
University of Vermont
ScholarWorks @ UVM

Graduate College Dissertations and Theses Dissertations and Theses

2019

Neurodevelopmental Roles of Semaphorin6A/
PlexinA2 Signaling in Zebrafish
Sarah Elizabeth Emerson
University of Vermont

Follow this and additional works at: https://scholarworks.uvm.edu/graddis

Part of the Developmental Biology Commons, and the Neuroscience and Neurobiology
Commons

This Dissertation is brought to you for free and open access by the Dissertations and Theses at ScholarWorks @ UVM. It has been accepted for
inclusion in Graduate College Dissertations and Theses by an authorized administrator of ScholarWorks @ UVM. For more information, please contact
donna.omalley@uvm.edu.

Recommended Citation
Emerson, Sarah Elizabeth, "Neurodevelopmental Roles of Semaphorin6A/PlexinA2 Signaling in Zebrafish" (2019). Graduate College
Dissertations and Theses. 1058.
https://scholarworks.uvm.edu/graddis/1058

https://scholarworks.uvm.edu?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uvm.edu/graddis?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uvm.edu/etds?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uvm.edu/graddis?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/11?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/55?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/55?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uvm.edu/graddis/1058?utm_source=scholarworks.uvm.edu%2Fgraddis%2F1058&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:donna.omalley@uvm.edu


 
 

 
 
 

NEURODEVELOPMENTAL ROLES OF SEMAPHORIN6A/PLEXINA2 SIGNALING 
IN ZEBRAFISH 

 
 
 
 

A Dissertation Presented 
 
 

by 
 

Sarah Elizabeth Emerson 
 

to 
 

The Faculty of the Graduate College 
 

of 
 

The University of Vermont 
 
 
 
 
 

In Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy 

Specializing in Biology 
 

May, 2019  
 

 
 

Defense Date:  March 22, 2019 
Dissertation Examination Committee: 

 
Alicia M. Ebert, Ph.D., Advisor 
Seth Frietze Ph.D., Chairperson 

Bryan A. Ballif, Ph.D. 
Paula Deming, Ph.D. 

Cynthia J. Forehand, Ph.D., Dean of the Graduate College 
 
 



 
ABSTRACT 

 
 

A multitude of complex cellular changes are required throughout development 
in order for a single cell to transform into a fully functioning organism. Cellular events 
including proliferation, migration, and differentiation have to be carefully controlled in 
order for development to proceed correctly. In order to study such dynamic processes, 
in vivo models are often utilized. Using the zebrafish (Danio rerio) as a model system, 
we have investigated the role of an axon guidance signaling pair, Semaphorin6A 
(Sema6A) and PlexinA2 (PlxnA2), in neurodevelopment.  

 
A previous investigation into the developmental expression patterns of sema6A 

and plxnA2 in zebrafish, revealed overlapping expression in the developing eye. At this 
early stage, the cells in the optic vesicles are undifferentiated retinal precursor cells 
(RPCs) and therefore do not require Sema/Plxn signaling for their canonical axon 
guidance role. To understand what the function of this early expression was, we 
knocked down both sema6a and plxna2 and observed 1) a loss of cohesion of RPCs 
within optic vesicles, and 2) a decrease in RPC proliferation (Ebert et al., 2014). 
Because these phenotypes were seen at an early stage and given that many 
developmental processes are dependent on genetic regulation, we hypothesized that 
Sema6A/PlxnA2 signaling could be regulating transcription of downstream target 
genes. To investigate this, we performed a microarray experiment and uncovered 58 
differentially regulated genes (Emerson et al., 2017a). Prior to our study, it was not 
known that Sema/Plxn signaling led to changes in gene transcription.  

 
In an effort to understand the contribution of identified candidate genes to early 

sema6A/plxnA2 knockdown phenotypes, candidate genes with predicted functions in 
proliferation and migration were investigated. First, we show that rasl11b is important 
for regulation of RPC proliferation in the developing optic vesicles. Second, we show 
that shootin-1 is important in optic vesicle migration, retinal pigmented epithelium 
formation and optic tract patterning. Furthermore, PlxnA2 regulation of shootin-1 
levels is important in sensory and motor axon patterning and branching in the 
peripheral nervous system.  

 
Belonging to a large family of proteins with the ability to cross talk, Semas and 

Plxns rely on spatially and temporally differential expression patterns to perform their 
tissue-specific roles. Here, we used in situ hybridization to comprehensively uncover 
the neuronal expression patterns of the PlxnA family in the early developing zebrafish 
(Emerson et al., 2017b). In addition, we present for the first time that zebrafish have 
two genes for PlxnA1, A1a and A1b, which show divergent expression patterns. 

 
Semas and Plxns are critical for many aspects of development and together, this 

body of work provides further insight into the downstream signaling mechanisms and 
roles of these essential developmental signaling proteins.  
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CHAPTER 1: INTRODUCTION 

1.1. Zebrafish as a Model System for the Study of Development 

1.1.1. Advantages of the Zebrafish 

From the moment of fertilization, highly ordered and dynamic cellular events 

govern the processes of development. A multitude of complex cellular changes are 

required for the transformation of a single cell into a fully functioning organism. 

Cellular events including proliferation, differentiation, migration and patterning have to 

be carefully controlled in order for development to proceed correctly. Due to the 

complex and dynamic environments that cells encounter during development, in vivo 

studies are advantageous. There are many model systems that are used to study cellular 

developmental events and mechanisms. One such model system is the zebrafish (Danio 

rerio).  

Zebrafish are an excellent model system for the study of vertebrate development 

for many reasons, including: large clutch sizes, external fertilization and high levels of 

genetic homology to humans. The complete zebrafish genome was sequenced in 2013, 

revealing a genome of 26,000 genes on 25 chromosomes (Howe et al., 2013). It was 

found that 71.4% of human genes have at least one zebrafish orthologue (Howe et al., 

2013), making them an appropriate system to study general aspects of vertebrate 

development. Zebrafish are small freshwater fish native to the Himalayan region 

(Hamilton and Swaine, 1822). In the wild, they habituate low-flow streams and 

stagnant ponds and migrate to shallow rice paddies to mate. This mating behavior is 

easily recreated in the lab using shallow mating tanks and is triggered by daylight, so 

they are kept on a 14/10-hour light/dark cycle (Avdesh et al., 2012). A mating set of 5 

fish can produce on average 100 embryos per week. Males are easily distinguished 
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from females by morphology. Males tend to be darker pink in coloration with a slender 

body shape.  Females are paler in color, have a rounder body shape and can be 

identified by the presence of an ovipositor (Avdesh et al., 2012). In the wild, zebrafish 

live in temperatures between 24.6-38.6oC (Engeszer et al., 2007) and embryos will 

develop faster at warmer temperatures. As a lab standard, embryos are raised in 

incubators set at 28.5oC or 25oC depending on the desired speed of development 

(Avdesh et al., 2012). They have a relatively short generation time, being sexually 

mature at three months post fertilization (Parichy et al., 2009). Zebrafish make ideal 

organisms for the study of development as all organ systems are present within just 72 

hours post fertilization (hpf) (Parichy et al., 2009). Embryos are transparent, and any 

pigment that does develop can be blocked by the addition of phenylthiourea at 24 hpf 

(Karlsson et al., 2001), making morphological changes easy to observe using simple 

light microscopy.  

1.1.2. Zebrafish as a Tool for the Study of Genetics 

Zebrafish have been documented as a model system in labs since the 1930s 

(Creaser, 1934), but their potential as a system to study genetics was not realized until 

the 1980s (Streisinger et al., 1981). In 1993, a large forward mutagenesis screen using 

ethylnitrosourea (ENU) to mutagenize zebrafish sperm was undertaken in an event 

known in the field as “The big screen.” This work lead to the identification of over 

4000 genetic mutants (Driever et al., 1996) (Haffter et al., 1996) and pushed the 

potential of study in this model system forward substantially. Since then, many 

additional mutants have been generated using targeted reverse genetic techniques, most 

recently, CRISPR/Cas9 gene knockout has been used to efficiently create mutant stable 

lines (Liu et al., 2017). Zebrafish are able to readily regenerate fins, which makes DNA 
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genotyping of living fish possible. Gene knockdown is possible using Morpholino 

constructs (Nasevicius and Ekker, 2000), and mRNA can be administered via 

microinjection at the one-cell stage of development to observe the effects of 

overexpression or for rescue experiments.   

There are a multitude of transgenic lines available for the study of development 

in zebrafish, with different cells and systems fluorescently labeled. Such lines have 

been genetically modified to express fluorescent proteins downstream of cell-specific 

enhancers/promoters. Some examples include: kdrl expressed in the vasculature; rx3, 

expressed in retinal precursor cells and the hypothalamus; mnx1 expressed in motor 

neurons; and ngn1, expressed in sensory neurons (see Table 1.1). The generation of 

transgenic zebrafish lines have enabled developmental studies of specific cell types in 

specific systems, that otherwise would not be possible. There are several methods of 

transgenesis, with varying efficiencies. The first transgenic zebrafish was generated in 

1988. DNA coding for Green fluorescent protein (GFP) was injected into a one cell 

stage embryo, was incorporated into the genome and expressed in the adult. The ability 

to express GFP was passed onto the germline, making it a heritable trait (Stuart et al., 

1988). This first attempt was successful, but expression was weak, and the technique 

was inefficient and unreliable. Today more robust methods are utilized, a popular 

method being the Tol2 transposon system (Kawakami, 2005). The Tol2 transposase 

element was isolated from medaka fish, Oryzias latipes, (Allende et al., 1996) as a 

vertebrate transposable element that was active in zebrafish. To generate a transgenic 

zebrafish using the Tol2 system, the promoter region of a gene of interest is identified 

and isolated and cloned into a Tol2 containing vector along with the sequence coding 

for GFP (or alternative fluorescent protein) downstream. This construct is co-injected 
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into the single cell of a fertilized embryo, along with the transposase enzyme mRNA. 

The coding sequences are incorporated into the genome, with the goal of heritable 

incorporation into germline cells. Incorporation can happen multiple times, 5-6 times 

on average (Kawakami, 2005). Once the construct is in the genome, the cell specificity 

of the promoter will allow GFP to be expressed only in the cells where the promoter is 

normally used. Embryos are grown up and screened for the presence of GFP in the 

desired cell types, and in-crossed to generate a stable transgenic line. The Tol2 system 

increased transgenesis efficiency from 5% germline transmission when DNA was 

simply injected, to 50% germline transmission (Kawakami, 2005). There are alternative 

methods including: the synthetic transposon element, sleeping beauty, and elements 

from other organisms such as mariner, which was isolated from Drosophila.   

1.2. Zebrafish Developmental Stages 

Zebrafish development is rapid, and due to embryonic transparency, 

morphological events can be visualized using a basic light microscope. The 

developmental events that govern the early stages of the zebrafish have been well 

documented (Kimmel et al., 1995), (Figure 1.1). Early zebrafish development is 

described in 8 major stages. The zygote, cleavage, blastula, gastrula, segmentation, 

pharyngula, hatching and the early larva (Kimmel et al., 1995). Development begins 

after fertilization, when the sperm enters the egg via a specialized channel called the 

micropyle (Yanagimachi et al., 2017). The zygote stage lasts until the first cell cleavage 

at ~40 mins after fertilization. During this stage the protective outer chorion swells 

from the yolk, and the first cell is formed at the animal pole. Zebrafish development is 

unique in that all cell divisions happen on the surface of the yolk at the blastodisc. 

Cleavage follows, with cells multiplying every 15 minutes. Cell divisions are  
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Table 1.1. Table of Commonly used Transgenic Zebrafish 

System Developmental timeline Transgenic 
line 

Transgenic 
expression 

Transgenic 
timeline 

Eye 4 somites- eye field 
separation 
12 somites- eye fields 
are separate and 
elongated 
18 somites- invagination 
of optic cup begins 
(Ebert et al., 2014) 
 
30 hpf- retinal ganglion 
cells differentiate (Ebert 
et al., 2014) 
 
30-72hpf- retinal layers 
form 
(Almeida et al., 2014) 

rx3:GFP 
 
 
 
 
 
isl2b:GFP 
 
 
SoFa1 
Atoh7:gapRFP 
 
 
 
 
Ptf1a:cyt:GFP 
 
 
Crx:gapGFP 
 

Retinal 
precursor cells 
and 
hypothalamus 
 
 
 
Retinal 
ganglion cells 
and cranial 
ganglia 
 
Retinal 
ganglion cells, 
horizontal 
cells, 
amacrine 
cells, 
photoreceptor
s 
 
Horizontal and 
amacrine cells 
 
Bipolar and 
photoreceptor 

4 somites-
20 hpf 
 
 
 
 
30 hpf- 
adult 
 
 
30 hpf- 
adult 

Circulatory 
system 

22 hpf- heart tube 
begins to beat 
30 hpf atria and 
ventricles form  
36 hpf heart loops 
(Vogel and Weinstein, 
2000) 

Kdrl:mCherry Blood vessels 5 somites-
adult 

Peripheral 
nervous 
system 

24hpf- 48hpf sensory 
and motor neurons 
begin sending axons 
throughout the trunk 
Thanks to Christine 
Beattie, Ohio State and 
Uwe Strähle, KIT 
Germany. 

mnx1:RFP x 
ngn1:GFP 
(SMo) 

Motor and 
sensory 
neurons 

48 hpf-
adult 
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Figure 1.1. Development of the zebrafish embryo from the 4-cell stage to 72 hours post 
fertilization. Blue shows involution during gastrulation, neural tissue in red (Sanes, 2011). (Re-used 
with permission, license number 4557100694801. 
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synchronous at the first but by the tenth cell cycle, cells divide asynchronously as they 

start transcribing their own DNA and become motile in an event called the ‘mid 

blastula transition’  (Kane and Kimmel, 1993). The blastula period begins at 2 ¼ hours. 

Blastomeres begin the process of epiboly, and the cell layers begin to thin out and wrap 

around the yolk to completely cover it by the end of the gastrula period (Kimmel et al., 

1995). Gastrulation is arguably to be the most important stage of development, with 

massive cell movements that begin the process of forming the three primary germ 

layers of the embryo, the ectoderm, endoderm and mesoderm. Involution begins at 50% 

epiboly, and a thickening of cells generates the morphologically distinctive shield stage 

(Kimmel et al., 1995). Involution creates two layers in the zebrafish embryo, the outer 

epiblast, which will become the ectoderm and the inner hypoblast, which will become 

both the mesoderm and endoderm (Kimmel et al., 1995).  At 10 hpf, segmentation 

begins with the formation of the somites. These presumptive muscle blocks serve as 

easy morphological markers for staging purposes. A new somite pair forms posteriorly 

every 30 mins, and so can be counted to determine the age of the animal. During this 

time, the body axis thickens and the tail bud forms. The first body movements can be 

seen. Organ development begins with the kidneys and the notochord. The neural plate 

undergoes neurulation forming the nervous system. Most vertebrates undergo primary 

neurulation in which the neural folds at either side of the neural plate rise and fold 

together, forming a hollow neural tube. (This process is different in zebrafish, in which 

instead of forming a neural tube, a neural keel is formed due to midline involution of 

the ectoderm, which folds onto itself to form a solid neural rod). ‘Secondary 

neurulation’ then proceeds in which the rod is hollowed out during ‘cavitation’ (Papan 
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and Campos-Ortega, 1994). The pharyngeal period begins at 24 hpf, and it is defined 

by a complete set of somites and a bilateral body plan. Fins begin to form as well as the 

circulatory system. Pigment cells differentiate and are visible as black patches on the 

embryo. The head straightens out, and coordinated swimming is possible. The hatching 

period occurs between 48 and 72 hpf, and the embryo breaks through the protective 

chorion. During this time, fins jaws and gills rapidly develop. The early larval period 

marks the end of early development, in which fish have all organ systems present, are 

able to swim freely and mature into adults (Kimmel et al., 1995).  

 

1.3. Development of the Vertebrate Central Nervous System. 

1.3.1. Neural Induction 

The development of the nervous system begins with specification of the 

ectoderm into neuroectoderm in a process called neural induction. Neural induction is 

driven in the dorsal ectoderm by the spatial and temporal expression of morphogens 

produced by the underlying mesoderm. The process of cell layering during gastrulation 

is essential for these interactions (Sanes, 2011). Hans Spemann and Hilde Mangold 

identified the ‘Spemann organizer’ region of the embryo at the dorsal blastopore lip. 

They discovered that when transplanted, this embryonic region was sufficient to induce 

and organize the formation of a second body axis with a duplicated nervous system in 

tadpoles (Hamburger, 1969). Scientists tried to uncover the factors expressed by the 

organizer, but it wasn’t until 1993 that the first neural inducer, Noggin, was identified 

(Lamb et al., 1993). Chordin and Follistatin were later discovered to also act as neural 

inducers (Hemmati-Brivanlou et al., 1994; Sasai et al., 1994). The ectoderm is 

defaulted to become neuronal but repressed by the ubiquitous expression of Bone 
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Morphogenetic Protein (BMP). BMP signals though its TGFb (nodal) receptor leading 

to epidermal cell fates. BMP is inhibited at the site of neural induction by the 

expression of antagonistic factors from the underling mesoderm (Weinstein and 

Hemmati-Brivanlou, 1999). Noggin, Chordin and Follistatin secreted from the dorsal 

mesoderm block BMP signaling by binding to it and sequestering it away from its 

TGFb receptor (Piccolo et al., 1996; Sanes, 2011). This inhibits downstream activation 

of Smad, which when active inhibits transcription of Zic1. Zic1 activates downstream 

proneural genes, so when inhibited by BMP signaling, leads to epidermal cell fates 

(Figure 1.2). 

Additional factors are also required for neuronal fate determination, including 

Fibroblast Growth Factors (FGFs), which can inhibit BMP signaling via Smad 

phosphorylation rendering it inactive. (Londin et al., 2005). In chick it has been shown 

that FGF binds to its FGF receptor to activate ERK signaling, activating the 

transcription of Zic3. Together genes such as Zic1 from the inhibition of BMP 

signaling and Zic3 from FGF signaling initiate transcription of neural progenitor genes 

such as Sox2 to promote neuronal cell fates (Marchal et al., 2009). In zebrafish, 

Sox1a/1b, 2, 3, and 19a/b have all been shown to be important for neuroectodermal 

fates (Dee et al., 2008; Schmidt et al., 2013). They are key in maintaining the 

proliferative progenitor pool by inhibiting differentiation factors such as hexs1 and 

her3, and are downregulated prior to differentiation (Okuda et al., 2010). Once the 

neuroectoderm is specified, neurulation proceeds, as described above. The formation of 

the solid neural keel nerve rod, and the secondary hollowing of the structure to form the 

nerve cord (see section 1.2) (Kimmel et al., 1995). Neurogenesis occurs in clusters of 
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cells called proneural clusters, which are specified by the expression of proneural genes 

such as neurogenin1 (ngn1) and achaete-scute1 (asc). Cells within the proneural  

 

Figure 1.2. Model of neural induction. The involuting mesoderm releases follistatin, (FS), Chordin 
(Chd) and Noggin (Ng) to antagonize BMP signaling in the ectoderm, therefore inducing neuronal fates 
(Sanes, 2011). (Re-used with permission, license number 4557100694801). 
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clusters expressing the highest concentrations of proneural genes will become the 

neuroblasts. They are maintained by Delta/Notch signaling in a process called lateral 

inhibition. Cells expressing more Delta become neurons, which inhibits neuronal fates 

in neighboring cells expressing Notch. Notch and Delta are transmembrane proteins. 

When activated by its Delta ligand, Notch releases its intracellular portion into the cell. 

This intracellular fragment forms a complex with Suppressor of Hairless (SuH) to 

activate transcription of Enhancer of Split E(spl) proteins which act as repressors of asc 

proneural gene expression, decreasing levels of Delta, leading to an epidermal fate. In 

neighboring cells with higher levels of Delta, SuH is inhibited, and so Asc can drive 

gene expression of delta in a positive feedback loop generating a neuroblast (Castro et 

al., 2005; Hartley et al., 1987; Sanes, 2011).  

1.3.2. Anterior-Posterior Patterning of the Nervous System 

Once specified, the neural tube gives rise to the spinal cord and the brain. 

Rostrally, the neural tube enlarges to form the three primary brain vesicles, the 

prosencephalon, mesencephalon and rhombencephalon. These further segregate into 5 

vesicles. The prosencephalon divides into the telencephalon and diencephalon, from 

which the eyes and hypothalamus originate. The rhombencephalon divides into the 

metencephalon (cerebellum) and myelencephalon (medulla) (Sanes, 2011). The 

anterior-posterior axis (head to tail, A-P) is governed initially by the organizer and 

transformed into more posterior fates by three main signal gradients, Wnt, retinoic acid 

(RA) and Fgf respectively.  Hox gene expression is key to initial A-P regionalization of 

the embryo and is influenced by retinoic acid (RA) morphogen gradients. Higher levels 

of RA towards the posterior leads to transcription of more posterior Hox gene 
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expression and lower levels lead to more anterior Hox genes being expressed (Lewis, 

1978). The most well documented study of Hox gene patterning in the nervous system 

is in the hindbrain. Different Hox gene combinations are expressed along the anterior-

posterior axis, which lead to the very ordered boundaries of rhombomeres, which give 

rise to specific motor neuron types (Carpenter et al., 1993). In the forebrain, similar to 

Hox genes in the hindbrain, Pax gene expression patterns the forebrain. There are 9 Pax 

genes, expressed in an anterior-posterior order, and are essential for regionalization of 

the forebrain (Chalepakis et al., 1993). Pax6 for example is a master regulatory gene 

that when activated in the anterior forebrain is necessary and sufficient to drive the 

formation of the eyes (Halder et al., 1995). The transcription factor Emx2 is expressed 

in an opposing gradient to Pax6 and patterns the posterior cortex (Muzio and 

Mallamaci, 2003).   

1.3.3. Dorso-ventral Patterning of the Nervous System 

Dorso-ventral patterning in the central nervous system has been studied most 

famously in the spinal cord. Sonic Hedgehog (Shh) is a key ventralizing factor. It is 

expressed by the notochord and floor plate and is important for the regionalization of 

motor neurons. BMPs and Wnts are expressed in the overlying ectoderm and signal to 

the dorsal spinal cord to generate sensory neurons. Shh was discovered to be expressed 

by the notochord and is presented to the neural tube at a gradient of concentrations, 

which activates differential gene expression along the D-V axis, to promote different 

neuronal progenitor fates (Jessell et al., 1989) (Figure 1.3). This is governed by 

different combinations of transcription factors that are activated along the gradient. For 

example, ventral fated neurons express Nkx2.2, intermediate progenitors express Olig2,  
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Figure 1.3. Patterning of the spinal cord. Dorso-ventral patterning is driven by a ventralizing gradient 
of Shh from the notochord and floor plate, and a dorsalizing presence of TGFb family members. High 
concentrations of Shh lead to the activation of differential combinations of transcription factor 
expression, leading to the formation of specific motor neurons along the D-V axis (Breedlove, 2017). 
(Re-used with permission, license number 9781605355795). 
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and dorsal progenitors express Pax7 due to the different concentrations of Shh that the 

cells are exposed to (Dessaud et al., 2008).  

1.3.4. Development of the Sensory and Motor Systems 

The spinal cord is home to the sensory and motor systems. Motor neuron cell 

bodies reside within the spinal cord, whereas sensory neuron cell bodies occupy dorsal 

root ganglia (DRG), and both are important for connecting the neural tube to the 

periphery. Sensory neurons are derived from neural crest cells. These cells delaminate 

from the ectoderm at the lateral borders the of neural plate as it enfolds to form the 

neural tube, in a process called an ‘epithelial to mesenchymal transition’ (Kuriyama 

and Mayor, 2008). These highly migratory cells give rise to many different cell types, 

such as: the cells of the sensory, enteric and autonomic ganglia; Schwann cells; smooth 

muscle cells; pigment cells; and the cells of the jaw bones and the skull (Sanes, 2011). 

In the zebrafish, mechanosensory Rohon-Beard neurons are the first neurons to 

differentiate and allow zebrafish to be able to sense their surroundings. These are a 

transient population of cells that undergo a long period of apoptosis until 5dpf and are 

replaced by sensory neurons (Reyes et al., 2004). Sensory neurons are born at 16hpf, 

and send axons from the dorsal root ganglia to the periphery (Kimmel et al., 1995). 

Sensory progenitors are specified by Wnt signaling, driving the expression of ngn (Lo 

et al., 2002). Motor neurons are born soon thereafter at around 18hpf. At 24 hpf, 

sensory-motor circuits become functional (Kimmel et al., 1995). They are organized 

into motor columns along the A-P axis, their organization being determined by FGF in 

the posterior, and RA in the anterior spinal cord leading to the differential expression of 

Hox genes as mentioned above. The motor columns innervate different regions of the 
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adult organism. In zebrafish there are both primary and secondary motor neurons, 

primary motor neurons being of tree types, each projecting to a different direction. RoP, 

MiP and CaP, (rostral, middle and caudal), which project to ventral, dorsal and middle 

muscle respectively (Westerfield et al., 1986).  

