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ABSTRACT OF THE DISSERTATION 

 

Neuron navigator 1: a regulator of early neural morphogenesis via the cytoskeleton, the 
plasma membrane, and endocytosis. 

 

by 

 

Regina Powers 

 

Doctor of Philosophy in Biology 

University of California San Diego, 2022 

Professor Shelley Halpain, Chair 

 

 

Neuron Navigator 1 (Nav1) is a cytoskeleton-associated protein expressed during 

brain development that is necessary for proper neuritogenesis, but the underlying mechanisms 

are poorly understood. Here we show that Nav1 is present in elongating axon tracts during 

mouse brain embryogenesis. We found that depletion of Nav1 in cultured neurons disrupts 

growth cone morphology and neurotrophin-stimulated neuritogenesis. In addition to 

regulating both F-actin and microtubule properties, Nav1 promotes actin-rich membrane 

ruffles in the growth cone, and promotes macropinocytosis at those membrane ruffles, 
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including internalization of the TrkB receptor for the neurotrophin BDNF (brain-derived 

neurotropic factor). Growth cone macropinocytosis is important for downstream signaling, 

neurite targeting, and membrane recycling, implicating Nav1 in one or more of these 

processes. Depletion of Nav1 also induces transient membrane blebbing via disruption of 

signaling in the Rho GTPase signaling pathway, supporting the novel role of Nav1 in dynamic 

actin-based membrane regulation at the cell periphery. These data demonstrate that Nav1 

works at the interface of microtubules, actin, and plasma membrane to organize the cell 

periphery and promote uptake of growth and guidance cues to facilitate neural morphogenesis 

during development.
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CHAPTER 1 

THE NEURON NAVIGATORS 

Introduction 

During organismal development, myriad cell types continually integrate extra- and 

intracellular cues to form functional organs. These cues determine the destination of migrating 

cells, the morphology of differentiating cells, and the formation of networks, such as the synaptic 

network of the brain. While nearly all cell types undergo morphogenesis during development, the 

transformation of spherical neural progenitor cells into polarized, functionally integrated neurons 

is especially complex and extensive, and critical to neural circuit function. This process includes 

symmetry breaking for polarization, neurite initiation and elongation, and the formation of the 

axonal growth cone -- a cytoskeleton-rich structure that directs the axon to its targets. The 

cytoskeleton, which is comprised of microtubules (MTs), intermediate filaments, and actin 

filaments, undergoes major morphological rearrangements throughout these events, particularly 

at the cell periphery. MTs and actin filaments and their interactions have been a major focus of 

study in the context of early neuronal morphogenesis. During early development neurons 

respond to attractive and repulsive guidance cues to direct their migration and outgrowth, and 

cytoskeleton-associated proteins are important signal integrators and regulators of these 

processes.   

Dysregulation of the cytoskeleton underlies many disorders of human 

neurodevelopment1-4. Mutations in multiple tubulin genes have been implicated in a group of 

neurodevelopmental disorders termed “tubulinopathies”5, 6. Moreover, mutations in the 

microtubule associated proteins, Lis1 and DCX, cause cortical malformations resulting in 

lissencephaly and heterotopia, respectively, due to aberrant microtubule-dependent neuronal 
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migration4, 7. Actin dysregulation through disruption of RhoGTPases, like Rac1/3 and CDC42, 

has been associated with autism spectrum disorder (ASD) and intellectual disability. Mutations 

in SHANK3, a post-synaptic scaffolding protein that links glutamate receptors to the actin 

cytoskeleton, causes Phelan-McDermid Syndrome, a neurodevelopmental disorder that is co-

morbid with ASD and intellectual disability8, 9. Additionally, mutations in guidance cues can 

result in neurodevelopmental disorders via their impact on cytoskeleton-mediated events. For 

example, reelin mutations are associated with various neurodevelopmental conditions, including 

lissencephaly and ASD10-12. Reelin is an extra-cellular matrix molecule that influences actin 

dynamics via the actin regulating protein cofilin13, and interacts with the Lis1 signaling pathway 

via induction of phosphorylation of Dab1, a Lis1 binding partner14 Loss of reelin results in 

aberrant neural migration and neurite outgrowth, demonstrating the influence that cytoskeletal 

dynamics play in early neuron development13, 15. Finally, proteins that regulate cytoskeletal 

function have also been implicated in human neurodevelopmental disorders. For example, the 

regulatory/adaptor molecules 14-3-3e, encoded by the YWHAE gene, and the protein Crk, 

encoded by the CRK gene, function downstream of reelin and regulate Lis1 function in neuronal 

migration14. These genes occur within the same 17p13.3 chromosomal region as the 

Lis1/PAFAH1B1 that is frequently subject to microdeletion or microduplication events that are 

causative for the neurodevelopmental disorder Miller-Dieker Syndrome, in which patients 

exhibit severe lissencephaly16-18. Another example is the Rho family guanine nucleotide 

exchange factor Trio, which controls the actin-regulation activities of Rac1 and Cdc4219, 20 and is 

a risk gene for ASD21. 

 The growth cone is a specialized cytoskeleton-rich structure that responds to extracellular 

cues and directs neurite outgrowth. The growth cone has a stereotypical cytoskeletal arrangement 



3 

 

that can be divided into three domains: the central domain is filled with microtubules, the 

peripheral domain is composed of F-actin that form filopodia and lamellipodia, and the transition 

zone is in between the central and peripheral domains where actin arcs and actin membrane 

ruffles form and where F-actin and microtubules can interact22-24. The growth cone also contains 

many guidance cue receptors which signal to the cytoskeleton to direct the neurite outgrowth 

toward the target with positive cues and away from unwanted targets via repellent cues25. While 

the growth cone has been extensively studied, numerous signaling pathways and mechanisms 

that underlie growth cone morphology and behavior remain uncharacterized. 

Similarly, despite the importance of cytoskeleton-regulating proteins, many details of 

cytoskeleton regulation during brain development remain unknown. One family of proteins that 

are critically understudied are called the neuron navigators. These are a family of three proteins 

(neuron navigator 1, 2, and 3) with potential cytoskeleton-interacting and other functional 

domains in mammals. Homologs of the neuron navigators are also found in invertebrate species, 

and are important in the development and morphogenesis of various cell types in different 

organisms. All known navigator isoforms across species contain a AAA+ ATPase (AAA) 

domain close to their C-terminus, and, although the function of this domain remains undefined as 

of this writing, its evolutionary conservation suggests it is likely to represent the defining 

characteristic of the navigator family. AAA-domain containing proteins are, by definition, 

ATPases Associated with diverse cellular Activities, and it will be essential to characterize this 

property of the navigators in order to fully understand their cellular functions.  

 Neuron navigators 1 and 2 are critical in neurite outgrowth, though the underlying 

mechanisms are still unclear. Despite the apparent importance of these proteins in early 

development, there are very few studies addressing their role in the cell. This review will provide 
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comprehensive information of what is currently known about the neuron navigators and their 

homologs, and point out crucial gaps in our knowledge. Our group has recently provided 

evidence that Nav1 functions in macropinocytosis in the growth cone. Macropinocytosis is a 

form of fluid-phase endocytic uptake that occurs in many cells and regulates cell migration, 

neurite outgrowth, and synapse formation, among other activities. Here, we will suggest that 

regulation of macropinocytosis could be a cellular function that explains most of the described 

morphogenic phenotypes attributed to all the navigators. 

 

Initial discovery of the navigators and their homologs 

Invertebrates 

Invertebrate homologs of the neuron navigators are unc-53 and Sickie in Caenorhabditis 

elegans (C. elegans) and Drosophila melanogaster (D. melanogaster), respectively. These 

invertebrate homologs most closely resemble Nav2 according to amino acid sequence. Presumed 

duplication events in evolution resulted in the three neuron navigators seen in vertebrates26. 

Phenotypes associated with unc-53 were first described after a screen for cell and axon migration 

mutants in C. elegans in 198727, and the function of the protein was described in more detail by 

Hekimi et al28, and Stringham et al29. Years later, Sickie was identified as a part of an RNAi 

screen in the fruit fly looking for genes involved in the immune system30, and later was 

discovered to be involved in actin regulation in mushroom body development31. More details 

regarding the function of these genes are provided below.  

Vertebrates 

 All three mammalian navigators were identified and cloned in 2002 by various labs32-34. 

Because multiple labs cloned the same genes, there was a brief time that the navigators were 
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referred to by multiple names, before “neuron navigators” became the consensus name for the 

protein family. It is important to emphasize, however, that these proteins are expressed in and 

function in multiple cell types, and here we will refer to them simply as the navigators. 

Navigator 3 was first called Pore membrane and/or filament interacting like protein 1 

(POMFIL1) by Coy et al33 because after cloning and raising an antibody to the protein, they 

found it was found in nuclear pores in neurons via immunolabeling and electron microscopy. 

This group also cloned Nav1 and Nav2, which they called POMFIL3 and POMFIL2, 

rescpectively33.  

Nav2 was identified as an all-trans retinoic acid-responsive gene in the human 

neuroblastoma line SH-SY5Y, and named retinoic acid inducible in neuroblastoma cells 

(RAINB1)34. That same year, Nav2 was identified in a search for genes that respond to 

adenomatous polyposis coli (APC), a transcription factor implicated in colorectal cancer6, and 

was called helicase APC down-regulated 1 (HELAD1)32.  

The most detailed and complete early study that cloned and described the mammalian 

navigators was by Maes et al26. This study cloned human Nav1 and described and compared 

amino acid sequences, alternative splicing, and tissue expression of all three navigators26, as well 

as compared the sequences to navigator/unc-53 proteins in D. melanogaster and zebrafish. These 

authors also investigated the phylogenetic relationships and evolution of the navigator genes, and 

concluded that navigators/unc-53 are conserved at least through nematodes. D. melanogaster and 

multiple fish species, including zebrafish, all express related genes having a homologous AAA-

domain containing C-terminus. The authors demonstrated that Nav2 and Nav3 are more closely 

related to each other than to Nav126. Nav1, Nav2, and Nav3 are found at chromosomal locations 

1q32.1, 11p15.1, and 12q21.1, respectively, and genomic analysis suggested that a duplication 
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event from the ancestor yielded two branches, both of which underwent a second duplication 

which yielded Nav2 and Nav3 from one branch and Nav1 from the other. Maes et al. also point 

out that it is likely that Nav1 lost its 5’ end during one of these genomic rearrangements26.             

                                                                                            

Navigator protein structure 

Because of its conservation through evolution and presence in all navigator family 

members, the AAA+ ATPase (AAA) domain at the C-terminus of the proteins is the apparently 

defining functional domain of the protein family (Figure 1.1). In general terms, AAA domains 

are associated with a variety of cellular activities, including proteasome function35-37, membrane 

fusion, endosomal trafficking37, 38, and microtubule severing,39 to name a few. There has only 

been one study directly investigating the ATPase activity of this domain in navigators, and the 

study showed the domain was functional in vitro and is necessary for a DNA helicase activity of 

Nav232. This interesting observation deserves follow up, as it may implicate navigators in 

transcription or chromatin organization.  

The AAA domain may be necessary for the navigators’ regulation of neurite outgrowth; 

expression of Nav1 with a mutated ATPase domain showed reduced ability to induce neurite-like 

protrusions when ectopically expressed in COS-7 cells40. The AAA domain is also necessary for 

the rescue of axon growth defects in a D. melanogaster sickie mutant31. How, precisely, nuclease 

activity contributes to these process remains unexplored. 

The invertebrate and vertebrate navigators also contain coiled coil (CC) domains. Unc-53 

and Sickie have two while the vertebrate navigators have three (Figure 1.1). CC domains are 

normally associated with protein-protein interactions, though to date there have been no proteins 

established that interact with the navigators through this domain. 
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At the N-terminus, unc-53, Sickie, and Nav2 and Nav3, but notably not Nav1, contain a 

calponin homology domain (CH) (Figure 1.1). A CH domain is typically associated with actin 

filament binding41. While there are no published observations of direct interaction of the 

navigators with F-actin through the CH domain, UNC-53 interacts with Abelson kinase 

interactor 1 (ABI-1), a regulator of actin filaments, through its CH domain42. We will elaborate 

on this pathway later in this review.  Interestingly, although Nav1 lacks the CH domain, it has 

been reported to accumulate in actin-rich areas of the cell43, and to bind to actin via its 

microtubule associated domain43, 44. This may suggest the navigators may interact with or 

influence actin dynamics via protein domains other than the CH domain. 

Finally, the vertebrate navigators have been characterized as +TIP proteins because of 

their association with microtubules40, 44-46, the identification of a microtubule binding domain45, 

46, and the presence of SxIP domains31. SxIP motifs typically indicate localization to the 

microtubule plus ends via association with end binding protein 1 (EB1), a protein known to serve 

as the anchor for many proteins that localize to the plus end, known as +TIP proteins47, 48. 

Notably, only when both of the N-terminal SxIP motifs are mutated in Nav1, and not each one 

individually, is Nav1’s plus-end localization disrupted44. Therefore, the N-terminal microtubule 

binding domain SxIP motifs appear to be the necessary protein domain for plus-end localization 

and EB binding40, 44, 45, 49. All three navigators localize to the plus end of microtubules40 and 

associate with EB1, and the microtubule binding domain is sufficient to perform microtubule 

bundling when overexpressed45. In D. melanogaster, the Sickie protein does have two SxIP 

motifs, however only one is in the putative microtubule binding domain, and there has been no 

evidence of Sickie localizing to microtubule plus-ends. Moreover, the putative microtubule 

association region in D. melanogaster shows some sequence diversion from that in its closest 
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mammalian homolog, Nav2. Therefore, at this time it is unclear if Sickie is a +TIP protein or 

whether this property is exclusive to mammalian navigators.  

+TIPs are in a unique position to influence subcellular-domain changes at the cell 

periphery, because they typically track the rapidly polymerizing plus ends of microtubules by 

binding directly or indirectly to the growing end, but dissociate when the microtubule pauses or 

depolymerizes. Microtubules and actin can interact to deliver molecules to the cell periphery and 

initiate plasma membrane dynamics in response to signals50, 51. Moreover, specific +TIPs have 

been shown to mediate microtubule-actin interactions51, 52 and such precise cytoskeletal 

dynamics are especially important in the neuronal growth cone50, 51. +TIPS are important in 

regulating the growth cone response to extracellular cues, and therefore influencing directional 

neurite outgrowth. Not only can they mediate actin-microtubule interactions, but they are also 

important in integrating cellular signals to initiate signaling pathways for cytoskeleton 

rearrangement44, 52, 53. 
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Figure 1.1: Protein domains in the neuron navigator family. CC = coiled coil, MTD = 

microtubule binding domain, CH = calponin homology domain, AAA = AAA+ ATPase domain. 

 

Navigator expression and localization 

Transcriptional regulation 

 The navigators are expressed in developing tissue, including the central nervous system26. 

However, only limited information is available to date regarding the transcriptional regulation of 

the Navigator genes. Nav1 and Nav2 have been shown to be regulated by both Tbr1 and Tbr254, 

55, important early transcription factors that regulate neuronal differentiation56, 57. Using 

ChIPSeq, Tbr1 was found to bind to the Nav1 promotor region58. Moreover, Nav1 mRNA was 

reduced in cerebral cortex from Tbr1KO mice54, indicating that Tbr1 positively regulates mRNA 

expression. Conversely, microarray analysis of intermediate progenitor cells indicates that Tbr2 

likely suppresses Nav1 transcription in intermediate progenitor cells55, 59. Furthermore, Tbr1 and 

Tbr2 bind the Nav2 promoter region and activate Nav2 gene expression54, 58-61. Tbr1 and Tbr2 

are essential transcription factors that are expressed in post-mitotic neurons and neural 
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progenitors, respecitvely56, which is consistent with data showing that Nav1 is expressed in post-

mitotic neurons rather than neural progenitors43.    

