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CHAPTER 1 

 

INTRODUCTION 

 

1.1  Neuronal migration 

Multitudes of neurons are assembled in an intricate pattern to define the 

function of the nervous system. This assembly of neurons is largely because of 

neuronal migration that primarily occurs during the early development of the 

nervous system. Several neurons undergo organized transit from their birth place 

to the predetermined destination in order to become a part of functional neuronal 

circuit. Incomplete or defective migration of neurons can lead to conditions such 

as mental retardation, epilepsy and severe learning disabilities (Marin and 

Rubenstein, 2003). Cortical neurons show defective migration into the cortex, 

which results in a condition called as doublecortex (Noctor et al., 2004).  Patients 

exhibiting a condition called as grey matter heteropia, show failure of developing 

neurons to initiate migration (Thom et al., 2004). 

 Neuronal migration occurs in distinct steps. At the initiation of migration, 

filopodia and lamellipodia explore the micro-environment and then extends 

leading process (Lambert de Rouvroit and Goffinet, 2001). Attractive and 

repulsive signals are integrated at the plasma membrane regulated by small 

GTPase switches of the Rho family (Luo, 2000) this process further influences 
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the microfilament network at the periphery by controlling actin polymerization 

(Luo, 2000). Leading edge extension is followed by nucleokinesis, which is a 

saltatory movement of nucleus into the leading edge which is vitally dependant 

on the microtubule cytoskeleton (Lambert de Rouvroit and Goffinet, 2001). The 

last event in the neuronal migration is retraction of trailing process. In neurons, 

repulsive cues activate Rho which is thought to cause retraction through 

contraction of actinomycin at the trailing edge (Guan and Rao, 2003). The three 

stages of neuronal migration are shown in figure 1, where radial migration of 

cortical neurons towards pial surface is used as an example to describe 

migratory process of neuron. 

 In CNS regions, two general types of migration have been identified on the 

basis of its orientation. In the radial migration, cells migrate from the progenitor 

zone toward the surface of the brain; and tangential migration, in which cells 

migrate orthogonal to the direction of radial migration. Tangential migration 

comprises distinct types of cell movement that differ primarily in the type of 

substrate used by migrating cells. In the sections 1.1.1 and 1.1.2, I will discuss 

about radial and tangential migration in detail.  
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FIGURE 1.  Steps in Neuronal Migration 

Neuronal migration in the cerebellum takes place along radial glial processes 

from the ventricular zone to the pial surface and is shown to be occurring in three 

distinct stages: (A) At the initiation of migration (A) filopodia and lamellipodia 

extend the leading edge in the direction of the migration. (B) Nucleokinesis 

occurs by translocating the nucleus (arrow) into the leading edge with the help of 

microtubule cytoskeleton. (C) The last stage in the migration is retraction of 

trailing edge, which involves actinomycin contraction. Figure modified from 

(Samuels and Tsai, 2004). 

 

 

 

 

 

 

 

 

 

 

 



 4 

 

 

 

A B C 

 

Pial surface  

Ventricular 
    zone 



 5 

1.1.1 Radial migration  

Radial migration is undertaken by 80-90% neurons in the central nervous 

system, and it is perhaps the best characterized pathway for migratory neurons 

(Ayala et al., 2007; McManus et al., 2004). Radial migration allows the formation 

of six distinct layers in the cerebral cortex (Nadarajah et al., 2001). The first 

group of neurons generated in the ventricular zone, migrates out and forms the 

preplate and is followed by second group of neurons which are precursors of 

layers II-VI. The neurons are generated in an inside-out manner (Nadarajah et 

al., 2001).  

Radial glial cells provide a scaffold for specific migrations in the brain. Two 

distinct modes of neuronal migration, somal translocation and locomotion, appear 

to play a role in glial-guided migration of neurons (Ghashghaei et al., 2007; 

Tabata and Nakajima, 2003). During somal translocation, cell first attach to the 

pial surface by their leading process that shortens when the soma moves toward 

the pial surface (Figure 2A). This migratory mechanism results in continuous 

forward movement. Locomoting cells maintain the leading edge during the 

movement of the cell, which also involves nucleokinesis followed by retraction of 

trailing edge (Figure 2B). This type of migratory behavior produces saltatory 

movement of neurons (Nadarajah et al., 2003). Neurons migrating with 

locomotion have bipolar cell morphology, with a thick leading process and a thin 

trailing process, and the entire cell moves along the radial fiber (Tabata and 

Nakajima, 2003). Thus cells travel a long distances demonstrating somal 
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translocation as a common mode in the early stages of developing neocortex 

(Nadarajah et al., 2001).  

 Several types of molecules, some expressed in the migrating neurons and 

some in the extracellular matrix, regulate radial migration. These molecules are 

of varied nature including ligand, receptors, transcription factors, adhesion 

molecules and enzymes. Reelin is an extracellular matrix protein which binds to 

the receptors of lipoprotein family. It is involved in the organization of cerebellar 

and cerebral cortices and other laminated brain regions by controlling radial 

migration of neurons (D'Arcangelo et al., 1995). Reelin is disrupted in reeler 

mutant mice, which exhibit ataxia, tremors, imbalance and also neuronal ectopia 

in laminated brain structures (D'Arcangelo and Curran, 1998; D'Arcangelo et al., 

1995). Disruption of molecules in the Reelin signaling pathway by targeted 

knockdown, gives rise to reeler-like phenotype. One of the important molecules 

in this pathway is Dab1, which gets accumulated in the cortical neurons in the 

absence of activation of Reelin pathway. Dab1 is been shown to function cell-

autonomously during radial migration and organization of cortical layers 

(Hammond et al., 2001).  
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FIGURE 2.  Radial Migration 

Radial migration of neurons in the developing cortex uses two modes of 

migration to reach to the pial surface. (A) During somal translocation, migrating 

neuron(pink) first extends a long, basal process from the ventricular zone to the 

pial surface, which is followed by nucleokinesis and shortening of the basal 

process. (B) Neurons undergoing locomotion, remain in close association with 

radial glial fibers (blue) and move in saltatory manner. Figure modified from 

(Ghashghaei et al. 2007) 
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1.1.2   Tangential migration 

Though the majority of neurons undergo radial migration, many subsets of 

neurons migrate perpendicular to radial migrating cells. Tangential migration 

comprises of distinctive types of cell movements, which are based on different 

types of substrates, neurons use during migration (Marin and Rubenstein, 2003). 

Olfactory interneuron precursors move in close association to each other. This 

type of neuronal movement is called ‘chain migration’, where chains of 

neuroblasts form a highly restricted migratory route, known as rostral migratory 

stream (RMS) (Figure 3). RMS extends from the subventricular zone into the 

olfactory bulb (Ghashghaei et al., 2007). These chains of neurons are 

ensheathed by astrocytes (Kornack and Rakic, 2001) although, experiments in 

vitro suggest that chain migration is largely independent of the assistance of 

astrocytes or other cell types (Wichterle et al., 1997).  

Neurons, expressing Gonadotropin-releasing hormone (GnRH), follow 

vomeronasal (VMN) axons to reach the postnatal preoptic area and 

hypothalamus. This mode of migration is ‘axonophillic’ in nature. Several 

molecules are expressed by these axons such as peripherin, DCC and TAG1. 