 

1.4. Zebrafish as a Model System for Eye Development. 

1.4.1. Eye Field Specification  

Zebrafish make an excellent model system for the study of neuronal eye 

development. Their retinas are proportionally large and make the study of neuronal 

connections and patterning accessible and contain all of the same neuronal cell types as 

humans. The eye field is first established in the developing nervous system at the 

anterior neural plate, prior to neural tube closure. Several evolutionarily conserved eye 

field transcription factors (EFTFs) drive eye specific cellular fates, and include Pax6, 

Six3, Lhx2, Rx and Otx2 (Figure 1.4). These transcription factors are expressed at late 

gastrula stages, and mis-expression results in improper eye formation (Zuber et al., 

2003). Pax6 as a master regulatory gene for eye development and overexpression can 

result in ectopic eyes (Halder et al., 1995). The EFTFs have overlapping expression 

domains in the presumptive eye field and sequentially turn on to further specify more 

specific regions using feedback inhibition loops. Following the closure of the neural 

tube, the eye fields evaginate from the lateral diencephalon, forming two optic vesicles. 

Shh is expressed in the anterior midline of developing embryos and drives pax2 

expression, which in turn inhibits pax6 expression. Shh expression is essential for 

turning off eye cell fates along the midline to allow for correct separation of the optic  
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Figure 1.4. Eye Field Induction in the Anterior Neural Plate. Light blue shows area of otx2 
expression, dark blue shows the eye field. The sequential activation of different transcription factors 
delineates more specific areas of the eye fields (Sanes, 2011). (Re-used with permission, license number 
4557100694801). 
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vesicles (Macdonald et al., 1995). Overexpression of PAX6 along the midline, or a loss 

in SHH can result in holoprosencephaly in humans (Roessler et al., 1996). Once the 

optic vesicles have correctly separated and migrated bilaterally, they make contact with 

surface ectoderm of the head. This drives proliferation of the surface ectoderm, leading 

to development of the lens placode. The lens placode continues to proliferate and 

invaginates to form a separate vesicle of lens tissue. This invagination is synchronous 

to the invagination of the optic vesicles, by which point has developed polarity. The 

inner surface of the optic vesicle will develop into the neural retina, and the outer layer 

will become the retinal-pigmented epithelium (RPE). The posterior of the retina will 

become the optic stalk, replaced by the optic nerves once developed, connecting the 

eyes to the brain. The remaining surface ectoderm of the head adjacent to the lens will 

become the transparent cornea (Adler and Canto-Soler, 2007) (Figure 1.5).  
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Figure 1.5. Eye Development from the Neural Plate. A) Eye-fated cells bud from the diencephalon to 
form the optic vesicles, which migrate bilaterally to reside at the side of the head. B) Once the vesicle 
reaches the surface ectoderm, it involutes forming a bi-layered cup. The lens is formed from the surface 
ectoderm. C) The inner layer becomes the neural retina, and the outer-most layer becomes the retinal 
pigmented epithelium (RPE). (Ali and Sowden, 2011). (Re-used with permission, license number 
4540260928592). 
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1.4.2. The Structure of the Retina 

The structure of the neural retina was first documented by Santiago Ramón y 

Cajal in 1893. He decided to try a Golgi silver stain on some tissue samples and 

discovered the beautifully organized laminar structure of the retina (Ramón y Cajal, 

1893). The laminated structure of the retina is essential to its function and is delineated 

by different cell types and projections. At the inner basal side of the retina is the retinal 

ganglion cell layer. Retinal ganglion cells (RGCs) are the first cells to differentiate 

from retinal precursor cells (RPCs). They send out long axon projections from the 

retina contralaterally to the optic tecta in the brain. There are also misplaced amacrine 

cells in this layer. The next layer is the inner plexiform layer (IPL), consisting of axon 

projections to the retinal ganglion cell layer. The next cell layer moving apically is the 

inner nuclear layer (INL), containing bipolar cells, amacrine and horizontal cells. The 

outer plexiform layer (OPL) contains connecting axon projections linking to the most 

apical outer cell layer containing photoreceptor cells, rods and cones (Amini et al., 

2018; Ramón y Cajal, 1893) (Figure 1.6). Müller glia span neural retina, with their cell 

bodies in the INL. Müller glia cells work to maintain a favorable environment for the 

neurons of the retina, by the uptake and removal of neurotransmitters such as GABA 

and acetylcholine (Sarthy and Lam, 1978). They also act as support scaffolds by 

connecting to the basal lamina. Without Müller glia, the retina loses its structure 

(MacDonald et al., 2015). The neural retina is encapsulated by the retinal pigmented 

epithelium (RPE) which has many roles, including photoreceptor maintenance by 

providing key metabolic nutrients, recycling of rhodopsin components, phagocytosing 

dying photoreceptor outer segments, which have a high turn-over rate, and absorbing  
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Figure 1.6. Cellular Organization of the Vertebrate Retina. A) triple transgenic SoFa-1 zebrafish 
retina showing the retinas laminar structure (atoh7:RFP, ptf1a:GFP, crx:CFP). B) The cells of the retina. 
The retina is consists of 3 cell body layer, and 2 plexiform layers. The ganglion cell layer (GCL) contains 
retinal ganglion cell (RGCs) and displaced amacrine cells (dAC). The inner nuclear layer (INL) houses 
bipolar (BC), horizontal (HC) and amacrine cells, and the outer nuclear layer (ONL) contains the rod and 
cone photoreceptor cells.  The inner and outer plexiform layers (IPL/OPL) are the areas of synaptic 
connections between cells. (Amini et al., 2018). (Open access permission).  
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scattered light (Strauss, 2005). The RPE is an epithelial monolayer, which in zebrafish 

develops in two distinct phases between 8 somites/13 hpf and 26 somites/ 24 hpf. The 

first phase is one of rapid proliferation and expansion of the dorso-medial (future nasal) 

progenitor pool in an anterior direction from 8-16 somites. The second phase involves 

stretching of the cuboidal cells as the RPE expands to encapsulate the medial optic cup 

in a dorso-ventral pattern from 16-26 somites (Cechmanek and McFarlane, 2017). 

Impairments to the RPE are detrimental to photoreceptors and can result in retinal 

degeneration (Tschernutter et al., 2006). 

1.4.3. Retinal Cell Fates 

One of the big advantages of using zebrafish as a model system for 

development is that they develop very rapidly. All organ systems are present by 72 hpf, 

and the eyes are no exception. By 72 hpf, the retina is fully laminated with its three cell 

body layers, and two axonal plexiform layers. As mentioned, the first cells to 

differentiate are the RGCs. They differentiate from the multipotent retina progenitor 

pool, along with amacrine cells at the apical surface during interkinetic nuclear 

migration (Amini et al., 2018). Interkinetic nuclear migration is a process in which the 

nucleus migrates up and down the apical-basal plane, phasing with the cell cycle 

(Sauer, 1935). In the retina, progenitor cells project and attach to both apical and basal 

sides of the presumptive retina. Their nuclei translocate and migrate apically towards 

the pigmented epithelium to divide at M phase and return to the basal side near the lens 

during S phase. After cell division, one cell retains the basal process, and the other must 

generate a new one (Baye and Link, 2008). As RGCs and amacrine cells are born 

apically, but reside basally, they must migrate to their correct positions. This is 

achieved either by somal translocation as described, with basal processes attached, or 
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by multipolar migration, when apical and basal projections are lost, and the cell 

migrates ‘freely’ (Amini et al., 2018) (Figure 1.7).  

Early born cells have flexible cell fates and have the potential to differentiate 

into any of the neuronal or glial cell types of the retina. They are influenced by intrinsic 

and extrinsic factors. After the initial RGCs and amacrine cells have differentiated from 

neuroepithelial progenitors, later cell fates become more restricted (Livesey and Cepko, 

2001). The next cell types to be born are the horizontal cells and cones, followed by the 

rods and bipolar cells. The final cells to be born are the Müller glia (Wang and Cepko, 

2016). Intrinsic and extrinsic factors are both important for cell fate determination 

within the retina. The environment that the cells develop in influences their fate. 

Experiments using dissociated cells taken from the retina across different time points 

were key in identifying this. Early born cells will differentiate into all cell types in the 

correct order if grown with other early cells. When early cells are mixed with later born 

cells, their fates will jump ahead to match the age of those they are grown with. Late 

cell fates are restricted, and so if mixed with early cells will not be able to 

‘retroactively’ differentiate into early cell types, they will only become late cell types. 

This is thought to be driven by cell secreted factors, for example RGCs can express Shh 

and Gdf11 which control cell number and competency respectively (Sanes, 2011). 

Notch signaling is also important for controlling the number of cells allowed to 

differentiate at a time by controlling levels of pronounal genes within cells. Notch 

signaling promotes later cell fates such as rods (Perron and Harris, 2000), whereas 

inhibition leads to the expression of proneural transcription factors driving early fates, 

such as the transcription factor Ath5 that leads to RGC fates (Dorsky et al., 1997). 

Intrinsic cell fates are driven by the temporal expression of transcription factors. For  
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Figure 1.7. Interkinetic Nuclear Migration During Retinal Development. (A)  Apical to basal 
movements during the cell cycle. M-phase is restricted to the apical surface near the RPE (Top of figure). 
(B) Model of nuclear translocation. Following cell cycle exit, progenitors maintain their apical and basal 
processes. These processes retract as the soma reaches the appropriate laminar position. (Apical RPE is 
up and basal is down) (Baye and Link, 2008). (Re-used with permission, license number 
4540260630293).  
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example, Vsx2 is initially expressed in all progenitors and then down-regulated in all 

cells except cells becoming bipolar and Müller cells (Clark et al., 2008). Vsx2 is a 

repressor and represses other key fate determining transcription factors, such as Ath5 

and Foxn4 which restrict fates. Cells not expressing Vsx2 will have the potential to 

express Ath5 or Foxn2 and become other cell types (Vitorino et al., 2009). This is just 

one example of how cell fates are determined by transcription factors, each lineage will 

express different combinations, which will repress or activate others in a chain of 

events. This explains why later born cells cannot revert to earlier cell fates.  

1.4.4. The Visual Pathway 

The laminated structure of the retina is formed by the precise patterning and 

segregation of neuronal cell types. These layers are critical to set up the circuitry that 

allow for visual stimuli to be received by light striking the photosensitive retina, 

triggering chemical events that initiate nerve impulses that are processed in the visual 

centers of the brain. In zebrafish, RGC tracts converge and exit the eye to form the 

optic tracts. These cross over at the midline at the optic chiasm, and project to the optic 

tecta in the brain. In humans, RGCs project to additional centers in the brain for 

processing; the lateral geniculate body in the diencephalon, the superior colliculus 

(analogous to the optic tecta), the superior suprachiasmatic nucleus and the nucleus of 

the optic tract (Kumanogoh, 2015). Photoreceptors are unique in that at rest they are 

depolarized, due to Na+ channels being kept open by cGMP. Photoreceptors become 

hyperpolarized when light strikes them. Light induces an isomerization reaction to 

occur to retinal bound to opsin, where 11-cis-retinal is converted to all-trans-retinal. In 

turn this activates G-proteins which activate a phosphodiesterase, which inactivates 

cGMP, allowing Na+ channels to close. This hyperpolarizes the cells, leading to a 
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decrease in neurotransmitter release, which is interpreted in the brain as bright light. 

The cells of the RPE play a role in recycling all-trans-retinal back into 11-cis-retinal to 

be used again (Kumanogoh, 2015; Wald, 1945). Activated photoreceptors synapse with 

excitatory interneurons; the bipolar cells and inhibitory interneurons; the horizontal 

cells. Subsets of bipolar and amacrine cells converge onto one RGC. Subsets are of 2 

types and are either excited by increases (ON) or decreases (OFF) of light. They 

terminate in different sublayers of the IPL, OFF apically and ON basally (Kumanogoh, 

2015). 

 

1.5. Axon Guidance Molecules and the Growth Cone in Development 

1.5.1. The Growth Cone  

Cellular migration during development is a highly regulated process, for 

example in neuronal development, differentiated neurons must send out axon 

projections which navigate a complex environment to reach their final target. Axons 

sense the environment via growth cones at the leading edge. Growth cones can respond 

to chemo-repulsive and chemo-attractive diffusible signals, and membrane-bound 

contact-repulsive and attractive signals in the environment to find their way to their 

synaptic targets. Growth cones were first described by Ramón y Cajal as ‘battering 

rams’ (Ramón y Cajal, 1893). Later, growth cones were more closely described as 

having amoeboid-like movements (Speidel, 1942). Growth cones are highly dynamic 

structures consisting of stiff microtubules in the center towards the axon linked via 

myosin to more flexible F-actin in the distal lamellipodia and finger-like filopodia 

projections (Heidemann, 1996) (Figure 1.8). Filopodial extensions project into the 

environment and sense positional cues via receptor-mediated signaling initiated at the 
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Figure 1.8. The Structure of the Growth Cone. The cytoskeletal arrangement of the growth cone 
allows for it to be dynamic to changing environments, which it senses through receptor interactions at the 
membrane surface. Actin polymerizes at the leading edge and pushes against the membrane to form 
filopodia. Filopodia eventually retract and move rear-ward. Between them are lamellipodia made of an 
actin meshwork. Actin is connected to the microtubules of the main axon via myosin interactions, 
allowing for traction and movement. Microtubules also act as ‘highways’ for the transport of cargo to 
and from the cell body. (Sanes, 2011). (Re-used with permission, license number 4557100694801). 
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surface membrane. Migratory axon projections are able to change directions rapidly 

due to the highly dynamic nature of the cytoskeletal elements make up the growth cone. 

At the leading edge, F-actin is constantly growing from polymerization of G-actin, and 

depolymerizing at the minus end. Actin and microtubule polymerization are promoted 

when the growth cone meets positive axon guidance cues, such as Netrins, growth 

factors and trophic factors. Conversely, growth cone collapse occurs when negative 

guidance cues are met, such as Semaphorins and Slits (Sanes, 2011). Guidance cues are 

able to influence cytoskeletal dynamics in the growth cone in many ways, one being to 

alter the activity of microtubule and actin associated binding proteins. The first 

repulsive axon guidance cue, termed ‘collapsin’ (now Sema3A) acts to destabilize 

microtubules, leading to filipodia retraction, and temporary paralysis of migration. 

Collapsin response mediator proteins (CRMPS) are microtubule associated proteins 

(MAPs) which stabilize microtubules within growth cones. Repulsive Sema3A has 

been shown to activate intracellular signaling cascades upon activation of their PlxnA 

receptors to destabilize CRMP2 attachments to microtubules via phosphorylation, 

leading to microtubule catastrophe and growth cone collapse (Goshima et al., 1995).  

1.5.2. Pioneer Axons and Cell Adhesion Molecules 

 Pioneer axons are the first to migrate in development and form a scaffold for 

later neurons to follow. Pioneer neurons have help finding their way by attaching to 

guidepost cells. These cells are spaced close enough together along the route of 

migration, that the pioneer axon can easily send out filipodia to meet the next guidepost 

cell and follow the chain like stepping stones (Caudy and Bentley, 1986). Once the 

pioneer neurons have cut a path to their targets, new neurons can fasciculate with them 

and use them as a ‘highway’ to crawl along. Cell to cell attachments are typically via 
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homophilic cell adhesion molecules expressed on each axon surface, such as igCAMs 

and Cadherins (Walsh et al., 1997). Pioneer axons must crawl along the elements of the 

cytoskeleton and attach via integrins on their cell surface. Integrins form heterophilic 

dimers, and the expression of different integrin subunits determines which substrate 

they prefer (McKerracher et al., 1996). For example, neurons expressing integrin 

subunits a6 and b1 prefer to bind to Laminin, whereas neurons expressing a5  

and b1 prefer Fibronectin. The expression levels of different integrin subunits can 

change throughout the migration of the axon, allowing for the migration through 

different environments (Cohen and Johnson, 1991).  

 

1.6. Semaphorins and Plexins 

1.6.1. The Semaphorin and Plexin Families and Structure 

Semas and Plexins are a large family signaling proteins. Classically, Semas 

were discovered to mediate axonal migration during development as chemo-repulsive 

cues (Luo et al., 1993a). Using chick brain DRG neurons, Luo discovered the first 

secreted repulsive guidance cue and named it Collapsin (later to be named Sema3A), 

due to its role in growth cone collapse. When growth cones interact with a repulsive 

cue, filopodia retract and cause a temporary paralysis in migration until the 

cytoskeleton can recover and change direction (Buel et al., 2010; Schmidt and 

Strittmatter, 2007). Semas are secreted and transmembrane signaling molecules that 

bind and transmit signals primarily through Plxn receptors. The Sema family contains 

21 genes and 8 additional genes found in invertebrates. There are 8 classes of Semas, 1-

7, one viral Sema, V, and 4 classes of Plxns, A-D. Each have subfamilies and have 

different binding preferences to each other (Neufeld and Kessler, 2008) (Figure 1.9).
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Figure 1.9. Semaphorin and Plexin Families. Semas are either transmembrane, secreted or GPI-
anchored. Secreted Semas require an additional neuropillins co-receptor to signal. Semas and Plxns share 
a common Sema domain (light green) which they use for binding. There are high levels of cross talk 
between Semas and Plxns as indicated by the arrows which indicate binding partners. Ig- 
immunoglobulin-like, CUB- complement binding, FV/FVIII- coagulation factor-like, MAM- Meprin, 
A5, Mu, PSI- Plexin, Sema and integrin, G-P- Glycine-proline-rich, C1/C2- Catalytic 1/ 2. Adapted from 
Kumanogoh (2015). (Edited and re-used with permission, license number 4540261503517).  
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The unifying element of Plxns and Semas are their extracellular N-terminal 

Sema domains. The Sema domain is a large 500 amino acid, highly conserved 

extracellular domain and has an atypical 7-blade β propeller fold structure that allows for 

binding (Gherardi et al., 2004). The complex structure of the Sema domain enables 

binding to a variety of proteins; Sema and Plxn binding, dimerization of Plxns and Semas 

themselves and binding to other factors such as neuropillins, VEGFRs (vascular 

endothelial growth factor receptors) (Segarra et al., 2012) and MET receptors (Giordano 

et al., 2002). Semas can be secreted (Sema 2, 3, 6 & V), transmembrane (Sema 4-6), or 

GPI anchored (Sema 7). Secreted Semas require additional Neuropillin receptor binding 

to stabilize the Sema/Plxn complex (Janssen et al., 2012). All Semas contain the 

described Sema domain and an Ig (immunoglobulin like) domain.  Plxns are more 

complex proteins in terms of domains, and contain an extracellular Sema domain, PSI 

domain (Plexin, Semaphorin, integrin), G-P rich domain and a c-terminal split 

cytoplasmic GAP domain (GTPase activating protein), that can regulate downstream 

Ras-family small GTPases (Negishi et al., 2005; Pasterkamp, 2005). Small GTPases act 

as molecular switches, ‘on’ when GTP bound, and ‘off’ when GDP bound, and influence 

downstream signaling cascades (Bos et al., 2007). Plxns are the first example of a 

receptor that contains a GAP domain within its structure (He et al., 2009). The GAP 

domain consists of two segments, C1 and C2, split by a 200 amino acid domain, known 

as the Rho GTPase binding domain (RBD). C1 and C2 each contain one of two arginine 

residues critical for GAP catalytic function (Scheffzek et al., 1996). C1 and C2 fold 

together to form and active GAP domain (He et al., 2009).The RBD of PlxnAs and Bs 

bind to Rac1, Rnd1 and RhoD in their GTP bound active forms. Rho GTPase binding to 
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the RBD is necessary, but not sufficient for Plxn activation. Plxns exist in an auto-

inhibitory state, in which intracellular GAP domains are inactive (Takahashi and 

Strittmatter, 2001). Activation of Plxns is a two-step process. First, Rho GTPases bind to 

the RBD, rendering the C1-C2 GAP domain catalytic site accessible to small GTPases, 

by driving a conformational change, relieving inhibition by an ‘activation segment’. (See 

Figure 1.10) (Wang et al., 2013). Next, receptor clustering by Sema ligands triggers GTP 

hydrolysis of small GTPases (Oinuma et al., 2004b). Investigations into the small 

GTPase that Plexin GAP domains regulate have been controversial. It was first thought to 

be R-Ras, and was logical as the GAP domain has high structural homology to Ras GAP 

domains (He et al., 2009). R-Ras is a homolog of the more well-known small GTPase, 

Ras, and is involved in cell adhesion via integrin activation, promoting migration 

(Toyofuku et al., 2005; Zhang et al., 1996). But later more detailed in vivo studies in mice 

refuted these findings, and instead found Rap to be regulated by Plxns (Pascoe et al., 

2015; Wang et al., 2012). Raps are a subfamily of Ras homologs and have shown to bind 

the Plxn GAP domain and undergo GTP hydrolysis induced by Sema activation of Plxn. 

Raps are also key activators of integrin activation, so GAP conversion to its GDP-bound 

inactive form blocks integrin signaling, decreasing cell adhesion to the ECM, preventing 

cell migration. It is now accepted that Plxns have Rap GAP activity (Worzfeld et al., 

2014), and it is speculated that R-Ras is indirectly regulated by this signaling pathway 

(Pascoe et al., 2015). Additional Plxn receptor-proximal signaling events are starting to 

be uncovered. For example, PlxnA C-terminal domains are phosphorylated by the non-

receptor tyrosine kinase, Fyn, which is required for Plxn function in eye development as 

shown in zebrafish (St Clair et al., 2018).  
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Figure 1.10. Model for the Activation of the Plexin RapGAP by Semaphorin-Induced 
Dimerization. Model based on the crystal structure of zebrafish PlxnC1 in complex with Rap. A) The 
Plexin intracellular domain exists in a closed auto-inhibitory state in the absence of Semaphorin. B) 
Semaphorin induced dimerization is necessary for the activation of the Plexin intracellular domain. 
Dimerization aided by Rho-GTPase binding to the RBD (Rho binding domain) drives an intracellular 
conformational change to Plxn, forming an active GAP domain, allowing for Rap binding. This 
stimulates the conversion of Rap-GTP to Rap-GDP, rendering it inactive. In terms of repulsive axon 
guidance, the inactivation of RAP leads to the inactivation of integrins, weakening cell-matrix adhesions, 
preventing further migration (Wang et al., 2013). (Open access permission).  
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Semas can reverse signal (Yu et al., 2010), and can signal differently when 

expressed in cis or in trans with receptors. For example in mice DRGs, both sympathetic 

and sensory neurons express the Sema6A receptor, Plexin-A4, but only sympathetic 

neurons respond to it because Sema6a is also expressed on sensory neurons, and cis-

inhibition of PlxnA4 occurs (Haklai-Topper et al., 2010a). 

1.6.2. The Roles of Semaphorins and Plexins  

Semas and Plxns are large families of proteins, each displaying different spatio-

temporal expression patterns throughout development, allowing them to have varied roles 

(Ebert et al., 2012; Emerson et al., 2018). As mentioned, they were initially discovered to 

be axon guidance cues for developing neurons (Luo et al., 1993b), however it is being 

appreciated that they have much wider roles in development and are important across 

many systems. They have been shown to be important for vasculogenesis (Serini et al., 

2003a), heart development (Toyofuku et al., 2004), immunity (Shi et al., 2000b), bone 

development (Behar et al., 1996a; Kang and Kumanogoh, 2013) and early eye 

development (Ebert et al., 2014; Emerson et al., 2017). Sema/Plxn signaling is important 

in some adult tissues, including neuronal regeneration and recovery after injury (Shim et 

al., 2012) and have been implicated in disease sates such as metastatic cancer (Gu and 

Giraudo, 2013) and neurological disorders (Van Battum et al., 2015), making them novel 

therapeutic targets.  

1.6.3. Semaphorins and Plexins in the Central Nervous System  

In neuronal development, documented roles of Semas and Plxns include long 

and short-range axon guidance, neural circuit formation and refinement. Semas are 

primarily repulsive guidance cues, and cause growth cone collapse and re-direction in 
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Plxn expressing growth cones. In the central nervous system, Semas and Plxns have 

documented roles in the developing eye and brain. In the developing brain, PlxnA2 and 

Sema6A guide neuronal positioning in the cerebellum (Renaud and Chetodal 2014, 

Renaud et al., 2008), lamination of the hippocampus (Tawarayama et al., 2010), and 

guidance of the corticospinal tract (Runker at al., 2008). Sema/Plxn signaling governs 

many aspects of eye development. The retina is highly laminated and requires the precise 

positioning of neuronal cell types into specified layers. Sema5A and 5B are expressed in 

the inner nuclear layer (INL) and form a repulsive limiting edge to PlxnA1 and A3 

expressing axons from the inner plexiform layer (IPL), to keep them from over migrating. 

(Matsuoka et al., 2011a). Sema6A along with PlxnA2 and A4 control the stratification 

within the IPL of the retina. Specifically, Sema6A signaling controls the arborization of 

horizontal cell and on starburst amacrine cells (SAC) neurites, which govern direction- 

sensitive responses to motion by synapsing with direction-sensitive ganglion cells (Sun et 

al., 2013a). The inner plexiform layer in mice contains 5 sublayers, Off SAC projections 

express PlxnA2 and stratify in layer 2, and on SAC projections co-express Sema6A and 

PlxnA2, and target layer 4. Sema6A is expressed in the lower half of the IPL, and so 

repulses off SACs, and restricts them to the top layers, whereas inhibitory cis expression 

of Sema6A and PlxnA2 allows on SACs to occupy the bottom layers, as PlxnA2 is 

insensitive to Sema6A in trans when co-expressed in cis (Haklai-Topper et al., 2010b). 