 

Tissue Localization 

In invertebrates and vertebrates, the navigators are expressed in multiple tissues, and are 

most highly expressed during development. In C. elegans, UNC-53 is expressed in sex 

myoblasts, excretory canal cells, and certain neurons29. There have been multiple studies with 

varying results using Northern blot to identify in which tissues the navigators are expressed in 

vertebrates. Consistently, all three navigators are expressed in the developing brain, but the three 

molecules are expressed at different levels in different tissues such as the heart, lungs, liver, and 

skeletal muscle, which may indicate different functions for each navigator26, 33; however, their 

role in non-brain tissues remains largely unexplored. Furthermore, each navigator also has splice 

variants that may be differentially expressed compared to the full-length transcript. A recent 

paper by Pook et al detailed the expression of Nav2 in the mouse central nervous system during 

development62. They found via in situ hybridization that the full-length Nav2 transcript is 

expressed most abundantly during late embryonic and early-postnatal time periods and is found 

in the hippocampus, cortex, cerebellum and thalamus62. Klein et al also characterized nav3 in 

zebrafish and found that it is expressed in the endoderm and regulates the developing liver63, and 

recently nav3 was shown to be localized to zebrafish cardiac tissue and is necessary for proper 

heart development64. Many of the tissues in which the navigators are expressed undergo 

extensive morphogenesis during development, which likely reflects the defining role for the 

navigators during development. Notably, this information comes from a small number of studies, 
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and more research is required to further characterize the expression of navigators in different 

tissues. 

 

Subcellular Localization 

The sub-cellular localization of the navigators has been most well-characterized in 

vertebrate neurons and neuroblastoma and other cancer cell lines. The navigators are +TIP 

proteins, so a subset of the navigator population is localized to microtubule plus ends40, 43, 44, 49. 

However, the navigators are not exclusively located there; they are also found in throughout the 

cytoplasm and apparently not associated with any particular cellular structure40, 43. Fluorescence 

recovery after photobleaching (FRAP) experiments in Cos-7 cells showed that GFPNav1 had a 

slow recovery after photobleaching, indicating that Nav1 is likely to be part of a high molecular 

weight complex or cellular structure that diffuses slowly through the cytoplasm40. Additionally, 

Nav1 and GFP-Nav2 are reportedly associated with actin-rich areas in neuronal growth cones 

and Cos-7 cells, respectively40, 43, 44 

All three navigators are found throughout neurite extensions in neurons and 

neuroblastoma cells, and Nav1 has been reported to be especially enriched in distal ends of 

neurites, in growth cones, and at branch points40, 43-45, 49.  Notably, all three mammalian 

navigators also show localization to the centrosome40. Similarly in D. melanogaster, Sickie is 

highly expressed in the mushroom body neuronal axon31. Furthermore, Sickie was also localized 

to regions of high F-actin in the mushroom body31.  

The localization of the navigators and the invertebrate homologs to cell types that 

undergo morphogenesis during development, as well as their sub-cellular localization to 

cytoskeletal structures, implicates these proteins as regulators of the cytoskeleton during 
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development. The next section will review the literature for the cellular processes and molecular 

pathways in which UNC-53, Sickie, and the navigators participate.  

 

Functions of the navigators 

Insights from Mouse Models 

There are few published studies using vertebrate models of the navigators in the whole 

organism, nevertheless some studies have provided insight into the important role of these 

proteins in vivo. For example, Nav2 hypomorphic mice have been used to uncover its role in the 

brain65.  Mice hypomorphic for Nav2 (hypomorphic because the dominant large transcript was 

abolished, but the shorter transcript was not), showed reduced body weight and smaller organs, 

as well as various sensory phenotypes compared to control mice. These sensory defects included 

deficits in olfaction and pain sensitivity revealed by behavioral tests, as well as a smaller optic 

nerve.  Another pair of studies found defects in cranial nerve development and blood pressure 

regulation, as well as cerebellar abnormalities and ataxic behavior in Nav2 hypomorphic mice66, 

67. Specifically, most Nav2 hypomorphic cerebella were smaller, and had fewer lobes and 

foliation compared to WT. Furthermore, granule cell migration was impaired in hypomorphic 

cerebella in vivo, and migration and neurite outgrowth defects were observed in cerebellar 

explants from the knockout mice67. All of these phenotypes demonstrate that Nav2 plays an 

essential role in migration and morphogenesis of developing neurons.  

 

Navigators in neurodevelopmental disorders: insights from patient case studies 

Nav1 is located on chromosome 1q32.1, a region of the chromosome for which 

duplications or deletions are associated with instances of neurodevelopmental disorders in 
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human patients68, 69. Symptoms include developmental delays and impairments in cognitive and 

motor function. Nav1 is not the only central nervous system-expressed gene at this chromosomal 

location; KIF21b and KDM5B are also contained within these regions. KIF21b is a kinesin 

motor protein, and KDM5B is histone lysine demethylase. Kif21b recently has been implicated 

in a neurodevelopmental disorder characterized by microcephaly and brain malformations70. 

While KDM5B has not been implicated in any disorders, other histone lysine demethylases have 

been implicated in neurodevelopmental and neurodegenerative disorders71. Therefore, it is 

unlikely the loss or duplication of Nav1 is the sole reason for the symptoms of the disorder. 

However the brain malformations and apparent migration defects observed in these case studies 

suggest that Nav1 may contribute to the disease phenotypes.  

Recently, two compound Nav2 variants were identified as the disease-causing mutations 

for a patient with neurodevelopmental delay and diagnoses of cerebellar dysplasia and 

hypoplasia72. Researchers detected almost no full-length Nav2 mRNA or protein in patient 

fibroblasts compared to age-matched controls, though they did identify in immunoblots bands of 

lower molecular weight, likely from truncated or degraded fragments of the protein, consistent 

with Nav2 mRNA undergoing nonsense-mediated decay. The patient displayed microcephaly 

and motor and language delays, and patient fibroblasts had deficient migration72. This case study 

marks the first described human disorder caused by mutation in and presumptive loss of a 

navigator protein, and highlights the importance of understanding the cellular mechanisms 

underlying the role of the navigators in CNS development.   
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Cellular studies: cell migration, morphogenesis & response to extracellular cues 

Both the invertebrate and vertebrate navigators are associated with regulating the 

cytoskeleton during cell migration and morphogenesis. This next section will review the existing 

literature to highlight how the Navigators regulate the cytoskeleton and how that may influence 

cellular behavior, namely migration and morphogenesis.  

Unc-53 

Unc-53 loss of function mutants in C. elegans cause defects in multiple systems that are 

associated with cell migration. Unc-53 mutants were first described in 1974 to have an 

uncoordinated body motility phenotype 73, and since that point unc-53 and its homologues have 

been implicated in cellular migration in multiple cell types. 

 During sex myoblast migration, myoblasts are guided to the gonads by guidance cues, 

namely EGL-17/FGF, and the cue is integrated through a pathway involving Sem-5, whose 

mammalian homologue is the adaptor protein growth factor bound receptor 2 (GRB2)29, which 

functions in the Ras signaling pathway. Unc-53 mutants showed defects in sex myoblast 

migration such that their anterior-posterior migration is defective. Sem-5 mutants have sex 

myoblast migration defects similar to unc-53 mutants29. In fact, UNC-53 binds SEM-5 and 

GRB2 in vitro29.  

Unc53 is also necessary for distal tip cell (DTC) migration in C. elegans. DTCs are 

gonad cells that migrate during the larval stages to form the U-shape gonads. In unc-53 mutants, 

the DTCs exhibit polarity reversal and pathfinding defects resulting in abnormal gonads74. These 

phenotypes are also seen in ced-10 and mig-2 mutants (homologues of Rac and RhoG, 

respectively), and this paradigm was used to identify other genetic interactors of unc-5374. 

Double mutants of unc-53 and either ced-10 or mig-2 partially rescued the DTC defects, 



15 

 

especially the polarity reversal phenotype, indicating a negative relationship between unc-53 and 

ced-10 or mig-2. The Rho/Rac pathway is also involved in Nav1-regulated neurite outgrowth, 

which will be discussed later49. Unc-53 and abi-1, a molecule also important in DTC migration, 

similarly have a negative relationship, as unc-53:abi-1 double mutants have less severe DTC and 

gonad phenotypes than either single mutant74. Though further experimentation is needed to 

validate the relationships between these proteins in the signaling pathway, these genetic studies 

highlight the importance of navigators in cell migration and tissue morphogenesis and 

demonstrate the interaction of navigators with other cell migration cytoskeleton-associated 

molecules to influence cell behavior.  

 

Nav3 

The role of Nav3 in migrating hepatocytes was explored in zebrafish. Nav3 deficient 

hepatocytes failed to migrate from the endoderm resulting in smaller livers, and overexpression 

of Nav3 resulted in increased liver budding63. Furthermore, Nav3 associated with lamellipodia 

and filopodia in migrating zebrafish liver cells in vitro and in vivo63. FRAP analysis of Lifeact-

RFP in vitro also demonstrated that actin polymerization was reduced when Nav3 was knocked 

down with shRNA63. Interestingly, Nav3 was present in actin protrusions of migrating cells, but 

this presence was lost upon expression of dominant negative CDC42, and enhanced upon 

expression of a constitutively active CDC4263. CDC42 is a Rho GTPase that helps regulate actin 

formation via the Arp2/3 complex75 While there is no evidence thus far of a direct interaction of 

CDC42 with Nav3 (or any of the navigators), this experiment represents another possible mode 

of action of regulation of the cytoskeleton by the navigators in migrating cells. 
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Response to extracellular guidance cues 

Extracellular cues are integral to proper development in multiple systems, including the 

nervous system. Nav1 and Nav2 have both been shown to regulate neurite outgrowth in response 

to some extracellular cues43-46, and Nav3 may be activated in response to Wnt2bb in zebrafish63, 

as Wnt2bb is established as an early guidance cue for differentiation of liver cells in zebrafish76. 

While there is currently no evidence of Nav3 responding to guidance cues in neurons, those data 

demonstrate the capacity of Nav3 to regulate responses to extracellular cues in general. Nav1 and 

Nav2 have indeed been shown to integrate extracellular cues in neurons. In mouse neuron 

explant culture, Nav1 is necessary for proper directional neurite outgrowth in response to the 

attractant cue Netrin44, 45. Adding to the evidence that Nav1 is important for neural migration in 

vivo, Powers et al43 demonstrated that knock-down of Nav1 disrupts the orientation of the 

leading process of migrating neurons in the developing cortex43; proper leading process 

orientation is necessary for directional migration77. Nav2 mRNA expression is induced in SH-

SY-5Y human neuroblastoma cells after all-trans retinoic acid (atRA) treatment, and Nav2 

expression is lower or higher in the developing rat nervous system with atRA deficiency or 

excess, respectively46, demonstrating that Nav2 expression is sensitive to atRA in multiple 

systems. Furthermore, neurite outgrowth is impaired in atRA treated Nav2 deficient SH-SY-5Y 

cells46. These studies demonstrate that the navigators are important in regulating the cellular and 

molecular response to extracellular cues to direct cell migration in development in multiple 

tissues, cellular contexts, and throughout evolution, suggesting this may be a shared and 

important role among the navigators.   
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Mechanisms of Neurite Outgrowth 

Invertebrate navigators 

While expressed in multiple tissues, the navigators, especially Nav1 and Nav2, have been 

most thoroughly investigated in neurons. The navigators and the invertebrate homologues have 

been implicated in neurite outgrowth in their respective organisms. Lack of unc-53 in C. elegans 

results in impaired axon outgrowth in ALN and PLN neurons29. The axons in unc-53 mutants 

have decreased outgrowth as well as axons growing in the wrong direction. These axons usually 

travel from the tail to the head of the animal along the anterior-posterior axis, but in the mutant 

the axon frequently stops before the midbody, and may send axonal branches in the dorsal or 

ventral direction, rather than the anterior29.  

While few binding partners and underlying mechanisms of UNC-53 have been identified 

in C. elegans, it was shown that ABI-1 directly interacts with UNC-53 at the N-terminus74. ABI-

1 is a protein conserved through vertebrates that is a part of the WAVE complex that regulates 

actin nucleation by the Arp2/3 complex, which is important in neurite outgrowth and growth 

cone formation and behavior78, 79, further pointing to cytoskeleton regulation as the mode of 

action for UNC-53 (Figure 1.2). ABI-1 also regulates responses to the Abelson tyrosine kinase 

(Abl), and forms complexes with EPS8 and SOS1, all of which are implicated in various types of 

trophic factor signaling80, 81. UNC-53 and ABI-1 have mostly overlapping expression patterns in 

the organism, and mutants of each gene display similar phenotypes42. These phenotypes include 

deficient migration and outgrowth of excretory cells, and defects in axon growth of 

mechanosensory neurons29. Additionally, they are both expressed in motoneurons, and the 

mutants of either gene result in dysregulated branching and dorsal outgrowth, and impaired 
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development of a proper neuronal network, suggesting both proteins are important in 

motoneuron development29. 

Interestingly, 14-3-3e was identified as a binding partner of mammalian Nav2, and a C. 

elegans mutants of its homolog, ftt-2, also displays defects in PLM neuron outgrowth like the 

unc-53 mutant82. These phenotypes described in C. elegans highlight that UNC-53 is important 

for integrating guidance cues, as the migrating cells and outgrowth are directed by these cues. 

Investigations into Sickie and the vertebrate navigators give further insight into these molecular 

processes, as well as the role of the navigators as integrators of extracellular cues.  

Abe et al31 examined the role of Sickie in the formation of the mushroom body, a 

neuronal structure in the central brain of D. melanogaster31. As with unc-53, sickie is most 

similar to Nav2. Flies without Sickie had smaller mushroom body axonal lobes, shorter axon 

branches, and defective ellipsoid bodies in mutant flies31. These phenotypes and further 

experiments revealed that Sickie acts upstream of cofilin and contributes to axon growth by 

regulating the dephosphorylation of cofilin through slingshot31. This pathway helps balance 

cofilin activity alongside the Pak LIM kinase pathway, and subsequently balances actin 

dynamics, aids in actin recycling, and regulates axon extension31. The loss of Sickie in this 

context results in less active cofilin and therefore less cofilin-mediated actin reorganization, 

which is necessary for proper axon growth31. This demonstrates the critical role that navigators 

can play in regulating cytoskeleton dynamics during development.   

 

Mammalian navigators 

Investigation into the mammalian navigators further reveal neurite outgrowth defects as 

well as insights into the cellular mechanisms underlying the role of the navigators in neurons. 
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Exogenous expression of all three mammalian navigators can induce neurite-like extensions in 

normally non-polarized cells, such as COS-7 cells, demonstrating their capacity to re-organize 

cytoskeleton and cell periphery and create extensions40, Nav2 is necessary for neuritogenesis in 

SH-SY5Y cells46, 82, and Nav1 is necessary for neuritogenesis in multiple systems, including 

neuroblastoma cells and primary neurons43, 49. However, there are only a few studies that have 

looked at the underlying mechanisms of the navigators’ involvement in these processes. The rest 

of this section will outline our knowledge to this point of the cellular and molecular mechanisms 

of the navigators’ involvement in neurite outgrowth.  

A yeast two-hybrid screen and subsequent biochemical experiments identified 14-3-3e 

and 14-3-3b as binding partners via amino acids 761-960 of Nav282. 14-3-3e as a Nav2 binding 

partner is especially interesting because it has been established as important in early neuron 

development. In fact, Miller-Dieker Syndrome, a neurodevelopmental disorder characterized by 

lissencephaly, can be caused by a loss of 14-3-3e17. The multiple 14-3-3 family proteins are 

essential regulatory and adaptor proteins in a variety of signaling pathways, and 14-3-3e has 

been shown to regulate the degradation of d-catenin to promote neural migration17, 83. Co-

expression of exogenous Nav2 and 14-3-3e yielded overlapping localization along microtubules 

in the cell body and the neurite, and reduction of 14-3-3e in SH-SY-5Y cells resulted in impaired 

atRA-induced neurite outgrowth, similar to silencing of Nav282.  

The identification of the navigators as microtubule binding proteins, and +TIP proteins 

specifically, led to interest in their influence on microtubules (MTs) and how that may affect 

their role in neuritogenesis. Overexpression of all three navigators in non-neuronal cells induced 

neurites and promoted microtubule bundling40. A recent study revealed MTs in LLCPK-a cells 

overexpressing Nav1 had shorter depolymerization events compared to control cells, and MTs 
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also spent more time pausing44. Furthermore, Nav1 promoted MT persistence in the growth cone 

periphery44, consistent with observations from our own lab demonstrating Nav1 is more highly 

concentrated on plus ends that are in the periphery of the growth cone compared to the central 

domain of the growth cone43. These data together suggest Nav1 prevents MT catastrophes, 

preferentially associates with plus ends in the growth cone periphery and demonstrate that 

navigators affect MT dynamics in the neuronal growth cone.   

