, while abolishing CSPGs by chondroitinase treatment 

led to more growth onto CSPG-positive stripes. Thus, intact CSPGs may maintain some 

dendritic inhibitory activity in vitro that cannot be counteracted by recombinant Reelin 

application. It does not appear that chondroitinase treatment rescues dendrite inhibition 

by simply releasing CSPGs from the stripes because we were able to detect CSPG core 

proteins with an antibody that recognizes chondroitinase insensitive epitopes (Figure 

2.2). However, chondroitinase treatment does correlate with a depletion of CS56-positive 
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chondroitin sulfate side chains (data not shown), suggesting that CSPG-mediated 

dendritic inhibition is dependent on intact chondroitin sulfate side chains, either by directly 

binding to dendritic receptors or anchoring other ECM cofactor(s). The partial recovery of 

growth onto CSPG-positive stripes after Reelin addition may also reflect the well-

established phenomena that neurites will grow on a more preferred substrate when 

presented with two options (Esch et al., 1999; Walter et al., 1987b). In the stripe assay, 

the CSPG-positive stripes may remain the less preferred substrate even after Reelin 

application. Future studies might address this by using neural ECM scaffolds to more 

closely mimic the 3D extracellular environment (Estrada et al., 2014). Because reeler 

dendrites avoid the MZ, and the stripe assay data suggested a Reelin-CSPG interaction 

affecting dendrites, we examined dendritic growth ratios in wildtype (with Reelin) and 

reeler (without Reelin) cortical explants treated with and without chondroitinase. If CSPGs 

inhibit dendrites in the absence of Reelin, then abolishing CSPGs with chondroitinase 

should rescue dendritic growth in the reeler and perhaps to a lesser extent enhance 

wildtype dendritic outgrowth into the MZ. Indeed, we observed dramatic recovery of 

dendritic projections into the MZ in reeler explants (Figure 2.3), supporting the hypothesis 

that CSPGs themselves or factors closely associated with CSPGs (Djerbal et al., 2017; 

Paveliev et al., 2016) actively destabilize the nascent dendrite in the absence of Reelin-

signaling. The observation that chondroitinase treatment did not cause exuberant 

(excess) dendritic growth in wildtype explants was somewhat surprising, but seems to 

suggest that normally, Reelin-signaling completely counteracts CSPG-mediated inhibition 

in wildtype cortex. Thus, destruction of CSPGs or the presence of Reelin-signaling, 

produce quantitatively the same amount of dendritic growth. In the stripe assay, the low 
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levels of Reelin protein in vitro (caused by dissociation and loss of extracellular Reelin 

protein, coupled with the large volume of media that dilutes any Reelin secreted after 

dissociation), render the wildtype cultures reeler-like (Reelin-deficient). Thus, the 

chondroitinase treated cultures model reeler+chABC as opposed to wildtype+chABC. In 

this case, treatment with chABC, or Reelin, now allows the growth of dendrites onto the 

stripes. 

Neurite projection models suggest that neuronal projections must be coordinated 

by growth promoting (positive) and growth inhibiting (negative) cues, spatially localized in 

the target tissue (Gierer, 1981). An example of this is in the optic tectum, where a 

superficial to deep gradient of Reelin protein is proposed to counteract a superficial to 

deep negative gradient of Slit proteins to establish neurite targeting to correct synaptic 

laminae (Di Donato et al., 2018). However, an important consideration is that although 

CSPGs are broadly considered negative regulators of neurite outgrowth, they have 

distinct expression patterns, heterogeneous structures and varying effects on neurites 

(Rauvala et al., 2017; Viapiano and Matthews, 2006). Therefore, isolating specific CSPGs 

and their isoforms may be necessary to fully characterize their biochemical and cellular 

effects on dendrite outgrowth. Furthermore, other known or unknown extracellular 

guidance cues may act in parallel to Reelin and CSPGs to orient the developing dendrite 

(Polleux et al., 2000). Efforts to identify such molecules might be accomplished by 

extracting neural ECM for bioassay-guided fractionation (Walter et al., 1990), testing the 

effects of different neural ECM fractions on dendrite outgrowth.  

Although there is a wealth of genetic and biochemical evidence for Reelin’s critical 

role in cortical development, several key observations have not been reconciled in most 
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models describing Reelin’s cellular function; these gaps need to be addressed to fully 

understand Reelin’s initial action. Though Reelin promotes Golgi deployment and 

dendrite outgrowth in hippocampal neurons over several days in vitro (Matsuki et al., 

2010; Niu et al., 2004), Reelin’s initial, rapid effects on dendrite initiation (O’Dell et al., 

2015) have not been recapitulated in vitro. It is possible that Reelin’s initial action is to 

promote cell-cell adhesions between dendrites and Cajal-Retzius cells in the MZ (Gil-

Sanz et al., 2013), and reeler dendrites lose the ability to make these adhesions. 

However, high-resolution imaging suggests that less than 3% of the dendrite surface is in 

contact with CR cell axons in the MZ, a number similar to the amount of contact expected 

by random dendritic growth (O’Dell et al., 2015). Furthermore, genetic ablation of the 

majority of Cajal-Retzius neurons does not lead to a reeler phenotype which would be 

expected in this model (Yang et al., 2000; Yoshida et al., 2006) as CR neurons provide 

the majority of the cellular elements within the MZ. If Reelin localization is necessary for 

dendrite initiation and stability, its loss should result in equally unstable dendrites inside 

and outside of the MZ and/or random neurite orientation. However, imaging of 

dendritogenesis in explants revealed that reeler neurons extend dendrites tangentially, 

not completely randomly, and avoid the MZ (O’Dell et al., 2012, 2015). Therefore, 

dendrites prefer to grow into the MZ in the presence of Reelin but avoid the MZ in the 

absence of Reelin. Taken together, these observations combined with our data suggest 

that Reelin acts as a signal that stabilizes dendrite growth in the presence of CSPGs. 

 This study connects the Reelin and CSPG signaling pathways for the first time at 

the level of Akt. We show that embryonic cortical neurons are sensitive to CSPG-

dependent Akt dephosphorylation which is reversed by Reelin-dependent 
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phosphorylation. We also tested Erk1/2 activity but did not see a phosphorylation 

response. Akt is a major known contributor to Reelin-dependent dendrite outgrowth 

during development, while Reelin dependent Erk1/2 signaling functions in postnatal and 

adult synaptic development (Jossin and Goffinet, 2007; Trotter et al., 2013). Furthermore, 

Reelin-Erk1/2 signaling predominantly occurs independently of canonical Reelin signaling 

through VLDLR/ApoER2, suggesting that Erk1/2 activation may not be involved the 

dendritic growth stabilization phenotype (Lee et al., 2014). 

Future studies should identify the signaling partners that are upstream and 

downstream of Akt in the Reelin-CSPG relationship. The receptor tyrosine phosphatases 

RPTPσ and LAR have been shown to mediate CSPG induced neurite inhibition and likely 

confer neurite inhibition in the context of dendritogenesis (Ohtake et al., 2016), but this 

needs to be confirmed. Akt has two phosphorylation sites, S473 and T308. Reelin-

signaling activates both S473 and T308 sites (Jossin and Goffinet, 2007). We focused on 

S473 in this study because it has been reported to be phosphorylated at high levels in 

the cortical marginal zone (Itoh et al., 2016) and is implicated in CSPG-signaling (Ohtake 

et al., 2016). 