After entering the brain, VMN axons split into two branches, one of which 

extends toward the lamina terminalis and is the major path followed by GnRH 

neurons (Marin and Rubenstein, 2003). Migration of GnRH neurons is critically 

dependant on their interactions with VMN axons (Gao et al., 2000).  

Cells born in the subpallium have multiple origins and undergo tangential 

migration towards the cortex to give rise to GABAergic interneurons (Anderson et 
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al., 2001). Interneurons migrating towards the cortex follow controlled route and 

this migration is influenced by several factors. First, motogenic factors play an 

important role in the tangential migration of interneurons. Among several 

motogenic factors, hepatocyte growth factor (HGF) is expressed in the 

telencephalon. In slice cultures, HGF increases the number of cells migrating 

away from the subpallium, suggesting its role in the tangential migration of 

interneurons (Powell et al., 2001). Next group of factors influencing the migration 

of interneurons towards the cortex is the substratum used by interneurons for 

their migration and so far there is not much known about the specific substrate 

used by interneurons (Marin and Rubenstein, 2003). The third group of factors 

regulating the tangential migration includes several of the chemorepulsive and 

chemoattractive cues produced by the preoptic area and cortex (Marin and 

Rubenstein, 2003).   

 We are interested in deciphering cellular and molecular 

mechanisms underlying tangential migration undertaken by facial branchiomotor 

neurons (FBMNs). FBMNs are a specific subset of branchiomotor neurons 

(BMNs) which control jaw movements. BMNs comprise of Trigeminal, Facial, 

Glossopharyngeal and Vagal neurons. Organization of BMNs and their axons is 

discussed further in the section 1.2.1.  
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FIGURE 3.         Rostral migration of olfactory neurons in the  

        postnatal brain  

 

In rodent brains postnatal neuronal migration is evident in the rostral migratory 

stream. Cells born in the anterior subventricular zone (SVZ, inset) initiate their 

migration from the SVZ (1) as chains (2) streaming towards the olfactory bulb 

(OB), where they end their migration (3). This represents an example of 

tangential migration of neurons in the postnatal brain. CB, cerebellum; Hipp, 

hippocampus; Hyp, hypothalamus; OB, olfactory bulb. Figure modified from 

(Ghashghaei et al., 2007) 
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1.2  Tangential Migration of Facial Branchiomotor  

        Neurons in Zebrafish 

 

1.2.1   Zebrafish as a model to study BMN migration 

Zebrafish have been widely used over past decade as an excellent model system 

to understand developmental processes. Pioneering work of George Streisinger 

at the University of Oregon established the zebrafish as a model organism.  

There are several characteristics that make zebrafish an outstanding model 

system.  First, zebrafish are excellent breeders, with each female providing an 

average of 100-150 eggs at a single time.  This provides numerous progeny for 

genetic manipulation and analysis.  Second, external fertilization and 

development helps to make analysis and manipulation of the earliest stages of 

development convenient, without the need for invasive procedures on the 

pregnant animal. The effortlessness and convenience of these and other 

embryological techniques demonstrate the power of the zebrafish system.  The 

zebrafish embryo undergoes rapid development. By 24 hours post fertilization 

(hpf), the basic body plan is established as are the major organ systems, and by 

5 days post fertilization, the zebrafish is a free-swimming larva. 

Within the last few years, gene knockdown technology using antisense 

morpholino oligonucleotides has made it possible to perform reverse genetics in 

zebrafish.  
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 The optical clarity of the embryo also makes it possible to visualize single 

cell behaviors using differential interference contrast (DIC) optics.  By using cell-

type specific fluorescent reporter lines expressing GFP in specific subset of 

neuron (Higashijima et al., 2000), in vivo time-lapse microscopy have been well 

developed which can be used to study behaviors of neurons and axons. A group 

of neurons can be imaged in the live embryo without using any invasive 

procedures (Higashijima et al., 2000). Thus zebrafish embryo offers both 

biologists and technologists a new strategy that rapidly acquired efficiency, 

toxicity and specificity data in an in vivo setting (Nasevicius and Ekker, 2001) 

 

1.2.2  Organization of Branchiomotor neurons  

  Branchiomotor neurons (BMNs) are induced in specific rhombomeres in 

the hindbrain and innervate muscles that arise in the pharyngeal arches 

(Chandrasekhar et al., 1997). Rhombomeres represent polyclonal compartments 

that are distinguished from each other by cell movements, differential cell 

adhesion and repulsion and compartment specific expression of homeobox 

genes (Chandrasekhar, 2004). Each rhombomere contains a distinct set of 

neurons, including motor neurons and reticulospinal interneurons. The hindbrain 

contributes eight pairs of cranial nerves from V through XII (Moens and Prince, 

2002).  Cranial nerves are classified into three types namely somatomotor, 

visceromotor and branchiomotor (Kandel et al., 2000). The BMNs comprise 
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FIGURE 4.  Zebrafish As A Model System To Study Development 

Zebrafish embryos are easily accessible at the one-cell stage because 

fertilization is external.  By 6 hours post fertilization (hpf), they have already 

begun gastrulation-associated cell movements responsible for producing the 

germ layers.  The basic body plan is established by 24 hpf and by 5 days post 

fertilization (dpf), they are free-swimming larvae. 
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Trigeminal (cranial nerve V), Facial (cranial nerve VII), Glossopharyngeal (cranial 

nerve IX), and Vagal (cranial nerve X) neurons. Trigeminal, facial, 

glossopharyngeal and vagal neurons innervate branchial arch-derived muscles to 

control jaw and face movements, the larynx and the pharynx (Chandrasekhar, 

2004).  

 In zebrafish, the trigeminal (nV) motor neuron cell bodies arise in 

rhombomere 2 and 3 and extend axons dorsolaterally to their exit point. The 

trigeminal motor axons innervate muscles derived from the first branchial arch 

that are involved in mastication. The facial branchiomotor neurons (nVII, FBMNs) 

are generated in r4 and their axons innervate muscles derived from the second 

branchial arch. These neurons migrate tangentially from r4 into r6 and r7. While 

the cell bodies migrate tangentially, their axonal processes are left behind in a 

manner that reflects their migratory path, and their motor axons exit in r4 forming 

a characteristic looping (Chandrasekhar, 2004). The glossopharyngeal (nXI) 

motor neurons are born in r6 in zebrafish and then migrate caudally into r7, and 

their axons innervate a single muscle derived from the third branchial arch 

(Chandrasekhar, 2004; Chandrasekhar et al., 1997). Vagal (nX) motor neurons 

are generated in the caudal hindbrain (r8) and their motor axons innervate 

muscles derived from the mesenchyme of fourth, fifth, and sixth branchial arches 

(Chandrasekhar, 2004).  

 Zebrafish is an excellent system to study branchiomotor organization and 

migration. The optical clarity of zebrafish embryos, allows the observation of 
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various events occurring during the embryonic development including neuronal 

migration.  

 

1.2.3  Molecules and Mechanisms underlying Neuronal migration 

There are diverse sets of cell intrinsic and extracellular cues that influence 

the migration of a neuron to its destination. Migrating neurons express several 

types of molecules in response to extracellular signals.  