 The binding partners and molecular mechanisms underlying the regulation of the 

cytoskeleton by Nav1 is of particular interest as it lacks the actin-associated calponin homology 

domain present in Nav2 and Nav3. One binding partner identified in N1E mouse neuroblastoma 

cells is Trio23, a RhoGEF that regulates actin dynamics via the Rho/Rac pathway and is 

important in neurite outgrowth19, 20 (Figure 1.2). Nav1 associates with Trio at the microtubule 

plus end via the Nav1 microtubule binding domain, and this interaction is necessary for neurite 

outgrowth via activation of Rac149. Interestingly, the authors showed that GFPNav2 also binds 

Trio and EB1, and that GFPNav2-induced neurite outgrowth was abolished after addition of a 

dominant-negative Trio that binds EB1 but has no GEF activity49. These data suggest that Nav1 

and Nav2 may operate in the same pathway(s) to promote neuritogenesis.  

A recent study offered evidence that Nav1 may directly bind F-actin despite its lack of a 

CH domain. Sanchez et al44 found that Nav1 can mediate cross-linking to microtubules and F-

actin in vitro, and tracks with retrograde F-actin flow in the growth cone. Depletion of Nav1 

caused increased growth cone area and a higher density of filopodia with more extension events, 

though there was no change in filopodia length. These data suggest Nav1 influences actin 

dynamics in the growth cone (Figure 1.2).  
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Nav1 in macropinocytosis 

Adding further evidence to the regulation of F-actin by Nav1, Powers et al43 

demonstrated that Nav1 promotes F-actin rich membrane ruffles in the growth cone, which 

gather within the transition zone. Membrane ruffles are patches of concentrated F-actin whose 

role in the growth cone is not well defined but are involved in cell migration, endocytosis, and 

morphogenesis in other cell types84-86, as well as membrane recycling in growth cones87. We 

demonstrated that Nav1 promotes macropinocytosis at these F-actin ruffles. Furthermore, Nav1 

promotes membrane accumulation at the membrane ruffles, demonstrating a novel connection of 

Nav1 and the plasma membrane43.  Interestingly, loss of Nav1 in SH-SY5Y cells induces 

membrane blebbing representing a disconnection between the plasma membrane and cortical 

actin, further supporting a role for Nav1 in regulating the dynamics of the cytoskeleton and the 

plasma membrane43. Notably, Nav1 also promoted the internalization of TrkB in the growth 

cone, the receptor for the neurotrophin brain-derived neurotrophic factor (BDNF)43 (Figure 1.2). 

The endocytosis of the BNDF-TrkB complex leads to downstream signaling events that promote 

cell survival and neurite growth88-91, and so the observation that Nav1 promotes internalization of 

this receptor provides new insight into why Nav1 is necessary for proper neuritogenesis. This 

observation also demonstrates that Nav1 is involved with multiple extracellular cues during 

neuron development, and suggests that integrating a variety of extracellular cues may be a 

general characteristic of the navigator molecules.  
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Figure 1.2: Navigators in the growth cone. Summary figure indicating relevant signaling 

pathways, binding partners, and downstream functions of Nav1 in the growth cone. 

 

MACROPINOCYTOSIS 

Introduction 

In general terms, there exist two categories of endocytosis: clathrin-dependent and clathrin-

independent endocytosis. Clathrin-dependent endocytosis has been extensively studied, but the 

different kinds of clathrin-independent endocytosis haven been more recently defined, and their 

mechanisms and downstream functions are still being elucidated. One type of clathrin-independent 

endocytosis is macropinocytosis, an ancient, fluid-phase form of endocytosis that internalizes 

extracellular fluids and solute via formation of large (>200nm diameter) vesicles called 

macropinosomes. Macropinocytosis is hypothesized to have evolved as a means for unicellular 

organisms and, later, cells within multicellular organisms to ingest nutrients. Eventually became 

employed for cell-specific functions like immune surveillance and cell signaling92. The term “bulk 



23 

 

endocytosis”, or “bulk transport” has also been used to describe the internalization of large 

extracellular material as well as cellular membrane, and includes macropinocytosis as well as 

phagocytosis87, 93. The term bulk endocytosis has also been used to describe processes that 

resemble macropinocytosis but either do not share an established characteristic of 

macropinocytosis or when the process was not extensively characterized to yield a definitive 

identification of macropinocytosis87, 94. “Macroendocytosis” has also been used as a term to 

describe a bulk endocytosis that shares some but not all characteristics with macropinocytosis95, 

96. It is possible that some features of macropinocytosis are cell type-, or context-dependent; it is 

also possible that some bulk uptake mechanisms are distinct enough to define them as unique 

endocytosis processes. Mechanisms for the regulation of macropinocytosis have been most 

extensively studied in the amoeba Dictyostelium and in mammalian antigen-presenting immune 

cells. These cells display especially high levels of macropinocytosis97, 98. However, emerging 

evidence suggests macropinocytosis underlies specific cellular processes of a variety of cells, 

including cancer cells and neurons. This section will address some general mechanisms of 

macropinocytosis and present evidence that for its importance in neuronal and synaptic 

development.  

 

Markers of Macropinocytosis 

Historically, fluid-phase markers like dextrans have been used to visualize 

macropinocytosis because those with a sufficiently large molecular weight (³40kDa) are 

excluded from smaller vesicles generated by non-bulk endocytosis like CME. Uptake of large 

dextrans are often used as a specific assay for macropinocytosis. Fluorescent lipophilic dyes like 

the FM series (e.g., FM1-43, FM4-64)87, 99, 100 can also be used to visualize macropinocytosis if 
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they are incubated for short periods (~one minute), because longer incubation allows 

incorporation into internal organelle membranes101. These dyes bind directly to the outer leaflet 

of the plasma membrane and are readily internalized, and thus can be visualized for bulk 

internalization, and used in conjunction with inhibitors of macropinocytosis for 

macropinocytosis identification87.  

Multiple forms of fluid-phase uptake that resemble macropinocytosis have been 

described. For example, caveolae-mediated endocytosis occurs at cholesterol-concentrated 

membrane domains102,  and circular dorsal ruffle endocytosis has been linked to receptor tyrosine 

kinase uptake in some cancer cell lines103, 104. These are non-clathrin mediated endocytosis 

processes that are distinct from macropinocytosis; caveolae-mediated endocytosis excludes high-

molecular weight dextran105, and circular dorsal ruffle endocytosis, as will be described later, 

requires distinct signaling molecules from macropinocytosis106. In vivo, while there have been a 

few studies looking macropinocytosis, namely in invertebrates107, 108 but also in mammalian 

macrophages109, it remains unclear how the constraints and geometry of the 3-dimensional 

environment shape the morphology and mechanics of macropinocytosis, especially in different 

cell types. 

 

Mechanisms and inhibitors of macropinocytosis 

Macropinocytosis is actin-dependent, and macropinosomes form as a result of intense 

membrane ruffling, in which actin-based protrusions emerge from the cell surface and then curve 

to form spherical macropinosomes97, 98, 110, 111. Macropinocytosis is often constitutive, though 

certain growth factors, like the commonly used epidermal growth factor (EGF), can evoke 

macropinocytosis112. Actin polymerization and active Rac184, a major inducer of membrane-
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associated actin polymerization, are both necessary for membrane ruffling and therefore 

macropinocytosis. Interestingly, in macrophages Rac1 activation is necessary to initiate 

macropinocytosis, but must be de-activated for endosomes to form from the macropinosomes113.  

The macropinocytosis inhibitor amiloride and its derivatives (such as the more specific 

and more potent ethylisopropylamiloride [EIPA])114, which reduce Na+/H+ exchange via 

blockage of Na+/H+ exchange channels (NHEs)112, 114, inhibit macropinocytosis via acidification 

of intracellular area adjacent to the plasma membrane115. At low concentrations amilorides do 

not interfere with CME115, so these compounds are useful tools in probing the pathways for 

fluid-phase uptake. The acidification and resulting inhibition of macropinocytosis by amilorides 

are attributable to the inhibition of Rac1 and Cdc42 activity115. However, caution must be 

applied in interpretation of amiloride experiments, as disruption of Rac1 and Cdc42 activity is 

likely to affect other non-CME endocytosis processes such as GPI-enriched endocytic 

compartment endocytosis (which requires CDC42)116 and interleukin-2 receptor uptake (which 

requires Rac1)117. The precise biophysical basis for the requirement of acidification is yet to be 

determined, and represents an important area for future studies. 

Besides its reliance on actin, macropinocytosis is also dependent on phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3), and therefore on the enzyme phosphatidylinositol 3-kinase (PI3K)98, 

118, which generates PIP3 from phosphoinositol 4,5-bisphosphate. Circular dorsal ruffle (CDR)-

dependent endocytosis, which functions in receptor tyrosine kinase internalization103, is a more 

recently described form of bulk endocytosis. CDR-dependent endocytosis relies on PI3-kinase 

activity, like macropinocytosis. However,  CDR reportedly requires WAVE, and not N-WASP 

(two Wiskott-Aldrich Syndrome protein family members  involved in actin regulation119), while 

the converse was reportedly true of macropinocytosis106. These observations reinforce the need 
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for further studies to clarify the relationships among various types of macropinocytosis-like 

uptake. 

Other factors important in signaling mechanisms for the initiation, maintenance, and 

termination of macropinocytosis and the subsequent trafficking of macropinosomes include 

Arf6120, dynamin121, and microtubules120, 122, among others, but their exact roles in 

macropinocytosis and whether they are consistent across all cell types and organisms remains 

unclear. Here again, more research is needed to fully elucidate the signaling pathways necessary 

for macropinocytosis and its regulation. Moreover, because of mechanistic crossover with other 

clathrin-independent uptake pathways, it is generally necessary to use multiple inhibitors to 

probe the mechanisms of any endocytosis observed, and to use high molecular weight dextran to 

distinguish macropinocytosis from other modes of uptake. Finally, studies of macropinocytosis 

in vivo, or in more physiologically relevant 3-dimensional environments such as explants or 

organoids, are needed to solidify our understanding of this critical aspect of cell biology. 

 

Macropinocytosis in neural development 

Growth cone macropinocytosis 

The first indication of macropinocytosis at the growth cone comes from a 1999 paper that 

reported a population of endosomes created during constitutive endocytosis using the lipophilic 

dye FM1-43 in chick ciliary ganglion neuron growth cones99. The authors postulated that 

constitutive endocytosis might be useful for membrane recycling and rearrangement of the 

plasma membrane components of the growth cone, such as receptors, pumps, and channels99. 

Indeed, almost 10 years later, using a similar lipophilic dye, FM4-64, Bonanomi et al. 

observed macropinocytosis in mammalian growth cones87 of cultured rat hippocampal neurons. 
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Importantly, FM4-64 uptake was concentrated in the transition zone of the growth cone where 

intense membrane ruffling occurred, and endocytosis was positively correlated with increased 

motility as measured by changes in growth cone area87. Furthermore, uptake was PI3-kinase, 

cholesterol, and Rac1-dependent -- all features of macropinocytosis -- and uptake of high-

molecular weight dextran, was observed87. 

Interestingly, the chaperone protein Pincher was shown in this study to regulate 

macropinocytosis in a concentration-dependent manner. Overexpression of Pincher or expression 

of a dominant-negative Pincher inhibited growth cone macropinocytosis as well as disrupted 

axon elongation87. Pincher has also been shown to be regulate the internalization of the 

neurotrophin receptors TrkA/B in developing neurons, highlighting the potential impact of 

Pincher-regulated macropinocytosis on neurodevelopment96. 

Finally, growth cone macropinocytosis may be developmentally regulated. Bonanomi et 

al showed that, while macropinocytosis was readily observed in hippocampal cultures prepared 

from day 18 embryos at 2-3 days in vitro (DIV), endocytosis in the growth cone displayed 

mostly receptor-mediated endocytosis by 7 DIV87, rather than macropinocytosis, This suggests 

that macropinocytosis might be specific to early pathfinding axons. The data from my thesis 

work, which will be described later, adds to this body of work by demonstrating that a 

cytoskeleton-associated protein, neuron navigator 1, promotes membrane ruffles and 

macropinocytosis, including internalization of growth factor receptors, in the growth cone43. 

 

Growth cone collapse and macropinocytosis 

Several studies demonstrate that endocytosis can be evoked in the growth cone by 

negative guidance cues that mediate growth cone collapse123-125. Negative guidance cues (also 
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called “repulsive cues”) such as  sonic hedgehog (Shh)125, ephrin A2125, or Semaphorin3A 

(Sema3A)123, 124 play critical roles in circuit wiring by directing outgrowing axons to pause, stop, 

or change direction. Repulsive cues such as these induce growth cone collapse and thus aid in the 

directional outgrowth of axons, as collapse can happen in a local, sub-cellular manner25. It is 

possible, however, that the cue-induced endocytosis investigated in these papers share similar 

mechanisms to macropinocytosis but are a unique process, as one study showed that repulsive 

cue-induced growth cone endocytosis was not PI3-kinase dependent, and therefore possibly 

inconsistent with macropinocytosis as described elsewhere125. One of the studies demonstrated 

that the macropinocytosis inhibitor ethylisopropylamiloride (EIPA) disrupted dextran uptake and 

growth cone collapse in response to Sema3A124 suggesting a mechanistic similarity to 

macropinocytosis. However multiple other studies investigating this phenomenon only used 

10kda dextran to assay macropinocytosis123, 125, and because this molecule is small enough to be 

taken up by other endocytic processes like micropinocytosis105, the conclusions of these studies 

as they pertain to macropinocytosis are hard to interpret. However, these studies do offer useful 

insight into other mechanisms regulating macropinocytosis-mediated growth cone collapse.  

 

Synapse development and macropinocytosis 

Macropinocytosis has also been shown to be important in the formation of Drosophila 

neuro-muscular junction (NMJ) synapses122, as inhibition of macropinocytosis (via the PI3kinase 

inhibitor LY29400  or the N+/H+ exchanger inhibitor EIPA) resulted in excess synapse 

formation122. NMJ synapse formation is regulated by retrograde bone morphogenetic protein 

(BMP) signaling, with BMP receptors (BMPRs) expressed on the presynaptic terminal that 

respond to BMP released from the post-synaptic muscle cell126. A recent study demonstrated that 
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BMP signaling is downregulated via macropinocytosis and subsequent degradation of BMPRs 

after BMP stimulation122. BMP-induced macropinocytosis was dependent on Abi, Abl, and 

Rac1. Interestingly, it was also associated with downstream microtubule regulation, since 

synapses deficient in macropinocytosis had higher MAP1B expression, and the synaptic 

overgrowth phenotype was abrogated with treatment of vinblastine122 which disrupts the 

microtubule network127. This study demonstrates that regulating growth cone dynamics is not the 

only neurodevelopmental process that requires macropinocytosis and draws attention to the fact 

that there is still much to discover about the downstream functions of macropinocytosis in the 

nervous system. 

 

Summary 

There is still much unknown about growth cone macropinocytosis, but it seems clear that 

it is an essential process during neurodevelopment. Furthermore, it is likely that even more 

connections between macropinocytosis, the cytoskeleton, and growth cone dynamics and 

guidance will be discovered. Growth cone membrane content and tension are maintained by a 

balance of exo- and endocytosis, and so it is likely that macropinocytosis contributes to this 

balance, and the relationship between the two processes and their effects on growth cone 

dynamics and axon outgrowth should be researched further128, 129. Furthermore, as alluded to 

above, microtubules seem to be involved in macropinocytosis. While a link to microtubules 

downstream of macropinocytosis in response to BMP at the NMJ122 has been implicated, it has 

also been shown in non-neuronal cells that microtubules are necessary for macropinocytosis to 

occur120. A prime candidate, then, for involvement in macropinocytosis in the growth are +TIP 

proteins, like Nav1, that localize to the plus-end of microtubules. +TIPs often associate with 
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actin51, and are an important group of proteins for growth cone dynamics and axon outgrowth50, 

53.  
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CHAPTER 2 

INTRODUCTION 

Mammalian brain development requires a series of steps coordinated by intra- and extra-

cellular cues. Integration of these cues by developing neurons results in morphological changes 

guiding the maturation of newborn neurons and their ultimate integration into neuronal networks. 