In this pathway, Reelin-signaling leads to Dab1 recruitment of the p85α subunit of 

phosphatidylinositol 3 kinase (PI3K) (Figure 2.6) . PI3K is a lipid kinase that converts 

phosphatidylinositol (3,4)-bisphosphate (PIP2) lipids to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) (Kumar, 2005; Rameh and Cantley, 1999). Akt binds to PIP3 at the 

plasma membrane where PDK1 triggers phosphorylation of T308 and partial activation of 

Akt (Bock et al., 2003). Full Akt activation is achieved through subsequent 

phosphorylation of Akt at S473 by mTORC2 (Manning and Toker, 2017). In addition, 
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mTORC2 might also associate with PI3K and Akt at the plasma membrane (Zoncu et al., 

2011). Future studies to determine if S473 and T308 are differentially activated by 

Reelin/CSPG stimulation will shed light on this mechanism of dendritic regulation. Precise 

coordination of cytoskeletal dynamics is certainly critical for dendritic growth modulation 

at the marginal zone (Förster, 2014). Indeed, Rho-GTPases regulate cytoskeletal 

dynamics and are linked to Reelin and CSPG-dependent Akt, PI3K and mTORC2 activity 

(Jacinto et al., 2004; Leemhuis and Bock, 2011; Ohtake et al., 2016; Tripathi et al., 2017). 

Given the localized expression of Reelin and CSPGs in the marginal zone (Nichols and 

Olson, 2010), along with their associated receptors and signaling machinery in cortical 

plate neurons (Visel et al., 2004), it is possible that dendrites locally assess Reelin/CSPG 

signaling to effect cytoskeletal stabilization/destabilization in dendritic filopodia as they 

extend into the MZ (Figure 2.6). The extracellular cues in the marginal zone are likely key 

for precise dendritic deployment and subsequent differentiation as well as preventing 

potential ectopic dendritic growth and inappropriate neural connectivity. 
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CONCLUSIONS 

Previous live imaging studies from our lab showed that reeler dendrites actively avoid the 

marginal zone. We sought to discover what molecules in the neural extracellular matrix 

are inhibitory to dendrites in the absence of Reelin. CSPGs are notoriously inhibitory for 

neurite outgrowth and are expressed highly in the marginal zone, where dendrites 

normally project into. We found that dendrites avoid CSPG-positive patterned stripe 

substrates, but this inhibition can be rescued by CSPG ablation with chondroitinase or 

exogenous Reelin application. Similarly, reeler dendrite projection into the CSPG-rich 

marginal zone can be rescued with chondroitinase injections. Finally, Reelin reverses 

CSPG-induced Akt dephosphorylation. Our data point to a model in which Reelin and 

CSPGs coordinate dendrite projection into the marginal through regulation of Akt 

phosphorylation.  
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Figure 2.1. Reelin counteracts CSPG-mediated inhibition of dendritic outgrowth. 

Primary cortical neurons were fluorescently labeled by electroporation of a DCX-mRFP 

expression plasmid that drives red fluorescent protein expression in immature neurons. 

After 1 DIV, neurons were challenged with (A, H) conditioned media (CM), (B, I) Reelin-

conditioned media (RM), (C, J) purified CSPGs (3 mg/ml) + CM, (D, K) CSPGs+RM, or 

(E, L) chondroitinase pretreated CSPGs and then fixed after one additional DIV. (F) 

Quantification after neurite tracing revealed that CSPG+CM significantly reduced total 

dendritic length, an effect that could be reversed by RM or chondroitinase (chABC) 

pretreatment. G, In contrast, axonal length reduction by CSPG could not be reversed by 

RM. (H–L) Cropped images of representative dendritic processes in yellow dashed boxes 

in A–E, respectively. N ≥ 30 neurons in each condition across 2 experiments; *, different 

at p < 0.05; **, different at p < 0.01. One-way ANOVA with Sídák’s multiple comparisons 

post hoc test. Not significant (n.s.). Scale bars = 25 µm (A) and 10 µm (H).  
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Figure 2.1 
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Figure 2.2. Reelin counteracts dendritic inhibition at CSPG stripe boundaries. (A) 

CSPGs inhibit dendrites and axons at CSPG-positive border. E15 primary neurons were 

cultured on CSPG stripes (upper panels) or CSPG stripes treated with chondroitinase 

(lower panels). At 4 DIV, cultures were fixed and immunostained for MAP2 to identify 

dendrites, SMI-312 to identify axons, and Cat-315 to identify the CSPG stripes. 

Chondroitinase treatment permitted growth of neurites onto the CSPG stripes. (B–F) To 

determine short term effects of Reelin on dendrites, neurons were cultured on CSPG 

striped substrate for 1 DIV and then stimulated with (B) CM or (C) RM for 24 h. D, In 

parallel cultures, CSPGs were pretreated with chABC. At 2 DIV, cultures were fixed and 

immunostained for MAP2 to identify neurites and for CSPG to identify stripe areas. E, 

MAP2-positive signal on the entire width of the CSPG-positive stripe was normalized 

MAP2-positive on CSPG-negative stripes. (F) MAP2-positive signal in 15-µm-wide areas 

at the stripe edge. The dashed lines indicate the areas of CSPG-positive stripes that were 

used to quantify MAP2-positive signal that was then normalized to the MAP2 signal on 

the adjacent 15 µm on the CSPG-negative stripe. N = 20 regions quantified in each 

condition across 2 experiments; **, different at p < 0.01; ***, different at p < 0.001, 

Student’s t test. Scale bar = 10 µm.  
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Figure 2.2 
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Figure 2.3. Chondroitinase treatment increases neurite elaboration into the MZ of 

reeler (Rlr) cortices. (A) 15-µm z-projections of E15.5 cortical explants transfected with 

DCX-mRFP (pseudo-colored green) and immunostained with CS56 to label CSPGs 

(magenta). (B) Reconstructed z-projections of representative cells. Green lines represent 

the beginning of the MZ. chABC was injected into explants at E14.5 and incubated for 16 

h. (C) Quantification of dendritic growth ratios in reeler (Rlr) or wildtype (WT). mRFP-

positive signal in the MZ was normalized to mRFP-positive signal in the CP. (D) 

Chondroitinase treatment abolished CSPGs confirmed by CS56 immunostaining, without 

disrupting normal cortical layering architecture. N = 12 regions across three explants were 

quantified for each condition; *, different at p < 0.05, one-way ANOVA with Sídák’s 

multiple comparisons post hoc test. Scale bars = 25 µm.  
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Figure 2.3 
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Figure 2.4. CSPG-induced Akt dephosphorylation is counteracted by Reelin 

signaling. (A) Cortical neurons were cultured for 2 DIV and stimulated for 1 h with CM or 

RM alone, or in conjunction with CSPGs (3 µg/ml) or Triciribine (TCBN; 1 µM). Western 

blotting of cortical neuron lysates probed for Reelin signaling proteins. P-Dab1 and Dab1 

= ~80 kDa, p-Akt and Akt = 60 kDa, p-Erk = 44 kDa, GAPDH = 38 kDa. Duplicates of 

each condition are shown. (B–D) Quantification. (E, F) Dab1 deficient neurons remain 

sensitive to CSPG-dependent dephosphorylation but exhibit blunted Akt phosphorylation 

in response to Reelin stimulation. Cells were immunolabeled with anti p-Akt (S473) and 

anti-DCX antibodies. p-Akt levels along the dendrites were quantified and normalized to 

the corresponding DCX signal. N ≥ 7 replicates across 3 experiments in A, n=25–35 

neurons per group across 2 experiments in E. Asterisks in C indicate comparison to CM; 