Wnt signaling is one of the important developmental pathways, which 

highly influences the neuronal migration. I will make an attempt to briefly describe 

this pathway in context of FBMN migration in the following section. In addition, 

motor neurons express numerous cell adhesion molecules along with 

transcription factors, ligands, receptors etc. during the course of migration. I will 

elaborate on few of the molecules involved in FBMN migration in the section 

2.2.2.  

 

1.2.3.1  Wnt /PCP pathway involved in neuronal migration

 Wnts constitute a family of highly conserved secreted signaling molecules 

that regulate cell-to-cell interactions, gene expression, cell fate, cell adhesion, 

and cell polarity  during embryogenesis (Schambony et al., 2004).  Mutations in 

Wnt genes or Wnt pathway components lead to specific developmental defects, 

while various human diseases, including cancer (Schambony et al., 2004). The 
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FIGURE  5. Organization of BMNs in the hindbrain of     

zebrafish embryo 

 

Schematic figure of the hindbrain of a zebrafish embryo depicting the 

cranial nerves (V, VII, IX and X), the locations of the branchiomotor nuclei in 

different compartments. As in other vertebrates, motor axons exit from even 

rhombomeres to innervate pharyngeal arch tissues, such as mandibular, hyoid, 

and gill slits 1-5. The trigeminal motor neurons (nV), which innervate the 

mandibular arch, are found in rhombomeres 2 and 3 (r2 and r3); the facial motor 

neurons (nVII), which innervate the hyoid arch, are found in r6 and r7; the 

glossopharyngeal motor neurons (nIX), which innervate gill arch 1, are found in 

r7; and the vagal motor neurons (nX), which innervate gill arches 2-5, are found 

in the caudal hindbrain.  Although faci are located in r6 and r7, zebrafish FBMNs 

are first born in r4 (star) and then migrate tangentially into r6 and r7. 
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Wnt family of extracellular glycoproteins activates receptor-mediated signal 

transduction pathways that are extensively conserved from invertebrates to 

mammals. There are two Wnt signaling pathways described in invertebrates and 

three in vertebrates namely canonical Wnt pathway, non-canonical Wnt pathway 

and Wnt/Ca+2 pathway (Montcouquiol et al., 2006). During development of the 

embryo, wnt signaling regulates gene expression, cell fates, cell adhesion and 

cell polarity (Schambony et al. 2004). 

Wnt pathway has been implicated in regulation of CE movements and 

overexpression of Wnt ligands and frizzled receptors hinder the axis elongation 

(Djiane et al., 2000). Components of Wnt signaling pathway have multifunctional 

roles. For example, Dishevelled regulates cell polarity though the noncanonical 

PCP pathway but also regulates cell fate through the canonical Wnt pathway 

(Keller, 2002). In gastrulation, Strabismus or Vangl2, a transmembrane protein, 

controls cell polarity during convergence extension movements by modulating 

PCP signaling (Jessen et al., 2002). tri encodes zebrafish Strabismus(tri) 

mutations in zebrafish that affect gastrulation-associated cell movements also 

eliminate tangential migration of FBMNs in the hindbrain (Bingham et al., 2002).  

It has been shown that gastrulation and FBMN migration defect in tri mutant 

occur independently of each other(Bingham et al., 2002). Evidence for this 

comes from the series of experiments on other gastrulation mutants. In 

convergence extension mutant knypek (glypican4/6), motor neuron migration is 

not affected (Solnica-Krezel et al., 1996). Similarly, mutants of other components 

of Wnt/PCP pathway, such as Silberblick (wnt 11) and pipetail (wnt 5a)  show 
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normal migration of motor neurons (Jessen et al., 2002). Ubiquitous 

overexpression of xdd1, which is a PCP-specific dominant-negative Dsh, causes 

severe convergence and extension defect without affecting motor neuron 

migration (Jessen et al., 2002). This suggests that tangential migration of FBMNs 

may occur independently of PCP signaling. However, stbm may interact with 

other PCP core genes such as prickle1a, frizzled, celsr1a, celsr1b and celsr2 to 

regulate FBMN migration as shown in genetic interactions studies (Carreira-

Barbosa et al., 2003) which will be discussed in the next section. Also, I will 

discuss few of the molecules, which fall within the scope of this research, that 

have been identified to regulate FBMN neuronal migration. 

 
1.2.3.2  Molecules involved in migration of motor neurons 
 

Tangential migration of FBMNs is regulated both by signals from the 

surrounding environment and by cell-intrinsic mechanisms. In zebrafish, Hoxb1a 

is expressed in r4 and is necessary for the migration of FBMNs (McClintock et 

al., 2002). In the previous section I discussed, how Stbm acts independent of 

Wnt/PCP pathway and non-cell autonomously to regulate FBMN migration. 

However, stbm may interact with other PCP core genes such as prickle1a, 

frizzled, celsr1a, celsr1b and celsr2 to regulate FBMN migration. 

Sub-optimal dose of pk1a MO injected into tri heterozygotes produces 

strong FBMN migration defect, suggesting genetic interaction between pk1a and 

stbm to mediate FBMN migration(Carreira-Barbosa et al., 2003). pk1a is not 

expressed in the migrating FBMNs and might function non-cell autonomously to 
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regulate migration. pk1b is expressed in the FBMNs and functions cell 

autonomously to regulate FBMN migration (Rohrschneider et al., 2007). Zygotic 

expression of another core PCP molecule, scribble1 (scrb1), is required in non 

cell-autonomous manner for the FBMN migration. scrb1 and stbm genes 

genetically interact to regulate convergence and extension movements but these 

genes probably work in non-linear pathway to mediate FBMN migration (Wada et 

al., 2005).  

 fz3a, a frizzled receptor gene is necessary for the FBMN migration in a 

non-cell autonomous manner (Wada et al., 2006). In the absence of fz3a 

expression in the neuroepithelium, the nVII motor neurons failed to migrate in the 

caudal direction. Another PCP component, celsr2, which is vertebrate homolog of 

Drosophila Flamingo, functions in non-cell autonomous manner to mediate 

FBMN migration. Also, celsr1a and celsr1b function redundantly with celsr2 

during migration (Wada et al., 2006). Both Celsr2 and Fz3a genes function in the 

neuroepithelial cells adjacent to the migrating FBMNs to mediate FBMN 

migration(Wada et al., 2006).  

  Stbm is a four-pass transmembrane protein with two extracellular loops , 

which functions non-cell autonomously to regulate FBMN migration. It is possible 

that Stbm may interact with other molecules in the extracellular environment or 

the ones expressed in the FBMNs to regulate migration. One such candidate 

gene that is expressed in the FBMNs is the transient axonal glycoprotein-1 (TAG-

1) (Warren et al., 1999).  TAG-1 is a cell adhesion molecule that belongs to the 

Immunoglobulin superfamily. It is a GPI-linked glycoprotein which promotes 
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adhesion and neurite outgrowth(Denaxa et al., 2005). Also, it is expressed by a 

subset of developing neurons and it has been shown to have function in axon 

guidance (Warren et al., 1999) and in tangential neuronal migration in the caudal 

medulla (Denaxa et al., 2005). Morpholino-mediated knock down of TAG-1 

blocked the caudal migration of FBMNs in zebrafish suggesting that TAG-1 is 

necessary for the FBMN migration (Sittaramane et al., 2008,  in press).  