Sema6D is important for guiding retinal ganglion cell projections in the optic nerve 

across the midline. Sema6D is expressed by glial cells in the optic chiasm. The Sema6D 

receptor, PlxnA1 is expressed by crossing RGCs (Kuwajima et al., 2012). Secreted 

Sema3D and 3E are expressed in tissues surrounding the optic chiasm and help to keep 

the RGCs projecting correctly (Sakai and Halloran, 2006). In early eye development it 
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has been shown that Sema6A and PlxnA2 work together to set up repulsive domains in 

optic vesicles for the organization and cohesion of retinal precursor cells (RPCs) during 

early migration (Ebert et al., 2014). Sema6A and PlxnA2 are important for proliferation 

of RPCs within optic vesicles by regulating transcription of key downstream target genes, 

including rasl11b (Emerson et al., 2017).  

1.6.4. Semaphorins and Plexins in the Peripheral Nervous System  

Sema/Plxn signaling also governs neuronal positioning in the peripheral nervous 

system. The first vertebrate Sema to be discovered, Sema3A was identified to stimulate 

growth cone collapse in sensory neurons (Luo et al., 1993b). Sema3A is expressed 

throughout the ventral spinal cord and restricts cutaneous sensory neurons to project only 

to the dorsal side. Early in development, Sema3A is transiently expressed dorsally, 

preventing premature innervation by sensory neurons expressing PlxnA3/A4 and Npn1 

(Wright et al., 1995). Sema3A is also expressed in the periphery, and is important during 

embryonic development in axon pruning, fasciculation, branching and targeting of 

sensory and motor neurons (White and Behar, 2000). As previously described, motor 

axons project to skeletal muscle targets, and are grouped into motor columns along the A-

P axis. Sema3A/Npn1 and Sema3F/Npn2 signaling are important in controlling the 

timing of motor innervation to the periphery. Npn1 is expressed in the lateral motor 

column, and Npn2 in the medial column. Spatially controlled Sema3 expression in the 

periphery ensures the motor nerves meet the correct synaptic targets (Huber et al., 2005). 

Sema6D is expressed in the dorsal horn of the spinal cord and guide PlxnA1 expressing 

proprioceptive sensory neurons towards the midline to project ventrally away from 

cutaneous sensory neurons, which do not express PlxnA1, at the dorsal side 

(Kumanogoh, 2015; Yoshida et al., 2006). Motor neuron sin zebrafish are patterned 
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within segments. There are three motor neurons per segment, RoP (rostral primary), MiP 

(middle primary) and CaP (caudal primary), which exit the spinal cord at a common exit 

point and innervate targets on myotomes. Sema3A is expressed in the myotome at 

different locations throughout development to guide motor axons to their targets. CaP 

neurons express Npn1 and is guided by Sema3A repulsion. Sema3A is initially expressed 

in the posterior half of the segment as a barrier wall to guide the axon projection along, as 

it projects ventrally.  Npn1 mutants show mis-patterning and multiple axon exit points 

(Sato-Maeda et al., 2008). PlxnA4 has been shown to be necessary for sensory neuron 

branching, where PlxnA4 knockdown results in a reduction of branching, and excessive 

branching driven by Slit overexpression can be rescued by PlxnA4 knockdown 

(Miyashita et al., 2004).  

 

1.7 Specific Aims 

1.7.1. Background and Significance 

Identification of Target Genes Downstream of Semaphorin6A/PlexinA2 in Zebrafish 

In an investigation into the early expression patterns of sema6A and plxnA2, it 

was discovered that they were expressed in overlapping regions in the early developing 

eye fields. At this early stage the cells that make up the optic vesicles are retinal 

progenitor cells (RPCs), so have not yet differentiated, and so do not require Sema/Plxn 

signaling for their canonical axon guidance role. To investigate the early roles of this 

signaling pathway, Morpholino (MO) knockdown was utilized. Two striking phenotypes 

were uncovered in common to both knockdowns, at 18 somites, a loss of cohesion of 

cells within the optic vesicles, resulting in ectopic cells, and a decrease in RPC 

proliferation (Ebert et al., 2014). As these phenotypes were induced at such an early point 
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in development and given that many developmental processes are dependent on genetic 

regulation, it was hypothesized that Sema6A and PlxnA2 signaling could be regulating 

the transcription of downstream target genes. To investigate this, a microarray 

experiment was performed, uncovering 58 differentially regulated genes in common to 

both knockdown conditions. Prior to our study, it was not known that Sema/Plxn 

signaling led to changes in gene transcription. In an effort to understand the contribution 

of differential gene transcription to Sema6A/PlxnA2 knockdown phenotypes, target 

genes with predicted gene ontology functions in migration and proliferation were 

investigated. Of focus, one target gene, Rasl11b was investigated, in its role in the 

regulation of RPC proliferation. 

The Role of Shootin-1 in Zebrafish Neurodevelopment 

Shtn-1 was upregulated 1.21 LogFC in sema6a knockdowns, and 1.12 LogFC in 

plxnA2 knockdowns (Emerson et al., 2017), with predicted gene ontology functions in 

cell migration. For this reason, the roles of Shtn-1 in zebrafish neuronal development 

were investigated. Shtn-1 is a neuronal polarization signal and clutch molecule. It links 

the intracellular actin cytoskeleton of the growth cone to the surrounding extracellular 

matrix, which enables traction forces for the cell to resist against in order to propagate 

forward. The increase in shtn-1 expression seen in knockdowns was recapitulated to 

understand the role of PlxnA2 regulation of shtn-1 expression in neurodevelopment. 

 Neuronal Expression Patterns of the PlexinA Family in Zebrafish Development 

Cellular developmental environments are dynamic and in order to begin to 

investigate the roles of any developmental gene or protein, it is important to first 

understand where and when they are expressed. Being a large family of proteins with the 

ability to cross talk, Semas and Plxns rely on differential expression patterns to perform 
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their individual roles. Occasionally Plxns can compensate for each other and we have 

shown that PlxnA1 can compensate for PlxnA2 (unpublished data). This aim uses in situ 

hybridization to comprehensively uncover the neuronal expression patterns of the PlxnA 

family in the early developing zebrafish. In addition to presenting for the first time that 

zebrafish have two genes for PlxnA1, A1a and A1b, which have divergent expression 

patterns. 

1.7.2. Aims 

Aim 1. Identification of Rasl11b as a downstream gene target of Semaphorin6A/ 

PlexinA2 signaling and its role in proliferation of retinal precursor cells in the developing 

zebrafish eye.  

Aim 2. Investigating the role of Shootin-1 in the developing zebrafish nervous system. 

Aim 3. Elucidation of plexinA family member neuronal expression patterns during early 

zebrafish development. 
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Abbreviations Used:  

dcdc2b-Doublecortin domain-containing 2b 
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GAP-GTPase activating protein 
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mmp2-Matrix metalloproteinase 2 
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rasl11b-RAS-like, family 11, member B 

rbl2-Retinoblastoma-like protein 2 

RPCs-Retinal precursor cells 

Sema-Semaphorin 

shtn-1-Shootin-1 

 

Key Findings: 

 

• Transcriptional changes downstream of Semaphorin6A (Sema6A) and PlexinA2 

(PlxnA2) signaling regulate proliferation and unified migration of retinal 

precursor cells (RPCs) during early eye development. 

• Microarray analysis has identified 58 transcriptional targets downstream of 

Sema6A/PlxnA2 signaling, 57 of which are significantly up-regulated in 

knockdown embryos. 

• Functional characterization of rasl11b, a gene that is up-regulated in both sema6A 

and plxnA2 knockdowns, has revealed its role in maintaining proliferation of 

RPCs during early zebrafish eye development. 

 

2.1. Abstract 

Background. Semaphorin (Sema)/Plexin (Plxn) signaling is important for many aspects 

of neuronal development, however the transcriptional regulation imposed by this 

signaling pathway is unknown. Previously, we identified an essential role for 

Sema6A/PlxnA2 signaling in regulating proliferation and cohesion of retinal precursor 

cells (RPCs) during early eye development. This study used RNA isolated from control, 
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Sema6A-deficient, and PlxnA2-deficient zebrafish embryos in a microarray analysis to 

identify genes that were differentially expressed when this signaling pathway was 

disrupted.  

 

Results. We uncovered a set of 58 transcripts, and all but one were up-regulated in both 

sema6A and plxnA2 knockdowns. We validated gene expression changes in subset of 

candidates that are suggested to be involved in proliferation, migration or neuronal 

positioning.  We further functionally evaluated one gene, rasl11b, as contributing to 

disrupted proliferation in sema6A and plxna2 knockdowns. Our results suggest rasl11b 

negatively regulates proliferation of RPCs in the developing zebrafish eye.  

 

Conclusions. Microarray analysis has generated a resource of target genes downstream 

of Sema6A/PlxnA2 signaling, which can be further investigated to elucidate the 

downstream effects of this well-studied neuronal and vascular guidance signaling 

pathway.   

 

2.2. Introduction 

Neuronal migration and positioning are important aspects of nervous system 

development. During the early stages of neuronal development, guidance cues are 

essential to lead neurons and their processes to correct target tissues. One well-studied 

group of guidance cues are the Semaphorins (Semas). Semas are a family of 

transmembrane and secreted proteins that typically signal through Plexin (Plxn) 

receptors. There are 8 subclasses of Semas. Semas 1 and 2 are found in invertebrates, 3-7 

are found in vertebrates and Sema V is found in the genome of non-neurotropic DNA 
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viruses (Neufeld and Kessler, 2008). The Plexin family is composed of 2 invertebrate 

Plxns, A and B, and 4 classes of vertebrate Plxns, A1-4, B1-3, C1 and D1 (Tamagnone et 

al., 1999). Semas and Plxns have tissue-specific expression patterns, and many Semas 

can signal through multiple Plxn family members. Semas were initially discovered with 

respect to their role as repulsive guidance cues for migrating axons (Luo et al., 1993a), 

although it is now appreciated that they have much broader roles in development. They 

have been implicated in vasculogenesis (Serini et al., 2003b), tumorigenesis (Neufeld and 

Kessler, 2008), immunity (Shi et al., 2000a), and bone development (Behar et al., 1996b). 

Here we focus specifically on the interaction and downstream effects of Sema6A and 

PlxnA2 in early eye development.  

During eye development, retinal precursor cells (RPCs) are directed from the 

optic stalk into the correct domain of the developing retina (Rembold et al., 2006). We 

previously demonstrated that Sema6A and its receptor, PlxnA2, are necessary for the 

proliferation and cohesion of RPCs within the early embryonic eye vesicles (Ebert et al., 

2014). More recently, Sema6A and PlxnA2 were shown to be required for interkinetic 

nuclear migration of RPCs within optic vesicles (Belle et al., 2016). In addition, 

Sema6/PlxnA signaling is required for neuronal positioning in the cerebellum (Renaud 

and Chedotal, 2014; Renaud et al., 2008), lamination of the hippocampus (Tawarayama 

et al., 2010), and guidance of the corticospinal tract (Rünker et al., 2008), among other 

roles. Several studies have begun to uncover the intracellular signaling mechanisms 

downstream of activated PlxnA receptors (He et al., 2009; Oinuma et al., 2004a; 

Toyofuku et al., 2005), however, prior to this study it was unknown what transcriptional 

regulation occurred downstream of Sema6A/PlxnA2 signaling.  
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 Microarray analysis using RNA extracted from 18 somite zebrafish embryos deficient in 

either Sema6A or PlxnA2 has enabled the identification of several downstream 

transcriptional targets of Sema6A/PlxnA2 signaling during early stages of neuronal 

development. Further characterization of one of these genes, RAS-like, family 11, 

member B (rasl11b), revealed its role in regulating RPC proliferation.  

 

2.3. Results and Discussion 

2.3.1. Microarray Analysis Identifies Transcriptional Changes Downstream of 

Sema6A/PlxnA2 Signaling 

Confirming our previous results (Ebert et al., 2014), morpholino antisense 

oligonucleotides (MOs) targeted to either sema6A or plxnA2 resulted in decreased 

proliferation and cohesion of RPCs within migrating optic vesicles compared to control 

embryos. To observe these phenotypes, we utilized the rx3:GFP zebrafish transgenic line 

which expresses GFP in RPCs and the hypothalamus (Rembold et al., 2006). Using 

confocal microscopy, we identified GFP-positive RPCs outside of the eye field and optic 

vesicles that were closer together in knockdown embryos (Fig. 2.1A-F).  
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Figure 2.1. Sema6A and plxnA2 Knockdown Leads to Loss of Cohesion and Decreased Proliferation 
in Eye Vesicles. A–C: Confocal dorsal views of 18 somite stage rx3:GFP embryos co-labeled with 
pHH3. L: Both sema6A and plxnA2 knockdowns display ectopic retinal precursor cells outside of the eye 
field as well as significantly reduced pHH3 positive cells in the developing eyes compared with controls, as 
quantified (control 100%, N = 3, n = 30; plxnA2 MO 25.11% ± 0.72%, N = 3, n = 30, ****P < 0.0001; 
sema6A MO 28.86% ± 1.12%, N = 3, n = 30; ****P < 0.0001, one-way ANOVA, multiple comparisons 
post-hoc test). D–F: Schematics of rx3:GFP dorsal view. G,H,J,M: Decreased proliferation is later 
observed as smaller eyes at 48 hpf (control 0.49 μm ± 0.008 μm, N = 3, n = 30; plxnA2 MO 0.40 μm ± 0.01 
μm, N = 3, n = 29, ****P< 0.0001; sema6A MO 0.42 μm ± 0.009 μm, N = 3, n = 31; ****P < 0.0001, one-
way ANOVA, multiple comparisons test). G,I,K,M: Full length human PLXNA2 and SEMA6A mRNA 
partially rescues smaller eye phenotypes (control 0.49 μm ± 0.008 μm, N = 3, n = 30; PLXNA2 rescue 0.45 
μm ± 0.009 μm, N = 3, n = 32, ***P < 0.001; SEMA6A rescue 0.48 μm ± 0.008 μm, N = 3, n = 28; ***P < 
0.001, one-way ANOVA, multiple comparisons test. Error bars indicate SEM). E, eye; H, hypothalamus. 
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Utilizing a mitotic marker, phospho-Histone H3 (pHH3), we observed less 

proliferation within the GFP-positive optic vesicles (Fig. 2.1 A-C, L, (control 100%, 

N=3, n=30; plxnA2 MO 25.11% +/-0.72 N=3, n=30, P<0.0001; sema6A MO 28.86% +/-

1.12, N=3, n=30; P<0.0001, one-way ANOVA, Multiple comparisons test)). As these 

embryos develop further, the decreased proliferation results in smaller eyes at 48 hours 

post fertilization (hpf) (Fig. 2.1G, H, J, M (Eye diameter relative to head length. Control 

0.49 μm +/-0.008 μm, N=3, n=30; plxnA2 MO 0.40 μm +/- 0.01 μm, N=3, n=29, 

P<0.0001; sema6A MO 0.42 μm +/-0.009 μm, N=3, n=31; P<0.0001, one-way ANOVA, 

Multiple comparisons test)). Off-target effects and specificity of both sema6A and plxnA2 

morpholinos have been addressed with secondary non-overlapping morpholino 

constructs, partial rescue of phenotypes via full-length mRNA injections, and penetrance 

verified by the absence of wildtype gene products by RT-PCR (Ebert et al., 2014). To re-

address morpholino specificity in this study, co-injections of morpholino with full-length 

human SEMA6A or PLXNA2 mRNA partially rescued eye size (Fig. 2.1 I, K, M (Eye 

diameter relative to head length. Control 0.49 μm +/-0.008 μm, N=3, n=30; PLXNA2 

rescue 0.45 μm +/-0.009μm, N=3, n=32, P<0.001; SEMA6A rescue 0.48 μm +/-0.008 μm, 

N=3, n=28; P<0.001, one-way ANOVA, Multiple comparisons test)). Overexpression of 

SEMA6A or PLXNA2 human mRNA alone exhibited no significant developmental 

phenotypes (data not shown). Considering that eye development takes several hours, we 

wanted to investigate what transcriptional changes were occurring downstream of 

Sema6A/PlxnA2 signaling that could be controlling this process. We compared gene 

expression levels of 18 somite plxnA2 knockdowns compared to uninjected control 

embryos (Fig. 2.2A) and 18 somite sema6A knockdowns compared to uninjected control 
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embryos (Fig. 2.2B). In a microarray of 4885 zebrafish genes, we identified 58 

significantly (greater than 2-fold)  
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Figure 2.2. Volcano Plots Denoting Differential Gene Expression. Each point represents a gene in the 
microarray. A: Gene expression changes between plxnA2 MO and uninjected controls (UIC). B: sema6A 
MO compared with UIC. Gray are nonsignificant. C: Overlapping genes in both plxnA2 and sema6A 
plots. Blue squares indicate significantly different expression levels in plxnA2 MO-UIC, red squares in 
sema6A MOUIC. Gray are nonsignificant in at least one condition, with under a two-fold change 
difference in expression or P > 0.05. 
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differentially regulated genes that were in common to both knockdowns (Table 2.1, Fig. 

2.2C, GEO accession #GSE86246). Strikingly, of the 58 genes, 57 were up-regulated and 

only one down-regulated suggesting that Sema6A/PlxnA2 signaling is largely repressive 

to downstream transcriptional targets (Figs. 2.2C, 2.3). Using gene ontology information, 

we prioritized genes predicted to be involved in cell migration and proliferation for 

validation and further functional studies due to the phenotypes observed in knockdown 

embryos. 
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Figure 2.3. Microarray Heat Map of 58 Differentially Regulated Genes in Common to Both 
sema6A MO-UIC and plxnA2 MO-UIC. Differential expression is represented on a green to red scale 
with expression values standardized to a mean of zero and standard deviation of one. A: Results from 
each of the four replicates are shown. B: Average expression change of four replicates. Boxes indicate 
validated genes. U, uninjected control; S, sema6A MO; P, plxnA2 MO. 
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Table 2.1. List of 58 genes that are differentially regulated downstream of Sema6a/Plxna2 signaling 

at 18 somites, common to both knockdowns compared to uninjected controls. GEO accession # 

GSE86246. 

 

zfin symbol ensembl gene ID 
logFC 
Sema-UIC 

logFC 
Plexin-UIC 

ace ENSDARG00000079166 2.02 2.67 

ankrd50 ENSDARG00000007077 1.59 1.99 

Atf5a ENSDARG00000068096 2 2 

Atp1b4 ENSDARG00000053262 −1.44 −1.4 

Atxn1b ENSDARG00000060862 3.99 4.3 

Azin1a ENSDARG00000052789 1.36 1.6 

baxa ENSDARG00000020623 1.35 1 

bbc3 ENSDARG00000069282 2.37 3.35 

caprin2 ENSDARG00000020749 1.36 1.29 

casp8 ENSDARG00000058325 3.55 3.5 

cd40 ENSDARG00000054968 1.57 2.84 

Cdkn1a ENSDARG00000076554 2.13 2.53 

cdkn2a ENSDARG00000037262 3.05 3.28 

cica ENSDARG00000071150 1.28 1.88 

Crygn1 ENSDARG00000087437 2.31 2.27 

cxcr3.3 ENSDARG00000070669 1.09 1.51 

dcdc2b ENSDARG00000053744 1.25 2.16 
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zfin symbol ensembl gene ID 
logFC 
Sema-UIC 

logFC 
Plexin-UIC 

Dgki ENSDARG00000063578 1.55 1.55 

exo5 ENSDARG00000042727 3.22 3.48 

Fos ENSDARG00000031683 3.05 2.81 

fosl1 ENSDARG00000015355 2.4 2.03 

ftr85 ENSDARG00000034707 1.5 2.09 

gadd45aa ENSDARG00000043581 2.85 3.18 

gig2p ENSDARG00000088260 1.23 1.32 

gpd1a ENSDARG00000043701 1.64 1.74 

gpr61 ENSDARG00000003900 1.85 2.2 

Gtpbp1l ENSDARG00000042900 2.84 2.56 

igf2a ENSDARG00000018643 1.51 1.82 

Inx1 ENSDARG00000043323 1.4 1.41 

Lygl1 ENSDARG00000056874 1.38 1.66 

mat2al ENSDARG00000063665 2.89 2.64 

mdm2 ENSDARG00000033443 1.76 1.91 

metrnl ENSDARG00000007289 1.67 1.71 

mfap4 ENSDARG00000090557 2.73 4.09 

mmp2 ENSDARG00000017676 1.33 1.31 

ms4al7a.2 ENSDARG00000093546 1.61 1.73 

nebl ENSDARG00000021200 2 1.79 

nupr1 ENSDARG00000094300 1.64 1.93 
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zfin symbol ensembl gene ID 
logFC 
Sema-UIC 

logFC 
Plexin-UIC 

parp3 ENSDARG00000003961 1.96 1.77 

phlda2 ENSDARG00000042874 1.28 1.63 

Pmaip1 ENSDARG00000089307 2.15 1.89 

phlda3 ENSDARG00000037804 3.64 3.57 

ppm1e ENSDARG00000026499 1.06 1.1 

prox2 ENSDARG00000041952 1.69 1.67 

rasl11b ENSDARG00000015611 2.18 1.58 

rb12 ENSDARG00000045636 3.52 3.68 

rd3 ENSDARG00000031600 1.21 1.93 

rev1 ENSDARG00000018296 1.6 1.41 

mf169 ENSDARG00000042825 2.05 2.71 

rps27l ENSDARG00000090186 2.06 2.08 

rpz5 ENSDARG00000075718 3.37 3.37 

sesn1 ENSDARG00000020693 1.49 2.57 

shtn1 ENSDARG00000039697 1.21 1.12 

tnfaip6 ENSDARG00000093440 1.33 1.19 

tnfrsf27 ENSDARG00000079403 4.21 4.4 

tp53 ENSDARG00000035559 1.23 1.37 

upb1 ENSDARG00000011521 2.16 2.09 
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2.3.2. In situ Hybridization and RT-PCR Validation of Microarray Results  

Zebrafish embryos were injected with either sema6A or plxnA2 morpholinos at 

the one cell stage, and fixed at the 18 somite stage, dehydrated and processed for in situ 

hybridization. Digoxigenin (DIG)-labeled antisense riboprobes were generated for RAS-

like, family 11, member B (rasl11b), shootin-1 (shtn-1), doublecortin domain-containing 

2b (dcdc2b), matrix metalloproteinase 2 (mmp2), and retinoblastoma-like protein 2 (rbl2) 

and in situ hybridization was performed on control and knockdown embryos. Probe 

intensity for all five candidate genes was consistent with microarray results and offered 

additional spatial information (Fig. 2.4A-E). Transverse sections of rasl11b and shtn-1 

labeled embryos show neuronal expression, including in the developing eye, at this early 

stage (Fig. 2.4A, B right columns). We observed overlap between previously reported 

plxnA2 and sema6A expression (Ebert et al., 2014) and the candidate genes, supporting a 

relationship between Sema6A/PlxnA2 signaling and these genes. We generated cDNA 

from uninjected control, sema6A knockdown, and plxnA2 knockdown embryos at 18 

somites and performed RT-PCR (Fig. 2.4A’-E’). The results are consistent with the 

microarray and in situ expression data, showing increases in transcriptional levels of the 

candidate genes in both knockdowns compared to uninjected control. (Fig. 2.4A’-E’ 

(rasl11b control 0.1137 +/-0.04, N=3, sema6A MO 0.34 +/-0.02, N=3, P<0.01, plxnA2 

MO 0.32 +/-0.01, N=3, P<0.01; shtn-1 control 0.08 +/-0.01, N=3, sema6A MO 0.28 +/-

0.01, N=3, P<0.01, plxnA2 MO 0.24 +/-0.03, N=3, P<0.01; dcdc2b control 0.06 +/-0.004, 