*, different at p < 0.05, Student’s t test in C and one-way ANOVA with Sídák’s multiple 

comparisons post hoc test in F. Not significant (n.s.). Scale bars = 10 µm.  
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Figure 2.5. Reelin application counteracts CSPG-induced Akt dephosphorylation in 

developing neurites. E15 cortical neurons were cultured for 2 d and stimulated with 

Reelin (RM) or control (CM) media and/or CSPGs. Cells were immunolabeled with anti p-

Akt (S473) and anti-DCX antibodies. p-Akt levels along the dendrites and somata were 

quantified and normalized to the corresponding DCX signal. Arrowheads point to p-Akt 

signal at dendritic tips; *, different at p < 0.05; **, different at p < 0.01, one-way ANOVA 

with Sídák multiple comparisons post hoc test. N = 30–35 neurons per group across 3 

experiments. Scale bar = 10 µm.  
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Figure 2.5 
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Figure 2.6. Model of Reelin-Dab1 signaling counteracting CSPG signaling to 

regulate dendrite growth in the MZ. Reelin and CSPGs are encountered by dendritic 

filopodia in the MZ. CSPG-mediated dephosphorylation and inactivation of Akt is 

overcome by Reelin-Dab1 signaling, permitting the outgrowth of a stable dendrite into the 

MZ. In the reeler cortex, CSPG signaling is not counteracted by Reelin-Dab1 signaling 

and Akt is inactivated, leading to dendrite destabilization.  

 

 

 

 

 

 

 

 

 

 

 



 

 116 

 

Figure 2.6 
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Limitations with Golgi staining in embryonic cortical tissue 

We demonstrated that chABC treatment can rescue reeler dendrite growth in to 

MZ (Figure 2.3). This study was carried out in cortical explants (Nichols et al., 2013) 

because of the ability to sparsely label neuronal dendrites by electroporating a DCX-

mRFP DNA plasmid (Wang et al., 2007) combined with experimental accessibility for 

follow up injections with chondroitinase. In order to confirm these findings in vivo, we 

attempted to inject reeler cortices at the same time point (E14.5) in utero. We performed 

in utero surgeries and injected chABC into wildtype and reeler embryos. We confirmed 

that acute chABC treatment led to removal CS56 immunoreactivity with disrupting the 

cortical architecture (Figure A1).  

In order to sparsely label the nascent dendrites for quantification after fixation, we 

performed Golgi staining (Vints et al., 2019). However, we found that this technique 

insufficiently labeled the dendritic processes and we were unable to trace and quantify 

dendrites (Figure A2). This technique is typically used in adult brain sections with 

neurons that have large, mature dendrites and our results may indicate there’s a technical 

limitation to the Golgi method in embryonic cortical tissue. This observation might provide 

insight into Ramon y Cajal’s early proposal that dendrites emerge de novo from neuronal 

somata after neurons finish migration (Cajal S, 1904). Using the Golgi method, Cajal 

viewed and illustrated early born cortical neurons as bald, without a defined nascent 

dendrite. We now know, through high resolution fluorescent labeling combined with live 

imaging, that the dendrite emerges directly from the neuron’s leading process as it 

finishes migration and extends highly branched dendritic processes throughout this period 

of differentiation (O’Dell et al., 2015). Future studies that attempt to inject reeler embryos 
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in utero with chondroitinase might need to combine the injection step with electroporation 

of fluorescent reporter constructs in the same procedure. However, two separate 

injections in E14 mouse embryos is technically challenging and we are unsure if 

electroporation affects chondroitinase activity.  

 

nECM extraction for in vitro testing  

Cortical neurons develop in a glycoprotein enriched “hydrogel” matrix built around 

hyaluronan, a huge linear molecule composed of disaccharide repeats. Proteoglycans, 

including CSPGs and HSPGs complex with hyaluronan via link proteins and are highly 

enriched in the embryonic cortical nECM. This “goo-like” nECM is very different in 

composition and physical properties from the more rigid neural basal lamina (nBL) ECM 

that is composed of laminin, collagen, fibronectin and nidogen. The nBL is primarily 

localized to a discrete layer underneath the meningeal (non-neural) fibroblasts that 

surround the developing cortex and the nBL is not in a position to interact with the vast 

majority of the cortical neuropil. Despite this, most in vitro studies of developing cortical 

neurons have either cultured neurons on artificial substrates (e.g, charged plastic, poly-

d-lysine (PDL) treated glass or on basal lamina derived substrates (e.g, collagen, laminin, 

matrigel). Those studies that have examined interactions between neurons and nECM 

have primarily focused on axonal regeneration in the context of CSPG-enriched glial 

scars. Thus, there exists an enormous gap in our understanding of the contribution of 

natural embryonic nECM to cortical neuron development, particularly in regard to 

dendritogenesis. 
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To test the effects of nECM on cortical neurons, we developed a protocol to extract 

nECM from embryonic cortices (Figure A3). Briefly, E15 embryonic cortices are dissected 

away from the other brain regions and the meninges is carefully removed to separate as 

much of the nBL as possible from the extracted nECM. The remaining cortical tissue is 

gently triturated in detergent and buffer (Saponin in ice cold, calcium-free Hanks balanced 

salt solution), minimizing tissue dissociation. Cells and insoluble debris are clarified by 

centrifugation and the soluble extract (supernatant) is taken for subsequent assays. 

Western blotting reveals that extracellular protein is enriched in the nECM extract as 

demonstrated by Reelin and CSPG content in the supernatant (Figure A3, B), while 

intracellular protein such as the transcription factor Tbr1 remains largely in the pellet. 

Reelin is absent in nECM derived from reeler embryo as expected, allowing the use of 

reeler nECM for in vitro assays. The extract can be spotted on a culture dish to determine 

how neurons in the same well respond to the nECM. The spots retain high amounts of 

CSPGs after incubation in media as determined by CS56 immunoreactivity (Figure A3, I). 

Neurites tended to avoid growing into the nECM spots and neurons demonstrated 

morphological defects when plated directly on the spots (Figure A3, G and H). This 

protocol can be valuable for future studies looking to identify unknown molecules in the 

nECM and how neurons respond to these cues. The inhibitory nature of the CSPG-rich 

spots led us to specifically test purified CSPGs for further in vitro investigations and we 

found that CSPGs are inhibitory to dendrites, which can be reversed by Reelin addition 

(Zluhan et al., 2020). While the nECM was generally inhibitory to neurites, we 

encountered slight technical challenges with possible batch to batch variation in potency. 