Actin and microtubules (MTs) of the neuronal cytoskeleton, regulated by cytoskeleton-

associated proteins, undergo major rearrangements to drive neuronal morphogenesis throughout 

development.  

One group of critical cytoskeleton-associated proteins are microtubule plus-end tracking 

proteins (+TIPs). +TIPs localize to the dynamic, growing end of MTs and form complexes there, 

many anchored by end-binding proteins (EBs), which bind directly to the microtubule plus end 

130. In addition, actin filaments and MTs can interact to deliver molecules to and from the cell 

periphery and initiate membrane remodeling in response to signals, and +TIPs have been shown 

to mediate certain types of MT-F-actin interactions 52, 131, 132. Such precisely regulated 

cytoskeleton dynamics are especially important in the neuronal growth cone, a specialized 

cytoskeleton-rich structure that responds to extracellular cues and directs neurite outgrowth 52, 131, 

133-135.  

The growth cone comprises cytoskeletal structures containing both MTs and actin, 

including microtubule arrays, filopodia, actin arcs, and F-actin membrane ruffles 135, 136, and their 

regulated dynamics are essential for growth cone responses to external cues and proper neurite 

outgrowth and guidance 53, 135, 137-139. The role of growth cone F-actin membrane ruffles in 

growth cone behavior, however, remains largely unexplored. In non-neuronal cells, membrane 

ruffles influence cell migration, morphogenesis, and endocytosis 85, 86, 111. Notably, Bonanomi et 
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al found that growth cone membrane ruffles are sites of bulk-endocytosis, and that this 

endocytosis is important for neuritogenesis 87. However, the mechanisms that regulate growth 

cone membrane ruffles and their functional impact are largely unexplored.  

The neuron navigators (Nav1, Nav2, and Nav3) are a group of +TIP proteins functioning 

in development and tissue morphogenesis. All three proteins are large (>200kDa), and contain 

multiple domains including a microtubule binding domain and a AAA ATPase domain whose 

function is poorly understood 26. Nav1 is enriched in the developing nervous system 45, and 

concentrates at neurite tips 49. Both Nav1 and Nav2 have been implicated in neuritogenesis 40, 46, 

49, 82, 140. Nav1 regulates neuritogenesis in neuroblastoma cells via binding to the Rho GEF Trio 

49. Nav1 might also facilitate MT-actin crosstalk via direct F-actin binding 44. While these studies 

provide insight into the role of Nav1 in neural development, many of the underlying mechanisms 

remain to be elucidated. In this paper, we investigate the critical role of Nav1 in neuritogenesis in 

multiple model systems, describe its selective enrichment in and function in growth cone 

membrane ruffles, and identify two novel roles of Nav1 in regulating the cytoskeleton. These 

novel roles include the regulation of cortical actin-plasma membrane connections via the 

Rho/Rac pathway, and a key role in macropinocytic uptake of neurotrophin receptors in the 

nascent growth cone via regulation of membrane ruffles. 

 

Nav1 is enriched in pathfinding axons in vivo 

Nav1 mRNA is enriched in the developing CNS 45, but thus far the in vivo localization of 

Nav1 protein regionally within the brain has not been described. We characterized Nav1 

immunoreactivity in embryonic mice at E12.5 and E14.5. As expected, Nav1 mRNA was 

enriched throughout the developing brain and enriched in the majority of neuronal cell bodies of 
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differentiated neurons 141 (Figure 2.1 A,B). Within the developing neocortex, immunoreactivity 

for Nav1 was low in the progenitor-containing ventricular zone (VZ) and subventricular zone 

(SVZ) (Figure 2.1 C). However, Nav1 immunoreactivity was abundant in the intermediate zone 

(IZ) and cortical plate (CP) (Figure 2.1 C). In addition to enrichment in cell bodies (Figure 2.1 

D,E), Nav1 immunoreactivity was enriched in several developing axon tracts, including the 

lateral olfactory tract, the stria medullaris thalami, and the internal capsule (Figure 2.1C). Within 

these axon tracts and within the IZ, Nav1 colocalized with multiple axonal markers, including 

antibody SMI-31, which labels neurofilaments (Figure 2.1 F-K), antibody to growth associated 

protein-43 (GAP-43) (Figure 2.1 L-N), and antibody TuJ1, which labels neuron-selective bIII-

tubulin 142 (Figure 2.1 O,P). Enrichment of Nav1 in these axon tracts is consistent with a role in 

axon outgrowth or pathfinding in vivo. 
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Figure 2.1: Nav1 is localized in neuronal cell bodies and growing axons in developing mouse 
brain. (A, B) Nav1 mRNA, detected by in situ hybridization (ISH) on E14.5 (Genepaint, set ID 

EH1164), was widely expressed in differentiating neurons, but not in progenitor cells around the 
ventricles. In cerebral cortex (boxed area in A, shown at higher magnification in B), Nav1 

mRNA was not detected in the progenitor-containing ventricular zone (VZ) and subventricular 
zone (SVZ), but was highly expressed in the intermediate zone (IZ) and cortical plate (CP), 

where postmitotic neurons are located (Genepaint, set ID EH1164). (C-E) Nav1 protein on E14.5 
was expressed in neuronal cell bodies, but was also highly enriched in axon tracts including the 

stria medullaris thalami (smt), lateral olfactory tract (lot), and internal capsule (ic). Higher 
magnification views of the CP in D and E demonstrate Nav1 protein in many cell bodies (arrows 

in E). (F-K) Double immunofluorescence for Nav1 and neurofilament heavy chain (antibody 
SMI-31), a marker of axons, confirmed the presence of Nav1 in axons coursing through the IZ. 
(L-N) On E12.5, double immunofluorescence for Nav1 and GAP-43, a marker of growth cones, 

demonstrated extensive colocalization, notably in growing axons of the smt, shown at higher 
magnification in M-N. (O, P) Double immunofluorescence for Nav1 and class III b-tubulin 

(antibody TuJ1), a marker of neurons and their processes, confirmed the presence of Nav1 in smt 
axons. Plane of section: sagittal for A, B; coronal for C-P. Scale bars: A, 500 μm; B, 100 μm; C, 
500 μm; D, 20 μm; E, 10 μm; F-H, 100 μm; I-K, 20 μm; L, 200 μm; M-P, 50 μm. Cx = Cortex, 

LV = Lateral Ventricle, Th = Thalamus, OB = Olfactory Bulb, Cb = Cerebellum. Images 
represent observations from 3 individual culture preparations. 
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Nav1 accumulates in subcellular regions of morphological change 

Together with previous studies 40, 44, 45, 49, the observation of Nav1 expression in axonal 

tracts during the phase of outgrowth and cue-driven guidance in vivo suggests that Nav1 is 

involved in neurite development. We therefore assessed the localization of endogenous Nav1 in 

multiple neural cell types. We used dissociated hippocampal neurons cultured from embryonic 

rat brain, SH-SY5Y human neuroblastoma cells, and human iPSC-derived neurons as model 

systems to further investigate the functional role of Nav1 in developing neurons. These cell 

models recapitulate in culture many of the key morphological changes that neurons undergo 

during neuritogenesis in vivo, and are amenable to detailed sub-cellular studies and time-lapse 

observation 34, 46, 143. 

In newly-plated primary hippocampal neurons that had yet to extend processes, 

endogenous Nav1 was distributed in a punctate pattern throughout the cell. Clusters of Nav1 

puncta were especially enriched at peripheral locations (Figure 2.2 A, Stage 1.1), which are often 

sites of symmetry breakage where in vitro growth cone formation and neurite initiation 

commonly occur in this model 133, 144. Neurons transfected with GFP-Nav1 displayed an even 

greater clustering of GFP-Nav1 in growth cones and their precursors, and time-lapse imaging 

confirmed that GFP-Nav1 was concentrated within subcellular domains that are presumptive 

sites of neurite initiation (Figure 2.3). Regions enriched with Nav1 redistributed as the cell 

margin dynamically segmented and coalesced into nascent growth cones (Figure 2.2 A, Stage 

1.2-1.3). Nav1 enrichment was evident in all identified growth cones of minor neurites (Figure 

2.2 A, Stage 2). Growth cone enrichment of Nav1 continued throughout the early stages of 

neurite elongation, and persisted as one of the minor neurites began differentiating into a 

presumptive axon (Figure 2A, Stage 3). This pattern of Nav1 localization is consistent with a 
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potential role in directing multiple stages of neuritogenesis, including neurite initiation, 

elongation, and axon guidance. Experiments demonstrated that clusters of Nav1 were present in 

growth cone sub-regions containing enriched immunoreactivity to the actin binding protein 

drebrin (Figure 2B), which we used as an F-actin marker compatible with the methanol fixation 

method that optimizes Nav1 immunoreactivity. In addition, many Nav1 puncta colocalized with 

tyrosinated tubulin, which labels newly polymerized microtubules 145 (Figure 2.2 C). 
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Figure 2.2: Nav1 is expressed in areas of morphological change. (A) Primary cultures from rat 
hippocampus were fixed after 3 DIV and immunostained for Nav1 and neuron-specific ß-III 

tubulin (antibody TuJ1). Representative images of neurons at different stages of neuritogenesis 
are shown. In Stage 1.1 neurons have a lamellipodia surrounding the cell body and Nav1 is 
enriched close to the membrane in this area. As the lamellipodium undergoes segmentation 

(Stage 1.2), Nav1 remains enriched in this location. The segments coalesce into nascent growth 
cones as the microtubules adopt a parallel organization behind them (Stage 1.3). Nav1 remains 

similarly clustered in nascent growth cones as minor neurites become established in Stage 2, and 
one neurite is specified as the presumptive axon in Stage 3. (B) Representative image of a 

growth cone immunostained for Nav1 and the actin binding protein drebrin, highlighting the 
transition zone of the growth cone. (C) Representative image of growth cone immunostained for 
Nav1 and tyrosinated tubulin shows that newly-polymerized microtubules are present together 
with Nav1. (D) Representative image of 3 day BDNF-differentiated SH-SY5Y cells showing 

enriched Nav1 puncta in distal ends of neurite (white arrow indicate growth cone, yellow arrows 
indicate cell bodies). (E) Representative image of human iPSC-derived neuron showing enriched 

Nav1 in distal ends of neurites (white arrows indicate growth cones). All scale bars = 10μm. 
Images represent observations from 3 individual culture preparations. 
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Figure 2.3: GFP-Nav1 subcellular dynamics during neuritogenesis. Selected frames from a time-
lapse sequence showing that Nav1 is enriched in subcellular regions (arrowheads) that extend 

from the cell body and might commit to becoming neurites. Arrowheads show the appearance of 
these nascent growth cones over neuronal morphogenesis. Cells presented the characteristic 
filopodial activity and segmentation of the initial lamellipodia surrounding the soma. Such 

membrane segmentation commonly precedes the selection of a neurite initiation site in cultured 
hippocampal neurons. Scale bar = 20µm. Images represent observations from 3 individual 

culture preparations. 

 

Human SH-SY5Y cells stop dividing, differentiate into neuronal-like cells, and emit 

neurites after sequential stimulation with retinoic acid and brain-derived neurotrophic factor 

(BDNF) 146. Similar to the rat hippocampal neurons, differentiated SH-SY5Y cells displayed 

enriched clusters of Nav1 puncta in the distal ends of neurites (Figure 2.2 D), although the 

relative degree of enrichment was lower than what was observed in hippocampal neurons. 

Finally, we also observed enriched Nav1 in growth cones of human iPSC-derived neurons 

(Figure 2.2 E). Taken together, these data show that Nav1 is present in developing human and 

rodent neurons and accumulates in areas of morphological change as the nascent neurites are 

forming. 
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Nav1 deficiency disrupts neuritogenesis 

Previous studies have shown that knockdown of Nav1 in a mouse neuroblastoma cell 

model disrupts neuritogenesis 49. To address whether Nav1 plays a similar role in primary 

neurons, we performed knockdown experiments in freshly dissociated hippocampal neurons 

(Figure 2.4 A). Cells were electroporated with control vector or Nav1-shRNA just prior to 

plating, and examined at 3 days in vitro (3DIV). Nav1 shRNA induced a ~50% reduction in 

neuronal Nav1 expression compared to control shRNA (Figure 2.5 A). First, we analyzed the 

effect of Nav1 silencing on early morphogenesis by classifying neurons into three stages 147:  

stage 1 cells have no identifiable neurites; stage 2 cells have one or more minor neurites but lack 

a defined axon; stage 3 cells have one or more axons. The proportion of cells in stage 1 was 

significantly higher in Nav1-depleted neurons, with no significant effect on the proportions of 

cells in stages 2 and 3 (Figure 2.4 B). This indicates that Nav1 directs neuronal morphology from 

the earliest morphological steps. 
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Figure 2.4: Nav1 deficiency disrupts neuritogenesis. (A) Hippocampal neurons were 
electroporated on the day of plating to express GFP as transfection marker and either Control 

shRNA (Ctrl shRNA) or Nav1 shRNA. Neurons were fixed after 3 DIV and stained for GFP and 
ß-III-tubulin to specifically identify neurons. Representative GFP images are shown; blue 

arrowheads indicate the cell body. Scale bar = 100μm (B) Quantification of neurite growth in 
Ctrl and Nav1 shRNA electroporated dissociated hippocampal neurons: Neurons were classified 

into different stages as described in Methods. Stacked histogram showing that knock-down of 
Nav1 increases the percentage of cells in stage 1. Statistical analysis: Two-way ANOVA with 
Bonferroni post hoc comparisons, *p<0.05.; n = 3 experiments; Control shRNA = 240 cells, 

Nav1 shRNA = 352 cells (C) Nav1-supressed neurons show a decrease in the number of primary 
neurites per cell. Statistical analysis: Mann-Whitney test ****p<0.0001. Same n as (B). (D) 

Nav1-suppressed neurons show decreased mean neurite length. Mann-Whitney test 
****p<0.0001. Same n as (B). (E) Representative images showing WT and Nav1KO SH-SY5Y 

cells after 2 days of BDNF differentiation as described in Methods. Scale bar = 50μm (F) 
Nav1KO cells have reduced neurite growth over time. Neurite length quantified as described in 
Methods. Statistical analysis: Kruskal-Wallis, Dunn’s multiple comparisons ****p<0.0001; n = 
3 experiments; Undiff WT = 226 images, Undiff Nav1KO = 238 images, 2 day diff WT = 234 
images, 2 day diff Nav1KO = 193 images, 5 day diff WT = 232 images, 5 day diff Nav1KO = 

175 images; (G) Typical example of neuronal morphology and orientation of cells electroporated 
on E15.5 with mVenus (detected using antibody to GFP; green) and either Ctrl shRNA or Nav1 
shRNA. Tissue was fixed and counterstained with anti-nestin antibody (red) on E18.5. Scale bar 
= 100μm. (H) Representative images of Control shRNA and Nav1 shRNA-expressing neurons 
(green) illustrating the vector (red) used to measure the angle to the pial surface (blue). Tbr1 
antibody was used to label the cortical plate (CP). Scale bar = 10μm. (I) Quantification of the 

effect of Nav1 shRNA on the percentage of cells in the multipolar stage within the intermediate 
zone (IZ)/subventricular zone (SVZ). Statistical analysis:  t-test, two tailed, *p<0.05; Control 
shRNA vector, n = 3 experiments with 6 embryos, 527 neurons; Nav1 shRNA vector, n = 3 

experiments with 7 embryos, 635 neurons. (J) Quantification of the effect of Nav1 shRNA on 
neuron orientation in the lower IZ and SVZ. Angle of orientation in control vs. shRNA 

expressing neurons was quantified as described in Methods. Statistical analysis:  t-test, two-
tailed, *p<0.05; Control shRNA vector, n = 3 experiments with 6 embryos, 966 neurons; Nav1 
shRNA vector, n = 3 experiments with 7 embryos, 717 neurons All data are expressed as mean 

+/- SEM. 
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Consistent with a role in neurite initiation we observed that the average number of 

primary neurites per cell was significantly reduced by the partial Nav1 knockdown (Figure 2.4 

C). The total length of neurite arbor was also modestly but significantly reduced, an effect that 

could result from reduced neurite initiation, reduced elongation, or both. Because the average 

neurite length was reduced in the knockdown condition (Figure 2.4 D), and the number of 

primary neurites was also reduced, it seems likely that Nav1 affects neurite elongation as well as 

neurite initiation. 