N=3, sema6A MO 0.13 +/-0.02, N=3, P<0.05, plxnA2 MO 0.24 +/-0.02, N=3, P<0.001; 

mmp2 control 0.004 +/-0.001, N=5, sema6A MO 0.21 +/-0.07, N=5, P<0.05, plxnA2 MO 

0.27 +/-0.06, N=5, P<0.01; rbl2 control 0.01 +/-0.002, N=4, sema6A MO 0.17 +/-0.02, 
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N=4, P<0.001, plxnA2 MO 0.15 +/-0.03, N=4, P<0.01; one-way ANOVA, Multiple 

comparisons test)). 
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Figure 2.4. Microarray Validation. In situ hybridization and RT-PCR validation of differential gene 
expression in plxnA2 and sema6A knockdowns at 18 somites. A–E: Top, middle, and bottom panels 
show uninjected control, plxnA2 MO injected, and sema6A MO injected embryos, respectively. Left and 
right panels show lateral and dorsal views, respectively, for each probe under each condition. Colored 
bars show corresponding heat map expression changes for each gene. UIC, uninjected control. A, B: 
Additional right panels show transverse 20 μm sections through 18 somite stage brain and eye vesicles 
processed for in situ hybridization with rasl11b and shtn-1 probes. Lines in whole-mounts indicate 
corresponding section locations. A′–E′: RT-PCR gels and quantification of gene expression changes for 
each gene as a ratio to ef1α control levels (rasl11b control 0.1137 ± 0.04, N = 3, rasl11b sema6A MO 
0.34 ± 0.02, N = 3, **P < 0.01; rasl11b plxnA2 MO 0.32 ± 0.01, N = 3, **P < 0.01; shtn-1 control 0.08 ± 
0.01, N = 3, shtn-1 sema6A MO 0.28 ± 0.01, N = 3, **P < 0.01; shtn-1 plxnA2 MO 0.24 ± 0.03, N = 3, 
**P < 0.01; dcdc2b control 0.06 ± 0.004, N = 3, dcdc2b sema6A MO 0.13 ± 0.02 N = 3, *P < 0.05; 
dcdc2b plxnA2 MO 0.24 ± 0.02, N = 3, ***P < 0.001; mmp2 control 0.004 ± 0.001, N = 5, mmp2 
sema6A MO 0.21 ± 0.07, N = 5, *P < 0.05; mmp2 plxnA2 MO 0.27 ± 0.06, N= 5, **P < 0.01; rbl2 
control 0.01 ± 0.002, N = 4, rbl2 sema6A 0.17 ± 0.02, N = 4, ***P < 0.001; rbl2 plxnA2 MO 0.15 ± 
0.03, N = 4, **P < 0.01; one-way ANOVA, multiple comparisons test. Error bars indicate SEM). B, 
brain. E, eye. 
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2.3.3. Overexpression Of rasl11b Leads to Decreased Proliferation In Optic 

Vesicles 

Microarray results indicated that rasl11b has a 2.18 logFC in sema6A 

knockdowns and a 1.58 logFC in plxnA2 knockdowns (Table 2.1). We chose to further 

investigate this gene because of its predicted role in cell proliferation and expression in 

the developing eye field. To determine if increased rasl11b expression contributes to 

decreased proliferation of RPCs, we injected full-length zebrafish rasl11b mRNA into 

single-cell embryos. We visualized proliferation (pHH3) in the early eye field (rx3:GFP) 

of 18 somite embryos injected with 200 pg or 400 pg rasl11b mRNA. Overexpression of 

rasl11b resulted in decreased RPC proliferation in a dose-dependent manner (Fig. 2.5A-

D (control 100%, N=3, n=30; 200pg rasl11b 72.87% +/-4.25%, N=3, n=38, P<0.0001; 

400 pg rasl11b 62.19% +/-4.01%, N=3, n=31, P<0.0001, one-way ANOVA, Multiple 

comparisons test)). At 48 hpf, overexpression of rasl11b resulted in smaller eyes (Fig. 2.5 

E-G) (Eye diameter relative to head length, control 0.48 μm +/-0.005 μm, N=3, n=30; 

400 pg rasl11b 0.39 μm +/-0.01 μm, N=3, n=36, P<0.0001, one-way ANOVA, Multiple 

comparisons test)). We show that rasl11b is negatively regulated downstream of 

Sema6A/PlxnA2 signaling and when overexpressed, decreases RPC proliferation and eye 

size.  
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Figure 2.5. Overexpression of rasl11b Decreases Proliferation of RPCs. A–C: Confocal dorsal views 
of 18 somite rx3:GFP embryos co-labeled with pHH3. D: Increasing doses of rasl11b resulted in 
decreased proliferation within the GFP positive eye field (control 100%, N = 3, n = 30; 200 pg rasl11b 
72.87% ± 4.25% N = 3, n = 38, ****P < 0.0001; 400 pg rasl11b 62.19% ± 4.01%, N = 3, n = 31, 
****P < 0.0001; one-way ANOVA, multiple comparisons test; error bars indicate SEM). E–
G: Overexpression of rasl11b results in smaller eyes at 48 hpf (eye diameter relative to head length; 
control 0.48 μm ± 0.005 mm N = 3, n = 30; 400 pg rasl11b 0.39 μm ± 0.01 μm, N = 3, n = 36; ****P < 
0.0001; one-way ANOVA, multiple comparisons test; error bars indicate SEM). 
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2.3.4. Proposed Signaling Mechanism of Rasl11b Impinging on Ras Signaling 

Rasl11b is a small atypical GTPase that has been implicated in prostate cancer 

(Louro et al., 2004a). In zebrafish, Rasl11b inhibits mesendodermal and prechordal plate 

formation during embryogenesis, and interacts with the one-eyed pinhead signaling 

pathway (Pezeron et al., 2008). Rasl11b is highly conserved in vertebrates and is atypical 

to most Ras-like family members in two ways. Firstly, it is cytosolic and lacks carboxy 

terminal lipid modification sites which allow for membrane anchoring (Pezeron et al., 

2008). Secondly, it has a lower GTPase activity than Ras, and is more often in its active 

GTP-bound state (Colicelli, 2004). Ras proteins are well known to be involved in the 

MAPK pathway, therefore we hypothesize that Rasl11b acts as a negative regulator of 

MAPK by outcompeting Ras for its effectors such as Raf, leading to decreases in RPC 

proliferation seen in knockdown embryos.  

It is known that Plexins have an intracellular split GAP (GTPase activating 

protein) domain that can regulate Ras-family small GTPases (Negishi et al., 2005; 

Pasterkamp, 2005). Small GTPases act as molecular switches: “on” when GTP-bound, 

and “off” when GDP-bound (Bos et al., 2007). GAPs increase GTP hydrolysis and 

thereby increase the “off”, GDP-bound form of the protein. Plxn intracellular GAP 

domains are inactive when Plxns are in inactive, open conformations. Upon Sema 

binding, PlxnAs undergo a conformational change, which forms an active GAP domain, 

in addition to activating downstream effector proteins (He et al., 2009). When 

Sema6A/PlxnA2 signaling is disrupted, rasl11b expression increased (Table 2.1 & Fig. 

2.4A). We propose that when non-membrane bound Rasl11b is present, it inhibits 

membrane-tethered Ras signaling through its lower GTPase activity and its ability to 
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recruit either Raf or the small Ras activating guanine nucleotide exchange factor (GEF), 

son of sevenless (SOS), away from the membrane. This could sequester Raf or SOS away 

from Ras, therefore Ras is predominantly found in its GDP-bound state, reducing signal 

propagation, and resulting in decreased pro-proliferative effects of the MAPK signaling 

cascade. 

2.3.5. Proposed Contributions of shtn-1, dcdc2b, rbl2 and mmp2 to Knockdown 

Phenotypes 

Additional validated genes may also contribute to knockdown phenotypes. 

Microarray results demonstrated that shtn-1 has a 1.21 logFC in sema6A knockdowns and 

a 1.12 logFC in plxnA2 knockdowns. Shtn-1 is involved in the formation of cellular 

asymmetric polarization signals, which direct the cell during migration, as seen in the 

orientation of neurite outgrowth of cultured hippocampal neurons (Toriyama et al., 

2006a). To polarize, cells need to have carefully regulated amounts of Shtn-1. 

Overexpression of Shtn-1 in rat hippocampal neurons leads to its impaired asymmetric 

distribution and induces the formation of surplus axons (Toriyama et al., 2006a). 

Alternatively, Shtn-1 may control the actin cytoskeleton in migrating cells, in that Shtn-1 

couples f-actin retrograde flow to L1-CAM aiding with “clutch engagement” at the 

leading edge of the extending axons of rat hippocampal neurons in culture (Shimada et 

al., 2008b). Thus, we hypothesize that an increase in Shtn-1 could impair the coordinated 

migration of RPCs, as individual cells fail to either receive the correct polarization 

signals and/or regulate their actin cytoskeleton.  

Dcdc2b has a 1.25 logFC in sema6a and a 2.16 logFC in plxnaA2 knockdowns 

(Table 2.1). It is one of a family of 11 DCX domain-containing proteins. DCX domain-

containing proteins are atypical microtubule-associated proteins. They bind to tubulin via 
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their DCX domains to regulate microtubule stabilization and also couple microtubule-

actin binding through various accessory proteins (Dijkmans et al., 2010). In zebrafish, 

mutations in dcdc2b have uncovered a role in the function of microtubules within cilia of 

hair cells, correlating with deficits that lead to deafness in humans (Grati et al., 2015). It 

is known that cytoskeletal microtubule dynamics at the trailing edge of migratory cells 

are critical for cellular movement, in addition to generating cellular polarity, both of 

which guide the direction of migration (Ganguly et al., 2012). We hypothesize that the 

increase in expression of dcdc2b in sema6A and plxnA2 knockdowns is partially 

responsible for the abnormal RPC migration seen within optic vesicles. Increases in 

dcdc2b could stabilize microtubules, inhibiting microtubule depolymerization at the 

trailing edge of migrating RPCs. Stabilization would potentially not only slow normal 

cellular migration, but disrupt the normal direction of migration, and explain why RPCs 

within knockdown optic vesicles do not migrate as a tightly unified group.  

Rbl2, sometimes referred to as p130, is a member of the pocket protein family, 

along with p107 and retinoblastoma (Rb) (Cobrinik, 2005). Mutations to the Rb family of 

genes can lead to a rare form of retinal cancer, retinoblastoma, in which cell cycle 

regulation is lost (Friend et al., 1986; Murphree and Benedict, 1984). Rbl2 has a 3.52 

logFC in sema6a and a 3.68 logFC in plxnaA2 knockdowns (Table 2.1). These proteins 

are known to bind to members of the E2F family of transcription factors to regulate the 

cell cycle. Rbl2 binds to E2F4 to form a repressor complex in mitotic cells to block cell 

cycle progression (Dingar et al., 2012). The ability of Rbl2 to repress transcription is in 

part because it can recruit methyltransferases to histones, causing chromatin 

condensation, and therefore decreasing the accessibility of transcriptional machinery to 

the promoters of genes that promote the cell cycle (Lai et al., 2001). We therefore 
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hypothesize that increases in rbl2 levels in knockdown embryos contributes to impaired 

proliferation of RPCs by blocking the cell cycle.  

Matrix metalloproteinases (MMP) are well known for their role in central 

nervous system development and amphibian regeneration through their ability to degrade 

extracellular matrix (ECM) proteins (Brinckerhoff and Matrisian, 2002). mmp2 has a 1.33 

logFC in sema6a and a 1.31 logFC in plxnaA2 knockdowns (Table 2.1). Recently, mmp2 

was shown to be important for degrading non-permissive ECM to allow for zebrafish 

retinal ganglion cell axon outgrowth during recovery from injury (Lemmens et al., 2015). 

Increases in MMP2 could lead to increased degradation of the ECM surrounding RPCs, 

and removal of key proteins required for cell migration. Alternatively, increases in 

MMP2 at the leading edge of migrating RPCs could allow for the ease of pseudopodia 

through surrounding tissue and cause RPCs to over-migrate.  

 

2.4. Conclusions 

We confirm through morpholino knockdown, that Sema6A/PlxnA2 signaling 

regulates proliferation and cohesive migration of RPCs in developing optic vesicles in 

zebrafish. Here we provide a resource of genes that are transcriptionally regulated 

downstream of Sema6A/PlxnA2 signaling. Initial characterization of one gene, rasl11b, 

uncovered its contributing role to the proliferation of RPCs, providing insight into the 

mechanisms that control this key developmental process. The broadness of Sema/Plxn 

signaling is only just becoming widely appreciated, and further research into downstream 

targets and signal propagation is necessary to fully understand the diverse roles of this 

signaling pair. 
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2.5. Experimental Procedures 

2.5.1. Zebrafish Husbandry 

rx3:GFP zebrafish embryos were generously provided by Jochen Wittbrodt, 

University of Heidelberg, Germany and developmentally staged as previously described 

(Kimmel et al., 1995). All procedures were approved by the University of Vermont 

Institutional Animal Care and Use Committee (IACUC).  

2.5.2. Injections and Rescue Constructs 

Antisense morpholino oligonucleotides (MOs) (Gene Tools, Philomath, OR. 

USA), or mRNA were injected at the one-cell stage (Kimmel et al., 1995). Morpholino 

concentrations and sequences were as follows: plxnA2 e2i2, 2 ng 

(AAAAGCGATGTCTTTCTCACCTTCC); sema6A, 4 ng 

(TGCTGATATCCTGCACTCACCTCAC). Both sema6A and plxnA2 morpholino 

constructs have been previously validated using RT-PCR to show successful knockdown 

(Ebert et al., 2014). Off target effects and specificity of morpholinos was addressed by 

rescue by full length human mRNA and co-injection of sema6A or plxnA2 and p53 

morpholino. Second non-overlapping morpholino constructs reproduced the same 

phenotypes, see (Ebert et al., 2014). Capped and tailed full-length mRNA, (mMESSAGE 

mMACHINE kit, Ambion, Austin, TX, cat# AM1344; Poly(A) tailing kit, Invitrogen 

Cat# AM1350) was generated from plasmids containing human plxnA2 (Origene, Cat# 

RC221024) or sema6A (Invitrogen, Cat# MDR1734-202803771) and injected into 

embryos at the one cell stage for a final concentration of 200pg or 400pg/embryo. Full-

length, zebrafish rasl11b mRNA was generated from pCS2+-DR-Rasl11b generously 

provided by Dr. Philippe Mourrain (Paris, France).  

2.5.3. Microarray Assay 
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Uninjected control, sema6A knockdown, and plxnA2 knockdown embryos were 

staged at 18 somites and total RNA was isolated from 100 embryos using TRIzol 

(Invitrogen) followed by ethanol precipitation. Each treatment had four replicates 

generated from separate injection experiments. Data collection and analyses performed 

by the IBEST Genomics Resources CORE at the University of Idaho was supported by 

grants from the National Center for Research Resources (P30GM103324) and the 

National Institute of General Medical Sciences (8 P20 GM103397-10) from the National 

Institutes of Health. RNA from 18 somite stage control, sema6A and plxnA2 knockdown 

embryos was analyzed using the NimbleGen Zebrafish 12x135k Array based on Zv9 

[090818_Zv7_EXPR], following the NimbleGen arrays user’s guide version 5.1.  

2.5.4. Microarray Data Analysis 

NimbleScan software (NimbleGen. Madison, WI) was used to align a chip-

specific grid to control features and extract raw intensity data for each probe and each 

array. Chip images were then visually checked for each array and verified not to contain 

any significant spatial artifacts. Raw intensity data was then read into the R statistical 

computing environment and checked for quality. Chip intensity distributions, boxplots 

and hierarchical clusters were compared and checked for any unusual global patterns. 

Each array was then background corrected and normalized using the quantile 

normalization procedure and finally each probeset was summarized using the median 

polish procedure as described with the robust multichip average (RMA) procedure 

(Irizarry et al., 2003a) (Bolstad et al., 2003) (Irizarry et al., 2003b). The median polish 

procedure is a robust method for summarizing all probes contained within each probeset 

to a single expression value for each gene, taking into account individual probe effects. 

Probesets with low levels of expression variation across all samples (IQR < 0.5) were 
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removed from further analysis, reducing the overall number of statistical tests to be 

performed. Differential expression was then assessed using a linear model with an 

empirical Bayesian adjustment to the variances (Smyth, 2005) and comparisons of 

interest were extracted using contrasts. The Benjamini and Hochberg (BH) method was 

used to control for the expected false discovery rate given multiple tests (Benjamini and 

Hochberg, 1995). Probesets were considered statistically differentially expressed with a 

BH adjusted p-value of < 0.05. Both raw intensity data (.pair files) and RMA-normalized 

expression values are available in the National Center for Biotechnology Information 

Gene Expression Omnibus database (NCBI GEO accession no.  GSE86246). 

2.5.5. Whole-mount In Situ Hybridization 

Zebrafish embryos were staged at 18 somites, fixed in 4% paraformaldehyde 

overnight at 4oC, and stored at -20oC in 100% methanol until use. In situ hybridization 

was performed as described previously (Thisse and Thisse, 2008). Digoxigenin (DIG)-

labeled antisense RNA probes were generated using primers listed in Table 2.2 (IDT 

Coralville, IA). PCR products were cloned into pCR 2.1 TOPO vector (Invitrogen, 

Carlsbad, CA) and sequencing at the UVM Cancer Center Advanced Genome 

Technologies Core, Burlington, VT. Embryos were oriented in 4% methyl cellulose on 

depression slides and imaged using a Nikon SMZ800 dissecting light microscope at 50x 

magnification.   

2.5.6. RT-PCR 

cDNA was synthesized using SuperScript II reverse transcriptase (Invitrogen) 

from isolated control, plxnA2 knockdown or sema6A knockdown total RNA (described 

above). Gene specific primers (Table 2.2) were used to amplify approximately 500 base 

pair amplicons in 10 μl PCR reactions from 1μg cDNA using PCR Mastermix (Thermo). 
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ef1α primers were used as parallel control reactions. PCRs were run on a 1% agarose gel 

(Invitrogen). Gels were imaged using a Syngene INGENIUS3 system and GENEsys 

V1.5.5.0 imaging software. Densitometry was performed using Adobe Photoshop CS6. 

Band intensities were normalized to background, and a ratio of gene band intensity to 

ef1α control levels was obtained for each sample. At least three independent replicates 

were averaged. Graphs and statistical analyses were obtained using Prism 6.  

2.5.7. Sectioning, Imaging, Cell Counts and Eye Measurements 

Embryos were dehydrated in 100% ETOH for 30 minutes prior to embedding 

using a JB4 Embedding Kit (Polysciences, Inc., Warrington, PA) and sectioned on a 

Leica RM2265 microtome at 20μm. Brightfield images were obtained using an Olympus 

iX71 inverted light microscope and figures were assembled using Adobe Photoshop CS6, 

in which image brightness and contrast were optimized. Eye size measurements were 

obtained using SPOT imaging software version 5.2. To control for any changes in overall 

embryo size, eye size was calculated as a ratio of eye diameter divided by the distance 

from the anterior tip of the head to the posterior otic placode for each embryo. 

Proliferating cell counts were recorded when pHH3 positive cells were seen within GFP 

positive optic vesicles only. For confocal imaging, embryos were mounted in 0.5% low-

melt agarose on glass bottom dishes (CLS-1811 ChemGlass, NJ) and imaged at 20X 

using 2 μm steps on a Nikon Eclipse Ti inverted microscope. Z Stacks were subjected to 

a Kalman stack filter in Image J and were presented as maximum intensity projections. 

RGB images were generated in Adobe Photoshop CS6. 
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Table 2.2. Primer sequences and accession numbers used for antisense riboprobe generation and RT-

PCR. 

Name Forward primer Reverse primer Accession # 

rasl11b 

ATGCGTCTGATCCAGA
ACATG 

TAATACGACTCACTATAGGGG
TCACACTGAAGTGACGGTGC NM_200140.1 

 

dcdc2b 
TGCTTCGTACTGGAGC
TGTG 

TGCTTCGTACTGGAGCTGTG 
NM_001037689.2 

shtn-1 
TTTAGGTGACACTATA
GAAGAGAGGCCTTAC
GGAAGCTGAAT 

TAATACGACTCACTATAGGGG
AGATGCCCAAGAGCTTCTTTT
GT NM_001198761.1 

rbl2 
TTTAGGTGACACTATA
GAAGGGAGATCAAAC
CCTTCGCTCTG 

TAATACGACTCACTATAGGGG
AGAAAGAAGCCGTTGATCAG
CAT 

XM_002666954.5 
 

mmp2 
TTTAGGTGACACTATA
GAAGGGCCCTTCAAAT
TCTTGGGTGA 

TAATACGACTCACTATAGGGG
AGACAATTTTCTCCGGAAGCT
CA NM_198067.1 
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2.5.8. Whole-mount Immunohistochemistry 

18 somite stage embryos were fixed in 4% paraformaldehyde overnight at 4oC, 

rehydrated in PBST (PBS + 1% Triton), incubated in immuno block (PBST + 10% NGS) 

for 1 hour at room temperature, primary antibody in immuno block overnight at 4oC, 

secondary antibody for 2 hours at room temperature and stored in PBST until imaged. 

Antibodies used: phospho-Histone H3, pHH3 (1:1,000, Cell Signaling, Cat# 3377, 

Danvers, MA), anti-rabbit Alexa Flour 555 (1:1000, Cell Signaling, Cat# 4413S).  
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Abbreviations:  

GFP – green fluorescent protein 

Hpf – hours post fertilization 

RFP – red fluorescent protein 

RPC – retinal precursor cells 

RPE – retinal pigmented epithelium 

Shtn-1 – Shootin-1 

Sema – Semaphorin 

Plxn – Plexin 

 

3.1. Abstract 

Coordinated development relies on the migration of cells through complex and 

changing environments as they navigate to their correct destinations. The interactions that 

link the intracellular cytoskeleton of the migrating cell to the surrounding extracellular 

matrix (ECM) are critical to provide traction forces for movement. Shootin-1 (shtn-1) is a 

key proponent of cell migration, being a ‘clutch molecule’, it provides critical links 

between the ECM and F-Actin retrograde flow in neuronal growth cones by binding to 

both the cell adhesion molecule, L1-CAM and Cortactin (Kubo et al., 2015; Shimada et 
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al., 2008a; Toriyama et al., 2006b). Shtn-1 is primarily neuronally expressed and was 

discovered to be an asymmetrical signal that drives cell polarization during development. 

In differentiating rat hippocampal neurons, it was found that the competitive 

accumulation of an available pool of Shtn-1 in neurites breaks cell symmetry, leading to 

the formation of a single axon, driving cell polarization (Toriyama et al., 2006b). 

Furthermore, studies have uncovered the importance of careful Shtn-1 regulation, as both 

overexpression and knockdown in cultured rat hippocampal neurons leads to 

abnormalities in neuronal development. Overexpression of shtn-1 disrupts polarization 

and leads to longer neurites and surplus axons, whereas RNAi knockdown prevents 

cellular polarization and leads to shorter neurites (Shimada et al., 2008a; Toriyama et al., 

2006b).  

It is known that Netrin signaling positively regulates Shtn-1 via phosphorylation 

events. Netrins activate Pak-1 via Cdc42 and Rac-1, which phosphorylates Shtn-1 at 

Ser101 and Ser249. Phosphorylation of Shtn-1 enhances binding to F-Actin via Cortactin 

and the generation of traction forces, promoting axon outgrowth (Kubo et al., 2015; 

Toriyama et al., 2013). We previously showed that Sema6A and PlxnA2 signaling 

negatively regulates shtn-1 gene expression (Emerson et al., 2017) and this signaling 

pathway may work antagonistically to Netrin signaling to control the precise levels of 

Shtn-1 in a mechanism of ‘checks and balances.’  

Here we investigate the roles of PlxnA2-regulated shtn-1 expression in zebrafish 

neurodevelopment and show that in vivo, shtn-1 is important for early eye patterning, 

pathfinding of the optic tracts to the tecta and axon branching of sensory and motor 

neurons of the peripheral nervous system. 

Keywords. Retina, eye development, peripheral nervous system, microarray.  
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3.2. Introduction 

During development, cells must navigate through complex and changing 

environments as they migrate to their correct destinations. As cells crawl along the 

components of the extracellular matrix (ECM) or the scaffolds of neighboring cells, they 

are led by an array of guidance cues that mediate cell migration in the appropriate 

direction. Neurons must often travel long distances during development and send out 

lengthy axon projections to connect to their synaptic counterparts. Axon migration is led 

by a highly sensitive and dynamic growth cone that responds to guidance cues in the 

environment that stimulate cellular signaling events to mediate internal cytoskeleton 

dynamics. Changes to the cytoskeleton and components that control neuronal cell 

migration can alter directional movement, which ultimately leads to the patterning of the 

nervous system.  

 An important group of guidance cues in neuronal development are the 

Semaphorins (Semas), which typically bind to and signal through Plexin (Plxn) receptors. 

Originally identified to be involved in repulsive axon guidance (Luo et al., 1993b), Sema 

and Plxn signaling is now known to play roles in many aspects of development, including 

cell proliferation and cohesion during eye development (Ebert et al., 2014; Emerson et 

al., 2017), vasculogenesis (Serini et al., 2003a), bone development (Behar et al., 1996a), 

kidney development (Perala et al., 2011), tumorigenesis (Neufeld and Kessler, 2008) and 

heart development (Epstein et al., 2015), among others. Semas and Plxns are both large 

families of proteins. There are 8 classes of Semas; Semas1 and 2 are found in 

invertebrates, Semas 3-7 are found in vertebrates, and SemaV is a viral form. There are 4 

classes of vertebrate Plxns, (A1-4, B1-3, C1 and D1) in addition to invertebrate PlxnA 

and B (Tamagnone et al., 1999). Semas are transmembrane, membrane-bound or secreted 
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proteins, and typically signal through transmembrane Plxn receptors (Comeau et al., 

1998; Perälä et al., 2012), secreted Semas require an additional Neuropillin co-receptor to 

signal (Chen et al., 1997). Semas can bind to multiple different Plxn receptor family 

members, and binding partners are determined by differential spatial and temporal 

expression patterns during development (Ebert et al., 2012; Emerson et al., 2018).  