The extraction protocol may need to be refined and supplemented with certain protease 
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inhibitors; we avoided these types of modifications in order to faithfully recapitulate the 

nECM as closely as possible. Alternatively, nECM the extract is likely best used when 

fresh, avoiding freeze-thaw cycles that might denature proteins in the nECM.  
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Figure A1. In utero chABC treatment removes CS56 immunoreactivity and does not 

visibly alter cortical architecture. In order to confirm previous explant findings in vivo, 

E14.5 embryonic cortices were injected with (A) PBS control and (B) chABC in utero to 

ablate CSPGs. A drawback to this approach was the difficulty in injecting both CSPGs 

and DNA plasmids to sparsely label dendrites. This led us to use the Golgi method post 

fixation. However, we did confirm that acute (16 hour) chABC does not alter cortical 

architecture as the cortical plate remained intact and unaltered.  
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Figure A1 
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Figure A2. Insufficient labeling of embryonic dendritic processes using the Golgi 

staining method. E14.5 cortices were injected with PBS or chondroitinase in utero and 

fixed after 16 hours and prepared using a Golgi labeling kit. The Golgi method was used 

to sparsely label dendritic processes for tracing and quantification. However, dendritic 

processes were stubby, small and not readily visible for tracing. Yellow arrows indicate 

examples of poorly labeled dendrites, indicating that this protocol and timepoint was 

unsuitable for quantification. 
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Figure A2 
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Figure A3. nECM isolation from embryonic cortices and subsequent bioassay of 

nECM extract in cultured neurons. (A) Schematic of nECM isolation. (B) Analyses of 

supernatant (S) and pellet (P) fractions from individual wildtype and reeler embryos. 

Reelin is present in the wildtype but not reeler extract. CSPGs are largely present in the 

soluble supernatant fraction. The transcription factor Tbr1, expressed highly in embryonic 

neurons, is found largely in the pellet fraction indicating minimal cellular disruption. (C-H) 

Immature cortical neurons plated on nECM show altered neuronal morphology and 

reduced neurite length compared to neurons plated on a collagen control substrate. (I) 

DCX-mRFP expressing, immature cortical neurons exhibit avoidance of the CSPG-rich 

(CS56-positive, blue) portions of the nECM extract. Scale bars = 15 µm.  
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Figure A3 
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 Normal cerebral cortical function is dependent on the coordination of intricate 

developmental processes that establish functional connectivity in the mature cortex. The 

process of dendrite formation is orchestrated by numerous molecules and signaling 

cascades that are integrated to guide the dendrite to its position, setting the stage for 

synapse formation and functional neural circuitry. Understanding the exact cellular 

mechanisms that determine dendritic structure is foundational for improved therapeutic 

interventions.  

Why has recapitulating Reelin’s in vivo effects in vitro been a major challenge? 

The answer may lie in the question: in vivo cues are lacking in vitro. The nECM in the MZ 

has a very particular, unique composition that is lost in culture studies. Thus, the ability 

to show a rapid Reelin response in culture requires the presence of neural extracellular 

matrix components as I have demonstrated in the previous chapter. The addition of 

CSPGs in vitro perhaps more closely recapitulates the environment dendrites encounter 

in vivo. This finding sets the stage for future studies of the Reelin signaling pathway using 

in vitro assays. 

 

Redefining Reelin’s role in early dendritogenesis  

What is Reelin’s earliest role in cortical development? The first event during 

corticogenesis that requires Reelin signaling is preplate splitting (Nichols and Olson, 

2010; Sheppard and Pearlman, 1997). Before neurons begin radial migration into the 

cortical plate, a structure termed the “preplate” overlies the earliest born L6 neurons and 

splits into the subplate and marginal zone. L6 neurons beneath the preplate orient their 

dendrites apically toward the preplate and neurons continue to align in between the 
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subplate and marginal zone – splitting the preplate and forming the cortical plate. In the 

reeler cortex, the preplate fails to split and cortical plate formation is disrupted. One 

possible explanation for this is that Reelin promotes neuronal migration of L6 neurons 

into the cortical plate. However, BrdU labeling of L6 neurons indicated that neuronal 

positioning is equivalent in both wildtype and reeler cortices (Nichols and Olson, 2010). 

Instead, apical dendrite projection was disrupted in the reeler, which could be rescued 

after 4 hours of Reelin injection. Indeed, live imaging revealed that the loss of Reelin leads 

to unstable, misoriented dendrites that retract away from the MZ (O’Dell et al., 2015). This 

indicates that Reelin’s earliest, and perhaps principle function is in dendritogenesis, and 

its role in migration may be secondary to dendrite formation. 

The process of early dendritogenesis is often overlooked. Historically, Reelin has 

been viewed as a functional regulator of migration (Chai et al., 2016; Sheldon et al., 1997) 

and dendrite outgrowth/maturation (Jossin and Goffinet, 2007; Niu et al., 2004). Early 

dendritogenesis is likely a link between migration and dendrite outgrowth/maturation. 

When dendritogenesis is disrupted, neuronal migration, cortical layering and dendrite 

maturation is disrupted as well (Olson et al., 2006; Pinto-Lord et al., 1982). The “inversion” 

of cortical layers in the reeler has led to its proposed function as a migratory cue, where 

Reelin acts as a stop signal or go signal for migration and its loss leads to deep neurons 

in ectopically higher positions in the cortex. However reeler cortical layer it is not inverted 

per se, but extremely disorganized arguing against a model for Reelin solely as a 

migratory cue (Wagener et al., 2010). We suggest that Reelin’s most principal role is to 

permit dendrite initiation, rendering the apical dendrite competent for growth into the 

CSPG-rich MZ by activating the Akt pathway (Jossin and Goffinet, 2007; Zluhan et al., 
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2020). Subsequently or in conjunction, Reelin activates the Crk pathway (Matsuki et al., 

2008; Park and Curran, 2008), promotes Golgi deployment (Matsuki et al., 2010; Nichols 

and Olson, 2010) and facilitates neuronal adhesion (Franco et al., 2011; Jossin, 2011; 

Jossin and Cooper, 2011; Sekine et al., 2012) and cytoskeletal stabilization (Chai et al., 

2009). This process permits stable, polarized dendritic growth (O’Dell et al., 2012; 

Yoshida et al., 2006). This function for Reelin in cortical dendrite development 

encompasses its first and probably most important role (Nichols and Olson, 2010; Olson 

et al., 2006; Pinto-Lord et al., 1982). The exact downstream mechanisms at work in the 

dendritic filopodia should be elucidated in future studies. Filopodia must be adhering to a 

substrate in the MZ to support the dendrite’s structure. Though, cell-cell contacts are 

minimal and fibrous ECM like fibronectin is mostly expressed in the meninges beyond the 

dendrite projection zone. Therefore, the majority of adhesive interaction that occur in the 

MZ likely occur between unidentified interactions between neuronal cell adhesion 

molecules and neural ECM components, perhaps even CSPGs. It is worth considering 

that dendrites differentiate in vitro when neurons adhere to a simple poly amino acid 

substrate such as positively charged poly-d-lysine coatings as well as short amino acid 

epitopes (e.g. RGD) (Blau, 2013). Therefore, adhesion in the MZ might be a byproduct of 

precise cytoskeletal regulation.  

 

Reelin function is not dependent on its spatial localization 

Loss of Reelin leads to dramatic structural defects in dendritic structure in vivo (Niu 

et al., 2004). Our laboratory’s live imaging study showed that this dendritic defect was 

associated with unstable neurites and rapid dendrite retraction from the MZ, which is 
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rapidly rescued by Reelin injection (O’Dell et al., 2015). However, we found that this 

dramatic Reelin response seen in early dendritogenesis is not recapitulated in vitro 

(Zluhan et al., 2020). Reelin only increased dendrite growth in response to CSPG-induced 

inhibition.  