Many primary hippocampal neurons begin emitting neurites within 4-6 hours of plating, 

making it difficult to ensure that genetic silencing is uniformly effective prior to the initiation of 

neuronal morphogenesis. Therefore, we created a Nav1knockout (Nav1KO) line using 

CRISPR/Cas9 in SH-SY5Y cells to examine the effect of complete Nav1 silencing on 

differentiation and neuritogenesis (Figure 2.5 B,C). As described above, differentiated SH-SY5Y 

cells emit neurites that grow longer over time. We differentiated WT and Nav1KO SH-SY5Y 

cells, and fixed and assessed them at various times post-differentiation. Nav1KO cells stopped 

dividing and displayed small neurites positive for TuJ1. However, they showed a significantly 

lower total neuritic arbor length at both differentiated time points measured, and no difference 

when undifferentiated (Figure 2.4 E, F).  
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Figure 2.5: Validation of Nav1 gene silencing and antibody specificity. (A) Immunoblot 
demonstrating the partial knockdown of Nav1 by shRNA in N1E cells. Arrows indicate band at 
indicated size. (B) Immunoblot of WT and Nav1KO SH-SY5Y cells demonstrating the lack of 

detectable expression of Nav1 expression in cells where the Nav1 gene was silenced via 
CRISPR/Cas9 gene editing. Arrows indicate band at indicated size. (C) Representative images of 

undifferentiated WT and Nav1KO SH-SY5Y demonstrating the lack of detectable Nav1 
fluorescence signal in the Nav1KO cells using identical image collection and display settings. 

(D) Representative images demonstrating Nav1 antibody recognizes only GFPNav1, not 
GFPNav2 or GFPNav3 that were nucelofected into Nav1KO SH-SY5Y cells. Scale bar = 10µm. 

Images represent observations from 3 individual culture preparations. 
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Nav1 deficiency disrupts neuronal morphogenesis in vivo 

To corroborate the above observations that Nav1 depletion disrupts neuronal 

morphogenesis, we utilized in utero electroporation to introduce Nav1 shRNA and control 

shRNA constructs co-transfected with mVenus into neural progenitor cells in mouse neocortex at 

embryonic day E15.5. Labeled cells in the developing cortex were examined 3 days later, at 

E18.5. In brains of embryos treated with control shRNA, approximately two-thirds of the labeled 

cells had a bipolar morphology, and the remainder had a multipolar morphology. In contrast, the 

brains of knockdown embryos showed a significant increase in the fraction of multipolar cells, 

and a corresponding decrease in bipolar cells (Figure 2.4 G,I). When Nav1 knockdown neurons 

did display a bipolar morphology, they often appeared to be misoriented. In controls, labeled 

bipolar neurons within the SVZ and lower IZ had a prominent leading process that was oriented 

toward the pial surface, roughly perpendicular to the plane of the pial surface toward which it is 

expected to migrate. Instead, the leading process of Nav1-silenced neurons deviated substantially 

from the perpendicular angle and were not consistently oriented in similar directions (Figure 2.4 

H,J). These data suggest that Nav1 is important for the proper orientation of neuronal 

morphology during cortical cell migration, possibly reflecting a failure to respond to external 

directional cues. Taken together, the disruption of neural morphogenesis with Nav1 depletion in 

vitro and in vivo demonstrate the importance of Nav1 in regulating early neuronal 

morphogenesis, but the question remained of the role of Nav1 at the growth cone and its 

influence during development. 
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Nav1 and EBs have distinct distributions within the growth cone 

We more closely examined the distribution of Nav1 in the growth cone to gain insight 

into the role of Nav1 there. Where possible we took advantage of the occasional examples of 

especially large, well-spread growth cones in rat hippocampal cultures, where we could more 

readily distinguish sub domains of the growth cone, such as the central domain (C-domain) 

occupied by microtubules, and the F-actin rich peripheral domain (P-domain) 22. Previous 

research shows that Nav1 is a +TIP protein that is frequently found on growing microtubule ends 

containing EB1 and/or EB3, and that Nav1 and EB binding is mediated by the Nav1 microtubule 

binding domain 40, 44. Within neuronal growth cones, advancing microtubules often extend from 

the C-domain and frequently invade filopodia in the P-domain 52, 134, 148. We observed that Nav1 

immunoreactivity was often (but not always) associated with the tip of filopodial microtubules, 

as expected for a +TIP protein (Figure 2.6 A; yellow arrowheads). Such microtubules were 

recently polymerized and presumably dynamic, since they were immunopositive for tyrosinated 

tubulin (Figure 4B). However, Nav1 puncta could also be observed along the length of some 

microtubules (Figure 2.6 A; cyan arrowheads), as well as in filopodia that were devoid of 

detectable microtubules (Figure 2.6 A; white arrowheads). Thus, it appears that Nav1 is neither 

an obligatory nor an exclusive member of +TIP complexes in the growth cone. 
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Figure 2.6: Nav1 is a +TIP protein that associates with EB1 in the growth cone. (A) Growth cone 
stained for Nav1 and neuron-specific marker TuJ1 (ß -III tubulin). The white box indicates the 

region enlarged in three panels to the right. Note that Nav1 puncta are present at the tips of 
microtubules in the periphery of the growth cone. Yellow arrowheads indicate Nav1 puncta at 

the tips of individual microtubules; blue arrowheads indicate Nav1 puncta arrayed along 
microtubules; white arrowheads indicate Nav1 puncta not colocalized with detectable 

microtubules. (B) Nav1 localizes to the tips of newly polymerized microtubules (arrowheads) 
labeled with antibody to tyrosinated tubulin. (C) Growth cone immunostained for Nav1 and EB1. 
Note that the overall distribution of Nav1 is different from that of EB1; Nav1 puncta accumulate 

in the growth cone periphery, while EB1 puncta distribute more uniformly. Boxed regions are 
shown at higher magnification in (D). (D) Box 1 is zoomed region outlined by white rectangle, 
Box P (P-domain) and Box C (C-domain) outlined in yellow rectangles in (C). Note that of the 

three Nav1 puncta in box 1 (arrowheads) only one detectably colocalizes with EB1 (yellow 
arrowhead). Arrowheads in Box P indicate two intense Nav1 puncta that colocalize with intense 
EB1 puncta. Single arrowhead in Box C indicates a faint Nav1 punctum that colocalizes with an 
intense EB1 punctum. (Note that the display settings in zoomed regions are enhanced from those 

in b.) (E) Quantification of the relative concentration of endogenous EB1 and Nav1 at 
microtubule tips in the P-domain versus the C-domain. This assay indicates that Nav1 

concentration at plus ends is greater in the P-domain compared to the C-domain. Statistical 
analysis: Mann-Whitney test; ***p<0.001; n = 3 experiments; P-domain = 234 comets; C- 

domain = 243 comets. a.u. = arbitrary units. All scale bars = 10μm. All data are expressed as 
mean +/- SEM. Images represent observations from 3 individual culture preparations. 
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Indeed, endogenous Nav1 showed a distribution pattern in growth cones that was overall 

very different from that of EB1 and EB3. EB1 immunoreactivity was present as small, often 

comet-shaped puncta that were uniformly distributed throughout all domains of the growth cone 

(Figure 2.6 C). In contrast, endogenous Nav1 puncta were relatively enriched in the periphery of 

the growth cone (Figure 2.6 C). Similarly, the overall distribution of puncta of ectopic EB3-

mCherry was fairly uniform throughout the growth cone, and distinct from that of ectopic GFP-

Nav1 (Figure 2.7 A). In time-lapse imaging EB3-mCherry showed the dynamic, comet-like 

behavior that is characteristic of +TIP proteins 149. Individual puncta that contained both EB3-

mCherry and GFP-Nav1 moved in concert, and GFP-Nav1 puncta often invaded growth cone 

filopodia, as described previously for the EBs (Figure 2.7 B). Quantitative image analysis in 

fixed specimens revealed that endogenous Nav1 displayed a significantly higher coefficient of 

variation (CV) for its distribution profile across the growth cone compared to that for 

endogenous EB1 in the same cells (CV for Nav1 = 1.17 ± 0.02; CV for EB1 = 0.57 ± 0.02, n = 

91 cells; Mann-Whitney test, p<0.0001), thereby confirming the distinct localization patterns of 

the two proteins. Despite their overall differences in distribution, endogenous EB1 and Nav1 

frequently co-localized at specific puncta. Some puncta were positive for both EB1 and Nav1, 

while other Nav1 puncta in close proximity showed no detectable EB1 (Figure 2.6 C,D). It is 

possible these Nav1 puncta represent microtubules plus ends that have stalled and EB1 has fallen 

off, since Sanchez-Huertas et al 44 observed that Nav1 stays associated with plus ends after 

microtubule stalling. We also observed, though rarely, EB1 puncta without Nav1 (Figure 2.7 A 

cyan arrow). Taken together, these data suggest that Nav1 is selectively targeted to structures 

within the periphery of the growth cone, and are not exclusively found on growing microtubule 

ends. 
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Figure 2.7: Nav1 associates with some EB3 puncta in the growth cone periphery. (A) 
Representative frame from a time-lapse sequence of a nascent growth cone cotransfected with 

GFP-Nav1 and EB3-mCherry. Yellow arrowheads indicate colocalized puncta of GFP-Nav1 and 
EB3-mCherry; white arrowhead indicates a GFP-Nav1 positive motile punctum lacking 

detectable EB3-mCherry; cyan arrowhead indicates an EB3-mCherry positive punctum lacking 
detectable GFP-Nav1. Transition zone (T-zone) is highlighted with a yellow line. Scale bar = 

10µm (B) Time-lapse sequence of GFP-Nav1 in a nascent growth cone. Red dashed lines 
indicate the position in the first and last time points of a GFP-Nav1 motile punctum advancing 
from the T-zone and entering a filopodium in the peripheral domain. Scale bar = 10µm. Images 

represent observations from 3 individual culture preparations. 

 

 

Differential Nav1 stoichiometry on growing microtubule ends in the growth cone 

Specific targeting might enhance Nav1 association with the +TIP complex when 

polymerizing microtubules pass from the C-domain to the P-domain. We therefore quantified the 

mean intensity of Nav1 and EB1 immunofluorescence at individual microtubule plus ends in the 

C- and P-domain, which we presume reflects concentration of each molecule. We observed a 

nearly three-fold higher concentration of Nav1 on the P-domain localized plus ends compared to 
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the C-domain localized plus ends (Figure 2.6 E). In contrast, immunofluorescence intensity for 

EB1 on these same individual puncta did not differ between the two domains. These data suggest 

that the stoichiometry of Nav1 interaction with plus ends can vary, and that Nav1 is 

preferentially associated with plus ends in the periphery of the growth cone. 

 

Nav1KO SH-SY5Y cells display transient membrane blebs that stem from dysregulation of 

the Rho/Rac pathway 

Further observation of undifferentiated Nav1KO SH-SY5Y cells revealed that a portion 

of the cells displayed membrane blebs (Figure 2.8 A). These membrane blebs were surrounded 

by a ring of F-actin and contained immunoreactivity for tubulin, reminiscent of non-apoptotic 

membrane blebs described elsewhere 150-152. Membrane blebs such as these occur when cortical 

F-actin disconnects from the plasma membrane, and the F-actin ring surrounding the blebs is 

thought to draw the plasma membrane back into the cell 150-152. Observations of SH-SY5Y Nav1 

KO cells via live imaging showed that blebs dynamically extended and retracted from the plasma 

membrane, and that periods of membrane blebbing were transient in any given cell. Time-lapse 

imaging over 24 hours indicated that, on average, 51% of Nav1KO cells displayed transient 

membrane blebs for periods of time (Figure 2.8 B, black arrows point to blebs). In contrast, 

blebbing cells were never observed in the WT line. In fixed samples we found that, on average, 

12 percent of Nav1KO cells displayed membrane blebs (Figure 2.8 C). This suggests that the 

majority of cells undergo membrane blebs at some point over the course of time, and that fixed 

cells capture only a small portion of blebbing cells at any given moment. Together, these data 

suggest that Nav1 may be important for the proper connection of cortical actin and the plasma 

membrane, which is a previously undescribed role for Nav1. 
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A balance in the activities of RhoA and Rac1 is important for maintaining the cell cortex. 

Specifically, over-active RhoA or under-active Rac1 can lead to membrane blebbing 153, 154. 

Therefore, we investigated the role of RhoA and Rac1 in the Nav1KO membrane blebs. To test 

the role of RhoA, we incubated Nav1KO cells with the Rho-kinase (a primary RhoA effector 

molecule) inhibitor Y-27632, and found it completely rescued the membrane blebs compared to 

DMSO-treated Nav1KO cells (Figure 2.8 D). To test the role of Rac1, we expressed an eGFP 

control or a constitutively active form of Rac1 (Rac1CA) in Nav1KO cells, and found that 

Rac1CA also completely rescued the membrane bleb phenotype (Figure 2.8 E). To ensure that 

the membrane blebs are attributable to the loss of Nav1 we performed a rescue experiment. 

Reintroduction of GFP-Nav1 to Nav1KO cells significantly decreased the number of cells with 

membrane blebs (Figure 2.8 F). These results collectively suggest that Nav1 promotes a proper 

balance in the Rho/Rac pathway, and that a Nav1 deficit results in overactive Rho-kinase and/or 

under-active Rac1, resulting in membrane blebs. 
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Figure 2.8: Nav1 KO cells reveal membrane blebs that indicate Nav1 regulates cortical actin 
dynamics via RhoA and Rac1 pathway. (A) Representative image of SH-SY5Y Nav1KO cells 

displaying membrane blebs. Arrows indicate peripheral blebs. Scale bar = 10μm (B) 
Representative montage of a transiently blebbing cell expressing GFP-Ftractin for a portion of a 
24 hour live imaging experiment. Cell imaged every 30 minutes; time signature = hours:minutes. 
Scale bar = 10μm. (C) Nav1KO SH-SY5Y cells display significantly more membrane blebs than 
WT SH-SY5Y. Statistical analysis: Mann-Whitney, *p<0.05. n = 4 experiments, WT = 304 cells, 

KO = 310 cells. (D) 2 hour ROCK Inhibitor (RI) treatment prevents blebbing in Nav1KO cells 
compared to Nav1KO cells treated with DMSO. Statistical analysis: Mann-Whitney,***p<0.001. 

n = 6 coverslips from 3 experiments, DMSO = 634 cells, RI = 607 cells  (E) Nav1KO cells 
transfected with constitutively active Rac1 (Rac1CA) do not display membrane blebs compared 

to eGFP transfected Nav1KO cells. Statistical analysis: Mann-Whitney, ***p<0.001; n = 7 
coverslips from 3 experiments, eGFP = 230 cells, Rac1CA = 198 cells. (F) Electroporation of 
Nav1KO cells with GFP-Nav1 significantly reduced blebbing cells. Statistical analysis: Mann-

Whitney, **p<0.01. n = 6 coverslips from 3 experiments, GFP = 343 cells, GFPNav1 = 259 
cells. All data are expressed as mean +/- SEM. Images represent observations from 3 individual 

culture preparations. 
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Nav1 accumulates in and promotes F-actin rich membrane ruffles 

Because we observed that a substantial portion of Nav1 puncta in the growth cone are not 

resident on growing microtubule ends and that Nav1 plays a role in actin organization in the cell 

periphery, we investigated in further detail the localization of Nav1 puncta in relation to actin-

rich growth cone structures in hippocampal neurons. Immunoreactivity for endogenous Nav1 

displayed a highly punctate pattern throughout the growth cone. However, Nav1 clusters of 

various sizes and shapes were usually enriched within the so-called transition zone (T-zone) 

(Figure 2.9 A,B), a growth cone region that lies between the microtubule-filled C-domain and 

the filopodia-filled P-domain 22, 155, 156. The T-zone is less well studied than the other two; 

however, in addition to containing actin arcs 148 it is enriched in cortactin (Figure 2.9 B) and 

drebrin, which are actin binding proteins concentrated in active membrane ruffles 22, 136, 157, 158. 