We have previously shown that sema6A and plxnA2 are expressed in 

overlapping regions in the early zebrafish eye and play roles in early eye development. 

Knock-down of either sema6A or plxnA2 results in decreased proliferation and a loss of 

overall cohesion of retinal precursor cells (RPCs) within optic vesicles (Ebert et al., 2014; 

Emerson et al., 2017). In an effort to better understand the downstream signaling 

mechanisms of sema6A/plxnA2 signaling that could contribute to our observed 

knockdown phenotypes, we performed a microarray screen that aimed to identify 

Sema6A- and PlxnA2-dependent transcriptional targets. Among 58 target genes that were 

differentially regulated in both knockdown conditions vs. control, Shootin-1 (shtn-1) was 

identified and hypothesized to contribute, in part, to some of the early eye phenotypes 

that we saw including disorganization of RPCs and loss of cohesive optic vesicles 

(Emerson et al., 2017).   

Shtn-1 was originally described to be brain specific, and to accumulate in the 

growth cones of developing neurons (Toriyama et al., 2006b). More recently, a novel 

isoform was discovered in mice, (Shtn-1b), and has been shown to be additionally 

expressed in peripheral tissues (Higashiguchi et al., 2016; Minegishi et al., 2018). Shtn-1 

was discovered through proteomic screens using differentiating rat hippocampal neurons 

in an effort to identify neuronal polarizing signals (Toriyama et al., 2006b). It was found 

that competitive accumulation of Shtn-1 in neurites can break neuronal symmetry and 
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initiate axon formation (Toriyama et al., 2006b). Shtn-1 is a ‘clutch molecule’ and links 

cytoskeletal actin filament retrograde flow of the migrating growth cone to the ECM 

through binding to the cell adhesion molecule L1-CAM, essential to build traction forces 

for cell movement (Shimada et al., 2008a). Experiments using cultured rat hippocampal 

neurons have shown that it is critical for the levels of Shtn-1 to be tightly regulated 

during development. Overexpression of shtn-1 can disrupt polarization leading to surplus 

axons. Conversely, when inhibited, cell polarization is inhibited and L1-dependent axon 

outgrowth is impaired, leading to fewer, shorter projections (Shimada et al., 2008a; 

Toriyama et al., 2006b). Shtn-1b KO mice show problematic development of the 

olfactory bulb due to impaired rostral migration of olfactory interneurons (Minegishi et 

al., 2018), and display dysgenesis and mis-projection of commissural axons in the 

developing forebrain (Baba et al., 2018), showing that Shtn-1 is critical for neuronal cell 

migration in vivo. 

Netrins are attractive axon guidance cues and have been shown to positively 

regulate Shtn-1 mediated traction forces. Netrins activate Pak-1 via Cdc42 and Rac-1, 

which phosphorylates Shtn-1 at Ser101 and Ser249 (Toriyama et al., 2013). 

Phosphorylation of Shtn-1 in XTC fibroblasts enhances binding to F-actin via cortactin 

and the generation of traction forces, promoting migration (Kubo et al., 2015). Recently, 

it has been shown that spatially regulated Shtn-1 phosphorylation in cultured rat 

hippocampal neuron growth cones leads to axon turning in response to Netrin-1 gradients 

due to the promotion of the L1-CAM interaction (Baba et al., 2018).  

The literature supports a critical role for Shtn-1 in neuronal cell polarization and 

migration, and that Shtn-1 needs to be carefully regulated for appropriate neuronal 

differentiation to occur. Although the signaling pathway downstream of Netrins to 
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positively regulate Shtn-1 is well documented, the negative regulation of Shtn-1 is poorly 

understood. Here we show that Sema6A/PlxnA2 signaling represses shtn-1 expression at 

the transcriptional level and could work antagonistically to Netrin signaling to control the 

precise levels of Shtn-1 in a mechanism of ‘checks and balances.’ We investigate the 

importance of this regulation in zebrafish neurodevelopment, expanding on the roles of 

Shtn-1 in vivo in a novel system. Our results indicate that PlxnA2 repression of shtn-1 

expression is important for optic vesicle migration, patterning of the optic tract, in 

addition to the patterning and branching of sensory neurons and motor axons in the 

peripheral nervous system of the developing zebrafish. 

 

3.3. Materials and Methods 

3.3.1. Zebrafish Husbandry 

Rx3:GFP embryos were generously provided by Jochen Wittbrodt, University of 

Heidelberg, Germany. isl2b:GFP/kdrl:mcherry zebrafish embryos were provided by the 

late Chi-Bin Chien, University of Utah and Jau-Nian Chen, UCLA. mnx2:RFP/ngn-

1:GFP zebrafish embryos were provided by Christine Beattie, Ohio State University and 

Uwe Strähle, KIT Germany. Zebrafish were bred and embryos were developmentally 

staged as previously described (Kimmel et al., 1995). Pigmentation was blocked by 

addition of 0.003% phenylthiourea (Fisher Scientific, cat # 207250050) at the 18 somite 

stage. All procedures were approved by the University of Vermont Institutional Animal 

Care and Use Committee (IACUC protocol # 15-031).  

3.3.2. Injections 

Antisense Morpholino oligonucleotides (MO) (Gene Tools, Philomath, OR), or 

full-length mRNAs were injected at the one-cell stage (Kimmel et al., 1995). plxnA2 e2i2 
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MO (AAAAGCGATGTCTTTCTCACCTTCC) was injected for a final concentration of 

2 ng. plxnA2 MO constructs have been previously validated using RT-PCR to show 

successful knockdown (Ebert et al., 2014).Off-target effects and specificity of MOs have 

been addressed by rescue by full-length human mRNA and co-injection 

of plxnA2 and p53 MOs. In addition, second non-overlapping MO constructs reproduced 

the same phenotypes, previously published data, see (Ebert et al., 2014) also (Emerson et 

al., 2017). Capped and tailed full-length mRNA, (mMESSAGE mMACHINE kit, 

Ambion, Austin, TX, cat# AM1344; Poly(A) tailing kit, Invitrogen Cat# AM1350) was 

generated from plasmids containing human plxnA2 (Origene, Cat# RC221024) or full-

length Danio rerio shtn-1 cloned by PCR using zebrafish cDNA following RNA 

extraction. PCR Forward T7 primer: TAATACGACTCACTATAGGGGAGAATGG 

CGTCAAAAGGAAAGAAGAATAAAG, reverse primer: GTCACAGTGATTTCATAA 

CAGACTCTG. Constructs were sequence-verified at The Vermont Integrative Genomics 

Resource DNA Facility and was supported by University of Vermont Cancer Center, 

Lake Champlain Cancer Research Organization, and the UVM Larner College of 

Medicine prior to RNA generation. mRNAs were injected into embryos at the one cell 

stage for a final concentration of 400pg/embryo.  

3.3.3. Whole-mount in situ Hybridization 

Zebrafish embryos were staged as described (Kimmel et al., 1995), fixed in 4% 

paraformaldehyde overnight at 4°C, and stored at ‐20°C in 100% methanol until use. In 

situ hybridization was performed as described previously (Thisse and Thisse, 2008). 

DIG-labeled antisense RNA probes were generated using the following primers: shtn-1 

forward SP6 primer: TTTAGGTGACACTATAGAAGAGAGGCCTTACGGAGGCT 

GAAT, reverse T7: TAATACGACTCACTATAGGGGAGATGCCCAAGAGCTTCTT 



 94 

TTGT; plxnA2 forward primer ATGTGATACAGGAGCCGAGG, reverse primer: 

AGAGTCAGAAGGCTGTCGGA (IDT, Coralville, IA). PCR products were cloned into 

pCR 2.1 TOPO vector (Invitrogen, Carlsbad, CA) and sequenced at The Vermont 

Integrative Genomics Resource DNA Facility and was supported by University of 

Vermont Cancer Center, Lake Champlain Cancer Research Organization, and the UVM 

Larner College of Medicine. Embryos were oriented in 4% methyl cellulose on 

depression slides and imaged using a Nikon SMZ800 dissecting light microscope at 50x 

magnification. 

3.3.4. Sectioning, Embedding and H&E Staining 

Embryos were dehydrated in 100% ETOH for 30 min before embedding using a 

JB4 Embedding Kit (Polysciences, Inc., Warrington, PA) and sectioned on a Leica 

RM2265 microtome at 20 μm. Sections were stained using Hematoxylin and Eosin B 

(Fisher Cat#S25347 and #548-2423 respectively). Brightfield images were obtained using 

an Olympus iX71 inverted light microscope and figures were assembled using Adobe 

Photoshop CS6, in which image brightness and contrast were optimized.  

3.3.5. Imaging and Quantification  

Images of rx3:GFP optic vesicles, isl2b:GFP optic tracts and ngn-

1:GFP/mnx2:RFP sensory and motor neurons were obtained using an Olympus iX71 

inverted light microscope in conjunction with SPOT imaging software version 5.2 for 

quantification of optic vesicle distances, the presence and projection of optic tracts, 

sensory axon projection angle and motor neuron branch numbers respectively. For 

confocal imaging of rx3:GFP, embryos were mounted in 0.5 % low-melt agarose on glass 

bottom dishes (CLS-1811 ChemGlass, NJ) and imaged at 20X using 2 μm steps on a 

Nikon Eclipse Ti inverted microscope. Z Stacks were subjected to a Kalman stack filter 
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in Image J and were presented as maximum intensity projections. RGB images were 

generated in Adobe Photoshop CS6.  

 

3.4. Results    

3.4.1 Shtn-1 is Negatively Regulated by PlxnA2 Signaling and is Important for 

Optic Vesicle Migration 

Our previous work in zebrafish revealed a novel role for Sema6A/PlxnA2 

signaling in early eye development. Both sema6A and plxnA2 knockdown embryos 

display decreased cohesion (Ebert et al., 2014) and proliferation (Emerson et al., 2017) of 

retinal precursor cells (RPCs) within optic vesicles. In an effort to better understand the 

downstream events of Sema/Plxn signaling, we performed a microarray, which revealed 

Sema6A/PlxnA2-dependent transcriptional regulation of target genes. Shtn-1 was 

significantly upregulated in sema6a and plxnA2 knockdown embryos, compared to 

uninjected controls and is expressed in overlapping regions of the optic vesicles with 

plxnA2 (Emerson et al., 2017) (Fig. 3.1A, B). To investigate the functional consequence 

of repression of shtn-1 on sema6a and plxnA2 knockdown phenotypes, we deliberately 

overexpressed full-length Danio rerio shtn-1 mRNA at the one cell stage. We 

hypothesize that this will mimic the increase in expression seen in plxnA2 and sema6A 

knockdown embryos at 18 somites (Fig. 3.1A-C). Co-injection of full-length human 

PLXNA2 mRNA rescued the overexpression phenotypes of shtn-1, reinforcing that shtn-1 

expression is negatively regulated downstream of PlxnA2 signaling (Fig. 3.1D). 

Importantly, overexpression of full-length human PLXNA2 alone does not significantly 

alter shtn-1 levels from control (Fig. 3.1E).  
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In order to observe the phenotypic effects of shtn-1 overexpression on early eye 

development, we utilized the rx3:GFP transgenic line, which expresses GFP in RPCs and 

hypothalamus. During early eye development, RPCs evaginate from the diencephalon to 

form the optic vesicles and migrate bilaterally to reside at either side of the head. When 

shtn-1 levels are increased in either plxnA2 knockdown or shtn-1 overexpression 

embryos, the optic vesicles do not migrate as far apart as control embryos by 18 somites 

(Fig. 3.1A’-C’). This migration defect can be rescued by co-injection of full-length 

PLXNA2 (Fig. 3.1D’). PLXNA2 alone showed no significant phenotype (Fig. 3.1E’). In 

some cases, shtn-1 overexpression resulted in no separation between optic vesicles, and 

embryos were cycloptic (Supplemental Fig. 3.6). These data suggest that PlxnA2 

repression of shtn-1 expression is required for optic vesicle separation. The relationship 

between shtn-1 and PlxnA2 is reinforced when evaluating their expression patterns. At 18 

somites, expression patterns are predominantly neuronal, with co-expression in the optic 

vesicles (Fig. 3.1 F-G’’’’). PlxnA2 is expressed throughout the optic vesicle with stronger 

ventral expression (Fig. 3.1F-F’’’’) and shtn-1 is expressed ubiquitously throughout the 

optic vesicles (Fig. 3.1G-G’’’’). This overlap in expression domains, and the change in 

expression levels of shtn-1 with manipulated plxnA2 levels supports the hypothesis that 

PlxnA2 and Shtn-1 are involved in the same pathway to contribute to early eye 

development.  
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Figure 3.1. PlxnA2 Negatively Regulates shtn-1 Expression to Control Optic Vesicle 
Migration. A-E In situ hybridization showing manipulation of shtn-1 expression levels in 
the eye fields at 18 somites. A’-E’ Dorsal confocal images of rx3:GFP embryos at 18 
somites. A&A’, Uninjected control, B&B’ PlxnA2 MO injected, C&C’, 400 pg Shtn-1 
overexpression, D&D’, Co-injection of 400pg shtn-1 and 400 pg human PLXNA2, E&E’, 
400 pg human PLXNA2 alone. F (dorsal) & F’(lateral) wholemount in situ expression of 
plxna2 at 18 somites, F’’ zoom of eye. F’’’&F’’’’ transverse section at line shown in F’. 
G-G’ whole mount in situ expression of shtn-1 at 18 somites, G’’ zoom of eye. G’’’&G’’’’ 
transverse section at line shown in G’.   
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3.4.2. PlxnA2 Regulation of shtn-1 Expression is Important for the Development of 

the Retinal Pigmented Epithelium. 

To investigate the role of PlxnA2 repression of shn-1 expression in later retinal 

development, we looked at the lamination patterns in the retina in transverse sections of 

72 hpf embryos stained with H&E (Fig. 3.2A-D’). When observing the expression 

patterns of both plxnA2 and shtn-1 throughout development, we observed both co-

expressed in similar tissues, including the retina at 72 hpf (Fig. 3.2E & F). During the 

formation of the retina, RPCs undergo interkinetic nuclear migration to divide apically 

and then must migrate to their target layer. Therefore, we hypothesized that shtn-1 

overexpression might lead to migration defects and result in improper retinal lamination. 

To our surprise, we found that overexpression of shtn-1 resulted in no lamination defects, 

even in cycloptic embryos (Supplemental Fig. 3.6). However, formation of the retinal 

pigmented epithelium (RPE) was significantly impaired at the midline (Fig. 3.2B, B’) and 

can be rescued by co-injection of human PLXNA2 (Fig. 3.2C, C’). Injection of PLXNA2 

alone showed no phenotype (Fig. 3.2D, D’) (Percent of normal RPE coverage, UIC 100% 

± 0%, N = 2, n = 16; shtn-1 400pg 87.39% ± 5.82%, N = 2, n = 16, P < 0.5; shtn-1 400pg 

+ PLXNA2 400 pg 100% ± 0%, N = 2, n = 16; n.s.; PLXNA2 400 pg 100% ± 0%, N = 2, 

n = 16; n.s). Together, this shows that shtn-1 is not involved in retinal lamination but 

does play an important role in the development of the RPE, specifically at the midline.  
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Figure 3.2. The Regulation Of shtn-1 Expression is Important for RPE Development, but not 
Retinal Lamination. A-D H&E stained transverse sections of the eyes and forebrain at 72 hpf. A’-D’ 
zoom of right eye. A&A’, Uninjected control, B&B’ 400 pg shtn-1 overexpression, C&C’ Co-injection 
of 400pg shtn-1 and 400 pg human PLXNA2, D&D’ 400 pg human PLXNA2 alone. E&F in situ 
hybridization of plxnA2 and shtn-1 at 72 hpf in the eye. G. Quantification of percent intact retinal 
pigmented epithelium (RPE) as seen in A-D’. UIC 100% ± 0, N = 2, n = 18; shtn-1 400pg 87.39% ± 
5.824% , N = 2 n = 18, P < 0.05; shtn-1 400pg + PLXNA2 400 pg 100% ± 0, N = 2, n = 18; n.s.; 
PLXNA2 400 pg 100% ± 0, N = 2, n = 18; n.s. * In B’ indicate site of missing RPE.  
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3.4.3. PlxnA2 Regulation of shtn-1 Levels is Important for Optic Tract Formation  

During eye development, the RGCs of each retina project their axons out of the 

eye as the optic nerve, cross at the optic chiasm in the ventral brain, and project 

contralaterally to the optic tecta. As Shtn-1 is important for axon formation and 

migration, we investigated if PlxnA2-regulated shtn-1 expression was important for optic 

tract formation. Utilizing the isl2b:GFP transgenic, which labels RGCs and their axonal 

processes, we observed that shtn-1 overexpression leads to tract projections to the optic 

tecta that are weaker (Fig. 3.3A, B). This phenotype can be rescued by co-injection of 

full-length PLXNA2 (Fig. 3.3C). PLXNA2 alone has no effect on tract strength (Fig. 

3.3D), as quantified in Fig. 3.3E. (Tract strength score: strong = 1, weak = 0.5, absent = 

0. UIC 1 ± 0, N = 3, n = 15; shtn-1 400pg 0.83 ± 0.06, N = 3, n = 15, P < 0.01; shtn-1 

400pg + PLXNA2 400 pg 0.967 ± 0.03, N = 3, n = 15; n.s.; PLXNA2 400 pg 1 ± 0, N = 3, 

n = 15; n.s).   

When observing the tracts from a ventral view as they cross-over at the optic 

chiasm, shtn-1 overexpression leads to inappropriate fasciculation and targeting to the 

tecta (Fig. 3.3A’ & 3.3B’), which can also be rescued by co-injection of full-length 

PLXNA2 (Fig 3.2C’). PLXNA2 alone has no effect (Fig. 3.3D’), quantified in (Fig. 3.3F). 

(UIC: 100% normal projections N = 3, n = 15; shtn-1 400 pg: 46.6% normal projections 

N = 3, n = 15; shtn-1 400pg + PLXNA2 400 pg; 90% normal projections N = 3, n = 15.; 

PLXNA2 400 pg: 86.6% normal projections N = 3, n = 15). Shtn-1 overexpression often 

results in tracts that project nasally, away from the tecta. Together, this data shows that 

excess shtn-1 leads to mis-patterning of the optic tracts and highlights the importance of 

the regulation of shtn-1 in eye development. 
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Figure 3.3. Plxna2 Regulation of shtn-1 Levels is Important for Optic Tract Crossing. A-D 
Lateral view of isl2b:GFP embryos at 72 hpf. A’-D’ Dorsal views. A&A’, Uninjected control, 
B&B’, 400 pg shtn-1, C&C’, Co-injection of 400pg shtn-1 and 400 pg human PLXNA2, D&D’, 400 
pg human PLXNA2 alone. E quantification of tract projection strength, as seen in A-D. Tracts were 
scored 1 for strong, 0.5 for weak and 0 for absent. UIC 1 ± 0, N = 3, n = 15; shtn-1 400pg 0.83 ± 
0.06, N = 3, n = 15, P < 0.01; shtn-1 400pg + PLXNA2 400 pg 0.967 ± 0.03, N = 3, n = 15; n.s.; 
PLXNA2 400 pg 1 ± 0, N = 3, n = 15; n.s. F. quantification of percentage of tracts that have normal 
projections. Tracts crossing the optic chiasm were scored 1 for normal, 0 for abnormal, as seen in 
A’-D’. UIC 100% normal projections N = 3, n = 15; shtn-1 400 pg 46.6% normal projections N = 3, 
n = 15; shtn-1 400pg + PLXNA2 400 pg 90% normal projections N = 3, n = 15.; PLXNA2 400 pg 
86.6% normal projections N = 3, n = 15.  
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3.4.4. PlxnA2 Regulation of shtn-1 Expression is Important for Sensory and Motor 

Neuron Patterning 

While observing embryos in their dish, we saw behavioral phenotypes in 

embryos with increased levels of shtn-1. Control embryos at 72 hpf display a 

stereotypical sinusoidal swimming pattern, propelling them in a forward direction. 

However, embryos with an excess of shtn-1 spin rapidly around in circles, and do not 

move forward. When we observed this swimming behavior in slow motion, we could see 

that the fish moved with a jerky motion, their tails contracting to one side and releasing 

repeatedly. As some shtn-1 overexpression embryos show malformed body axes, we 

controlled for musculature and skeletal defects leading to this behavior by observing 

embryos with less severe body axis curvatures and scored phenotypic differences in a 

straight part of the body axis. Shtn-1 is expressed in similar areas to plxnA2 in the spinal 

cord (Fig. 3.4A-B’), and as shtn-1 is expressed primarily in neurons, we utilized the ngn-

1:GFP/mnx2:RFP double transgenic which labels sensory and motor neurons with GFP 

and RFP respectively to observe the effect of shtn-1 overexpression on peripheral axon 

patterning.  

Typically, dorsal root ganglia sensory neurons project axons from their cell 

bodies ventrally and evenly spaced in pairs along each side the tail (Fig. 3.4C-D’’’). In 

embryos with excess shtn-1, axons displayed severe disorganization, with inappropriate 

anteroposterior angles of projection, towards neighboring axons. Furthermore, often there 

were misplaced cell bodies out of the region of the spinal cord (Fig. 3.4E-E’’’). Shtn-1 

overexpression can be rescued by co-injecting PLXNA2 (Fig. 3.4F-F’’’), and injections of 

PLXNA2 alone shows no significant phenotype (Fig. 3.4G-G’’’).
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Figure 3.4. PlxnA2 Regulation of shtn-1 Levels is Important for Sensory Neuron 
Patterning. A-B’ in situ hybridization of plxna2 (A-A’) and shtn-1 (B-B’) in the trunk at 48 hpf. 
A&B lateral wholemount image showing yolk extension. A’&B’ in section. C. Trunk schematic 
of a control embryo at 72 hpf (anterior to the left). The first three DRG axons shown anterior to 
the beginning of the yolk extension were evaluated for each fish. D-G Brightfield lateral views at 
72 hpf. D’-G’ epifluorescnt lateral trunk zoom images of ngn1:GFP embryos at 72hpf. D’’-G’’ 
Radar plots showing initial angle of axon projection from the DRG. D’’’-G’’’ histogram plots 
also displaying angles of projection. D-D’’’, Uninjected control, E&E’’’ shtn-1 overexpression, 
F&F’’’, Co-injection of 400pg shtn-1 and 400 pg human PLXNA2, G-G’’’, 400 pg human 
PLXNA2 alone. 
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Overexpression of shtn-1 lead to defects in motor axon patterning in the trunk 

with a doubling of the number of primary axon branches compared to control embryos 

(Fig. 3.5A-3.5E). Branch number can be rescued by co-injection of full-length PLXNA2 

(Fig. 3.5C, C’). Only a minor phenotype was observed in embryos injected with PLXNA2 

alone (Fig. 3.5D-D’). Branches were counted as branch points from the main axon above 

the dotted lines as shown (Fig 3.5A-D). Quantified in (Fig. 3.5E). (UIC 4.78 ± 0.17, N = 

5, n = 69; shtn-1 400pg 7.99 ± 0.23, N = 5, n = 69, P < 0.0001; shtn-1 400pg + PLXNA2 

400 pg 5.51 ± 0.16, N = 5, n = 63; P < 0.05; PLXNA2 400 pg 5.65 ± 0.14, N = 5, n = 69; 

P < 0.01). Taken together, these results show that excess shtn-1 leads to mis-patterning of 

the sensory and motor systems, which could explain observed impairments in swimming 

ability seen in shtn-1 overexpression embryos. This again reinforces the importance of 

the correct balance of shtn-1 in the developing embryo, controlled at least in part by 

PlxnA2 signaling.  
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Figure 3.5. Overexpression of shtn-1 Leads to Surplus Motor Axon Branching and can be 
Rescued by PLXNA2 Overexpression. A-D Lateral epi-fluorescent images of mnx1:GFP motor 
axons in the trunk (anterior to the left). A’-D’ Schematics of branching patterns seen in A-D. 
A&A’, Uninjected control, B&B’, 400 pg shtn-1 overexpression, C&C’, Co-injection of 400pg 
shtn-1 and 400 pg human PLXNA2, D&D’, 400 pg human PLXNA2 alone. F Quantification of 
numbers of primary branches. UIC 4.78 ± 0.17, N = 5, n = 69; shtn-1 400pg 7.99 ± 0.23, N = 5, n = 
69, P < 0.0001; shtn-1 400pg + PLXNA2 400 pg 5.51 ± 0.16, N = 5, n = 63;  P < 0.05; PLXNA2 
400 pg 5.65 ± 0.14, N = 5, n = 69;  P < 0.01. 
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3.5. Discussion  

Previous studies have revealed that overexpression of shtn-1 leads to 

polarization defects and surplus axons in rat hippocampal neurons (Toriyama et al., 

2006b) in addition to the promotion of neurite outgrowth in XTC fibroblasts (Shimada et 

al., 2008a). Our data show that overexpression of shtn-1 in the developing zebrafish 

supports previous cellular findings and leads to developmental abnormalities at the 

organismal level. We show that with dysregulated shtn-1 expression, eye development 

and the patterning of the peripheral nervous system goes awry. Specifically, we see 

improper migration of RPCs during optic vesicle separation, and defects in optic tract 

formation and guidance. In addition, we observed disorganized axon projections of 

sensory neurons and surplus branching and disorganization of motor neuron axons, which 

we hypothesize contributes to the observed impaired swimming behavior.  