Previous key in vitro studies showing dendritic growth in response to Reelin have 

utilized hippocampal neurons cultured on a glial feeder layer and have shown a modest 

response to Reelin that is significant after 5 DIV of Reelin application (Niu et al., 2004). 

Hippocampal cultures typically require this glial feeder layer which produces 

neurotrophins necessary for dendritic growth and long-term survival in vitro (MacLaurin 

et al., 2007). A potential issue with using culture systems dependent glial feeder layers is 

that glial cells express many different ECM components, including high levels of CSPGs, 

in culture (East et al., 2009; Eill et al., 2020). Based on our data these CSPGs will inhibit 

dendrites in the baseline conditions, increasing any measured response to Reelin 

addition.  

Reelin is expressed highly in the MZ where it is produced and secreted by CR 

cells. This spatial restriction above the cortical plate where neurons terminate migration 

and extend their dendrites would seem to indicate that Reelin’s localization serves as a 

positional or chemotropic cue (Gilmore and Herrup, 2000). Indeed, concentration 

gradients of Reelin have been proposed to exert differential cellular effects depending on 

the concentration that cells encounter throughout the cerebral wall (D’Arcangelo, 2006). 

In this model, high levels of Reelin would induce rapid dendritogenesis. However, 

exogenous Reelin injections (Nichols and Olson, 2010; O’Dell et al., 2012) and Reelin 

bath application (Jossin et al., 2004; O’Dell et al., 2015) does not lead to ectopic dendritic 
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growth even though exogenous Reelin is found throughout the cerebral wall. In contrast, 

localized sources of chemoattractants like Semaphorin 3A do induce dendrite growth and 

orientation (Polleux et al., 2000). In spite of the lack of localization, exogenous Reelin 

application rescues MZ-directed apical dendrite growth and cortical plate formation in the 

reeler (O’Dell et al., 2012, 2015). Similarly, ectopic overexpression of Reelin in the VZ of 

wildtype cortices does not lead to ectopic dendrite formation and ectopic Reelin 

expression in the VZ rescues reeler corticogenesis defects (Magdaleno et al., 2002). If 

Reelin had positional effects, these experiments would have led to indiscriminate dendrite 

growth.  

If Reelin was trophic, a stripe choice assay with Reelin-positive stripes should lead 

to clear preference of neurites to grow onto Reelin-positive stripes. However, only one 

study has published findings with this approach and no significant, quantitative results 

were reported (Chai et al., 2009). The fact that this type of experiment did not yield clear 

results provides further evidence that Reelin does not act simply as a spatial guidance 

cue. An experiment that further exemplifies (albeit to a lesser extent) Reelin’s lack of 

trophic effects was conducted by Jossin and Goffinet (Jossin and Goffinet, 2001). In this 

study, axons of cultured neurons showed no response to collagen-embedded, Reelin-

expressing HEK 293T cells. Although this study did not use markers for dendrites and 

axons, if Reelin attracted dendrites in the cultured neurons there would have been a clear 

morphological difference in the overall number of neurites responding to the localized 

Reelin source. Future studies can replicate this study but instead use high resolution 

imaging in conjunction with MAP2 as dendritic marker to test this theory more accurately.  
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Several alternative models have been suggested to answer the findings that Reelin 

does not function as a positional cue or trophic factor (Jossin, 2020). Reelin could 

cooperate with an unidentified growth promoting signal that is localized in the MZ, or an 

unidentified cue could enable neurons to respond to Reelin when they reach the MZ. If 

these models were true, reeler neurites would simply lose directionality but instead they 

actively avoid the MZ, arguing against these models. Alternatively, neurons may need a 

specific level of maturity that is reached at the MZ. While double knockouts of both Reelin 

receptors ApoER2 and VLDLR are required to fully recapitulate the reeler phenotype 

(Trommsdorff et al., 1999), there appears divergent roles for the receptors (Hack et al., 

2007). ApoER2 is expressed primarily by neurons undergoing multipolar migration and is 

thought to dictate migration, while VLDLR localizes to distal portion of leading neurites in 

cortical neurons, contributing to dendritogenesis (Hack et al., 2007; Hirota et al., 2015). 

Therefore, VLDLR expression could be an indicator of a level of maturity that neurons 

reach at the top of the CP and need to respond to Reelin and deploy a dendrite. However, 

there is no evidence for this model beyond speculation and neurons at the top of the 

cortical plate would still be expected to exhibit some degree of orientation defects when 

diffuse, exogenous Reelin is applied to reeler cortices – but this is not the case. 

Nevertheless, studying Reelin receptors’ roles more carefully in dendrite formation could 

be valuable. If, for instance, VLDLR levels do determine when a neuron is ready to deploy 

a dendrite, dendrites in VLDLR knockout cortices should recapitulate the reeler dendrite 

instability phenotype in live-imaging assays. Furthermore, overexpression of VLDLR in 

progenitor cells might lead to ectopic, early dendrite initiation as the cells differentiate into 
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neurons; however, overexpression of VLDLR has not led to reported histological defects 

(Iwata et al., 2012).  

 

The marginal zone as a site of dendrite regulation 

When the majority of Reelin-expressing CR cells are genetically ablated, the cortex 

still forms relatively normally (Meyer, 2004; Yoshida et al., 2006). There are still dendritic 

defects (i.e. thin and wispy branches), but loss of Reelin in the MZ does not recapitulate 

the reeler cortical phenotype (de Frutos et al., 2016). Of note, ablation of CR cells leads 

to a decrease in CS56 immunoreactivity, indicating that CR cells produce CSPGs in the 

MZ (Yoshida et al., 2006). These experiments appeared to ablate both CSPGs and Reelin 

in the MZ, a similar paradigm that we achieved by injecting chondroitinase into reeler 

cortices (Figure 2.3). Therefore, ablation of CR cells supports our data and interpretation 

of the reeler dendrite phenotype – that Reelin serves as a permissive cue that allows 

dendritic growth into the MZ in the presence of inhibitory CSPGs. Removing both CSPGs 

and Reelin appears to rescue the dramatic reeler dendrite defects. Another context in 

which ablation of Reelin-expressing cells does not recapitulate the reeler phenotype was 

found in the developing cerebellum. Normally, granule cells in the external granule layer 

secrete Reelin which binds to its receptors on Purkinje neurons, promoting their migration 

and dendrite growth (Howell et al., 1997; Larouche et al., 2008). Ben-Arie et al. reported 

that deletion of Math1 in the mouse brain removes cerebellar external granule cells and 

therefore Reelin-expressing cells in the cerebellum (Ben-Arie et al., 1997). Interestingly, 

the cerebellum in Math1 knockout mice does not phenocopy the reeler cerebellum. 

Purkinje neurons in the reeler display dramatically disrupted cytoarchitecture with a 
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hypoplastic cerebellum associated with defective neuron migration and dendrite 

formation. Meanwhile, the Math1 knockout mouse displays a more subtle phenotype 

where the Purkinje neurons still form normally but are slightly displaced. This further 

supports the hypothesis that Reelin-expressing cells secrete an inhibitory cue (such as 

CSPGs) and the loss of Reelin alone creates a more dramatic phenotype than a complete 

loss of Reelin-expressing cells.  