Ectopic GFP-Nav1 strongly co-localized with phalloidin labeled F-actin in sub-domains within 

the growth cone (Figure 2.9 C). With higher magnification we observed that, although there was 

not a perfect spatial overlap between GFP-Nav1 and phalloidin-labeled F-actin, clearly the most 

intense accumulations of GFP-Nav1 puncta corresponded to regions where phalloidin staining 

was similarly most intense (Figure 2.9 C, see zoomed region depicted in lower panels). In 

neurons co-transfected with GFP-Nav1 and mRFP1-actin, we observed that such regions 

dynamically changed size, shape, and location in a coordinated manner. In dynamic behavior 

these Nav1 and F-actin enriched regions were reminiscent of actin–rich membrane ruffles 

(Figure 2.10). We therefore conclude that Nav1 is highly enriched in membrane ruffles, and use 

this term to refer to these structures throughout this study. 

Growth cones in SH-SY5Y cells are typically small, and we did not succeed in finding 

culture conditions to facilitate the development of large, well-spread growth cones. However, in 
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larger size growth cones in human iPSC-derived neurons where a T-zone could be discerned we 

observed clusters of Nav1 puncta enriched in the T-zone of the growth cone colocalized with 

cortactin (Figure 2.9 D), suggesting that T-zone accumulation of Nav1 puncta is a general 

feature. 
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Figure 2.9: Nav1 associates with and regulates F-actin membrane ruffles in the transition zone 
(T-zone) in the growth cone. (A) Cultured rat embryonic neurons were fixed on 3DIV and 

double labeled for endogenous Nav1 and ß-III tubulin (TuJ1). Growth cone domains borders are 
highlighted in solid yellow lines. Note the accumulation of endogenous Nav1 puncta within 

clusters in the T zone. Scale bar = 10μm. (B) Growth cone stained for endogenous Nav1 and the 
actin binding protein cortactin (Cttn), which is a marker of actin-rich membrane ruffles. Scale 

bar = 20μm (C) Growth cone from a stage 2 hippocampal neuron expressing GFP-Nav1, labeled 
for F-actin by Alex568-conjugated phalloidin. Boxed region is enlarged in panel directly below. 
Note that clusters of GFP-Nav1 puncta are enriched within the T-zone, and their concentration 

correlates with that of F-actin. Orange and blue solid lines indicate regions of moderate and 
intense concentrations, respectively, of F-actin, which correspond to membrane ruffles. Scale 
bars: upper panel 20μm, lower panel, 10μm (D) Differentiated human iPSC-derived neurons 

were fixed and double labeled for endogenous Nav1 and Cttn. Yellow lines indicate growth cone 
domain borders. Boxed region is enlarged in panel directly below. Black solid lines indicate 

membrane ruffle where both Cttn and Nav1 are enriched. Scale bar = 10μm. (E) GFP-Nav1 over-
expression increases the number of F-actin ruffles per neuron. Mann-Whitney test, 

****p<0.0001. n = 3 experiments; GFP transfected = 29 cells; GFP-Nav1 transfected = 30 cells. 
(F) Knockdown of endogenous Nav1 using shRNA decreases the number of F-actin rich 

membrane ruffles per neuron. Mann-Whitney test, ****p<0.0001. n = 3 experiments; Control 
and Nav1 shRNA = 70 cells each. (G) Two stage 1 neurons stained with Alexa568- conjugated 
phalloidin. Note that the cell transfected with GFP-Nav1 (“T”) shows large accumulations of F-

actin within the periphery compared to the adjacent untransfected neuron (”U”). Scale bar = 
20μm. All data are expressed as mean +/- SEM. Images represent observations from 3 individual 

culture preparations. 
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Figure 2.10: Nav1 and actin colocalize in stage 1 neurons. Time-lapse sequence from a neuron 
cotransfected with GFP-Nav1and mRFP1-actin; images were acquired every 8 minutes. Note 

that mobile clusters (arrowheads) containing GFP-Nav1 and mRFP1-actin reorganize in 
coordinated fashion. Scale bar = 20µm. Images represent observations from 3 individual culture 

preparations. 

 

Strikingly, Nav1 not only accumulated in membrane ruffles in the T-zone but also 

regulated their presence. Expression of GFP-Nav1 in hippocampal neurons (which on average 

resulted in ~2.5- fold increase over endogenous levels) induced a significant increase in the 

number of actin-rich ruffles per cell (Figure 2.9 E). Endogenous Nav1 similarly regulates 

membrane ruffles, since shRNA against Nav1 induced a significant decrease in membrane 

ruffles compared to control neurons (Figure 6F). Interestingly, we also observed that stage 1 

neurons (i.e., pre-neurite initiation) that expressed GFP-Nav1 displayed enriched F-actin in the 

lamellipodial region in membrane ruffles (Figure 2.9 G), suggesting that lamellipodial regions 

from which growth cones presumably emerge also display these Nav1-associated structures. 
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Collectively, these data indicate that Nav1 has a concentration-dependent effect on the presence 

of membrane ruffles in the developing growth cone. 

 

Nav1-rich membrane ruffles are sites of bulk endocytosis 

While growth cone membrane ruffles and similar dynamic actin-rich structures have been 

described previously 87, 159-161, their specific function at the growth cone is not well-defined. One 

function proposed for growth cone membrane ruffles in the early growth cone is non-clathrin 

mediated bulk endocytosis 87, 99. We therefore used the lipophilic dye FM4-64 to examine 

endocytosis at the growth cone (Bonanomi et al., 2008). This dye is readily endocytosed in a 

non-specific manner after attaching to the membrane 162. As expected, we observed that FM4-64 

is taken up in areas of the growth cone with F-actin membrane ruffles. To test whether enriched 

clusters of Nav1 puncta in the growth cone are sites of bulk endocytosis, we electroporated GFP-

Nav1 and pcs-CeruleanMembrane-FP (to visualize the whole growth cone) into rat primary 

neurons, and repeated the FM4-64 experiments. Indeed, we found that FM4-64 uptake at the 

growth cone occurs where GFP-Nav1 and F-actin are enriched (Figure 2.11 A). Furthermore, we 

compared growth cones expressing GFP-Nav1 and pcs-CeruleanMembrane-FP to growth cones 

expressing pcs-CeruleanMembrane-FP alone, and found that growth cones expressing ectopic 

Nav1 showed significantly more FM4-64 uptake (Figure 2.11 B). 
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Figure 2.11: Nav1 promotes endocytosis at F-actin membrane ruffles. (A) Representative image 
of 3DIV hippocampal neurons transfected with GFP-Nav1 (green), pcs-CeruleanMembrane-FP 
(used to make yellow cell outline), incubated with FM4-64 (red), and incubated with Alexa647 
conjugated Phalloidin (blue) demonstrates Nav1-enriched F-actin ruffles are sites of FM4-64 

uptake. Arrow points to region enriched in GFP-Nav1, F-actin and FM4-64. Scale bar = 10μm  
(B) Growth cones expressing GFP-Nav1 and pcs-CeruleanMembrane-FP have significantly more 

FM4-64 uptake than growth cones just expressing pcs-CeruleanMembrane-FP. Statistical 
analysis: Mann-Whitney, **p<0.01. n = 4 experiments; Control = 69 growth cones GFP-Nav1 = 
69 growth cones (C) Representative image of 3DIV stage 1 hippocampal neuron transfected with 
GFP-Nav1 (green) and incubated with FM4-64 (red) demonstrating that FM4-64 is taken up in 
GFPNav1 enriched areas (white arrows). Scale bar = 10μm (D) Representative image of 3DIV 

hippocampal neurons transfected with GFP-Nav1 (green) and pcs-CeruleanMembrane-FP (blue) 
and incubated with 568-conjugated transferrin (red). Scale bar = 10μm (E) There is no difference 

in transferrin intensity between GFP-Nav1 expressing and control growth cones. Statistical 
Analysis: Mann-Whitney test, n.s. = not significant. n = 4 experiments; Control = 34 growth 

cones, GFP-Nav1 = 42 growth cones (F) Representative image of 7 day differentiated WT and 
Nav1KO SH-SY5Y cells with phalloidin-labeled F-actin (green) and incubated with FM4-64 

(red). Scale bar = 10μm, 5μm for zoomed image. (G) Nav1KO SH-SY5Y growth cones have less 
FM4-64 uptake than WT cells, as measured by FM4-64 intensity. Statistical analysis: Mann-

Whitney, ***p<0.001. n = 4 experiments; WT = 185 growth cones, KO = 116 growth cones. (H) 
Representative images of 7 day differentiated WT and Nav1KO SH-SY5Y cells with phalloidin-

labeled F-actin (red) and incubated with transferrin (red). Scale bar = 10μm, 5μm for zoomed 
image. (I) There is no significant difference in transferrin intensity between WT and Nav1KO 
SH-SY5Y cells. Statistical analysis: Mann-Whitney, n.s. = not significant. n = 4 experiments; 

WT = 83 growth cones, KO = 59 growth cones. All data are expressed as mean +/- SEM. Images 
represent observations from 3 individual culture preparations. 
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When we observed stage 1 neurons, we found that they, too, had FM4-64 uptake at Nav1 

enriched peripheral membrane ruffles (Figure 2.11 C), suggesting that Nav1-promoted 

endocytosis occurs from the earliest stages of neuronal development. We also found that GFP-

Nav1 expressing growth cones displayed significantly higher intensity of pcs-

CeruleanMembrane-FP, suggesting that Nav1 may promote membrane accumulation (Figure 

2.12 A,B). These data suggest a novel role of Nav1 in regulating bulk endocytosis and membrane 

recycling at the growth cone. 

 

 

 

 

 

 

 

Figure 2.12: GFP-Nav1 promotes endocytosis and membrane accumulation. (A) Representative 
image of growth cone showing enriched pcs-membrane-cerulean-FP in the same growth cone 
areas where GFP-Nav1 is enriched. White box indicates growth cone. Scale bars = 10µm for 

large image, 5µm for zoomed image. (B) GFP-Nav1expressing growth cones have significantly 
higher intensity of pcs-CeruleanMembrane-FP than control growth cones. Statistics: Mann-

Whitney, **p<0.01, n = 4 experiments; Control = 52 growth cones, GFP-Nav1 = 142 growth 
cones GFP-Nav1. (C) Representative image showing FM4-64 is taken up in GFP-Nav1-

expressing WT SH-SY5Y growth cone. Scale bar = 10µm. Images represent observations from 3 
individual culture preparations. 

 

To test whether Nav1 promotion of endocytosis is specific to non-clathrin mediated 

endocytosis, we tested uptake of transferrin in primary neurons, as transferrin is taken up 

exclusively by clathrin-mediated endocytosis 163. We found no difference in transferrin uptake in 
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GFP-Nav1 expressing neurons compared to control (Figure 2.11 D,E). Furthermore, there were 

substantially fewer GFP-Nav1-transfected or untransfected growth cones with any detectable 

transferrin uptake compared to growth cones exhibiting FM4-64 uptake (GFP-Nav1 transfected 

growth cones: 60% FM4-64 uptake, 26% transferrin uptake; untransfected growth cones: 40% 

FM4-64 uptake, 14% transferrin uptake). Our results are consistent with the previous conclusion 

that clathrin-mediated endocytosis is not a predominant means of endocytosis in the neuronal 

growth cone during early morphogenic stages 87. 

We also confirmed that endocytosis occurs in F-actin rich and GFP-Nav1 enriched 

membrane ruffles in differentiated SH-SY5Y cell growth cones (Figure 2.12 C), and found that a 

significantly lower amount of FM4-64 was taken up in growth cones in the Nav1KO cells 

compared to WT controls (Figure 2.11 F,G). This directly implicates endogenous Nav1 in 

endocytosis at the growth cone. We also compared transferrin uptake in growth cones of WT 

versus Nav1KO SH-SY5Y cells, and found no difference between the two lines (Figure 2.11 

H,I). Altogether, our Nav1 gene silencing and overexpression data demonstrate that Nav1 

specifically promotes non-clathrin-mediated endocytosis in growth cones. 

 

Nav1 promotes macropinocytosis 

We hypothesized that the Nav1-regulated endocytosis occurring at the growth cone is the 

same form of micropinocytosis identified by Bonanomi et al 87. To test this hypothesis, we first 

ectopically expressed GFP-Nav1 in primary neurons, and incubated them with high molecular 

weight (70kDa) dextran, uptake of which is a marker of macropinocytosis 164. We found that 

70kDa dextran is indeed taken up in Nav1-enriched growth cones membrane ruffles (Figure 2.13 

A). Next, we blocked some reported molecular components of macropinocytosis to test whether 
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that would decrease GFP-Nav1-mediated FM4-64 uptake. First, we used methyl-β-cyclodextrin 

(MβCD) to deplete cholesterol and found that this treatment significantly decreased FM4-64 

uptake in GFP-Nav1-expressing neurons (Figure 2.13 B). Macropinocytosis is also reliant on 

phosphoinositide-3 kinase (PI3K) 118, 165, and indeed we observed that the PI3K inhibitor 

LY294002 significantly decreased the percentage of growth cones that had FM4-64 uptake 

(Figure  2.13 C). Together, the uptake of 70kDa dextran at GFP-Nav1-enriched growth cones, 

along with the requirement of cholesterol and PI3K for FM4-64 uptake in the presence of GFP-

Nav1 strongly supports the conclusion that Nav1 promotes a macropinocytosis form of bulk 

internalization at the growth cone. 
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Figure 2.13: Nav1 promotes macropinocytosis and growth factor internalization at the growth 
cone. (A) Representative image of 3DIV hippocampal neurons transfected with GFP-Nav1 
(green) and pcs-CeruleanMembrane-FP (blue) and incubated with 70kDa Dextran (red) showing 
high molecular weight dextran is taken up in Nav1-enriched growth cones. Scale bar = 10μm and 
5μm for zoomed images. (B) MbCD treatment of GFP-Nav1 transfected primary neurons 
decreases FM4-64 uptake in growth cones. Statistical analysis: Mann-Whitney, **p<0.01. n = 3 
experiments; Control = 46 growth cones, MbCD	=	53	growth	cones. (C) PI3 kinase inhibition of 
GFP-Nav1 transfected primary neurons decreases the number of growth cones with FM4-64 
uptake. Statistical analysis: Mann-Whitney, *p<0.05, n = 4 experiments, DMSO = 199 growth 
cones, PI3K Inhib = 179 growth cones. (D) Growth cones of primary neurons expressing GFP-
Nav1 have significantly more TrkB internalization by intensity than control growth cones. 
Statistical analysis: Mann-Whitney, *p<0.05. n = 3 experiments; Control = 61 growth cones, 
GFP-Nav1 = 60 growth cones (E) Growth cones of primary neurons expressing GFP-Nav1 have 
significantly more TrkB internalization by percent area occupied than control growth cones. 
Statistical analysis: Mann-Whitney, ***p<0.001, n same as (D). (F) Representative images of 
control and GFP-Nav1 primary neurons, expressing pcs-CeruleanMembrane-FP or GFP-Nav1 
and pcs-CeruleanMembrane-FP, respectively, after internalization of the TrkB 1D7 antibody. 
Scale bar = 10μm, 5μm for zoomed images. (G) Representative western blot of 4 day retinoic 
acid differentiated WT and Nav1KO SH-SY5Y cells showing a double band (arrows indicate 
each band of doublet) for TrkB. GAPDH included as a loading control. All data are expressed as 
mean +/- SEM. Images represent observations from 3 individual culture preparations. 
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Nav1 regulates internalization of TrkB in growth cones 

The function of endocytosis within growth cone membrane ruffles remains poorly 

characterized. Previous studies showed that Nav1 is critical for the neurite outgrowth response to 

the guidance cue netrin 44, 45. Netrin is one of many guidance cues that direct axon outgrowth and 

neuronal migration via signaling to the cytoskeleton. Such cues activate a variety of receptors, 

and some are internalized via endocytosis while others are not 166. TrkB is a receptor for the 

growth factor BDNF, is taken up to influence cell growth and differentiation, and can be 

internalized via macropinocytosis 96, 166, 167. Because of this, we hypothesized that Nav1 might 

promote internalization of the BDNF receptor TrkB, which provides critical signals for neuronal 

morphogenesis and function. To test this hypothesis, we used the 1D7 TrkB antibody, which can 

be applied to live cells, internalized, then visualized via imaging 168. We found that ectopic 

expression of GFP-Nav1 lead to a significant increase in TrkB uptake at hippocampal growth 

cones (Figure 2.13 D-F). These data demonstrate that Nav1 promotes endocytosis of growth 

factors important for neuritogenesis.  