 Extracellular matrix can provide important guiding cues to migrating 

neurons. Laminins are important components of the basal lamina that functions 

by giving a structural support for morphogenesis and to signaling molecules by 

binding to integrin receptors on cell surface (Powell and Kleinman, 1997). 

Laminin α1, an extracellular matrix protein, which is expressed ubiquitously, has 

been to shown to play a role in FBMN migration (Paulus and Halloran, 2006).  

In the next section, I will describe how tag1, stbm and lama1 genetically 

interact with each other and also I will talk about behavior of isolated FBMN 

during FBMN migration in tag1, lama1 and vangl2 morphant embryos.  
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FIGURE  6. Wnt/PCP pathway molecules involved in FBMN  

migration  

 
stbm functions non-cell autonomously and independently of the Wnt/PCP 

pathway to regulate facial branchiomotor neuron (FBMN) migration. Scrb and 

other Wnt/PCP components like pk1a and celsr1 function non-cell autonomously 

and genetically interact with stbm to regulate FBMN migration.  
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CHAPTER 2 

 
MATERIALS AND METHODS 

 
2.1 ANIMAL MAINTENANCE 

Zebrafish, Danio rerio, were reared and maintained according to 

established protocols (Westerfield, 1995).  Briefly, fish were maintained on a 14 h 

light/ 10 h dark cycle.  The day prior to performing microinjections, set up fish for 

mating in small breeding tanks, placing a small plastic tree in each thank 

prevents males from fighting overnight. Embryos were collected from pair-wise 

crosses and allowed to develop at 28.5ºC in embryo medium (E3). After 

morpholino injection carried out at 1-2 cells stage, the embryos are kept at 28.5 

ºC and the petri plate containing embryos is cleaned in the evening to remove 

dead embryos and embryos medium is replaced with fresh medium. Throughout 

the text, the developmental age of the embryo refers to the hours elapsed since 

fertilization (hours post-fertilization, hpf).   

 

2.2 MUTANT STRAINS 

 

2.2.1    trilobite (tri) 

tri mutant alleles were chemically induced during large-scale ENU 

mutagenesis screens in Tübingen, Germany and Boston, USA (Solnica-Krezel et 

al., 1996; Hammerschmidt et al., 1996).  Mutant embryos for allele tritc240a, 
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exhibited branchiomotor neuron (BMN) migration defects that were fully 

penetrant and expressed, although their convergence extension (CE) phenotype 

varied in severity.  The tritc240a allele exhibited the weakest CE phenotype and 

was used in most of the analysis reported here.   

The gene affected in these mutants was positionally cloned and identified 

by Jessen et al., (2002) as Strabismus (Stbm), a component of the Planar Cell 

Polarity (PCP) pathway that mediates cell polarity and motility.  For simplicity and 

clarity, this mutant will be referred to as tri throughout.  The tritc240a allele contains 

a 39 base pair (13 amino acid) in-frame insertion in the N-terminus of Stbm. 

 

2.2.2 islet1-GFP transgenic line 

The islet1-GFP transgenic line (Higashijima et al., 2000) expresses green  

fluorescent protein (GFP) in all BMNs (nV, nVII, nX), except the nIX motor 

neurons.  Islet1 is a LIM/homeobox gene expressed in postmitotic neurons at or 

near the verge of cell cycle exit (Appel et al., 1995; Ericson et al., 1992; Korzh et 

al., 1993; Osumi et al., 1997).   

 

2.3 MORPHOLINO INJECTIONS 

Embryos selected for microinjections should be at the one to eight cell 

stages.  Micro-injection trays are made by cutting a glass slide in half and gluing 

it to the center of another slide.  This provides a straight edge against which to 

line embryos prior to injection.  Embryos (in their chorions) should be placed on 

the makeshift tray, animal pole facing the right edge of the cut slide with enough 
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E3 to cover the embryos.  Micro-injection is performed using borosillicate 

capillary tubes with or without filament (Stoelting) pulled on a pipette puller to 

form micro-injection needles.  The micro-injection needles can be loaded with the 

appropriate reagent (DNA, RNA, lineage-tracer, etc.) by capillary action (with 

filament) or with a pipette equipped with a tip for loading micropipettes (no 

filament). The micro-injection needle is fitted to a micro-manipulator and used to 

pressure inject the reagent into embryos (~4 nl/embryo).  The tip of the micro-

injection needle can be broken by gently touching it against the side of the 

broken slide against which the embryos are lined up.  Embryos should be micro-

injected directly into the blastomere (one cell stage) or the margin of the yolk and 

dividing blastomeres (two to eight cell stages).  

Morpholinos targeting tag1 (MO1; Liu and Halloran, 2005), stbm/vangl2 

(Jessen et al., 2002) and lama1 (MO1; Pollard et al., 2006) were obtained from 

Gene Tools (Corvallis, OR) or Open Biosystems (Huntsville, AL). For each MO, 

we performed at least two dose-response experiments to determine the doses 

that either resulted in a majority of embryos with normal or intermediate FBMN 

migration phenotypes or completely blocked FBMN migration (optimal dose;. We 

estimated the dose per embryo based upon the concentration of the MO solution, 

and the diameter (volume) of the injection bolus in the yolk cell. We typically 

injected 3-4 nl per embryo. The following doses (suboptimal, optimal) were used: 

tag1 MO (6 ng; 12 ng); stbm MO (2 ng, 4 ng); lama1 MO (1 ng, 2 ng). 
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2.4    VIDEO TIME-LAPSE MICROSCOPY AND ANALYSIS 

  Mount live, islet1GFP-expressing embryos, between 15 and 17 hpf 

dorsally in 1.2% agarose placed on a slide and bathe in E3 + 0.002% tricaine 

(Sigma) to anesthetize the embryo.  The solution also contains 10 mM HEPES 

(Fisher) to buffer pH around embryo during long-term time-lapse microscopy 

(Cooper et al., 1999).  Images of the hindbrain can be acquired at desired 

intervals (e.g., every two minutes) using Cytos Imaging Software (Applied 

Scientific) on an Olympus BX60 microscope equipped with shutters in the 

fluorescence and bright-field light paths. Recordings were performed at 28.5ºC.  

Migratory BMN behaviors can then be analyzed, and their motility parameters 

determined, using DIAS software (Solltech), described in detail below. 

 

2.4.1    Capturing Images Using Cytos 

  Open a new folder and name with pertinent information including the 

genotype and age of embryo, and the date of the time-lapse recording.  The 

camera shutter on the microscope that allows light to go to the camera (pin to the 

right of the objectives) should also be opened.  Turn on the SC-2 shutter 

controller, open the Cytos program after the embryo is prepared (mounted in 

agarose and bathed in E3 + tricaine + HEPES) and placed on the microscope 

stage.  Select “Objectives” from the “Configure” menu and enter the objective 

strength.  For example, for recordings performed at a 40X magnification, enter 

“40.0”.  Select “Configure” again and this time select Shutter 2, SC2 (for 

fluorescent images).  From the “Windows” file menu, select “Record”.  A “Record” 
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dialog box will appear and the following parameters should be verified: 

Acquisition type = single images 

Image interval time = seconds (calculate based on planned time interval between 

each image captured, for e.g. 5 minutes = 300 seconds) 

Length of time-lapse = seconds (calculate based on the length in hours of 

planned recording) 

“Define Objective” setting should be changed from “undefined” to the objective 

magnification used (in these recordings 40.0 was selected) 

Select the following: 

Save every sample 

Save raw images 

Acquire entire image 

Enter the name of the recording in the area that says ‘$date’ ‘$time’ then select 

the folder icon to the right and locate the folder that was saved earlier.  This is 

where the captured images will be saved during the course of the time-lapse. 