While Reelin alone appears to not have acute effects on dendritogenesis, the MZ still 

serves a crucial developmental role and may act as an “organizing center” for neuronal 

growth and differentiation. Indeed, CR cells in the MZ express various signaling proteins 

and ECM components with developmental roles (Yamazaki et al., 2004). For instance, a 

critical dendritic guidance cue expressed at high levels near the MZ is Sema3A (Polleux 

et al., 2000). In neuronal cultures, Sema3A-positive stripes and BDNF-positive stripes 

were shown to have antagonistic effects on axon-dendrite initiation: Sema3A promotes 

dendrite initiation and inhibits axon initiation while BDNF promotes axon initiation and 

inhibits dendrite initiation (Shelly et al., 2011). Sema3A and BDNF regulated dendrite 

initiation through reciprocal regulation of cAMP/cGMP signaling. Interestingly, BDNF was 

selectively inhibitory to dendrite initiation, not overall growth. Because Reelin 

permits/regulates growth into the MZ with CSPGs and does not promote dendrite growth 

into the marginal on its own, parallel growth promoting cues such as Sema3a are likely 

necessary to promote dendrite targeting into the MZ. 

The coordination of antagonistic or synergistic extracellular factors are likely key for 

dendrite growth and neuronal differentiation. We demonstrated that Reelin and CSPGs 

have an antagonistic relationship converging on Akt (Figure 2.4). Akt serves many roles 
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in cellular metabolism, proliferation survival and cell growth (Manning and Toker, 2017) 

and is crucial for brain development and dendrite development (Easton et al., 2005; Itoh 

et al., 2016; Jossin and Goffinet, 2007). Reelin-Dab1 signaling activates PI3K which 

recruits Akt to the plasma membrane (Beffert et al., 2002; Kumar et al., 2005) where it is 

activated and phosphorylated and regulates actin dynamics through mTORC2 and 

translation and microtubule dynamics through mTORC1 (Jacinto et al., 2004; Zoncu et 

al., 2011). These mTORC-dependent cellular effects are necessary for Akt-dependent 

dendrite outgrowth (Jossin and Goffinet, 2007; Urbanska et al., 2012).  

Dendritic filopodia extend into the MZ, rapidly remodeling in response to the 

environment they sample (O’Dell et al., 2015; Withers and Wallace, 2020). The MZ might 

act as a checkpoint for dendritic filopodia, where a “go” or “no go” decision is made – this 

would determine whether or not a dendrite stabilizes or destabilizes. Future studies might 

look to analyze Akt activity (phosphorylation) in dendrites at the MZ. This could be 

accomplished by live imaging Akt activity with a fluorescence resonance energy transfer 

(FRET) biosensor (Miura et al., 2013). Coupling this biosensor with our lab’s explant 

model would allow direct visualization of Akt dynamics in relation to dendritic structure in 

wildtype and reeler cortices. This would permit quantification of the dendrite’s molecular 

response to the MZ in an organotypic setting.  

The MZ above the cortical plate and the subplate below the cortical plate, while largely 

composed of nECM, contains extensive axonal elaborations. Intriguingly, the MZ and 

subplate are the two locations where Reelin signaling appears to operate (Franco et al., 

2011). CSPGs are also highly expressed in the MZ and subplate (Pearlman and 

Sheppard, 1996). It is possible that the MZ contains cooperative cues like Reelin and 
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CSPGs to prevent inappropriate synapses. Indeed, CSPGs are well known for their ability 

to inhibit neurites in development as well as stabilize existing synapses and prevent the 

formation of new synapses (De Vivo et al., 2013). Excessive synapses are found in 

patients with Autism leading to an imbalance between excitatory and inhibitory neocortical 

areas (Baudouin et al., 2012; Kulkarni and Firestein, 2012; Wang et al., 2018). Fully 

elucidating the molecular response of dendritic filopodia at the MZ might shed light on this 

critical aspect of neurodevelopment. 

 

Neural ECM and corticogenesis  

The nECM is a complex mixture composed of a hyaluronic acid scaffold with 

associated proteoglycans and glycoproteins that performs essential roles in development, 

plasticity and injury response (Viapiano and Matthews, 2006). However, the role of the 

nECM in cortical development and dendritogenesis has been neglected in the literature.  

The close association of CSPGs with CR cells suggests they may play a role in CR 

cell organization. CR cells are oriented parallel to the cortical plate, with axons extending 

across the MZ. It has been suggested that CSPGs might contribute to a framework that 

holds CR cells and subplate cells in place (Sheppard et al., 1991). CSPGs might also 

assist in the tangential migration of CR cells from the medial ganglionic eminence and 

cortical hem where CR cells are primarily generated (Lavdas et al., 1999; Shinozaki et 

al., 2002). The role of CSPGs in CR cell migration could be tested by injecting chABC 

into cortices in utero early in development as CR cells begin to migrate (~E10). At this 

developmental stage, embryonic injections are challenging to perform due to the small 

size of the embryos, but it is possible to inject chABC to abolish CSPGs throughout the 
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cortex. chABC should disrupt CR cell migration if CSPGs serve as guidance cues for CR 

cells. CR cell structural maintenance in response to CSPG integrity could be tested by 

injecting cortices with chABC after CR cells are in their final position (~E12 and onward). 

We injected embryonic brains with chABC at E14.5 and did not observe any obvious 

cellular defects in the MZ. Future experiments using genetically encoded fluorescence 

labeling of CR cells in the Pde1C::GFP mice would permit clear quantification of CR 

positioning (Osheroff and Hatten, 2009). If CSPGs anchor CR cells in the MZ, then CR 

cells would likely be displaced in response to chABC treatment. A caveat with using 

chondroitinase in general is that it disrupts all CSPG components, potentially disrupting 

the ECM’s structural integrity over long term experiments. Alternative approaches to 

CSPG loss of function experiments could include CSPG receptor knockout or inhibition 

(Fisher et al., 2011; Lang et al., 2015) or knockout models of specific CSPGs (discussed 

below). 

CSPGs have also been proposed to play a role in preplate splitting (Sheppard and 

Pearlman, 1997). CSPG localization is widely used as a marker for intact preplate splitting 

(i.e. the cortical plate forms correctly). The CSPG-positive preplate splits into the CSPG-

positive subplate and MZ. As a result, CSPGs frame the cortical plate, with expression 

on top in the MZ and below in the subplate (Pearlman and Sheppard, 1996). In the reeler 

cortex, preplate splitting fails to occur, leaving the MZ and subplate merged into what is 

called the superplate (SPP) (Nichols and Olson, 2010; Sheppard and Pearlman, 1997). 

As a result of the preplate failing to split, CSPG content (CS56 immunoreactivity) is 

increased in the reeler MZ/SPP (Magdaleno et al., 2002). Our work highlights the 

possibility that neurons beneath the preplate require Reelin signaling to grow their 
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dendrites into the overlying CSPG-rich MZ/SPP. Therefore, dendritic avoidance MZ/SPP 

CSPGs in the reeler might contribute to the preplate failing to split. This can be tested by 

in utero injections of chABC into early embryonic reeler cortices. If CSPGs compound 

preplate splitting in the reeler, cortical plate formation might be rescued in response to 

chABC.  

Interestingly, there have been reported abnormalities in GAG content and 

galactosyltransferase (enzymes that attach GAG chains to proteoglycans) activity in 

reeler brains. Galactosyltransferase activity in brain regions affected by the reeler 

mutation (cerebral cortex and cerebellum) was reduced by approximately 52 percent, 

while unaffected regions (brain stem) showed normal galactosyltransferase activity (Shur, 

1982). Meanwhile, GAG content was reported to be approximately 150 percent higher in 

reeler brains (Matsui et al., 1993). This suggests that the rate of synthesis or degradation 

of brain GAGs might be disrupted in the reeler brain, potentially further compounding the 

amount of inhibitory CSPGs the reeler dendrite encounters.  