To test whether this internalization difference could be due to altered expression of TrkB, 

we performed western blots in differentiated SH-SY5Y cells. We found no quantitative 

difference in TrkB expression levels, but, interestingly, we observed that while TrkB 

immunoreactive signal appeared as a doublet in lysates from both WT and Nav1KO cells, the 

lower band from the WT cells was notably fainter than that in the Nav1KO cells (Figure 2.13 G). 
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DISCUSSION 

Nav1 is enriched in pathfinding axons and areas of morphological change to promote 

neuritogenesis and growth cone formation 

Previous research and the data presented in this paper demonstrate that Nav1 is a 

cytoskeleton-associated protein, able to influence actin dynamics in multiple settings, including 

neural development 26, 40, 44, 49. Dysregulation of the cytoskeleton is implicated as an underlying 

mechanism associated with many neurodevelopmental disorders, including lissencephalies, 

ASD, and intellectual disability 1, 3, 169, 170, underscoring the complex and precise cytoskeletal 

regulation necessary for early brain development. 

Here we show that Nav1 is enriched in areas where rapid cell morphogenesis occurs, 

including pathfinding axons in vivo as well as in the cell periphery and distal neurites in multiple 

neural cell types:  primary rodent neurons, differentiated SH-SY5Y cells, and human iPSC-

derived neurons. Additionally, we show that reduction of Nav1 via shRNA-knockdown or 

complete knockout inhibits neuritogenesis in primary neurons and SH-SY5Y cells, respectively. 

Defective neuritogenesis after Nav1 knockdown was demonstrated previously in neuroblastoma 

cells 49, and defective neurite outgrowth in response to netrin was also shown 44, 45. However, our 

study is the first to show that neurite initiation, in addition to elongation, is affected in neurons 

with Nav1 depletion. We also provide evidence for altered morphology and guidance after Nav1 

knockdown in vivo. A growing body of evidence thus implicates an integral role for Nav1 in the 

cell’s ability to organize the cytoskeleton to properly produce, elongate, and guide functional 

neurites during differentiation.  

 

 



70 

 

Nav1 promotes cortical actin-membrane association via Rho-GTPase signaling 

We demonstrated that Nav1-knockdown induces non-apoptotic transient membrane 

blebbing that denotes a disruption in the cortical actin-membrane association. Membrane blebs in 

the Nav1KO cells were rescued by either Rho-kinase inhibitor or introduction of a constitutively 

active Rac1, suggesting that disrupted Rac1 and Rho-kinase signaling contribute to membrane 

blebbing in the Nav1KO cells. Nav1 has been shown to promote Rac1 activation in the context 

of neuritogenesis via the guanine nucleotide exchange factor (GEF) Trio 49, a gene that has been 

implicated in autism 171. It is therefore logical that a total knockout of Nav1 would disrupt Rac1 

signaling. Furthermore, Rac1 and Rho-kinase often have opposite effects on cytoskeleton 

dynamics in a variety of cellular processes 153, 172-174, and disruption of Rho signaling has been 

shown to cause membrane blebs in other cell types 47, 152, 175, 176. These data suggest that Nav1 

may have a larger influence on Rho signaling than previously known, and suggest a novel 

connection among Nav1, the cytoskeleton, and regulation of the plasma membrane. Furthermore, 

a recent paper demonstrated that RhoA signaling in tuberous sclerosis patient-derived iPSCs 

regulates cue-guided axon extension downstream of the causative gene TSC2 177. This highlights 

the necessity of proper regulation of Rho signaling in the growth cone during neural 

development, and our data suggests Nav1 may contribute to this regulation.  

 

Nav1 is associated with +TIPs in the growth cone 

In accordance with previous studies, we confirm that Nav1 tracks growing microtubule 

ends in association with EB in the growth cone 40, 44, 45, 49. Importantly, we observe a significantly 

higher concentration of Nav1 on individual microtubule plus ends in the P-domain versus the C-

domain. This suggests that Nav1 stoichiometry can potentially vary on microtubule plus ends, an 
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observation that warrants further study.  Our observations are consistent with the hypothesis that 

the T-zone serves as a reservoir for Nav1 and thereby enhances Nav1’s binding to the +TIP 

complex as microtubules polymerize toward the growth cone periphery, and suggest that 

microtubules could be one of the Nav1 effectors that regulate subcellular reorganization during 

growth cone morphogenesis. Microtubules and +TIP proteins can aid in delivery of necessary 

molecules for growth factor response signaling to the growth cone periphery, and can also 

influence a diversity of cellular processes 53, 130, 178. For example, neurotrophin receptors are 

incorporated into early endosomes in the growth cone and then retrogradely transported on 

microtubules 179. Thus, we speculate that the peripheral Nav1-occupied microtubule plus ends 

may represent a subset poised for endosomal transport at sites of uptake.  

 

Nav1 accumulates in and regulates T-zone F-actin rich membrane ruffles and endocytosis 

The transition zone of the growth cone is of potential importance for multiple functions 

for growth cone guidance. The T-zone may act as a microtubule barrier, permitting only a select 

set of pioneering microtubules to advance to the growth cone periphery 50, 180. This “gatekeeper” 

function may represent a key regulator of signaling to influence growth cone morphological 

changes 50, 180. The T-zone is also a site of membrane recycling, ensuring that membrane is 

available for dynamic changes in the growth cone 87, 99. We observed that clusters of Nav1 

puncta are enriched specifically in the actin-rich regions of the T-zone, and that these actin-rich 

accumulations resemble membrane ruffles. Furthermore, we demonstrated that Nav1 promotes 

actin ruffles in the T-zone, indicating that Nav1 may promote the formation or persistence of the 

ruffles. 
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The function of growth cone membrane ruffles is relatively uncharacterized, but in non-

neuronal cell types, membrane ruffles are associated with actin-remodeling and cell migration 

139, 181, 182. Prior evidence suggests that growth-cone membrane ruffles are sites of bulk 

endocytosis, and that the endocytosis is necessary for neurite outgrowth 87. We observed patches 

of enriched F-actin as sites of non-clathrin mediated, but not clathrin-mediated, endocytosis in 

our rat primary neuron cultures, and we demonstrated that Nav1 promotes endocytosis in these 

regions. This is a novel mechanism by which Nav1 may influence neuritogenesis. There are 

several mechanisms by which Nav1 might promote endocytosis, and this presents an opportunity 

for further research. For example, as described above, Nav1 promotes Rac1 activation through its 

activation of the GEF Trio 49, and Rac1 promotes membrane ruffles 84, as well as bulk 

endocytosis 84, 87, 174. Moreover, Rac1, along with other Rho-family proteins, plays an important 

role in endocytosis regulation. Therefore, we postulate that one key function of Nav1 is to 

influence non-clathrin mediated endocytosis via its interaction with Trio. It is also possible that 

Nav1 influences endocytosis by promoting actin polymerization at the membrane, which in turn 

promotes endocytosis. A recent study reported that Nav1 and actin may interact directly via the 

+TIP binding domain 44. Thus, Nav1 might stimulate endocytosis through direct binding to F-

actin as an additional or an alternative means to its regulation of Rac1. Furthermore, microtubule 

polymerization has been shown to be important for macropinosome function; nocodazole 

treatment in HeLA cells and HT1080 cells, a human fibrosarcoma cell line, blocks fluid-uptake 

by macropinocytosis 120. Therefore, we postulate that Nav1 is in a unique position to influence 

both actin and microtubules during macropinocytosis, and may serve as a cross-linker between 

the two molecules to regulate macropinocytic uptake.  



73 

 

Other dynamic actin-rich structures have been described in the growth cone literature. 

Inductapodia are dynamic actin-rich structures that form in Aplysia growth cones as localized 

sites where the growth cone plasma membrane engages integrin-dependent cell adhesion 

molecules 24, 159, 160, and their formation is dependent upon Rac1 activity 159. Intrapodia are 

described in rodent sensory neurons as actin-rich structures of unknown function that form 

spontaneously in the growth cone membrane at microtubule tips 161. Further research is required 

to determine what relationship, if any, such structures have to the actin-rich membrane ruffles 

described here and in Bonanomi et al 87.  

The function of membrane ruffle-associated macropinocytosis is not well understood, but 

our data suggest a novel connection to neurotrophin signaling. Macropinocytosis reportedly 

facilitates growth cone collapse during negative guidance cue-induced axon repulsion 123-125. We 

found that ectopic expression of Nav1 significantly increased the growth cone uptake of TrkB, 

the receptor for the positive growth and guidance cue BDNF. TrkB is endocytosed via both 

clathrin mediated endocytosis 90, 183, and clathrin-independent macropinocytosis 88, 96. Our study 

implicates Nav1 in non-clathrin mediated macropinocytic TrkB uptake as a mechanism by which 

Nav1 promotes neuronal responses to growth and guidance cues. Indeed, we found that SH-

SY5Y Nav1 KO cells were defective in BDNF-stimulated neuritogenesis. Our data adds to the 

body of evidence that the navigators are key regulators of cellular response to extracellular 

guidance cues. UNC-53, the Caenorhabditis elegans navigator homolog, has been implicated in 

pathfinding of motor neuron axons and migration of multiple other cell types, including an 

interaction with the GRB2 adaptor homolog SEM-5 that mediates FGF signaling in migrating 

sex myoblasts 29, Furthermore, Nav1 has been shown to mediate directionality of axon outgrowth 
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in response to Netrin 44, 45. These data together with our observations suggest the navigators play 

an important role in multiple guidance cue response pathways.    

Our immunoblot results suggest that Nav1 gene silencing causes an alteration in the 

molecular properties of the BDNF receptor TrkB. The observed alteration in the relative mobility 

of TrkB in SDS-PAGE suggests that one or more transcriptional, translational, or post-

translational modifications is somehow under Nav1’s control, which is an interesting topic for 

further investigation. As a receptor tyrosine kinase, TrkB becomes autophosphorylated on 

multiple tyrosine residues upon ligand engagement and activation 184, a step that is essential for 

recruitment of downstream effectors to mediate cell signaling for neuronal survival and growth 

185. Additionally, TrkB is phosphorylated by Cdk5 on Serine478, which is essential for BDNF 

promotion of dendritic growth and long-term potentiation of synaptic plasticity 89, 186. 

Phosphorylated TrkB receptor-mediated intracellular signaling is integral to neuronal survival 

and neurite outgrowth 167, and this therefore represents a potential downstream role for Nav1. 

Furthermore, it has been shown that endocytosis of TrkB receptors is necessary for directional 

migration of cerebellar granule cell precursors in response to BDNF 91. In this manner, disruption 

of Nav1-mediated TrkB endocytosis may explain the leading-process misorientation phenotype 

we observed upon Nav1 reduction in developing mouse cortex. The importance of tight 

regulation of neurotrophin endocytosis for neural morphogenesis during brain development and 

the role of Nav1 in these processes opens up an exciting avenue of research.  
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METHODS 

Reagents  

Pharmacological compounds were obtained from the following sources: Rho Kinase 

Inhibitor (Tocris). Retinoic Acid (Sigma), Brain-derived neurotrophic factor (BDNF) 

(Peprotech), Methyl-b-Cyclodextrin (MbCD) (Sigma), phosphoinositide-3 kinase (PI3Kinase) 

inhibitor LY294002 (Selleck Chemicals). 

 

Table 2.1  Target and primer sequences 

 

Plasmids 

mRFP-b-actin 187, GFP-Ftractin (gift from Dr. H. Higgs), GFP-Nav1 45, GFP-Nav2 and 

GFP-Nav3, gifts from Dr. N. Galjart 40, mVenus 188, pECFP-Rac1Q61L (gift from Dr. K. 

Yamada, Addgene #105292), pEGFP-N1 (Clontech), pCS-membrane-ceruleanFP (kind gift from 

Dr. S. Megason, Addgene #53749), EB3mCherry (kind gift from M. W. Davidson). Nav1 

shRNA was inserted into the pSuper vector according to manufacturer’s instructions 

(Oligoengine) (Table 2.1).  

 

Cell Culture and Differentiation  

All cell lines and primary neurons were cultured at 37°C and 5% CO2. N1E-115 cells 

were cultured in Dulbeco’s modified Eagles medium (DMEM; Gibco) supplemented with 10% 

Reagent Sequence 
Nav1 crRNA GATATGGCCAAGGCGCCCAA 
Forward primer for cut site amplification CCAACCTGCGCAAGCAGAAGTCA 
Reverse primer for cut site amplification CCTGGAAGAGCGAGTGCTCCG 
Nav1 shRNA target GGATCAAGGTTCATGGACA 
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(v/v) fetal bovine serum (FBS; Atlanta Biologicals S11150). SH-SY5Y (ATCC CRL-2266) cells 

were cultured in DMEM/F12 1:1 with 25mM HEPES, 10% heat inactivated FBS, and 

penicillin/streptomycin. The SH-SY5Y differentiation protocol was modified from Encinas et al 

146. Once undifferentiated SH-SY5Y cells reached 90% confluency, they were rinsed once with 

PBS, and then RA media (DMEM/F12 with 0.5% FBS, and 10µM Retinoic Acid) was added. 

RA media was changed on day 2 of differentiation, and were replated on day 4 using StemPro 

accutase (Life Technologies); cells were seeded at 394 cells/mm2 on ibidi µ-Plate 24 well 

(82406) coated with 200µg/mL poly-(D)-lysine overnight at room temperature. Cells were 

cultured in RA media for 24 hours after re-plating, and then media was changed to BDNF media 

(DMEM/F12 and 50ng/µL BDNF), with half media changes every other day. Nucleofected SH-

SY5Y cells were plated into 6 well plates dishes for 24 hours to recover, and then cells were 

seeded at 394 cells/mm2 on ibidi µ-Plate 24 well coated with 100µg/mL poly-(D)-lysine, and 

fixed 24 hours later. Human iPSCs were purchased from Cellular Dynamics (iCell GlutaNeurons 

R1061), and cultured per the manufacturer’s protocol. Primary hippocampal cultures were 

prepared from embryonic day 19 rat brains as described 189. For fixed primary neuron 

experiments (except FM4-64 experiments), cells were plated on coverslips coated with poly-(D)-

lysine (Sigma 100ug/mL) at a density of 375 cells/mm2.  

 

Transfection methods  

Nucleofection of cultured cells. Dissociated primary neurons and undifferentiated SH-

SY5Y cells were electroporated, prior to plating, using either Lonza Nucleofector 2b, or Lonza 

4D-Nucleofector core unit, according to manufacturer’s protocol.  
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Lipofection of cultured cells. N1E-115 cells and SH-SY5Y cells (Rac1Q61L experiment 

and membrane blebs live imaging) were transfected using either Lipofectamine 2000 or 3000 

(ThermoFisher Scientific), respectively, according to the manufacturer’s protocol. Nav1 shRNA 

and control vector were incubated for 3 days, all other constructs were incubated for 24 hrs. 

In utero electroporation. Electroporation was performed as previously described 190. 

Endotoxin-free plasmid DNA was injected at a concentration of 1 μg/μl in the lateral ventricles. 

mVenus was co-electroporated at a 2:1 ratio to the pSuper empty vector or Nav1 shRNA to 

verify that fluorescent neurons were electroporated with the DNA of interest. Electroporation 

was performed with gold-coated paddles at E15.5 to target cortical layer 2/3. The electroporation 

settings were: 4 pulses of 45V for 50 ms with 500 ms interval.  

 

Nav1 antibody generation 

Anti-Nav1 was produced using the GST-MTD plasmid construct expressed in E.coli. 