Next, select “Parameters” from the “Record’ dialog box and the “Acquisition” 

dialog box will appear.  

Select “Shutter 2”  

Acquisition parameters = A 

Acquisition Schedule = always 
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Select “Live” to view the fluorescent image from the microscope on the video 

monitor and adjust the digitizer gain and offset until the maximal 

image contrast is achieved.  Finally, select the   record button 

from the “Record” dialog box. 

 

2.4.2    Transferring Files to DIAS 

  When the time-lapse recording is complete, select “Copy Movie to” from 

the “File” menu in Cytos.  Select the folder that the file should be saved to, 

rename the movie and save as pict files.  Next, play the open movie in Cytos and 

each frame will automatically be copied to the folder selected.  When the movie 

frames are copied, open the folder and rename each image starting at number 1 

(a recording with 60 frames would be renamed 1 through 60 in chronological 

order).  Once saved numerically, these pict files can be opened in DIAS. 

 

2.5 PROCESSING OF MOVIES FOR ANALYSIS 

2.5.1   Opening Movies in DIAS 

  Open the DIAS program from the “File” menu, select and open the first 

pict file from the renamed images.  A dialog box asking whether a stack movie 

should be opened will appear, select “yes”.  From the “DIAS” menu, select “show 

movie control” and play the movie.  To save the recording, select “save” from the 

“File” menu and save the recording either as a DIAS movie or as a QuickTime 

movie.  Only QuickTime movies can be played in PowerPoint presentations so 
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typically the recording should be saved as a DIAS movie, reopened and resaved 

with a slightly different name as a QuickTime movie as well for such a purpose.  

The extension “.mov” should be added to QuickTime movies so they will be 

recognized by PCs and played from PowerPoint.   

  Several options are available for processing these recordings but these 

can only be performed on recordings saved as DIAS movies, not on QuickTime 

movies and some of those options are detailed below.   

 

2.5.2 Stabilizing Movies  

  During the course of a recording, the embryo tends to shift and drift in 

spite of being embedded in agarose.  To correct for this, the movie will have to 

be processed in DIAS to remove the drift.  From the “Movie” menu, select 

“Stabilize Movie” by “frame comparison” and also select “remove VCR jitter”.  

The first two frames of the movie will appear and any drift between the frames 

one and two will appear as jitter.  Use the arrow keys to align the two frames and 

smooth any jitter between them then press “enter” to move on to a comparison 

between frames two and three.  Repeat the alignment process for each frame 

until all frames in the recording are aligned and save as a DIAS movie with the 

extension “.stab”.  If no further processing is desired, save as a QuickTime file for 

PowerPoint presentations.  When removing jitter, compare positions of smudges 

or spots in the microscope field that would be expected to be stationary, rather 

than the outline of the cell bodies themselves, which could potentially move 

significant distances between successive frames. 
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2.5.3    Cropping Movies 

  When saving movies in DIAS, the first dialog box will require the selection 

of the frames you wish to save.  If you wish to save them all, select “OK” since 

they will all automatically be saved, but if you wish to edit the recording and only 

save for example, the last 50 frames out of 60, select 11 as your first frame to be 

saved and 60 as the last frame.  There is no need to compress movie so select 

“no” when asked.  When asked “select clip rectangle?”, place the cursor within 

the movie box and select the area that you wish to focus on.  This will allow the 

DIAS program to crop details in each frame that are not pertinent and will also 

allow for a higher magnification of your region of interest.  Keep the cropping 

consistent, especially between wild-type and mutant recordings so that 

comparable areas are shown in the recordings and the movies are cropped to 

the same dimensions. 

 

2.5.4 Tracing Movies 

  In order to examine single cell behaviors more closely, it is necessary to 

trace these cells over time.  From the “DIAS” menu, select “trace on movie” or 

“trace on movie with splines”.  “Trace on movie” allows you to outline each cell 

with continuous lines that are created as you follow along the edge of the cell.  

“trace on movie with splines” allows you to strategically place reference spots at 

locations of your choosing around the periphery of the cells and the DIAS 



 35 

program then draws an outline around the cell based on the placement of these 

splines. For our case, we used “trace on movie” command.  When finished 

outlining a cell in a particular frame, press “n” to move on to the next frame.  To 

return to the previous frame, press “b” for back.   

  When tracing multiple cells per frame, select different trace slots for each 

cell.  For example, when outlining two cells from each frame select “current trace 

slot” from the “DIAS” menu.  Number the first cell slot “1” and outline that cell in 

each frame of the recording.  Next, before outlining the second cell, return to 

“current trace slot” from the “DIAS” menu and change the trace slot number to 

“2”.  You can then go through the recording again, frame by frame, to outline the 

second cell.  To view both traces at the same time, go to the “DIAS” menu, select 

“current trace slot” and enter 1-2 in the trace slot number box.  Play the movie 

and both cells should appear outlined.  To play the movie with outlines in 

different colors, from the “DIAS” menu, select “merge tracing into movie” and 

save the recording as a QuickTime movie. 

 

2.5.5 Making Paths 

  After traces of cell outlines are made, files can be created that 

demonstrate the paths taken by individual cells throughout the course of the 

recording.   These can be depicted as a function of cell centroids or cell outlines.  

Merge traces into movie then select “make path from trace” from the “DIAS” 

menu.  Include interior pixel data depending on the amount of detail desired.  Try 

with and without this option to see which you prefer.  An outline of the cell path 
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will be superimposed on the movie, press “enter” when DIAS is finished drawing 

the path on the movie.  Save the path file as instructed, with the extension 

“.path”.  The “edit path header” dialog box will appear.  Enter the information 

requested.  For example, the time unit in minutes and the distance unit in µm.  

For the frame rate, calculate based on the frame interval of the recording.  For 

example, a frame interval of 5 minutes = 0.2 frames/minute.  

 To view the path in different ways, as difference images, as cell centroids or 

as cell outlines, select commands from the “view paths” menu.  For example, to 

view difference images, select “difference images” from the menu then select “go 

to frame”.  Enter the frame number that you wish to see a difference image of 

compared with the current frame.  A difference image (superimposition of frame 1  

and 2, with red highlighting zones of cell retraction and green highlighting zones 

of cell protrusion) will appear.  To obtain information on cell shape changes over 

time and view them frame by frame on the same page, select "shape analysis" 

from the "view paths" menu and select parameters of interests.  For example, to 

obtain difference images of all frames in a recording, select "difference by", click 

"OK" and all frames will appear in grid form as difference images 

 

2.6   COMPUTATION OF PARAMETERS USED FOR TIME-LAPSE 

ANALYSIS 

2.6.1    Data Analysis 

  To obtain information on cell behavior parameters such as speed and 
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velocity, select "compute data" from the "view paths" menu and a "compute 

parameters" dialog box will appear.  Select all the parameters that you would like 

to have computed and select either "summary" or "plot" depending on whether 

you would like a text summary or graphical representation of the information.   