Shtn-1 is upregulated during neuronal polarization and has been shown to be a 

key factor during axon determination and formation in rat hippocampal neurons. 

(Toriyama et al., 2006b). During axon determination, the available pool of shtn-1 is 

spread out between neurites. It has been postulated that stochastic increases of shtn-1 

levels between neurites leads to asymmetric accumulation and positive feedback loops in 

competitive neurites. Eventually, Shtn-1 reaches threshold concentrations within a single 

neurite, which drives increased migration and elongation, leading to axon formation 

(Toriyama et al., 2006b).  We believe that excess Shtn-1 acts in a similar way to polarize 

RPCs, in that excess Shtn-1 disrupts the ability of a single filopodia to accumulate more 

than others, preventing RPC polarization, so that migration in the appropriate direction is 

impaired. This directional confusion of RPCs may result in a lack of coordinated 



 107 

movement and separation of the eye field to form two individual optic vesicles. Excess 

shtn-1 could also potentially inhibit migration by forming surplus actin:ECM 

connections, leading cells to become slowed or stalled, although further experiments 

would have to be performed to uncover the mechanism behind optic vesicle 

abnormalities.  

We hypothesize that mis-polarization of cells due to excess shtn-1 also explains 

the disorganized axon trajectories seen in the optic tracts of overexpression embryos, 

especially in tracts that project nasally. It is also possible that the lack of RPE at the optic 

disc could be causing the loss of axon fasciculation as the RGC axons exit the eye. 

Netrins are expressed specifically in neuroepithelial cells surrounding the optic disc and 

in glial cells surrounding the optic stalk, and aid fasciculation of axons in the optic tract. 

In Netrin mutant mice, the optic disc is smaller with optic nerve hypoplasia (Deiner et al., 

1997). Netrins positively regulate Shtn-1, and Shtn-1 overexpression leads to loss of 

fasciculation and disorganization of the optic tracts, the opposite of what is seen with 

Netrin-1 knockout. This supports our model for the necessity for careful regulation of 

Shtn-1, positively by Netrins and negatively by PlxnA2.  

Observed defects in the retinal pigmented epithelium could be due to many 

factors. One hypothesis is that in shtn-1 overexpression embryos, the optic vesicles don’t 

achieve adequate separation, therefore the RPE fated cells do not receive the appropriate 

signals from the tissue that would normally be at the midline. It is known that Hh 

signaling is required for RPE determination, and that sonic hedgehog (shh) and tiggy-

winkle hedgehog (twhh) are both expressed at the midline and by the RPE (Stenkamp et 

al., 2000). Shh inhibition by cyclopamine results in a loss of RPE differentiation (Perron 

et al., 2003) and the effects look similar to those seen with the overexpression of shtn-1. 



 108 

Hh signaling is a well-known mediator of midline development. A loss of Shh in the 

midline, which usually represses Pax6, results in cycloptic embryos, which we also see in 

embryos with excess shtn-1. Further experiments are required to address any involvement 

of Shh signaling in RPE and midline abnormalities with respect to shtn-1. 

Overexpression of shtn-1 leads to abnormal swimming behaviors. We 

discovered that this un-coordinated behavior might be due to excess shtn-1 in driving 

mis-patterning of sensory and motor neurons in the peripheral nervous system. Sensory 

neurons showed mis-targeting and disorganization of axons, in addition to ectopic cell 

bodies. We believe this to be an effect of disrupted polarization, leading to axons forming 

inappropriately and projecting from the cell body at the wrong angle. Surplus branching 

of axons was also seen in motor neurons. It is known that several guidance cues are 

important for the regulation of axon branching. Overexpression of Netrins increases 

cortical axon branching by 50% (Dent et al., 2004), supporting the model of Shtn-1 

regulation of axon branching.  

 It is clear that shtn-1 expression must be maintained at a precise level in order 

for stochastic increases in neurites to be realized and appropriately reinforced to drive 

polarization, axon formation and cell migration. It has been shown that Netrins act as 

positive regulators of Shtn-1 via Cdc42, Rac-1 and Pak-1 activation. Pak-1 

phosphorylates Shtn-1 at ser101 and ser249 to enhance binding to actin retrograde flow, 

in turn promoting axon out-growth (Toriyama et al., 2013). Here we show that PlxnA2 

signaling acts as a negative regulator of shtn-1 expression. It should be noted that the 

levels of regulation are different in this proposed model. Netrin signaling leads to 

activation of Shtn-1 at the protein level by Pak-1 mediated post-translational 

phosphorylation. We show that PlxnA2 signaling represses shtn-1 at the transcriptional 
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level. We believe that this also allows for a degree of temporal regulation. Netrin 

signaling leads to an immediate activation of Shtn-1, whereas PlxnA2 signaling could 

lead to a slower repression of shtn-1 by limiting the pool of available Shtn-1 protein 

being transcribed. This mechanism of ‘checks and balances’ between Netrin/DCC 

positive regulation and Sema6/PlxnA2 negative regulation could be essential to maintain 

the narrow concentration range required for Shtn-1 function.  
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3.6. Supplemental Figures 

 

Figure 3.6. Supplemental Fig. 1. Overexpression of shtn-1 can Induce Cyclopia. A) Brightfield 
image at 48 hpf. B&C (zoom) H&E stained sections of the retina of A. 
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Figure 3.7. Supplemental Fig 2. Shtn-1 Sense Probe. Whole-mount in situ hybridization at 48 hpf. A. 
Lateral view. B. Dorsal view.  
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GAP- GTPase activating protein 

HB- hindbrain  

HG- hatching gland 

Hi- intermediate hypothalamus 

Hpf- hours post fertilization 

INL- inner nuclear layer 

IPL- inner plexiform layer 

L- lens  

LF- lateral forebrain 

lfb- lateral forebrain bundle  

lTeO- lateral optic tectum  

MO- medulla oblongata 

NR- neural retina 

OpV- optic vesicle 

OV- otic vesicle 

P- pons 

Plxn- Plexin 

Po- pre-optic region 

PTd- dorsal part of posterior tuberculum 

PTv- ventral part of posterior tuberculum 

R- retina 

RBD- Rho binding domain  

RGC- retinal ganglion cell layer  

RPC- retinal precursor cell 
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SC- spinal chord  

Sema- Semaphorin 

T- thalamus 

TeO- optic tectum 

V- ventricle 

VEGFR2- vascular endothelial growth factor receptor 2  

V3- 3rd ventricle 

 

Highlights  

• plexinA members family show unique expression patterns during zebrafish 

development 

• plexinAs are expressed in distinct neuronal tissues in the developing brain and eye  

• plexinA1 has two genes, A1a and A1b, which show distinct expression patterns  

 

4.1. Abstract 

Plexins (Plxns) and Semaphorins (Semas) are key signaling molecules that 

regulate many aspects of development. Plxns are a family of transmembrane protein 

receptors that are activated upon extracellular binding by Semas. Activated Plxns trigger 

intracellular signaling cascades, which regulate a range of developmental processes, 

including axon guidance, neuronal positioning and vasculogenesis. Semas are a large 

family of both transmembrane and secreted signaling molecules, and show subtype 

specific binding to different Plxn family members. Each Plxn can play different roles in 

development, and so tightly regulated temporal and spatial expression of receptor 

subtypes is critical to ensure appropriate signaling. Here we elucidate the expression 
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profiles of the plxnA family, plxnA1a, A1b, A2, A3 and A4 at 18, 24, 36, 48, 60 and 72 

hours post fertilization in the developing zebrafish. We show that PlxnA family members 

are expressed in neuronal tissues during zebrafish development, but exhibit key 

differences in expression within these tissues. We also highlight that plxnA1 has two 

genes in zebrafish, A1a and A1b, which show divergences in expression patterns during 

early development. 

 

4.2. Introduction 

Plexins (Plxns) and Semaphorins (Semas) are essential developmental signaling 

proteins. They were initially identified as axon guidance cues, mediating actin dynamics 

at developing axonal growth cones (Luo et al., 1993a). It is now appreciated that Plxns 

and Semas play additional roles in development across multiple systems, including 

vasculogenesis (Serini et al., 2003b), early eye development (Ebert et al., 2014; Emerson 

et al., 2017), immunity (Shi et al., 2000a) and bone development (Behar et al., 1996b), 

among others. Plxns are a large family of transmembrane protein receptors, which signal 

upon binding by specific members of the Sema family. There are 2 invertebrate Plxns 

(PlxnA and B) and 9 vertebrate Plxns (PlxnA1-A4, B1-3, C1 and D1) (Tamagnone et al., 

1999). Due to a whole genome duplication event in zebrafish, many genes have two 

copies (Glasauer and Neuhauss, 2014). An in-depth search for all plxnA family members 

revealed that zebrafish have two plxnA1 genes (plxnA1a and plxnA1b). There are 8 

subclasses of Semas, Sema1 and 2 are invertebrate forms, 3-7 are vertebrate forms and V 

is virally expressed (Neufeld and Kessler, 2008). There are transmembrane (Sema classes 

4, 5 & 6), GPI anchored (Class 7), and secreted Semas (Class 3 and V) (Kolodkin et al., 

1993). Secreted Semas require additional neuropilin co-receptors in a complex with Plxns 
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in order to signal (He and Tessier-Lavigne, 1997; Janssen et al., 2012; Kolodkin et al., 

1997).  

All Plxns share a common 500 amino acid extracellular SEMA domain that 

mediates Sema and Plexin binding. The SEMA domain has an atypical 7-blade propeller 

structure, and binds to other SEMA domains in a head to head conformation (Love et al., 

2003). The SEMA domain is highly conserved, yet varies subtly between the different 

family members (Koppel et al., 1997), leading to restricted combinations of possible 

Plxn/Sema complexes. Extracellular Plxn domains include 3 repeating PSI (plexin, 

semaphorin, integrin) domains and multiple IPT (Ig-like, plexins, transcription factor) 

domains (Bork et al., 1999). Inside the cell, Plxns have a characteristic split GTPase 

activating protein (GAP) domain (C1 and C2) (Rohm et al., 2000), with a Rho binding 

domain (RBD) in-between (Oinuma et al., 2004a). Once activated, folded GAP domains 

initiate multiple intracellular signaling cascades to ultimately regulate many cellular 

events, including but not limited to: cell migration via mediating cytoskeletal dynamics 

(Curreli et al., 2016; Deo et al., 2004; Rosslenbroich et al., 2005; Schmidt and 

Strittmatter, 2007; Serini et al., 2003b), integrin-mediated adhesion (Basile et al., 2007; 

Choi et al., 2014; Walzer et al., 2005), transcriptional regulation (Emerson et al., 2017), 

cell proliferation (Ebert et al., 2014; Emerson et al., 2017) and apoptosis (Bagnard et al., 

2001; Gagliardini and Fankhauser, 1999; Wehner et al., 2016). 

The same Sema classes can activate multiple different Plxn family members. In 

this paper, we focus on the PlxnA family, which can be activated by both class 3 and 

class 6 Semas (Renaud et al., 2008; Suto et al., 2005; Suto et al., 2007). Despite the high 

level of cross talk within the PlxnA family, each member has distinct roles in vertebrate 

development. PlxnA1 plays roles in axon guidance for retinal axons crossing the optic 
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chiasm midline with Sema6D and Nr-CAM (Kuwajima et al., 2012). Additionally, 

PlxnA1 with Sema6D controls endothelial cell migration during heart development in 

combination with VEGFR2 (Toyofuku et al., 2004). PlxnA2/Sema6A signaling has been 

shown to be important for axon migration in the cerebellum (Renaud and Chedotal, 2014; 

Renaud et al., 2008), guidance of the corticospinal tract (Rünker et al., 2008), patterning 

of the retina (Sun et al., 2013b) and the maintenance of cohesion and proliferation of 

retinal precursor cells (Ebert et al., 2014; Emerson et al., 2017), among others. PlxnA3 

(also referred to as sidetracked in zebrafish) is important for the guidance of pioneer 

intraspinal motor neurons as they exit the spinal cord (Palaisa and Granato, 2007), facial 

branchiomotor nerve axon guidance in conjunction with PlxnA4 (Schwarz et al., 2008), 

and pruning of hippocampal axon branches during brain development (Bagri et al., 2003). 

PlxnA4 is important for axon guidance during development. It guides mossy fibers of the 

hippocampus, (Suto et al., 2007) and both sympathetic and sensory neurons in dorsal root 

ganglia (Haklai-Topper et al., 2010a). Furthermore, in retinal development, PlxnA4 is 

important for guiding axons to their correct sub-laminar targets to correctly pattern the 

inner plexiform layer (Matsuoka et al., 2011b).  

It is clear that PlxnA/Sema signaling is essential in development, and although 

some of the functions of the PlxnA family members are known, limited data exists for 

their expression. Here we elucidate the specific expression patterns of each PlxnA across 

the early developmental stages of the zebrafish. We show that there are distinct temporal 

and spatial differences in expression patterns of each family member, including the two 

novel plxnA1 paralogs in zebrafish, A1a and A1b. This data will enable a platform from 

which the developmental roles of specific plxnA genes can be determined. 
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4.3. Results 

4.3.1.  PlxnA Family Phylogenetic Tree 

A neighbor–joining consensus phylogenetic tree of full-length amino acid 

sequences was generated in Geneious R10 (Kearse et al., 2012). Analysis shows that each 

PlxnA family member clusters in the same clade as expected across species (Fig. 4.1). 

Zebrafish (D. rerio) have two plxnA1 genes, plxnA1a and A1b, due to a whole genome 

duplication (Glasauer and Neuhauss, 2014), resulting in two protein products. These 

group with orthologous PlxnA1s of other species. Protein alignments for the SEMA and 

Ras-GAP domains of the plxnA family show that although family members are overall 

well conserved, the majority of differences occur in the SEMA binding domains 

(Supplemental Fig.4.8). 
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Figure 4.1. Phylogeny of PlxnA Family Members. Phylogenetic tree displaying the relationships of 
PlxnA family member full-length amino acid sequences. Numbers indicate maximum likelihood 
bootstrap values. 
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4.3.2.  plxnA1a Expression 

plxnA1a is expressed in the undifferentiated retinal precursor cells of the optic 

vesicles (OpV), and the forebrain (FBr) at 18 hpf (Figs. 4.2A-A’’). At 24 hpf, staining is 

seen adjacent to the lens in the neural retina (NR) and in the forebrain ventricle (V) (Figs. 

4.2 B-B’’). plxnA1a is expressed in the optic tectum (TeO) at 36 and 48 hpf (Figs. 

4.2C’’’, 4.2D’’, 4.2D’’’). In the developing eye, plxnA1a is expressed in the retinal 

ganglion cell layer (RCG) and the inner plexiform layer (IPL) of the retina at 60 and 72 

hpf (Figs. 4.2E’’, 4.2 F’’). Staining is seen in the lateral forebrain at 60hpf and around the 

optic commissure (oc) at 72 hpf (Fig. 4.2F’’). plxnA1a is expressed in the otic vesicle 

(OV) of the developing ears during all stages of development shown (Figs. 4.2 C’’’’-

F’’’’).  
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Figure 4.2. plxnA1a Expression. Brightfield images of zebrafish embryos processed for in situ 
hybridization. (A-F) Whole-mount lateral, (A’-F’) whole-mount dorsal. Brightfield sections (A’’-F’’) 
forebrain, (A’’’-F’’’) midbrain and (C’’’’-F’’’’) hindbrain. Embryos were imaged at different 
developmental time points. (A-A’’’) 18 hpf, (B-B’’’) 24 hpf, (C-C’’’’) 36 hpf, (D-D’’’’) 48 hpf, (E-E’’’’) 
60 hpf, and (F-F’’’’) 72 hpf. Lines in (A-F) indicate locations of the sections shown at that time-point. 
Inset shows sense probe control. Hpf-hours post fertilization, OpV- optic vesicles, FBr-forebrain, V- 
ventricle, NR-neural retina, L-lens, TeO- optic tectum, OV- otic vesicle, CMZ-cilliary marginal zone, 
lTeO- lateral optic tectum, MO- medulla oblongata, IPL-inner plexiform layer, RGC- retinal ganglion 
cell layer, FB- fin bud.
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4.3.3.  plxnA1b Expression  

plxnA1b is expressed in the retinal precursor cells of the optic vesicles (OpV) 

and the forebrain (FBr) at 18 hpf (Figs. 4.3A-A’’). Staining persists in the neural retina 

(NR) close to the developing lens at 24 hours post fertilization (hpf) (Figs. 4.3B-B’’). 

plxnA1b is expressed in the inner plexiform layer (IPL) at 60 hpf (Fig. 4.3E’’) and retinal 

ganglion cell layer (RGC) at 72 hpf (Fig. 4.3F’’). As the forebrain develops, plxnA1b is 

expressed first dorsally at 36 hpf (Fig. 4.3C’’) and can be distinctly seen in the lateral 

forebrain bundle (lfb) by 48 hpf (Fig. 4.3D’’). At 60 hpf, staining can be seen more 

ventrally around the pre-optic region (Po) (Fig. 4.3E’’). Additionally, staining is seen in 

the lateral optic tectum (lTeO) at 60 and 72 hpf (Figs. 4.3E’’, F’’-F’’’). During 

development plxnA1b is distinctly expressed in the developing ear and in the otic vesicles 

(OV) (Figs. 4.3B’’, 4.3C’’’’-F’’’’). At 36 and 48 hpf plxnA1b is expressed in the 

hypothalamus (H) (Figs. 4.3C’’’, D’’’) and in the medulla (MO) at 60 hpf (Fig. 4.3E’’’). 

The cranial ganglia (CG) also express plxnA1b at 60 and 72 hpf (Figs. 4.3E, E’, F, F’). 
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Figure 4.3. plxnA1b Expression. Brightfield images of zebrafish embryos processed for in situ 
hybridization. (A-F) Whole-mount lateral, (A’-F’) whole-mount dorsal. Brightfield sections (A’’-F’’) 
forebrain, (A’’’-F’’’) midbrain and (C’’’’-F’’’’) hindbrain. Embryos were imaged at different 
developmental time points. (A-A’’’) 18 hpf, (B-B’’’) 24 hpf, (C-C’’’’) 36 hpf, (D-D’’’’) 48 hpf, (E-E’’’’) 
60 hpf, and (F-F’’’’) 72 hpf. Lines in (A-F) indicate locations of the sections shown at that time-point. 
Inset shows sense probe control. Hpf-hours post fertilization, OpV- optic vesicle, Fbr, forebrain, SC- 
spinal cord, NR-neural retina, V- ventricle, HB- hindbrain, OV- otic vesicle, L-lens, Hi-
intermediate hypothalamus, lfb-lateral forebrain bundle, Po-pre-optic region, T-thalamus, lTeO- lateral 
optic tectum, MO- medulla oblongata, RGC- retinal ganglion cell layer, IPL-inner plexiform layer, CG-
cranial ganglia. 
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4.3.4.  plxnA1a and plxnA1b Comparisons 

At 18 somites and 24 hpf, plxnA1a and plxnA1b are expressed in similar areas. 

They both show staining throughout the developing optic vesicles (OpV) and developing 

forebrain (FBr) at 18 somites (Figs. 4.2A’’, 4.2A’’’, 4.3A’’ and 4.3A’’’), in addition to 

the ventricle (V) and neural retina (NR) at 24 hpf (Figs. 4.2B’’, 4.2B’’’, 4.3B’’ and 

4.3B’’’).  However, plxnA1a and plxnA1b differ in expression patterns by 36 hpf. 

plxnA1a is expressed in the optic tectum (TeO), whereas plxnA1b is seen in the 

intermediate hypothalamus (Hi) (Figs. 4.2C’’’, 4.3C’’’). At 48 hpf, plxnA1a and plxnA1b 

are both expressed in the developing lateral forebrain (lfb) (Figs. 4.2D’’ and 4.3D’’), 

although plxnA1a staining is more diffuse and can be seen more ventrally than plxnA1b, 

expanding into the ventral thalamus (T). At 60 hpf, plxnA1a and plxnA1b are both 

expressed in similar areas throughout the developing forebrain and midbrain (Figs. 

4.2E’’, 4.3E’’), however they differ greatly in the developing ventral hindbrain where 

plxnA1a is ubiquitously expressed, and plxnA1b is absent (Figs. 4.2E’’’’, 4.3E’’’’). Both 

genes are expressed in the developing otic vesicles (OV) throughout the stages of 

development shown (Figs. 4.2C’’’’- 4.2F’’’’ and 4.3C’’’’- 4.3F’’’’). PlxnA1a is strongly 

expressed in the fin buds, especially at 60hpf (Fig. 4.2E’), whereas plxnA1b only shows 

very faint staining, if any, at all developmental stages shown (Figs. 4.3C’ - F’).  

4.3.5.  plxnA2 Expression 

plxnA2 is expressed in the ventral optic vesicles (OpV) and the neighboring 

mesenchyme at 18 hpf (Figs. 4.4A-A’’), but is not strongly expressed at 24 hpf (Figs. 

4.4B-B’’’). Later in development, plxnA2 is again expressed in the developing eye. It is 

expressed markedly in the cilliary marginal zone (CMZ) at 36 hpf (Fig. 4.4C’’) and in the 
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retinal ganglion cell layer (RGC) and inner nuclear layer (INL) from 48 hpf to 72 hpf 

(Figs. 4.4D’’-F’’). Staining can also be seen in the optic chiasm (oc) and optic tectum 

(TeO/lTeO) at 72 hpf (Figs. 4.4F’’-F’’’). At 36 hpf, staining can be seen in distinct nuclei 

of the thalamus (Fig. 4.4C’’), moving ventrally as development proceeds (Figs. 4.4D’’-

F’’). By 36 hpf, plxnA2 is expressed in the intermediate hypothalamus (Hi) and the 

medulla (MO) (Figs. 4.4C’’’, D’’’, F’’’).  
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Figure 4.4. plxnA2 Expression. Brightfield images of zebrafish embryos processed for in situ 
hybridization. (A-F) Whole-mount lateral, (A’-F’) whole-mount dorsal. Brightfield sections (A’’-F’’) 
forebrain, (A’’’-F’’’) midbrain and (C’’’’-F’’’’) hindbrain. Embryos were imaged at different 
developmental time points. (A-A’’’) 18 hpf, (B-B’’’) 24 hpf, (C-C’’’’) 36 hpf, (D-D’’’’) 48 hpf, (E-E’’’’) 
60 hpf, and (F-F’’’’) 72 hpf. Lines in (A-F) indicate locations of the sections shown at that time-point. 
Inset shows sense probe control. Hpf-hours post fertilization, OpV- optic vesicle, HG-hatching gland, 
CMZ-cilliary marginal zone, DT-dorsal thalamus, V3- 3rd ventricle, Hi-intermediate hypothalamus, OV- 
otic vesicle, oc-optic chiasm, RGC- retinal ganglion cell layer, INL-inner nuclear layer, T-thalamus, 
PTv-ventral part of posterior tuberculum, lTeO- lateral optic tectum, MO- medulla oblongata. 
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4.3.6. plxnA3 Expression 

plxnA3 is not expressed in the developing zebrafish nervous system until 36 hpf 

(Figs. 4.5A-B’’’). At 36 hpf, plxnA3 is expressed in the early neural retina (NR) (Fig. 

4.5C’’) and persists to 72 hpf in the retina adjacent to the lens (R) (Figs. 4.5D’’-F’’). 

Expression is also seen in the developing optic system in the optic tectum (TeO) at 48 

and 60 hpf (Figs. 4.5D’’’, E’’’), but is absent by 72 hpf (Fig. 4.5F’’’). Furthermore, 

plxnA3 is expressed throughout the developing lateral forebrain (LF), dorsal thalamus 

(DT), and the ventral tuberculum (PTv) from 36 hpf onwards (Figs. 4.5C’’-F’’). Staining 

can be seen in the medulla at 60 and 72 hpf (Figs. 4.5E’’’’, F’’’, F’’’’), and the 

developing ear from 36 to 72 hpf (Figs. 4.5C’’’’-F’’’’). Prolonged staining shows 

expression in motor neurons along the tail, and in the cranial ganglia (Supplemental Fig. 