Soluble GST-MTD was purified on a glutathione affinity column, eluted with glutathione, and 

injected into rabbits (antiserum production by COVANCE). Antisera to GST-MTD was affinity 

purified by pre-absorption on an Affi-Gel (Bio-Rad) column coupled with GST, followed by 

affinity purification with an Affi-Gel column coupled with GST-MTD. This affinity-purified 

antibody was used for all experiments to detect endogenous Nav1. Antibody specificity to Nav1 

was confirmed as follows:  using immunoblot, lack of detectable immunoreactivity for the Nav1 

antibody in extracts of Nav1 KO SH-SY5Y cells compared to WT controls (Figure 2.5 B); using 

immunofluorescence staining, lack of detectable immunoreactivity for the Nav1 antibody in 

Nav1 KO SH-SY5Y cells compared to WT controls (Figure. Fig. 2.5 C). Antibody specificity 

was further demonstrated by nucleofecting GFP-Nav1, -Nav2, and -Nav3 in Nav1KO SH-SY5Y 



78 

 

cells, and there was only detectable immunoreactivity for the Nav1 antibody in cells expressing 

GFP-Nav1.  

 

SH-SY5Y Nav1KO cell line generation  

Nav1 knockout (KO) was achieved using CRISPR-Cas9 and the Alt-R system (Integrated 

DNA Technologies). RNA components (IDT) and purified Cas9 (UCB Macrolab) were 

nucleofected in the SH-SY5Y cell line (Lonza 4D-Nucleofector core unit; see Transfection 

methods). crRNA sequence and primers used to evaluate cutting are listed in Table 2.1. Nav1KO 

clones were identified via sequencing, and the lack of Nav1 in SH-SY5Y cell line was validated 

via Western Blot and immunofluorescence (Figure 2.5 B,C).  

 

Immunostaining 

Immunocytochemistry. Cell cultures were fixed in 3.7% formaldehyde with 120mM 

sucrose in phosphate buffered saline (PBS) at 37°C for 15 minutes, then permeabilized with 

0.2% Triton-X 100 in PBS for 10min, blocked in 1% bovine-serum albumin in PBS for 30min, 

and incubated for 1hr at RT with the following primary antibodies diluted in PBS:  TuJ1 (1:2000 

to stain primary neurons, 1:300 to stain SH-SY5Y cells, gift of Dr. A. Frankfurter, or Neuromics 

MO15013), anti-Nav1 (generation described above, 1:300), anti-GFP (1:200; Invitrogen A-

11122), anti-drebrin (1:400 MBL D029-3), anti-EB1 (1:300, BD Biosciences 610535), anti-

cortactin (1:300, Millipore 05-180), anti-tyrosinated tubulin (1:2000; Sigma MAB1864-I), anti-

neuron specific enolase (1:300; Novus Biologicals NB110-58870), anti-a tubulin (1:1000; 

abcam ab6161), anti-SMI-31(1:300-1:500; Biolegend 801601), anti-GAP43 1:250; Novus 

Biological NBP1-92714), anti-nestin (0.5mg/mL; BD Bioscience), anti-GFP (5mg/Ml; Aves Lab 
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GFP-1010); and anti-Tbr1 (1:500, Santa Cruz sc-48816). Immunostaining against Nav1, EB1, 

fascin or cortactin required 3min fixation with 100% ice-cold MeOH instead of formaldehyde. 

Following rinsing we incubated with Alexa-Fluor-488, -568, -647-conjugated secondary 

antibodies, DAPI (1:2000; Biotium 40011), Hoechst (1:1000; Pierce 33258), or phalloidin 

(1:250; Invitrogen) in blocking buffer at 37°C for 45min. mVenus or eGFP was used to identify 

neurons cotransfected with Control or Nav1 shRNA and the mVenus/eGFP signal was enhanced 

with anti-GFP antibody. 

Immunohistochemistry. Brain sections were prepared and immunostained according to 

Castanza et al (2021). Briefly, embryonic mouse brain tissues were dissected, fixed in 4% 

paraformaldehyde (PFA), and were sectioned in a coronal plane at 7 (E12.5) and 12 microns 

thickness (E14.5) (Figure 2.1) or 100 mm thickness (E18.5) (Figure 2.4). No heat induced 

antigen retrieval (H.I.E.R.) was performed. Sections were blocked for 30 min at room 

temperature in 10% serum (goat or donkey depending on primary antibody origin species), 3% 

BSA, and 0.1% Triton X-100 in PBS. Primary antibodies were diluted in blocking solution and 

incubated overnight at 4°C. Sections were washed 3x5 min in PBS in secondary antibodies were 

diluted 1:400 in blocking solution and incubated for 2 h at room temperature. Tissue was again 

washed 3x5 min in PBS, incubated briefly in DAPI when indicated and mounted with Southern 

Biotech Fluoromount-G (Figure 2.1) or Vectashield (Figure 2.4) and allowed to cure before 

imaging.  

 

Immunoblotting 

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (150mM NaCl, 0.1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris-HCl pH 8.0, with 1mM 
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phenylmethylsulfonyl fluoride in isopropanol added right before lysis) with constant agitation at 

4°C for 30 minutes. Lysates were then centrifuged at 12,000 rpm at 4°C for 20min and total 

protein extracts were boiled in Laemmli sample buffer (BioRad), separated by SDS-PAGE under 

reducing conditions and transferred to PVDF membranes (Millipore), which were then incubated 

with the following primary antibodies: anti-GAPDH (1:2000; GeneTex GT239), anti-Nav1 

(1:1000), or anti-TrkB (1:500; BD Biosciences 610101).  Immunoreactive bands were visualized 

by the LI-COR Odyssey Imaging System using anti-mouse IRDye 800 and anti-rabbit IRDye 

680 (1:5000, LI-COR). To quantify and compare signal intensity, a box was applied to 

encompass the band of interest, and integrated intensity was determined after background 

subtraction. In the case of TrkB, we assumed that both bands of the doublet appearing in the WT 

and SH-SY5Y cell extracts corresponded to TrkB, and were included in the boxed region. 

 

Membrane blebs 

Cells were seeded at 263 cells/mm2 on 100µg/mL poly-(D)-lysine coated glass 

coverslips. Rho-kinase Inhibitor Y-27632 (5µM) in DMSO or DMSO alone was applied to 

Nav1KO SH-SY5Y cells for 2 hours before fixation. SH-SY5Y Nav1KO cells were transfected 

with 1.5µg of Rac1Q61L or eGFP, and fixed 48 hours after transfection. For quantification of 

membrane blebs in WT vs Nav1KO cells, cells were plated on coverslips and fixed 24 hours 

later. A cell was considered to be blebbing if it had at least two blebs in the periphery. For live 

imaging of membrane blebs, cells were seeded at 263 cells/mm2 on 100µg/mL poly-(D)-lysine 

coated ibidi µ-Plate 24 well plates, and imaged every 30 minutes for 24 hours in an 

environmental chamber at 37°C and 5% CO2. 
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Endocytosis labeling 

FM4-64 (Thermo T13320) dye application protocol was modified from Bonanomi et al 

2008. For primary neurons, FM4-64 (10µM) was diluted in Krebs-Ringer-Hepes (KRH) 

solution, the dye was loaded onto the cells for 1 min, and then washed 2 times with KRH for no 

more than 2 minutes, and immediately fixed in 3.7% MeOH-free paraformaldehyde (PFA) with 

120mM sucrose in PBS for 15min at RT. Acute cholesterol extraction was performed using 

MbCD (5mM, 3 minutes, 37°C), and LY294002 was used to inhibit PI3Kinase (50µm, 30 

minutes, 37°C).  Images were acquired within 1 week after fixation, as a loss of signal was 

observed after 1 week. Lysine-fixable dextran (Thermo D1818, 2mg/mL) or transferrin 

(Invitrogen T23365) was incubated for 10 min at 37°C and immediately fixed according to the 

MeOH-free PFA protocol.  For SH-SY5Y cells, FM4-64 was loaded for 5 minutes, and SH-

SY5Y cells were either live imaged or fixed according to the MeOH-free PFA protocol, and 

fixed cells were incubated with phalloidin (1:100) overnight at 4°C.  

 

TrkB uptake experiments 

TrkB 1D7 168, an agonistic monoclonal antibody, was applied in cold HBSS plus 2mM 

CaCl2 to primary neurons for 30 minutes. Samples were washed twice in the cold HBSS 

solution, and then incubated in 37°C HBSS solution for 10 minutes, and immediately fixed with 

paraformaldehyde for 15 minutes at RT. After fixation, cells were permeabilized with 0.2% 

Triton-X-100 for 10 minutes, and incubated with Alexa Fluor 568 anti-mouse IgM secondary 

(1:250, Invitrogen, A-21043). 
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Image acquisition 

Histological tissue sections. For the in utero electroporation experiments, images were 

acquired in 1024 x 1024 mode with a Nikon Ti-E microscope equipped with the A1 laser 

scanning confocal microscope. We used the following objective lenses (Nikon): 10x PlanApo, 

NA 0.45 (for images of cortical slices), 60x Apo TIRF, NA 1.49 (analyses the leading process 

and morphometric analyses of multipolar and bipolar cells). Images were acquired using Nikon 

software NIS-Elements (Nikon Corporation, Melville, NY). The immunohistochemistry 

performed for Nav1 localization was acquired with Zeiss LSM780 confocal microscope, and 

digital images were adjusted for brightness and contrast in Photoshop (Adobe). 

Primary neurons. Excluding the endocytosis experiments, fluorescence imaging was 

carried out using a CSU-X1 spinning disk confocal (Yokogawa) mounted onto an Olympus IX70 

microscope and a 20x 0.8 NA Plan APO for shRNA experiments and 60x 1.42 NA Plan APO oil 

immersion objective for the rest. Fluorescent specimens were excited using a laser launch 

equipped with the following 50mW solid-state lasers: 405nm, 488nm, 561nm and 640nm. 

Fluorescence emission was selected through the following band-pass filters: 460/50nm, 

525/50nm, 595/50, 700/75. A stack of images was acquired in the z dimension using optical slice 

thickness of 0.2 using a CoolSNAP HQ2 digital CCD camera (Photometrics) with pixel size of 

91 nm. 

Primary neuron endocytosis and SH-SY5Y experiments. Fluorescence imaging was 

carried out CSU-X1 spinning disk confocal (Yokogawa) mounted onto a Ti-E microscope with 

perfect focus system (Nikon) and a 60x 1.4 NA Plan APO oil immersion objective. For the SH-

SY5Y neuritogenesis experiment, we used a 20x 0.75 NA objective. Fluorescent specimens were 

excited using a laser launch equipped with the following 50mW solid-state lasers: 405nm, 
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488nm, 561nm and 640nm. Fluorescence emission was selected through the following band-pass 

filters: 460/50nm, 525/50nm, 595/50, 700/75. A stack of images was acquired in the z dimension 

using optical slice thickness of 0.2 μm using an Photometrics Prime 95B cMOS camera. For the 

SH-SY5Y neuritogenesis experiment, automatic acquisition was used using the MetaMorph high 

content screening module.  

 

Image Analysis 

Primary neuron neuritogenesis. Morphometric analysis was performed using MetaMorph 

software (Molecular Devices or Fiji (NIH). Neurons were identified by immunostaining for the 

neuronal marker ß-III tubulin and neurite length was measured manually using the eGFP signal 

and computer-assisted analysis from MetaMorph. Neurons without neurites were classified as 

stage 1, neurons with at least one neurite were considered stage 2 and neurons with one neurite at 

least twice the length of the other ones was considered the axons and the cells in stage 3.  

SH-SY5Y neuritogenesis. The length of neurites was measured per field using a custom 

cell profiler pipeline (available upon request). Briefly, TuJ1 and neuron-specific enolase were 

used to identify neurogenic cells, expanded DAPI was used to exclude cell bodies in 

measurements, and a high phalloidin signal was used to exclude non-neurogenic cells that also 

expressed TuJ1 at low levels. We then calculated total neurite length in the image field divided 

number of cells (as measured by number of cells identified using DAPI).  

In utero Nav1 shRNA experiments. The length of the leading process of migrating 

neurons in the cortical plate and the angle of migration in the Intermediate Zone was measured 

using Nikon Software NISElements (Nikon Corporation, Melville, NY). The orientation of each 

leading process was defined as that of a line connecting the cell body center and the base of the 
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leading process and its angle was measured with respect to the pial surface. An average of all 

angles was used to calculate the deviation of each individual angle to the average. The 

quantification of bipolar and multipolar neurons was performed by morphological criteria. 

Briefly, for each neuron in the IZ we quantified the number of non-axon processes (axon was 

identified by thickness, length and orientation). Neurons were considered bipolar when they 

presented one axon and one process. Neurons were considered multipolar when they displayed 

more than one non-axonal process. 

Nav1 and EB1 analysis. For estimation of the amount of the Nav1 proteins bound to the 

outer most MT tips; mean integrated fluorescence intensities within a box of four pixels on a side 

(outer tip) were measured for each channel after subtracting external background. EB1 centroid 

was used to position the region of interest.  

Membrane Ruffles. The F-actin channel was thresholded to encompass the structures. The 

resulting mask was used to generate a manual selection that would include the F-actin membrane 

ruffles within the transition zone, identified as the actin-rich region adjacent to the central zone 

microtubules. From this double selection the area and intensity of the F-actin signal was 

measured.  

Endocytosis. Growth cones were identified by their morphology, and a mask was created 

using the pcs-membrane-ceruleanFP signal for primary neurons, or phalloidin-labeled F-actin for 

the SH-SY5Y cells. Intensity of endocytosis probes (FM4-64, transferrin, TrkB1D7) was 

measured within that mask after background subtraction and thresholding. A growth cone was 

considered to have uptake if there were at least two FM4-64 puncta within the growth cone. For 

the PI3Kinase treatment, we quantified the percentage of growth cones with FM4-64 uptake, 

instead of integrated signal intensity, because we unexpectedly observed that LY294002 caused 
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FM4-64 to be taken up all over the cell, not just at growth cones as in controls, thereby 

complicating intensity measurements.  

 

Statistical Analysis & Experimental Rigor 

All results reported have been observed reproducibly in at least 3 experiments; specific 

replicate values are indicated in figure legends. Prior to quantitative analysis, sample identity 

was encoded for blinding of the experimental group.  Statistical significance was set at the 95% 

confidence level (two tailed) and calculated using Prism (Graphpad Software). Values are 

presented as the mean ± S.E.M.  

To assess the normality of the data, we used the D’Agostino-Pearson test to determine 

deviation or kurtosis. When normality was not met either the Mann-Whitney or Kruskal-Wallis 

test with Dunn’s multiple comparisons was chosen as described in the figure legends. Otherwise, 

two-way ANOVA with Bonferroni post-hoc comparisons were used. Pharmacological and 

genetic experiments were statistically compared to their corresponding control or wild-type 

counterparts. 
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CHAPTER 3 

CONCLUSIONS 

In summary, the data presented in this dissertation suggest a novel concept regarding the 

function of Nav1 in the regulation of neuronal development. Nav1 not only associates selectively 

with and regulates both the microtubule and actin cytoskeletons, but may play a general role in 

mediating uptake of and signaling by neurotrophins and other growth and guidance cues.  This is 

especially important in developing neurons, where Nav1 is highly expressed, and allows newly 

extending axons to quickly respond to extra- and intracellular signals to facilitate tightly-

regulated morphogenesis and brain circuit establishment.  

From C. elegans to humans, the navigators and their homologs have been shown to be 

essential for proper development of multiple tissues, including the mammalian nervous system 

where they are expressed during development. The navigators integrate the cellular responses to 

multiple extracellular guidance cues in different cell types, and likely coordinate the cytoskeletal 

response to these cues. The work in this dissertation has offered insight into the mechanism of 

the regulation of neuritogenesis by Nav1 via macropinocytosis43. This work in combination with 

other recent studies that shed light on the cytoskeleton interacting properties of Nav144, offer 

interesting avenues of research for the other navigators. It is also likely that the navigators 

influence morphogenesis and migration via interaction to other signaling molecules that may 

indirectly affect cytoskeleton dynamics49, 82. The recent identification of a patient with a 

neurodevelopmental disorder attributable to the loss of Nav272 underscores the urgency to 

characterize the molecules and the cellular processes in which they participate to not only further 

our understanding of brain development but also for human health and disease.  
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