Future studies should consider Reelin and CSPG interactions in other, unexplored 

disease contexts especially given that Reelin and CSPGs are expressed by inhibitory 

interneurons in the adult cortex and are associated with some of the same neurological 

disorders (Berretta, 2012). CSPGs are associated with amyloid beta oligomers and 

neurofibrillary tangles, characteristic lesions found in Alzheimer’s disease (AD) (DeWitt 

et al., 1993). CSPGs might be deposited in these degenerative lesions in a similar manner 

to traumatic lesions through reactive astrogliosis (Siebert et al., 2014). A crucial role for 

Reelin in the adult brain appears to be to protect against amyloid beta toxicity, a function 

that is disrupted in patients with the primary genetic risk factor for AD, apolipoprotein E4 
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(ApoE4) (Lane-donovan et al., 2015). Reelin signaling opposes amyloid beta at the 

synapse by enhancing synaptic glutamate receptor activity through Dab1 and Src family 

kinases. ApoE4 sequesters Reelin’s ApoER2 receptor intracellularly, reducing Reelin 

signaling (Chen et al., 2010). Given that CSPGs are generally inhibitory to neurites and 

new synaptic connections, amyloid beta toxicity could be confounded by an excess of 

CSPGs and attenuation of Reelin signaling in AD. Interestingly, Reelin’s role in 

antagonizing amyloid beta provides another example in which its function is context 

dependent, reminiscent of its permissive role in dendrite formation. 

Schizophrenia (SZ) is a mental disorder characterized by decreases in dendritic 

branching and spine density (Broadbelt et al., 2002; Glantz and Lewis, 2000). 

Abnormalities in both Reelin and CSPG levels have been reported in patients with SZ 

(Berretta, 2012). Reelin is downregulated in patients with SZ in the prefrontal cortex and 

likely contributes to cognitive impairment in these patients (Negrón-Oyarzo et al., 2016; 

Teixeira et al., 2011). In patients with SZ, CSPGs expressed by glial cells were found to 

be massively increased while at same time CSPG and Reelin expressing  perineuronal 

nets (PNNs) (Pohlkamp et al., 2014), which regulate synaptic contacts and plasticity, are 

reduced (Berretta et al., 2015; Pantazopoulos et al., 2010). A link between Reelin and 

CSPGs in SZ has not been overtly hypothesized or tested in the literature. However, Akt 

signaling reduction is thought to contribute to SZ pathology and antipsychotic drugs used 

to treat SZ modulate the Akt signaling pathway (Bergeron et al., 2017; Zheng et al., 2012). 

Future studies might use SZ mouse models to measure Akt levels and behavioral 

phenotypes in response to Reelin treatment and/or CSPG ablation (Ishii et al., 2016; 

Teixeira et al., 2011).  
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A deeper understanding of the function of CSPGs in cortical developmental and the 

Reelin-CSPG relationship could be achieved through genetic knockout animal models. 

Based on our data and proposed model, a Reelin/CSPG double knockout mouse should 

yield similar results to a reeler treated with chABC - rescuing dendritic projection defects 

found in the reeler. However, CSPG knockout mice are difficult to study in this context. 

There is a complex heterogeneity to CSPG family members in structure and function. In 

addition to the core protein structure, CSPGs family members expressed across the CNS 

have various isoforms that further specify how CSPGs interact with matrix and cell 

receptors (Yamaguchi, 2000). 

Because reeler dendrites actively avoid the MZ, CSPGs with the highest expression 

patterns in the cortical MZ such as versican, neurocan and phosphocan are likely 

candidates to inhibit reeler dendrites. Versican in particular has distinct expression in the 

MZ and previously described roles in neurite inhibition during development (Dutt et al., 

2011; Schmalfeldt et al., 2000; Visel et al., 2004). Versican has four splice variants (V0, 

V1, V2, V3) determined by the incorporation of GAGs at two attachment regions on the 

core protein (GAG-α and GAG-β). V0 contains GAG-α and GAG-β, V1 contains GAG- β, 

V2 contains GAG-α and V3 contains neither (Dours-Zimmermann and Zimmermann, 

1994). The versican global knockout is embryonically lethal, likely because V1 is required 

for heart development (Mjaatvedt et al., 1998). To avoid this, Dours-Zimmerman et al. 

utilized an isoform-specific gene inactivation approach to characterize the role of versican 

in the CNS (Dours-Zimmermann et al., 2009). Because the V2 isoform is the major neural 

versican isoform, the authors generated mice possessing early termination of the GAG-α 

exon, abolishing both V2 and V0 isoforms. The V0V2-/- mice exhibited alterations in the 
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ECM organization around nodes of Ranvier. However, the mice are viable, fertile and 

exhibit no morphological aberrations in the cortex or other brain structures (Dours-

Zimmermann et al., 2009). We acquired these V0V2-/- mice (courtesy of Dr. Matthew 

Rasband) and generated Reelin/VCAN V0V2 double knockout animals. The double 

knockout mice were still ataxic, indicating no functional phenotypic rescue. Furthermore, 

the cortical plate still failed to form in these animals, another indication that the reeler 

phenotype was not rescued. There are several reasons that this strategy might have 

yielded negative results. Due to the unconventional isoform-specific gene targeting 

strategy, the mice retain GAG-β exons and therefore V1 (and V3) remains intact. While 

V0 and V2 are the major isoforms expressed in the CNS, V1 has at least some presence 

in the developing brain and has been reported to have inhibitory effects on neurites (Dutt 

et al., 2011; Snyder et al., 2015). Therefore, a neural specific conditional knock-out 

approach removing all versican isoforms might be required to achieve full removal of 

versican’s inhibitory effects in the MZ. Alternatively, there may be compensating CSPGs 

with overlapping effects on dendrites in the MZ. Neurocan and phosphocan, for example, 

also exhibit some expression in the MZ (Visel et al., 2004). chABC injection effectively 

removes all CS side chains, which may be a requirement to observe a reeler rescue. 

Future studies might use an alternative strategy to knockout the glycosyltransferases that 

attach GAG side chains to CSPGs, potentially removing all inhibitory activity of CSPGs 

(Silbert and Sugumaran, 2002; Wong, 2008). Targeting an inducible knockout to CR cells 

(Cabrera-Socorro et al., 2007; Tissir et al., 2009) might be key in order to avoid as many 

off target effects as possible, as certain CSPGs might have other roles in cortical 
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development such as controlling neurogenesis in neural stem/progenitor cells (Sirko et 

al., 2007).  

 

Creating a profile of dendritogenesis cues 

The finding that Reelin and CSPG signaling converges at Akt to regulate 

dendritogenesis offers a potential point of therapeutic intervention for dendritic disorders. 

However, a more complete understanding of the relevant signaling cascades that are 

active during dendritogenesis will improve the effectiveness of future therapeutic 

strategies as well prevent off target effects. Numerous signaling cascades likely interact 

directly (e.g. Reelin and CSPGs) or in parallel (e.g. Reelin and Sema3A) to coordinate 

dendritogenesis. Generating a database of known positive and negative dendritic cues 

and how they interact with each other would provide a huge advantage to drug discovery 

efforts (Valnegri et al., 2015). This database would build upon known dendritic regulators 

and fill in upstream and downstream signaling molecules. 