4.9). 
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Figure 4.5. plxnA3 Expression. Brightfield images of zebrafish embryos processed for in situ 
hybridization. (A-F) Whole-mount lateral, (A’-F’) whole-mount dorsal. Brightfield sections (A’’-F’’) 
forebrain, (A’’’-F’’’) midbrain and (C’’’’-F’’’’) hindbrain. Embryos were imaged at different 
developmental time points. (A-A’’’) 18 hpf, (B-B’’’) 24 hpf, (C-C’’’’) 36 hpf, (D-D’’’’) 48 hpf, (E-E’’’’) 
60 hpf, and (F-F’’’’) 72 hpf. Lines in (A-F) indicate locations of the sections shown at that time-point. 
Inset shows sense probe control. Hpf-hours post fertilization, LF- lateral forebrain, NR-neural retina, 
MO- medulla oblongata, DT-dorsal thalamus, PTv-ventral part of posterior tuberculum, Po-pre-optic 
region, TeO- optic tectum, T-thalamus, OV- otic vesicle, R-retina. 
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4.3.7. plxnA4 Expression  

At 18s plxnA4 is expressed throughout the developing eye field in the optic 

vesicles (OpV) (Fig. 4.6A’’). plxnA4 has very distinct staining in the lateral forebrain 

(lfb) from 36 hpf (Fig. 4.6C’’), spreading dorso-ventrally throughout the thalamus and 

the tuberculum (T/PTd/PTd) towards the pre-optic region (Po) at 48 hpf (Fig. 4.6D’’), 

and is most ventrally in the optic chiasm (oc) at 60 and 72 hpf (Figs. 4.6E’’-F’’). plxnA4 

is expressed in the developing visual system from 24 hpf in the retinal precursor cells of 

the neural retina (NR) (Fig. 4.6B’’), the lens (L) at 36 hpf (Fig. 4.6C’’) and the inner 

plexiform layer (IPL) at 60 hpf (Fig. 4.6E’’). plxnA4 is strongly expressed in the 

hindbrain dorsal to the otic vesicles (OV) at 48 hpf (Fig. 4.6D’’’’), in the medulla (MO) 

(Fig. 4.6E’’’) and in the otic ganglia (OG) at 60 hpf (Fig. 4.6 E’’’’). plxnA4 is localized to 

the otic vesicles (OV) during the stages of early development shown (Figs. 4.6A’’’, B’’’, 

C’’’’-F’’’’).  
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Figure 4.6. plxnA4 Expression. Brightfield images of zebrafish embryos processed for in situ 
hybridization. (A-F) Whole-mount lateral, (A’-F’) whole-mount dorsal. Brightfield sections (A’’-F’’) 
forebrain, (A’’’-F’’’) midbrain and (C’’’’-F’’’’) hindbrain. Embryos were imaged at different 
developmental time points. (A-A’’’) 18 hpf, (B-B’’’) 24 hpf, (C-C’’’’) 36 hpf, (D-D’’’’) 48 hpf, (E-E’’’’) 
60 hpf, and (F-F’’’’) 72 hpf. Lines in (A-F) indicate locations of the sections shown at that time-point. 
Inset shows sense probe control. Hpf-hours post fertilization, OV- otic vesicle, NR-neural retina, L-lens, 
lfb-lateral forebrain bundle, TeO- optic tectum, PTd-dorsal part of posterior tuberculum, IPL-inner 
plexiform layer, T-thalamus, DT-dorsal thalamus, PTv-ventral part of posterior tuberculum, Po-pre-optic 
region, and MO- medulla oblongata, oc-optic chiasm, OG-otic ganglion, FB- fin bud, HG-hatching 
gland. 
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Figure 4.7. Expression Patterns of plxnA1a, A1b, A2, A3 and A4 in Specific Neuronal Tissues in 
Zebrafish. Purple boxes indicate positive expression of the corresponding gene at any time-point 
between 18 hpf and 72 hpf in the developing zebrafish.  
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4.4. Discussion 

Our results show that the PlxnA family have some overlap in expression, but 

also have distinct differences, as summarized in (Fig. 4.7). It is not surprising that our 

results show areas of co-expression, as it is well documented that different Plxns can 

regulate each other. Sema6A can activate both PlxnA2 and A4, which often share spatial 

and temporal expression patterns (Haklai-Topper et al., 2010a; Renaud et al., 2008; Suto 

et al., 2005; Suto et al., 2007). PlxnA2 and A4 have been shown to work together to 

guide migrating axons to their correct targets, via cis inhibition with Sema6A (Haklai-

Topper et al., 2010a; Suto et al., 2007).  

Comparing the expression patterns of the PlxnAs to their ligands further 

supports our findings. As mentioned earlier, Sema3 and Sema6 are ligands for the PlxnA 

family, and here we are able to confirm that their expression domains overlap in certain 

areas during development. For example in the retina, sema6A and plxnA2 are expressed 

in overlapping and neighboring neuronal layers at 72 hpf, sema6A in the RGC layer, and 

plxnA2 in the RGC layer and the INL (Figs. 4.4E’’-F’’), as previously observed (Ebert et 

al., 2014). sema3Aa, 3Fa, 3Fb, 3Gb, 6A and 6D are expressed in the optic tectum at 50 

hpf onwards (Callander et al., 2007; Ebert et al., 2012) which correlates with the 

expression of plxnA1a, A2, A3 and A4 later in development (Figs. 4.2 & 4.4-4.6). 

Additionally, Sema3A, 3C 3Fa, 3Fb, 3Ga, 3Gb, 6Ba and 6D are expressed in the dorso-

lateral thalamus at 40-50 hpf (Callander et al., 2007; Ebert et al., 2012), matching the 

spatial and temporal expression of the plxnAs (Figs. 4.2-4.6). It is known that sema3Aa 

and 3E are expressed in the optic chiasm, and that 3Fa and 3GB are expressed dorsally to 

the optic chiasm, forming a repulsive border to migrating axons, guiding RGC axons as 

they cross the midline (Callander et al., 2007). We show that plxnAs are also expressed in 
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this area, plxnA2 and A4 in the optic chiasm (Fig. 4.4 and 4.6), and plxnA1a and A1b in 

neighboring tissues (Figs. 4.2 and 4.3). Of the limited expression data in zebrafish, our 

findings corroborate published results. As mentioned, plxnA2 is expressed in the ventral 

optic vesicles at 15 hpf, and the RGC layer and INL in zebrafish at 72 hpf (Ebert et al., 

2014), matching our results (Figs. 4.4A’’, D’’-F’’). We also show that plxnA4 is 

expressed in the same neuronal areas in whole-mount at 48 hpf (Fig. 4.6D), as in 

(Christie et al., 2006). plxnA3 expression in 24-36 hpf zebrafish has been previously 

investigated, and expression is seen in developing motor neurons and in the cranial 

ganglia (Tanaka et al., 2007). We show similar staining patterns at the same ages 

(Supplemental Fig. 4.9). In order to observe distinct staining in specific brain regions, 

staining was stopped before the heads became too dark, this resulted in the staining in the 

tail to be faint, suggesting that plxnA3 expression levels in the developing trunk are 

significantly lower compared to the dark staining observed in the brain, eye and ear. 

Staining was therefore prolonged to show that our probes do indeed show similar patterns 

to previously published results in the tail. (Supplemental Fig. 4.9). The expression of the 

plxnA family has been previously investigated in mice (Murakami et al., 2001; Perälä et 

al., 2005) and although precise timing is hard to compare, we see consistencies in 

neuronal expression patterns between these two species. For example, PlxnA1-3 are 

expressed in the developing mouse hypothalamus (Murakami et al., 2001), and we show 

similar staining in that area in zebrafish for plxnA1b and A2 (Figs. 4.3C’’’, 4.3D’’’, 4. 

4C’’’ and 4.4D’’’). In the developing mouse retina, A1 and A3 are expressed in the RGC 

layer, and A2 is expressed in the RGC and INL layers (Murakami et al., 2001), matching 

the expression patterns seen in zebrafish (Figs. 4.2F’’, 4.3F’’, 4.4D’’-4.4F’, 4.3E’’ and 
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4.3F’’). As a key model system for development, our work in zebrafish provides a much-

needed data set for future studies in the field. 

Our work is the first to document a distinction between the two plxnA1 

homologs plxnA1a and A1b in zebrafish. Due to whole genome duplication, many 

zebrafish genes have two transcripts. After a whole genome duplication event, copies of 

genes can either undergo neo-functionalization, sub-functionalization or a loss of 

function. Here we show that plxnA1a and A1b have some overlapping and some unique 

domains of expression during development, suggesting that the two genes may have 

evolved independent roles in development.   

In this body of work, we comprehensively elucidate the spatial and temporal 

expression patterns of the plxnA family during zebrafish development. Each family 

member shows both overlapping and divergent expression domains in the developing 

nervous system, which correlates with the temporal and spatial patterns of their ligands, 

and expression patterns in mice. We have also uncovered novel expression patterns for 

two transcripts of plxnA1, A1a and A1b. Future work will address the functional 

relevance of the two plxnA transcripts, to determine if they display any level of 

redundancy or if they have evolved independent functions.  

 

4.5. Experimental Procedures 

4.5.1. Zebrafish Husbandry  

TL embryos were raised at 28.5°C and developmentally staged as previously 

described (Fishman et al., 1997; Kimmel et al., 1995). Embryos were raised in egg water 

and pigmentation was blocked by addition of 0.003% phenylthiourea (PTU) at 24 hpf. 
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All procedures were approved by the University of Vermont Institutional Animal Care 

and Use Committee (IACUC), protocol number 15-031.  

4.5.2. Phylogeny and Protein Alignments 

Full-length plxnA1a and A1b nucleotide sequences were initially found by 

searching the zebrafish genome in the NCBI database. NCBI BLAST was used to 

establish that they had disparities in sequence homology. Geneious R10 software 

(http://www.geneious.com) (Kearse et al., 2012) was used to generate a neighbor-joining 

consensus tree based on alignments of the full-length amino acid sequences referenced in 

Table 4.1. ‘Majority greedy clustering’ was used, rooted to D. melanogaster. Numbers 

indicate bootstraps of percent consensus support. SEMA and Ras-GAP protein domain 

alignments were also generated using Geneious R10 software (http://www.geneious.com) 

(Kearse et al., 2012), after importing domain sequences identified using the NCBI 

Conserved Domain Finder tool(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). 
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Table 4.1. Accession numbers for PlexinA family member amino acid sequences across different 

species, used for phylogenetic analysis. PlexinA family member denoted after species name. 

 

 Species Accession number 

D. melanogaster A NP_524637 

D. melanogaster B NP_524616.2 

G. gallus A1 XP_015148852.1 

X. tropicalis A1 NP_001090760.1 

M. musculus A1 AA138024.1 

H. sapiens A1 NP_115618.3 

D. rerio A1a XP_003201265.4 

D. rerio A1b NP_001103480.1 

D. rerio A3 NP_001091959.1 

M. musculus A3 NP_032909.2 

H. sapiens A3 NP_059984.3 

D. rerio A4 XP_005164747.1 

X. tropicalis A4 XP_002931894.2 

H. sapiens A4 NP_065962 

M. musculus A4 NP_786926.2 

G. gallus A4 XP_015147312.1 

D. rerio A2 XP_689780.5 

X. tropicalis A2 AA161575.1 

G. gallus A2 XP_015154528.1 

M. musculus A2 AAH68155.1 

H. sapiens A2 EAW93457.1 
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4.5.3. Whole-mount in situ Hybridization 

Zebrafish embryos were developmentally staged at 18, 24, 36, 48, 60 or 72 hpf, 

fixed in 4% paraformaldehyde overnight at 4oC, and stored at -20oC in 100% methanol 

until use. In situ hybridization was performed as described previously (Thisse and Thisse, 

2008). Digoxygenin (DIG)-labeled antisense and sense (control) RNA probes were 

generated using primers listed in Table 4.2 (IDT Coralville, IA). A second probe was 

generated for plxnA3 to confirm previously published expression data in the tail (Tanaka 

et al., 2007) (Supplemental Fig. 4.9). PCR products were sequenced at the UVM Cancer 

Center Advanced Genome Technologies Core, Burlington, VT prior to probe generation. 
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Table 4.2. Primers and Accession Numbers for PlexinA Family Gene-specific Antisense Probe 

Generation. 

Name Forward primer Reverse primer Accession # 

plxna1a GCAGCTGGATGAA

CCCCTGC 

 

TGTAATACGACTCACTA

TAGGGGCTGATTGTGAG

CAAGATCC 

 

XM_003201217.4 

plxna1b CTCAGCCGGAAAA

CACATGG 

TGTAATACGACTCACTA

TAGGGGAACTTCACCTC

CGGGTTTC 

 

NM_001110010.1 

plxna2 ATGTGATACAA1q

GGAGCCGAGG 

AGAGTCAGAAGGCTGTC

GGA 

XM_684688.7 

 

plxna3 

 

plxna3 

(20 target) 

ACCCGACCTTTGA

ACCTCTT 

 

ATTTAGGTGACAC

TATAGCACCGAGA

GTCCAGGAGAAG 

 

TGTCATTCGTCAGCTCTT

GG 

 

TAATACGACTCACTATA

GGGTTGCAAGAACTGCT 

NM_001098489.1 

 

 

NM_001098489.1 

 

plxna4 ATTTAGGTGACAC

TATAGGGAGACAA

ACCCTGTGCATT 

TAATACGACTCACTATA

GGGTTCTCCACCTGCTC

CTGTCT 

XM_005164690.3 
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4.5.4. Embedding, Sectioning, Imaging and Annotation 

Post in situ hybridization, embryos were oriented in 4% methyl cellulose and 

imaged using a Nikon SMZ800 dissecting light microscope at 5X magnification. 

Embryos were dehydrated in 100% ETOH overnight prior to embedding using a JB4 

Embedding Kit (Polysciences, Inc., Warrington, PA).  Embedded embryos were 

sectioned on a Leica RM2265 microtome at 20μm and mounted on slides for imaging. 

Sections were imaged on an Olympus iX71 inverted light microscope at 20X 

magnification. Figures were cropped, adjusted for brightness and contrast and assembled 

using Adobe Photoshop CS6. Anatomical annotations were informed with the use of the 

zebrafish developmental atlases (Mueller, 2005) and (Bryson-Richardson et al., 2012). 
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4.6. Supplementary Data 

 
Figure 4.8. Supplemental Fig. 1. Conservation of Zebrafish PlxnA1 Family Member Domains. A. 
Schematic of typical plxnA protein domains. B. Alignment of the SEMA binding domain of all zebrafish 
PlxnA1 family members. C. Percent homology between zebrafish plxnA family member SEMA and Ras-
GAP domains. D. Alignment of the Ras-GAP binding domain of all zebrafish plxnA1 family members. 
PSI- plexin-semaphorin and integrin domain, IPT- Ig-like, plexins, transcription factors domain, TM-
transmembrane domain, Ras-GAP- Ras GTPase activating-protein domain.
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Figure 4.9. Supplemental Fig. 2. plxna3 Trunk Expression. Whole-mount in situ hybridization 
showing plxnA3 expression. A. Lateral, A’’. Dorsal and A’’’. Dorsal-zoom views at 24 hpf. 
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CHAPTER 5. DISCUSSION 

 

5.1. Significance  

Semas and Plxns were initially discovered for their role in axon and vascular 

guidance, however it is becoming appreciated that they are important for multiple aspects 

of development. We previously identified a novel role for Sema6A/PlxnA2 in early eye 

development regulating proliferation and cohesion of optic vesicles. With the 

appreciation that Sema/Plxn signaling is requied for many developmental processes, it is 

important to understand how these critical proteins work. Some of the receptor-proximal 

signaling events are beginning to be uncovered, however prior to our study, it was 

unknown if there was any transcriptional regulation downstream of Sema6A/PlxnA2 

signaling. We show 58 target genes transcriptionally regulated by Sema6A/PlxnA2 

signaling. Interestingly, 57/58 genes are significantly up-regulated in knockdown 

animals, therefore under normal conditions, this signaling pair is repressive to expression 

of target genes. We investigated the roles of two candidate genes, rasl11b and shtn-1, 

based on predicted roles in proliferation and migration. We show that Sema6A/PlxnA2 

repression of rasl11b is important for the proliferation of RPCs, and negative regulation 

of shtn-1 is important for RPC migration and separation of optic vesicles, as well as 

optic, motor and sensory nerve patterning. There is cross-talk between different Sema 

ligands and Plxn receptors, however they often play tissue-specific roles in development. 

This led us to question where other signaling partners are expressed throughout early 

development, and how this might contribute to their specificity. We comprehensively 

investigated the spatial and temporal expression patterns of PlxnA1a, 1b, 2, 3 and 4 in 

early zebrafish development, providing a key resource of information to those interested 
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in the study of the PlxnA family. Furthermore, this was the first identification of the 

duplication of zebrafish PlxnA1, PlxnA1a and PlxnA1b, and their divergent expression 

patterns. Our research therefore presents a significant finding to the field and has the 

potential to be applicable to Sema/Plxn signaling in other systems. 

 

5.2. Proposed Mechanism of Sema6A/PlxnA2 Transcriptional Repression of 

Target Genes  

It is unusual to observe such a dramatic one-sided result from a microarray 

experiment, in that 57/58 genes were up-regulated in both Sema6A and 

PlxnA2knockdown embryos. This warrants further investigation into the mechanism of 

repression that is being activated under normal signaling conditions. Transcriptional 

regulation is highly dynamic, and complex. Transcription factor (TF) availability and 

dynamics, combinatorial effects, histone modifications and chromatin remodeling 

influencing enhancer, promoter and silencer accessibility are just some of the elements 

that are involved in the control of gene expression. One hypothesis is that 

Sema6A/PlxnA2 signaling controls developmental gene expression programs via 

activation of specific transcriptional effectors and/or regulation of chromatin 

accessibility. To test this, RNA seq could be performed on FACs-sorted rx3:GFP control, 

plxnA2 and sema6A knockdown embryos at 18 somites. Techniques such as chromatin 

accessibility analysis by ATAC sequencing (assay for transposase accessible chromatin 

followed by high throughput sequencing) and chromatin structure analysis by histone 

modification, ChIP sequencing (chromatin immunoprecipitation followed by high 

throughput sequencing) are commonly used to address these types of questions. ATAC 

seq would analyze differences in open chromatin footprints between control and 
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knockdown embryo eye-enriched cells. ATAC-seq motifs can be annotated for patterns 

that signify TF binding sites and enhancers, transcriptional start sites, and repressed 

regions (Hoffman et al., 2012). ChIP-seq could be utilized as a technique to annotate 

areas of chromatin that are transcriptionally repressed or activated via differences in 

histone modifications. Antibodies against two histone modification markers, H3K27me3, 

a marker of areas of repression, (Young et al., 2011) and H3K27ac, a marker of active 

regions of transcription, would initially be used. Regulatory patterns between control and 

knockdown embryos could be compared. RNA seq, ATAC seq and ChIP seq could be 

compared in parallel to identify key cis regulatory modules, and transcription factor 

binding sites in order to build an image of the regulatory landscape downstream of 

Sema6A/PlxnA2 signaling in eye-enriched cells. These experiments would not only 

uncover transcriptional effectors and regulatory mechanisms of chromatin remodeling 

downstream of Sema6A/PlxnA2 signaling in the early eye, but also potentially uncover 

much broader mechanisms shared by other Semas and Plxns that control multiple aspects 

of development. In identifying common downstream transcription factors, we could also 

link yet unknown upstream effectors by pathways that are known to regulate these 

transcription factors, uncovering a more complete intracellular signal transduction 

pathway. 

5.3. Potential of Other Sema/Plxn Signaling Partners to Regulate Transcription  

Uncovering the ability of Sema6A/PlxnA2 signaling to drive transcriptional 

regulation poses the natural question of whether this is a universal Sema/Plxn signaling 

mechanism. Currently, it is unknown if other Sema/Plxn signaling partners also regulate 

gene transcription, however it is not unreasonable. The PlxnA family is structurally 

highly similar, especially within their intracellular domains, making it more likely that 
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they interact with similar downstream effectors. We could perform additional microarray 

experiments to analyze the potential of different Sema/Plxn signaling partners to regulate 

gene transcription and compare the differences in downstream target genes for specificity 

for each family member. Cross talk exists between Semas and Plxns, in that Semas can 

activate multiple Plxns, and Plxns can bind and be activated by multiple Semas. For 

example, PlxnA2 can bind to Sema3A, 3C, 3F and 6A, and Sema6A can bind to PlxnA1, 

A2 and A4. Differences in gene regulation between these different signaling partners 

could be important in the diversification of their temporal and spatially disctinct 

developmental roles.   

5.4. Proposed Mechanism of Rasl11b Signaling 

We show that rasl11b is a downstream target of Sema6A/PlxnA2 signaling and is 

important in the regulation of proliferation of RPCs within the developing optic vesicles. 

Being only one of 58 differentially regulated target genes, others with predicted roles in 

cell cycle regulation and proliferation, it is surprising that rasl11b overexpression can 

recapitulate the Sema6A/PlxnA2 knockdown phenotype of decreased proliferation. This 

suggests that rasl11b plays a large role in the regulation of proliferation of this cell type.  

We found that rasl11b is upregulated 4.54 fold in sema6A knockdown animals 

and 2.95 fold in plexinA2 knockdown animals, and when intentionally upregulated, 

rasl11b leads to decreased proliferation of RPCs within optic vesicles at 18 somites.  

Rasl11b is a small atypical GTPase that has been implicated in prostate cancer (Louro et 

al., 2004). Due to its relatedness to Ras, which promotes cell-proliferation, it was 

surprising that overexpression lead to the opposite phenotype in RPCs. Rasl11b is highly 

conserved in vertebrates and is atypical to most Ras-like family members in two ways. 

First, it is cytosolic and lacks carboxy terminal lipid modification sites which allow for 
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membrane anchoring (Pezeron et al., 2008). Second, it has a lower GTPase activity than 

Ras, and is more often in its active GTP-bound state (Colicelli, 2004). Ras proteins are 

well known to be involved in the mitogen-activated protein kinase (MAPK) pathway, 

therefore, we hypothesize that Rasl11b acts as a negative regulator of MAPK by 

outcompeting Ras for its effectors such as Raf, leading to decreases in RPC proliferation 

seen in knockdown embryos. 

Activation of Ras leads to the activation of the MAPK cascade, canonically in the 

order of Ras, Raf, Mek and Erk. Erk activation leads to transcription factor activation 

(e.g. Creb and Myc), which impacts the cell cycle. We propose that Sema6A/PlxnA2 

signaling regulates the MAPK pathway in two ways to mediate cell proliferation 

(outlined in Figure 5.1). 1) Activation of PlxnA2 drives an intracellular conformational 

change, leading to the formation of an active GAP domain. This inhibits the small 

GTPase Rap-1, releasing its inhibition on Raf-1, which can then activate the downstream 

effectors of the MAPK cascade in response to to normal cell proliferation signals. In 

PlxnA2 knockdown animals, Rap-1 is in its active GTP bound state, and can out-compete 

Ras for Raf, therefore inhibiting the MAPK cascade, inhibiting cell proliferative 

signaling. 2) We propose that Rasl11b indirectly inhibits Ras signaling via its ability to 

outcompete Ras for its upstream activating proteins, such as Raf or the small Ras 

activating GEF, son of sevenless (SOS). Typically, Ras is activated by SOS, which is 

constitutively active, and cytoplasmic. It is recruited to the membrane to meet membrane 

tethered Ras by Grb2. By having a lower GTPase activity, rasl11b is more often found in 

its GTP-bound active state, and therefore can bind to Raf or SOS, sequestering them 

away from the membrane and away from Ras. If Ras is not able to be activated, it would 

be predominantly found in its GDP-bound state, reducing signal propagation, and 
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resulting in decreased pro-proliferative effects of the MAPK signaling cascade. 

Therefore, in normal Sema6A/PlxnA2 signaling, rasl11b expression is inhibited, and not 

able to inhibit proliferation via the MAPK cascade, although in PlxnA2 knockdowns, 

rasl11b expression is increased, inhibiting the MAPK cascade, leading to decreased 

proliferation.   
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Figure 5.1. Proposed Mechanism of Rasl11b Signaling. When PlxnA2 is activated by Sema6A, 
rasl11b transcription is inhibited, in addition, the functional GAP domain that is formed inactivates the 
small GTPase Rap, allowing for MAPK proliferative signaling. B. When PlxnA2 is inactive, or impaired, 
an increase in rasl11b expression leads to the inhibition of the MAPK cascade, in addition, Rap is active, 
and can also repress the MAPK cascade, leading to decreased proliferation.  
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To investigate the effect of rasl11b on the MAPK pathway, we performed western 

blots for activated pERK, using HEK293 cells transfected with HA-ERK2 and Flag-

tagged DR rasl11b. Increasing doses of rasl11b (5, 7.5, 10 µg) showed a trend of 

decreasing pERK levels, suggesting that Rasl11b indeed negatively regulates the MAPK 

pathway. This preliminary data needs to be repeated, potentially with higher 

concentrations to get a more robust result. To confirm the mechanism of repression of 

Rasl11b, activation of additional MAPK effectors could be analyzed, such as Raf-1 and 

Mek, with overexpression of rasl11b. If Rasl11b inhibits the activation of either one, they 

would show decreased phosphorylation via western blots, along with decreased pERK in 

a similar experiment to our preliminary pERK experiments. Furthermore, levels of pERK 

should be able to be rescued by co-transfecting constitutively active phosphomimmeticic 

forms of the protein rasl11b is found to be activating.  