 

2.6.2 Calculation of additional parameters  

 DIAS characterizes how a normal cell moves and/or comparison of various 

parameters such as speed, direction etc between control and treatment cells. 

However some additional parameters were calculated to quantify some specific 

manners of neuron which would shed a light on their behavior. One such 

parameter calculated was “Caudal speed” of neuron which is the velocity of 

neuron towards r5. DIAS allowed us to compute the values of rightward 

directionality, total path length and elapsed time. Using this information, the 

calculation of “Caudal speed” was carried out, Caudal speed is the product of 

caudal directionality and cell speed, and is a measure of the cell’s movement 

toward r5.   

 Caudal directionality was calculated by considering the ratio of the distance 

traveled by the cell in the caudal direction to the total distance traveled 

Rate of area change (RAC) is defined as in a cell, total of newly formed area as 

well as the area lost divided by time interval between two frames (2 mins) and is 

a measure of dynamic changes in cell area (i.e., cell activity).   
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Rate of Direction Change was calculated manually by calculating the number of 

90° changes in centroid direction (Fig. 9) per 10 min during the observation 

period.   
 

 

2.6.3  STATISTICAL ANALYSIS OF CALCULATED PARAMETERS 

 Statistical analysis was performed on the calculated parameters using the 

student t-test. The probability level for statistical significance was P<0.05. 

 

2.7  SOLUTIONS AND REAGENTS 

Embryo medium, E3 (1L)       Final Concentration 

0.3 g NaCl          5 mM  

13 mg KCl          0.17 mM  

0.49 g CaCl2.2H20         0.33 mM  

80 mg MgSO4.7H2O         0.33 mM  

Embryo medium (E3) + HEPES (100 ml)  

(for time-lapse recordings) 

0.24 g HEPES          10 mM 

up to 100 ml in E3     

           - 
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CHAPTER 3 
 

RESULTS 

3.1  tag1, stbm (vangl2) and lama1 Genetically Interact With     
Each Other To Mediate FBMN Migration  

 

During migration, FBMNs interact with the extracellular environment and 

neighboring cells to control their movement. It is the fine organization of various 

pathways and regulated expression of genes, the migration of neurons becomes 

possible. Stbm/Vangl2 is expressed ubiquitously during FBMN migration and it 

functions non-cell autonomously. As tag1 expresses in the migrating motor 

neuron and plays a role in FBMN migration, it was crucial to test if tag1 and stbm 

interact with each other genetically. Since lama1 is ubiquitously expressed and 

also has been shown to regulate FBMN migration, the genetic interaction 

between tag1, lama1 and stbm were studied. Co-injection of suboptimal doses of 

either of two of the morpholinos for tag1, lama1 and stbm was sufficient to 

produce a complete migration defect in FBMNs. While injection of suboptimal 

dose of a single morpholino produced in intermediate FBMN migration 

phenotype. Two genes can be considered to interact genetically if simultaneous 

partial knockdown of the two genes generates a stronger loss of function 

phenotype than partial knockdown of either gene alone.  Thus, dose- dependant 

morpholino mediated knockdown of tag1, lama1 and stbm strongly suggests that 

tag1, lama1 and stbm interact genetically to regulate neuronal migration 

(Sittaramane et al., 2008, in press).  
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FIGURE 7. tag1, lama1 and stbm interact genetically to regulate 

                   FBMN Migration 

Quantification of genetic interaction data. Pairwise comparisons were done using 

Pearson's Chisquare statistics. The differences in the phenotypic distributions 

between two samples taken from any two of the three different groups (indicated 

by broken lines) were highly significant (**,P<0.0001). Within any group, the 

differences between any pair of treatments were not significant. 

Data from 2-6 experiments; number in parenthesis denotes number of embryos. 

(Sittaramane et al., 2008,  in press) 
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3.2  Migration of FBMNs in control and morphant embryos 
 

To look at the behavior of migrating FBMNs; we carried out a dorsal 

mount of an embryo at 16 hpf for in vivo time lapse analysis. The transgenic line 

used for the imaging expresses GFP expression driven by Islet-1 promoter in the 

branchiomotor neurons. The expression of GFP gets stronger by 17 hpf when the 

neurons are in r4 and it gets stronger when these early neurons start migrating 

out of r4.  Neurons in the control embryos migrate more or less in a straight line 

towards r6 and r7. During migration neurons were seldom inactive, and they 

constantly kept moving in a specific direction, they did not move as a group but 

moved relatively in a single file.   

To look at the behavior of FBMNs in morphant embryos, the morpholino 

injections were carried out for each particular gene at a single time. For the tag1 

MO , the migration phenotype is dose dependant , ranging from FBMNs showing 

intermediate migration (6-9 ng) to FBMNs showing complete loss of migration at 

high dose of MO (12 ng). For the time lapse imaging, high dose of tag1 MO (12 

ng) was used. The following doses were used for stbm and lama1 MO as optimal 

doses.  stbm MO (4 ng) and lama1 MO (2 ng). In the morphant embryos, the 

GFP-expressing nVII neurons are found in rhombomere-4 (r4)  by 16-17 hpf 

However, as the development proceeds, the GFP-expressing cells fail to migrate 

out of r4 Consequently, in r4 these cells increase in number and accumulate 

without any movement in rostrocaudal direction (Fig 2 ).. By 36 hpf, when the 

neurons in control embryos have migrated to their destination in r6 and r7, 

FBMNs in all the morphant embryos are found in r4.   
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Figure 8.  Control embryo show normal rostrocaudal migration  
                  of neurons  

  
Control embryos show normal migratory behavior of FBMNs. These are born in 

rhombomere 4 (r4) and migrate tangentially in rostrocaudal direction.  In control 

embryo, the neuron makes significant progress and moves consistently towards 

rhombomere 5 (r5) and rhombomere 6 (r6). Behavior of two different control 

neurons is outlined (red) and shown in “Cell 1” and “Cell 2”, each representing 

four panels exhibiting an image of neuron at every 20 minutes.  

Rostral is to the left and embryo is mounted dorsally for the imaging. 
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Figure 9.  tag1 morphant neurons show defect in rostrocaudal      
                    migration  
 
 
 
An optimal dose of tag1 MO (12 ng) produces complete block of migration, where 

FBMNs show defect in rostrocaudal migration. Following figures represent 

behavior of two tag1 morphant neurons over the course of one hour.   

Cell 1 and Cell 2 represent movements of morphant neurons, where each image 

used for the panel is taken every 20th minute.  Cell 1 and Cell 2 images are taken 

from two different time lapse movies.   

Rostral is to the left and embryo is mounted dorsally for the imaging. 
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Figure 10.  lama1 morphant neurons show defect in rostrocaudal      
                    migration  
 
An optimal dose of lama1 MO (2 ng) produces complete block of migration, 

where FBMNs show defect in rostrocaudal migration. Following figures represent 

behavior of two lama1 morphant neurons over the course of one hour.   