 There are likely extracellular signaling proteins and ECM components yet to be 

identified that contribute to dendritogenesis regulation. In an attempt to identify the 

molecules that were inhibitory without Reelin present, we developed a protocol to extract 

nECM from E15 cortical hemispheres (Figure A3). The extract contained high levels of 

Reelin and CSPGs and low levels of the nuclear protein Tbr1 suggesting that the extract 

contained mostly extracellular molecules. This extraction was used for neurite outgrowth 

assays and supported our hypothesis that CSPGs in the nECM were inhibitory to 

dendrites. However, the nECM extract is a complex material and the effects that other 

molecules in the extract have on dendrites remain to be characterized. Future studies can 
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accomplish this using bioassay-guided fractionation, narrowing down the identity and 

effects of specific molecules in the nECM through stepwise fractionations and neurite 

outgrowth bioassays (Phillipson et al., 2002; Sampath and Reddi, 1981). Based on our 

results, the first fraction of interest to isolate and test would be proteoglycans in the nECM. 

Due to their sulfated glycosaminoglycan chains, proteoglycans are heavily negatively 

charged, allowing them to be fractionated away from other proteins using anion exchange 

chromatography (Dwyer et al., 2015; Eill et al., 2020). Specific CSPGs could be 

subsequently purified and tested in the bioassay using size exclusion chromatography. 

There will likely be other unidentified growth promoting and/or growth inhibiting molecules 

in the nECM that could be tested and isolated in the bioassay using a similar approach. 

Mass spectrometry could be used to determine the identity of these components. This 

approach would allow for a more complete characterization of the molecules that affect 

dendritogenesis in the cortical nECM. 

A crucial pitfall with the nECM extraction method we developed is that it contains 

nearly all of the nECM components expressed throughout the E15 cerebral cortex. We 

removed the meninges to minimize fibrillar ECM that is not in contact dendrites, but the 

MZ nECM is mixed with non-MZ nECM as well as some residual intracellular components. 

A potential, untested approach to more accurately characterize the MZ nECM could 

involve the application of laser capture microdissection-mass spectrometry (LCM-MS). 

LCM-MS can be used to isolate specific tissues as well as quantify protein patterns in 

specific cortical layers (MacDonald et al., 2019). While the secreted proteins expressed 

by CR cells have been profiled at the transcript level (Yamazaki et al., 2004), mRNA 

transcript levels are only one of several factors that dictate protein levels (De Sousa Abreu 
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et al., 2009). Thus, LCM-MS would allow spatial isolation of the most relevant molecules 

expressed in the MZ. A drawback to this approach is that the protein likely cannot be used 

intact for future bioassays. However, the characterization could guide the purification 

steps in a bioassay as discussed above and provide a list of candidate molecules to focus 

on. A second potential application of this technique would be to compare wildtype versus 

reeler MZ protein profiles. As mentioned previously, CSPG levels are higher in the reeler 

MZ/SPP, possibly due to the failure of preplate splitting. CSPGs and Reelin could serve 

as positive and negative controls for this approach and an unbiased screen could discern 

if there are other proteomic changes in the reeler MZ.  

To create a full profile of dendritogenesis cues, intracellular effectors and the 

convergence/divergence of signaling pathways that regulate dendritogenesis must be 

identified. High throughput screening (HTS) using drug libraries could be used to identify 

these signaling pathways and compounds that modulate them (Sherman and Bang, 

2018). We demonstrated that Akt signaling is a key pathway in dendritogenesis, which is 

activated and deactivated in response to Reelin or CSPGs, respectively. Akt could be 

used as a positive control in this drug screen, as there are well characterized 

pharmacological Akt activators (e.g. SC79) and inhibitors (e.g. Triciribine). This HTS 

would also yield a list of potential drug candidates for preclinical testing for diseases 

associated with dendritic disorders (Kulkarni and Firestein, 2012).  

A HTS would require reliable biomarkers to determine the drugs’ effects on 

dendrites. Live imaging would allow for the quantification of dendrite extension and 

retraction rates in response to specific compounds. Live imaging offers key advantages 

over fixed tissue which only provides a snapshot of dendrite development. For example, 
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our lab’s previous work using multiphoton microscopy to quantify reeler dendrite 

dynamics gave new information about the biology of dendrites and guided the 

identification of new dendrite-modifying molecules (O’Dell et al., 2015; Zluhan et al., 

2020). 

Using dendrite dynamics as a functional readout in the HTS would provide useful 

information, as the stabilization/destabilization profile of dendrites in response numerous 

signals could be quantified. However, there are several technical hurdles presented with 

this approach. Specifically labeling the dendritic sub compartments with a fluorescently 

labeled marker has proven challenging, especially in early born neurons where axon-

dendrite cargo sorting is incomplete and traditional molecular markers do not uniquely 

distinguish between axons and dendrites (Barnes and Polleux, 2009; Dotti et al., 1988). 

For example, MAP2 is predominantly used as a molecular marker to identify dendrites 

but can still be found to some degree in axons of cultured neurons up to a week after 

plating (Caceres et al., 1986; Kosik and Finch, 1987). Finding a reliable dendritic marker 

will be extremely useful for HTS efforts. Alternatively, the Golgi complex, which localizes 

to dendrites as the neuron polarizes, might be used as a proxy for identifying dendrites 

(Horton et al., 2005; Matsuki et al., 2010; Nichols and Olson, 2010). Co-transfecting 

cultured neurons with DCX-mRFP, a plasmid with a promoter specific to immature 

neurons coupled to mRFP (Wang et al., 2007), and a Golgi-localizing fluorescent marker 

might be sufficient for an automated algorithm to quantify the length of all the neurites of 

DCX-mRFP+ immature neurons, and exclude neurites emanating from the cell body that 

contain no Golgi signal (presumptive axons) (Smafield et al., 2015).  
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Another challenge with HTS of neurons is the requirement for large quantities of 

cells with consistent quality. Limiting variability between experimental batches is 

especially crucial as immature cortical neurons are highly sensitive to physical and 

chemical dissociation. We have tested multiple freezing protocols and found that neurons 

respond most favorable to CryoStor10 freezing media with minor modifications to the 

protocol (Parker et al., 2018). This will be key for future studies. Using primary neuronal 

cultures in functional studies is preferable because neurons have specific responses to 

cues that may be lost in alternative options such as commercially available neural-like 

cell lines. 
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Conclusions 

Since the identification of reeler mutants by D.S. Falconer in 1951, numerous 

conceptual and technical advances have enhanced the field’s understanding of Reelin 

biology. Nevertheless, nearly 70 years later, Reelin’s exact function has remained elusive. 

The work presented here represents a potential turning point in our understanding of 

Reelin’s cellular function. We suggest that a unifying model for Reelin’s role in cortical 

development is that Reelin’s action is context specific. Reelin does not act alone, but in 

concert with the neural extracellular matrix. We have characterized a convergence 

between Reelin and CSPGs, but there remains many unanswered questions. Filling in 

the gaps of the Reelin biology is an ongoing and collaborative process. The work 

presented here was built upon foundational data from dedicated scientists and the results 

pose exciting new questions for future researchers. 
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