Cell 1 and Cell 2 represent movements of morphant neurons, where each image 

used for the panel is taken every 20th minute.  Cell 1 and Cell 2 images are taken 

from two different time lapse movies.   

Rostral is to the left and embryo is mounted dorsally for the imaging. 
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Figure 11.  stbm morphant neurons show defect in rostrocaudal      
                    migration  
 
An optimal dose of stbm MO (4 ng) produces complete block of migration, where 

FBMNs show defect in rostrocaudal migration. Following figures represent 

behavior of two lama1 morphant neurons over the course of one hour.   

Cell 1 and Cell 2 represent movements of morphant neurons, where each image 

used for the panel is taken every 20th minute.  Cell 1 and Cell 2 images are taken 

from two different time lapse movies.   

Rostral is to the left and embryo is mounted dorsally for the imaging. 
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3.3  FBMNs have comparable dynamic area change and travel 
with the same speed in control and morphant embryos.  

 

           Migration of neuron is a dynamic process where the neuron puts forward 

the leading edge and retracts the trailing edge which results in progress of 

neuron. FBMNs while moving constantly form new areas in the direction of 

migration. In the each frame taken at the two minutes interval; this new area 

which is formed around the periphery of the neuron is calculated as positive flow 

and the area which is lost during the translocation is computed as negative flow.  

This ratio between the positive flow and negative flow is termed as rate of area 

change (see material and methods). Morphant neurons show comparable rate of 

area change with the control neurons. As shown in the table 1 It shows that the 

neurons even during the loss of function of particular gene (tag1, lama1 or 

vangl2) show dynamic behavior. They do not loose their ability to move 

constantly though they not make progress in a specific direction. These 

observations strongly suggest that these neurons do not loose capacity to be in 

dynamic state but they are unable to interpret the directional cues may be given 

by ECM molecules or neighboring cells. Since the migrating FBMNs showed lot 

of dynamic movement; we quantified various motility parameters. Length to width 

ratio calculation on control and morphant neurons showed that these neurons 

have similar length to width ratios and thus may have comparable morphology 

during migration. Speed of the neuron which was calculated on the basis of the 

movement of centroid of the cell was comparable between control and morphant 
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embryos.  This shows that morphant neurons do not loose capacity to move 

away from the place where they are born but can not make significant progress.  

 
 
3.4 Morphant FBMNs have random directionality as compared     
          to control FBMNs 

 

Directionality is the ability of neurons to orient them in a specific direction.  

In control embryos, neurons after initiation of migration move specifically towards 

their destination in r6 and r7. Though the morphant neurons show similar speed 

and morphology, they show absolutely misguided sense of direction. The 

caudalward directionality is the movement of neuron towards r6 and r7, and 

morphant neurons show significantly lower values (for tag1 = 0.16 ± 0.32,  

vangl2 = 0.01 ± 0.33, lama1= 0.05± 0.27) than control embryos (0.27 ± 0.20). 

Neurons in tag1 morphant embryos are appeared to be less affected than vangl2 

and lama1 embryos.  But together these observations strongly suggest that 

morphant neurons show specific defects in ability to migrate in a rostrocaudal 

direction and this ability of specific migration is similarly affected in all the 

morphant embryos suggesting the function of these genes in a same pathway for 

regulation of migration.  
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TABLE 1 
Differences in dynamic behaviors between FBMNs located in r4  
of morphant embryos 
 
 
 
 

 Control 
(15 cells) 

tag1 MO 
(15 cells) 

stbm MO 
(15 cells) 

lama1 MO 
(15 cells) 

Speed (mm/hr) 19.40 ± 6.72 24.05 ± 5.34 24.55 ± 8.88 22.76 ± 5.46 

Length to Width Ratio 
(LWR) 

2.03 ± 0.33 1.85 ± 0.38 2.07 ± 0.67 1.97 ± 0.39 

Rate of Area Change 
(µm2/min) 

13.42 ± 1.99 12.53 ± 3.67 12.18 ± 3.59 12.47 ± 2.80 

Caudal Speed (µm /hr) 8.35 ± 6.48 2.70 ± 5.94* 0.96 ± 5.46* 0.90 ± 4.80* 

Caudal Directionality 0.27 ± 0.20 0.16 ± 0.32 0.01 ± 0.33* 0.05 ± 0.27* 

Rate of Direction Change 
(# of 90° changes/10 min) 

1.74 ± 0.60 2.89 ± 0.56* 2.77 ± 0.53* 2.77 ± 0.46* 

 
 

 

See Materials and Methods for definition of parameters and their calculation 

*, Highly significant with p < 0.05 (Student's T-test, compared to Control).  All 

other parameters were not significantly different between control and 

experimental embryos. 

 

 

 



 54 

 

3.5  Rightward velocity is significantly lower in morphant    
          FBMNs than control FBMNs 
 

Though the morphant neurons are dynamic in nature, they noticeably lack the 

ability to migrate specifically towards their destination in r6 and r7, also speed of 

the neurons is comparable between control and morphant neurons. A 

caudalward velocity was calculated considering movement of neuron along 

rostrocaudal axis towards r6 and r7. As expected, morphant neurons show 

significantly lower values for caudalward velocity than the control neurons. While 

control neurons moved with around 8.35 um/hr, tag1 morphant neurons move 

with as low as 2.70 um/hr, lama1 morphant neurons with 0.96 um/hr and vangl2 

morphant neurons move with 0.96 um/hr. The difference in the caudal velocity 

between control and morphant embryos is statistically significant and most 

importantly it confirms that though morphant neurons do not loose the ability to 

move with normal speed, they show defect with specific rostrocaudal migration.  

Their ability to move is not hampered but they can not orient themselves to a 

specific direction.  

 

3.6      Morphant neurons form protrusions in random directions.  
 

Given that the net speed of morphant neurons is similar to control neurons 

and also the directionality of morphant neurons is comparable to control neurons, 

we decided to calculate the direction change undertaken by morphant neuron per 
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unit time (10 minutes, see materials and methods). We observed that morphant 

neurons change directions rather in high frequency than the control neurons.  

During normal migration, filopodia and lameliipodia explore the micro-

environment before extending the leading edge which takes into account the 

attractive and repulsive cues generated at the plasma membrane.( Lambert de 

Rouvroit and Goffinet, 2001). In the case of the morphant neurons, the neuron 

explores the environment and keeps on changing its directions as if it has lost its 

ability to maintain a leading edge in the direction of migration and thus it keeps 

on changing the position of the leading edge in pursuit of right kind of signal.  
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FIGURE 12    FBMNs deficient in tag1, stbm or lama1 function  

                       exhibit non- polarized protrusive activity 

 

Panels show difference images at 6-minute intervals of motor neurons located in 

r4. Red indicates area of retraction from previous cell position, and green 

indicates area of protrusion in current cell position. The filled and open circles 

mark the centroids in the previous and current cell positions, respectively. 

Arrows point in the direction of cell movement. (A) An FBMN in a control embryo 

generates protrusions that are biased toward the caudal (c) direction, and 

retractions that are biased toward the rostral (r) direction, resulting in net caudal 

translocation of the cell. (B-D) In a tag1 MO- (B), stbm MO- (C), or lama1 MO- 

(D) injected embryo, protrusion and retraction areas form in relatively random 

directions around the periphery of the FBMN. Consequently, the neurons switch 

directions frequently, resulting in little or no caudal translocation. At least 6 motor 

neurons were examined by shape analysis for each condition. 
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3.7  FBMN show similar behavioral defects in tri+/-embryos  
          injected with suboptimal dose of tag1 or lama1 MO.  
 

Since tag1, lama1 and stbm/vangl2 show a strong pairwise genetics interaction, 

we decided to look at the cellular behavior in a trilobite heterozygous embryo 

injected with suboptimal dose of either tag1 or lama1 morpholino.  An optimal 

dose is sufficient to produce a complete migration defect whereas a suboptimal 

dose produces an intermediate migration phenotype. To look at the behavior of 

FBMNs in genetic mutant, we injected a suboptimal dose of tag1 MO into 

Tg(isl1:gfp) embryos from crosses between wild-type and trilobite tc24oa (stbm- ; 

Jessen et al., 2002) homozygous mutant fish (generating 100% heterozygous 

embryos).  These tag1 MO injected heterozygous embryos showed complete 

loss of migration and were chosen for time-lapse imaging. Similarly, in another 

set of experiments, these heterozygous embryos were injected with suboptimal 

dose of lama1 MO and single cell behavior was analyzed in these embryos. 

Neurons in the heterozygous embryos, injected with either suboptimal doses of 

either tag1 or lama1 MO, showed comparable speed and dynamic area change 

with the control neuron, and significantly reduced caudalward directionality and 

caudalward velocity.  These observations showed that neurons in these embryos 

are affected similar to that of injection of optimal dose of a single morpholino. 
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Table 2: Differences in Dynamic Behaviors Between control and morphant 

FBMNs Located in r4 
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CHAPTER 4 
 
 

DISCUSSION 
 

 
Proper positioning of neurons is achieved by neuronal migration, which is critical 

for correct brain function. Migration of neurons is highly coordinated process   

mediated by fine coordination of expression of various genes. During migration, 

neuron rearranges cytoskeletol elements in response to signals from the 

surrounding environment mediated by intracellular signaling pathways.  

Several adhesion molecules are shown to be involved in axonal outgrowth 

and neuronal migration in the medulla (Denaxa et al., 2005). tag1 is expressed in 

the migrating FBMNs, and knockdown of tag1 causes specific defects in the 

FBMN migration (Sittaramane et al., 2008,  in press). It has been shown that 

Tag1 can regulate homophilic interactions with its fibronectin repeats (Freigang 

et al., 2000). Members of this Ig/FNIII family can undergo complex interactions 

with other members of the same family and in the process they can act as 

ligands or receptors in the context of the process under consideration. In 24 hpf 

embryos, Tag1 protein is detected only on the axons and cell bodies of a subset 

of FBMNs located in r6 and r7, which are likely to be the earliest motor neurons 

to have migrated out of r4.  FBMNs located in r4 and r5 express tag1 mRNA but 

do not express Tag1 protein implicating post-transcriptional regulation of tag1 

expression.   Interestingly, migration of all FBMNs is blocked in tag1 morphants, 

suggesting that tag1 knockdown blocks migration of the earliest-migrating 



 61 

("pioneer") FBMNs (expressing Tag1 protein), which in turn may regulate the 

migration of later-migrating ("follower") FBMNs (not expressing Tag1 protein) 

(Sittaramane et al., 2008,  in press).   

Vangl2 or stbm is a four pass transmembrane protein which is a 

component of wnt/PCP pathway, and it has been shown that vangl2 regulates  

FBMN migration non-cell autonomously and independent of wnt/PCP pathway 

(Jessen et al., 2002).  Previous studies have shown genetic interaction between 

stbm and pk1a (Carreira-Barbosa et al., 2003), celsr2 (Wada et al., 2006) in 

neuronal migration. Extracellular matrix can provide important guiding cues to 

migrating neurons. Laminin is a component of extracellular matrix protein and 

has been shown to be required for granule cell migration(Liesi et al., 1995). 

Knockdown of lama1 specifically blocks FBMN migration in zebrafish (Paulus 

and Halloran, 2006).  

 tag1, lama1 and vangl2 show a strong pairwise genetic interaction to 

regulate FBMN migration. Co-injection of suboptimal doses of either of these two 

genes exhibits a complete block in FBMN migration whereas a suboptimal dose 

of a single morpholino by itself produces a partial block or an intermediate 

migration of FBMNs. These observations suggest that tag1, lama1 and vangl2 

might be working in a similar pathway to regulate FBMN migration, and this 

observation is supported by a finding from in vivo time-lapse imaging of isolated 

migrating FBMNs. Knockdown of either one of these genes with optimal dose of 

morpholino produces similar defects during FBMN migration. In any of the 

morphant, a single neuron is unable to generate a leading edge or a protrusion in 
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the direction of the migration, which is rostrocaudal in this case. One of the 

explanations for morphant neurons showing similar defective behavior is the 

genes under consideration might be working in a single pathway. Morphant 

neuron functions cell autonomously to respond to directional cues given by 

neighboring cells or an extracellular environment. The other explanation for 

specific behavior would be the directional cues given to the migrating FBMN are 

defective in nature, and thus neurons fail to interpret the information and thus it is 

unable to move in a specific direction. Morphant FBMNs move with comparable 

speed as control embryos and also because of their dynamic nature, they are 

able to form new areas (i.e. leading edge) in a continuous manner. As predicted, 

morphant neurons show significantly lesser values for caudalward velocity and 

caudal directionality. In all the three types of morphant embryos, these defects 

were very similar in nature, and also they were similar to the morphant neuron 

behavior seen after injecting a suboptimal dose of tag1 or lama1 in trilobite 

heterozygous embryos; these observations again put forth an important point that 

tag1, lama1 and vangl2 might be working in a similar pathway.  

The connection between genetic interactions of tag1, lama1 and stbm and 

the underlying molecular mechanisms mediating FBMN migration is unclear.  

Since Stbm has extracellular loops which are 15-18 amino acids long, with little 

secondary structure, it is not likely that Stbm interacts directly with either Tag1 or 

Lama1. Stbm functions non-cell autonomously in neuroepithelial cells in the 

ventral neural tube including floor plate cells (VS and AC, manuscript in 

preparation), and Tag1 may function cell autonomously in FBMNs.  Thus, it is 
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unlikely that Stbm and Tag1 interact either in cis or in trans to regulate FBMN 

migration. Hence, there might be array of other genes which might provide a link 

between these functionally associated genes (Sittaramane et al., 2008, in press).  

  The cytoplasmic protein Scrb1 binds to Stbm and is required for 

FBMN migration, and also, it functions non-cell autonomously for this process 

(Wada et al., 2005). In Drosophila, scribble interacts genetically with αPS3 

integrin, a member of the α-integrin gene family, for cell cycle entry (Brumby et 

al., 2004), raising the possibility that vertebrate scrb1 may genetically interact 

with integrin genes during FBMN migration. Also, Tag1 and other Ig superfamily 

members like L1 physically interact with each other in cis, and L1 physically 

interacts with β1 Integrins (Thelen et al., 2002). These observations suggest that     

the genetic interactions that we have described between stbm, tag1, and lama1 

may reveal a fundamental role for β1 Integrins in FBMN migration. 
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