Closely related Rasl11a has been shown to be downregulated in prostate and 

primary breast tumors (Louro et al., 2004b), suggesting that Rasl11b inhibition of cell 

proliferation may be a conserved mechanism between the two genes. Our double-

repression model of PlxnA2 repressing transcription of rasl11b, which itself represses 

MAPK signaling, is similar to a published role for Rasl11b in endodermal and prechordal 

plate development in zebrafish. It was shown that oep (one-eyed pinhead) negatively 

regulates Rasl11b, which itself negatively regulates endodermal and prechordal plate 

development. oep mutants have increased rasl11b, however knocking out rasl11b using 

MO in oep mutants rescued the oep phenotype. This mechanism of double repression is 

matched in our model. Therefore, if we knocked down rasl11b using a MO in plxnA2 
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mutants, we should see a rescue of RPC proliferation. There are constitutively active 

zebrafish constructs available, Rasl11bG12V and Rasl11bQ61L, based on Ras mutations 

found in tumors (Pezeron et al., 2008). The group documented that no effect was seen 

with overexpression of the constitutively active constructs alone, but they were not 

investigating RPC proliferation, and did not describe doses used, so perhaps a higher 

dose could have an effect. Due to our hypothesis, if Rasl11b was constitutively active, it 

would bind and sequester upstream Erk effectors, and decrease MAPK signaling, 

resulting in decreased proliferation.  

5.5. Proposed Mechanism of shtn-1 Signaling 

Netrins have been shown to be positive regulators of Shtn-1, via Pak-1 

phosphorylation, increasing binding affinity to Cortactin, stabilizing the link between the 

ECM and the cytoskeleton and promoting traction forces for migration. We add an 

additional negative regulatory component to this model, in that PlxnA2 signaling 

represses shtn-1 gene expression (Fig. 5.2). It is important to appreciate the difference in 

the level of regulation at each point of our model, Netrins activating Shtn-1 at the protein 

level, and PlxnA2 repressing shtn-1 at the transcript level. Therefore, PlxnA2 can control 

the available pool of shtn-1 transcript, which can later be regulated by Netrin signaling 

once translated. It is unknown if Netrins and PlxnA2 communicate to regulate the overall 

active levels of Shtn-1, and it would be interesting to investigate if either could activate 

or inactivate each other in a feed-back loop. 
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Figure 5.2. Proposed Mechanism of Shtn-1 Signaling. Netrins are known to positively regulate Shtn-1 
via phosphorylation by Cdc42 and Pak-1, leading to increased binding to actin, increased traction forces, 
promoting cell migration, polarization and axon branching. PlxnA2/Sema6A signaling represses shtn-1 
expression, negatively regulating the effects of Shtn-1 signaling.  
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As Shtn-1 is a polarization signal for migrating cells, we hypothesize that with 

excess shtn-1, a lack of unified directional migration results in the inability of the optic 

vesicles to separate normally. As a neuron is differentiating, stochastic differences in 

Shtn-1 levels between neurites lead to competition for the highest levels, which drives the 

formation of an axon. In the same respect, we hypothesize that the same mechanism 

could be occurring in the filopodia of RPCs as they are migrating.  

 It would be interesting to perform time-lapse experiments of developing rx3:GFP 

early eyes, to observe migration events and compare shtn-1 overexpression embryos with 

control, and PLXNA2 and shtn-1 co-injection ‘rescues.’ In time lapse movies of control 

embryos, waves of coordinated cell movements can be seen, whereas in plxnA2 

knockdowns, cells are disorganized and do not move together in wave like streams (Ebert 

et al., 2014). We would expect similar phenotypes to be seen in shtn-1 overexpression 

embryos. Software such as optical flow using Fiji can generate a directional color 

gradient for cell movements, which would allow for the evaluation of mis-guided 

migration of RPCs with excess shtn-1. There are several markers of polarity that can be 

probed for within the optic vesicles, such as foxgx1a and tbx5 which are expressed 

dorsally (future nasal) and vax2, which is expressed ventrally. Preliminary in situ 

experiments at 12 somites have shown that they are decreased in expression in shtn-1 

overexpression embryos compared to control embryos. This would need to be repeated, 

with rescues and PLXNA2 alone controls, however is suggestive of a loss of correct 

polarity cues within the optic vesicle, which could be due to a disorganization of the 

vesicles or could be driving the disorganization. At a cellular level, single cell polarity 
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markers could be probed for, such as f-actin at the leading edge, to evaluate polarity 

errors within individual cells with excess shtn-1. 

Retinas have an amazing ability to re-aggregate once dissociated in culture. It has 

been shown that eyes dissected from 24 hpf embryos can be dissociated, and plated, and 

dissociated retinal cells will migrate towards each other to re-form into an organoid 

within ~3 hours (Eldred et al., 2017). It would be interesting to perform cell migration 

assays on eyes dissected form shtn-1 overexpression embryos to see if migration during 

reaggregation was impaired and if PLXNA2 co-injection could rescue normal migration 

of dissociated cells. Furthermore, eyes dissected from shtn-1 mutant embryos could be 

used to see how migration is impaired, and if you could rescue this by additionally 

knocking out PlxnA2, to increase production of functional shtn-1.  

It is intriguing that at 72 hpf, the ventral-medial RPE is missing in embryos with 

excess shtn-1. Several transcription factors are key to the development of the RPE. Otx2, 

Mitf and Pax6 are all required for RPE fates, as well as inhibition of Fgf8 and Sox2, 

which drive retinal fates. Hh and Wnt signaling are also important for driving RPE 

specification. It has been shown that a loss of RPE-specific transcription factors leads to 

transdifferentiation of the RPE into neural retina. The inverse is also true, for example, if 

Wnt signaling is not repressed by Six3 during early eye field specification, the entire 

optic vesicle becomes RPE (Fuhrmann et al., 2014). It could be that shtn-1 

overexpression represses or inactivates one or more RPE specific transcription factors, 

leading to transdifferentiation of the RPE into retinal cell fates, projecting into the 

midline. This could be investigated by in situ hybridization and immunohistochemistry, 

probing for the presence of each TF, using control and shtn-1 overexpression embryos to 

look for changes in expression, and then using MO knockdown of candidate TFs to 
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recapitulate the RPE phenotype. It is also possible that the RPE requires a signal from the 

midline to develop in that region, and due to the eyes being closer together in shtn-1 

overexpression embryos, the signal is not being produced, as there is missing tissue in the 

forebrain region. It is interesting that Hh signaling is required for RPE determination, 

(Shh and Tiggy-winkle hedgehog twhh) are both expressed by the RPE, most highly in 

the center (Stenkamp et al., 2000). Shh inhibition by cyclopamine results in a loss of RPE 

differentiation (Perron et al., 2003) and the effects look similar to those seen with the 

overexpression of shtn-1. Hh signaling is a well-known mediator of midline 

development. A loss of Shh in the midline, which usually represses Pax6, results in 

cycloptic embryos, which we also see in embryos with excess shtn-1. It would be worth 

investigating if you could rescue shtn-1 overexpression phenotypes by also 

overexpressing Shh. If a rescue of RPE formation occurred, but the eyes still remained 

closer together it would suggest that Shtn-1 negatively impacts Shh signaling in the RPE 

specifically, whereas if we saw a rescue of the development of midline structures, and 

eye vesicle separation, it could suggest that Shtn-1 is acting on Shh at the midline, and 

the RPE is receiving signals from midline structures in order to develop correctly. It is 

possible that the reduction of fasciculation seen in shtn-1 overexpression embryos is due 

to missing RPE at the exit point of the optic nerve. This might also be seen to rescue if 

indeed Shh signaling is driving the impairment at the midline.  Another way to tease apart 

the role of the midline from the RPE itself would be to overexpress shtn-1 specifically in 

the RPE. this could be achieved by driving the expression of shtn-1 downstream of an 

RPE-specific promoter such as Best1. Using this technique, if the RPE develops 

normally, it could be concluded that the RPE impairments seen in shtn-1 overexpression 

embryos are due to the surrounding tissues.  
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Interestingly, Shh, Netrins and Shtn-1 have been shown to be important for the 

development of RGC projections from the eye and have been shown in different 

pathways to regulate each other. Shh can positively regulate Netrins, Netrins can 

positively regulate Shtn-1, however, we do not yet know if Shh can regulate Shtn-1 or 

vice versa. Shh is expressed in the RGC layer, with its highest concentrations at the 

center of the retina, and is important for the guidance of RGC projections to the optic disc 

(Kolpak et al., 2005). Overexpression or inhibition of Shh leads to loss of centrally 

projecting RGCs at the optic disc (Kolpak et al., 2005). Netrins are expressed specifically 

in neuroepithelial cells surrounding the optic disc and in glial cells surrounding the optic 

stalk. The Netrin receptor, DCC is expressed by RGCs (Deiner et al., 1997). In Netrin 

mutant mice, the optic disc is smaller with optic nerve hypoplasia due to improper axon 

guidance in the retina (Deiner et al., 1997). Netrins positively regulate Shtn-1, and Shtn-1 

overexpression leads to loss of fasciculation and disorganization of the optic tracts, the 

opposite of what is seen with Netrin-1 knockout. This supports our model for the 

necessity for careful regulation of Shtn-1 levels by Netrins and PlxnA2 and suggests that 

the optic tract phenotype seen could be due to an axon migration issue. It also raises the 

question of if Shh signaling is also involved in Shtn-1 signaling.  

H&E sections show that neuronal lamination is conserved in embryos with excess 

shtn-1 levels, which was surprising, as Shtn-1 is involved in cell migration, and the cells 

of the retina need to migrate to their correct layers during development. It would be 

interesting to use SoFa-1 transgenic fish to investigate if the correct cell types are indeed 

in the correct layers of the eye. Additionally, it is unknown if embryos with excess shtn-1 

would be able to see. Optokinetic chambers could be used to test if the fish are able to 

track correctly. As we see impaired optic tract projections to the optic tecta in terms of 
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loss of fasciculation and improper directional targeting, it is hypothesized that the ability 

to track would be low in embryos with excess shtn-1.  

It is known that several guidance cues are important for the regulation of axon 

branching. Netrins are secreted positive axon guidance cues and have been shown to 

increase cortical axon branching. Sema3A can either inhibit or promote axon branching 

dependent on the tissue (Dent et al., 2004). Here we show that PlxnA2 regulation of shtn-

1 is important for correct axon branching, as overexpression of shtn-1 leads to surplus 

motor axon branches and can be rescued by co-injecting PLXNA2. There are two main 

mechanisms of axon branching, both reliant on changes to cytoskeletal dynamics. When 

repellant Sema3A causes growth cone collapse, it pauses before recovery. When a growth 

cone pauses after collapse, they enlarge due to the formation of microtubule loops. 

Pausing behaviors leave remnants behind, giving rise to interstitial branches. 

Alternatively, branching doesn’t always require pausing events, as with Netrin-induced 

branching, localized accumulation of actin filaments in filapodial extensions drive 

branching, forming a smoother branch transition point (Dent et al., 2004). 

Overexpression of Netrins increases axon branching by 50%, which supports our model 

of Shtn-1 regulation of axon branching in that Netrins positively regulate Shtn-1 

activation and we have shown excess shtn-1 to promote axon branching. Therefore, in 

our model, Sema6A signaling via PlxnA2 represses shtn-1 expression and decreases 

branching. This would be testable in cell culture using neurons with excess shtn-1. 

Excess shtn-1 should lead to more branching, and experiments with bath applied Sema-

FC would test to see if branching numbers would be lower due to PlxnA2 activation and 

shtn-1 transcriptional repression. It would also be interesting to investigate the 

cytoskeletal dynamics of Shtn-1-driven axon branching, using immunolabelled 
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microtubules and actin, with tubulin and phalloidin antibodies respectively. As Netrins 

have been shown to drive interstitial branches due to increased actin polymerization, we 

would hypothesize to see the same with shtn-1 overexpression, as opposed to 

enlargements of branching points and an accumulation of microtubules forming loops.  

We have shown what happens to neurodevelopment with increasing levels of 

shtn-1. It would be interesting to take this idea further, first by knocking down/out shtn-1 

using MO or CRISPR to see the effects in vivo. We would expect to see an inability of 

neurons to polarize and differentiate axons, and potentially similar lack of migration in 

the optic vesicles, due to an inability of RPCs to polarize and migrate in a uniform 

direction. CRISPR stable lines take at least 9 months to generate, so to investigate this 

more rapidly, CRISPR interference (CRISPi) could be used, which recruits a dead Cas9 

enzyme to the target site on the gene of interest to prevent transcription.  

5.6. Potential Study of Additional Downstream Target Genes  

 We have characterized two downstream transcriptional targets of 

Sema6A/PlxnA2 signaling, each playing important roles in neurodevelopment. The 

microarray identified 58 target genes, therefore providing a resource for many future 

projects. Some interesting potential projects include an investigation into the target gene 

MMP2, matrix metalloproteinase 2, and if it has roles in aiding cell migration, leading to 

the impaired cohesion phenotype that we observe in PlxnA2 and Sema6A knockdown 

optic vesicles at 18 somites. In addition to the target gene, Rbl2 (retinoblastoma like 2), 

which is a cell cycle inhibitor, therefore increased expression in knockdowns could 

contribute to the observes decrease in proliferation of RPCs. Dcdc2b (double-cortin 

domain containing 2b) is a microtubule associated protein and stabilizes microtubules 

when bound. Increased expression of dcdc2b could disrupt normal RPC migration by 
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over-stabilizing microtubules, preventing the necessary depolymerization required for 

cell movement, therefore contributing to the lack of unified migration of RPCs in optic 

vesicles, driving the loss of cohesion phenotype that we see in knockown animals. As we 

see such robust and easily testable phenotypes in knockdown embryos, it is conceivable 

to investigate the contributions of many of the downstream target genes to them. As 

PlxnA2 and Sema6A are present in many other tissues, the investigation could also be 

expanded to additional systems throughout development.   

5.7. Generation of PlxnA2 CRISPR Mutant 

We generated a PlxnA2 CRISPR knockout zebrafish line, in order to have a stable 

mutant line for future experiments. This line was generated using Cas9 nanos, a form of 

Cas9 that is targeted to the germline, resulting in high levels of efficiency in terms of 

heritable gene-specific mutations (Moreno-Mateos et al., 2015). The mutation has been 

sequence-verified to be a nonsense mutation in exon 2 (TTT-TAG) that results in a 

premature STOP codon (UAG), in place of a Phenylalanine (TTT) at amino acid site 

401, leading to a truncated protein (Figure 5.3A). Preliminary data show that PlxnA2 

mutants phenocopy PlxnA2 knockdown embryos at 18 somites with respect to decreased 

cohesion of RPCs within the optic vesicles, resulting in ectopic cells, and decreased 

separation of optic vesicles (Figure 5.3B).  
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Figure 5.3. Zebrafish PlxnA2 CRISPR Mutant Phenocopies PlxnA2 Knockdown A) Schematic of 
mutation site within exon 2 of plxnA2. Orange arrows show location of sequence validation primers. The 
mutation is a non-sense mutation (TTT-TAG), Phenylalanine (F)-STOP at amino acid site 401 in Exon 
2, which results in a truncated protein. Numbers indicate base pair regions of each exon B). Dorsal 18 
somite rx3:GFP images showing the optic vesicles of  A) uninjected control, B) plxna2 knockdown and 
C) plxna2 knockout embryos. 
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Embryos in wholemount have visible cell death in the eyes and brain, smaller 

eyes and heart edemas, also seen in knockdown embryos. Future experiments would 

investigate if there is decreased proliferation of RPCs as seen in knockdown embryos. 

Embryos only survive for ~72 hpf, before the mutation is lethal. It is presently unknown 

if the homozygous null condition is embryonic lethal and the phenotypes seen are due to 

a heterozygous mutation. When two known heterozygous adults are in-crossed, we see 

~25% embryonic death, suggesting an embryonic lethal null, however sequencing of 

embryonic fin clips needs to be performed on potential mutants to resolve this question.  

We performed an in situ hybridization experiment to see how the levels of shtn-1 

changed due to plxnA2 knockout to see if we would get the same result as plxnA2 

knockdown. We were surprised to see that even though levels increased in mutants as 

expected at 18 somites, expression levels did not get as high as with plxnA2 knockdown. 

We believe that this could be due to the ability of Plxns to compensate for each other 

over time, therefore not allowing shtn-1 levels to get as high.  

5.8. PlxnA Family Expression in Optic Vesicles 

In zebrafish, the PlxnA family consists of PlxnA1a, A1b, A2, A3 and A4, and 

showing both overlapping and divergent expression patterns during early development.  

As Sema6A can activate multiple members of the PlxnA family, (A1, A2 and A4) we 

wanted to determine the expression patterns of each family member to see if additional 

PlxnAs might be involved in Sema6A-mediated early eye development. We show that all 

PlxnAs apart from PlxnA3 are expressed in the early optic vesicles at 18 somites, each 

with different expression domains. At 18 somites, plxnA1a is expressed throughout the 

optic vesicle, with the strongest expression at the anterior. A1b and A2 are expressed 

throughout the vesicle, with highest expression levels at the ventral side. A4 is expressed 
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uniformly throughout the optic vesicle. Preliminary results have uncovered the potential 

of PlxnA1b and A2 to compensate for each other. This needs to be further investigated 

and validated but is supported by their shared expression patterns. It is known that when 

Sema and Plxn are expressed on the same cells, Semas can cis inhibit Plxn trans 

signaling. This is the reasoning behind the published working model of cell organization 

within optic vesicles (Ebert et al., 2014). As Sema6A is expressed throughout the early 

eye vesicle, there is potential for repellant Sema signaling to be negated in ventral cells 

that also express PlxnA1b and A2 in cis, allowing Sema-sensitive RPCs to reside 

ventrally. Cells entering the optic vesicle domain that are insensitive to Sema6A can 

reside dorsally. This model is further complicated with the knowledge that additional 

plxnA family members are expressed throughout the eye vesicle. There is overlap 

throughout the optic vesicle, but if we look at the areas of highest expression, plxnA1a is 

anterior, A2 and A1b ventral and A4 is throughout but highest out of all plxnAs dorsally. It 

could be that additional semas are expressed by different groups of RPCs that act as 

ligands for PlxnA1 and A4, as Sema3’s are ligands for these PlxnA family members, and 

there are multiple Sema6 family members. Additional in situ experiments would have to 

be performed to validate expression of potential sema ligands at this early stage, to tease 

apart the organization domains of the optic vesicles.  

As stated above, it should be noted that in PlxnA2 mutant embryos shtn-1 levels 

do not increase as much as levels seen in PlxnA2 knockdown embryos. This could be due 

to compensation of different PlxnA family members in mutant embryos. We have 

previously shown that PlxnA1b can compensate for PlxnA2 knockdown in terms of 

regulation of proliferation of RPCs and eye size at 18 somites. This highlights an 



 170 

advantage of the use of morpholino knockdown in the ability to analyze the effect of a 

manipulating a single gene, without giving the genome time to adapt over generations.  

5.9. Summary 

Sema/Plxn signaling is important for many aspects of development, from 

vasculogenesis, heart development, bone development, immunity, cell proliferation and 

axon guidance. Improper Sema/Plxn signaling has been implicated in several disorders 

such as neurodegenerative diseases including Alzheimer’s disease, amyotrophic lateral 

sclerosis (ALS) and Multiple sclerosis, psychological disorders such as schizophrenia and 

multiple metastatic cancers. Being such critical signaling proteins, it is important to 

understand how they work. Studying Sema6A and PlxnA2 in the zebrafish could uncover 

signaling mechanisms that can be applied to other Semas and Plxns in multiple systems 

and organisms, which could lead to the discovery of potential therapeutics for 

developmental and degenerative diseases. 
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7. APPENDIX 1. DEVELOPMENTAL EXPRESSION PATTERNS OF 

PROTEIN KINASE A CATALYTIC SUBUNITS IN ZEBRAFISH. 
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CREB- cAMP response element binding protein 

FB- fin buds 

FBr- forebrain 

HG- hatching gland 

Hi- intermediate hypothalamus 

INL- inner nuclear layer 

lTeO- lateral optic tectum 

MB- midbrain 

MO- medulla oblongata 

NR- neural retina 

OPL- outer plexiform layer 

OpV- optic vesicles 

OV- otic vesicles 

PKA- protein kinase A 

PRKAC- protein kinase A catalytic subunit 

RGC- retinal ganglion cell layer 

R subunits- regulatory subunits 

Shh- sonic hedgehog 

T- thalamus 

TeO- optic tectum 

 

Highlights 

• prkac subunits are expressed throughout the developing zebrafish nervous system. 

• Zebrafish have 4 protein kinase A catalytic subunit genes; prkcαa, αb, βa, and βb. 
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• Each prkac subunit shows unique expression patterns in zebrafish development.  

 

7.1. Abstract 

Protein kinase A (PKA), also known as cAMP dependent protein kinase, is an 

essential component of many signaling pathways, many of which regulate key 

developmental processes. Inactive PKA is a tetrameric holoenzyme, comprised of two 

catalytic (PRKAC), and two regulatory subunits. Upon cAMP binding, the catalytic 

subunits are released and thereby activated. There are multiple isoforms of PKA catalytic 

subunits, but their individual roles are not well understood. In order to begin studying 

their roles in zebrafish development, it is first necessary to identify the spatial and 

temporal expression profiles for each prkac subunit. Here we evaluate the expression 

profiles for the four zebrafish prkacs: prkacαa, αb, βa, and βb, at key developmental time 

points: 24, 48 and 72 hours post fertilization. We show that zebrafish prkacs are 

expressed throughout the developing nervous system, each showing unique expression 

patterns. This body of work will inform future functional studies into the roles of PKA 

during development.  

 

7.2. Introduction 

Ordered developmental events are dependent on dynamic, yet tightly regulated 

cellular signaling environments. Common methods of cellular signal transduction involve 

the production of second messengers, such as cyclic AMP (cAMP), which propagate 

signals by further activation of downstream effectors (Rall and Sutherland, 1958). One of 

the most widely characterized targets of cAMP is cAMP-dependent protein kinase, or 

protein kinase A (PKA). Initially identified as the mediator of epinephrine stimulation 
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and a key regulator of metabolic responses, PKA is activated via cAMP in response to a 

variety of environmental cues and is involved in a vast number of biological systems, 

including many aspects of development (Kirschner et al., 2009). 

PKA exists as tetrameric holoenyzme composed of two regulatory (R) subunits 

each bound to a catalytic (C) subunit, known as the R2C2 complex. In mammalian 

systems there are four R subunits: RIα, RIβ, RIIα, RIIβ and three C subunits: Cα, Cβ & 

Cγ (Ji et al., 2011). Cγ is specific to the testis (Beebe et al., 1990), so here we focus on 

Cα and Cβ. In zebrafish, due to a whole genome duplication event, there are two genes 

for each prkac subunit, αa, αb, βa and βb. Multiple factors work together to provide 

dynamic and sensitive PKA-mediated signaling responses to stimuli. Activation of PKA 

occurs upon the co-operative binding of two cAMP molecules per R subunit. cAMP 

binding drives a conformational change, which frees the C subunits from the R2C2 

complex (Clegg et al., 1987; Kim et al., 2005). Active C subunits can then phosphorylate 

serine/threonine residues of cytoplasmic (Walsh et al., 1968) and nuclear (Comb et al., 

1986) target proteins at exposed R-R-X-S sites (Kemp et al., 1977; Zetterqvist et al., 

1976). The persistence, range and localization of cAMP levels are dependent on both 

production of cAMP by adenylate cyclases (Ross and Gilman, 1980) and degradation by 

phosphodiesterases, which catalyze the conversion of cAMP to adenosine 

monophosphate (AMP) (Butcher and Sutherland, 1962). Localization of PKA is achieved 

through A-kinase anchoring proteins (AKAPs), which anchor PKA regulatory subunits to 

cellular components (Colledge and Scott, 1999).  

PKA plays key roles in the regulation of many essential developmental 

processes. One of the major targets of PKA are the cAMP response element binding 

protein (CREB) family of transcription factors, which regulate cellular differentiation and 
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proliferation in multiple tissues throughout development (Della Fazia et al., 1997). PKA 

is a negative regulator of Sonic Hedgehog (Shh) signaling, which is crucial for many 

aspects of development, including embryonic patterning (Hammerschmidt et al., 1996). 

The careful regulation of Shh signaling events involves posttranslational modifications of 

downstream Gli transcription factors. PKA binds and phosphorylates Gli1, Gli2 and Gli3 

at multiple sites to alter their activity. Gli1 and 2 are typically transcriptional activators, 

while Gli3 is a repressor. Increased PKA activity has been shown to inhibit Gli1 driven 

gene transcription via phosphorylation and cytoplasm sequestration (Sheng et al., 2006). 

PKA is crucial to setting up anterior to posterior gradients of Gli3 in the developing 

vertebrate limbs to allow for correct patterning (Wang et al., 2000). Disrupted Gli3 

gradients can cause human limb defects such as Greig Cephalopolysyndactyly syndrome 

(GCPS) and Pallister Hall Syndrome (PHS). In zebrafish, increased PKA activity has 

been shown to decrease differentiation of Hedgehog controlled gonadotrophin-releasing 

hormone 3 (gnrh3) neurons, which are important for reproductive system development 

(Kuo et al., 2014). In mice, it has been shown that PKA in the endothelium is essential 

for angiogenesis and vascular development (Nedvetsky et al., 2016). PKA was shown to 

inhibit retinal neurogenesis progression, upstream of cyclins and cdk (cyclin dependent 

kinase) inhibitors (Masai et al., 2005). Moreover, Prcacα-/- cβ-/+ or Prcacα -/+ cβ-/- mice 

result in phenotypes including severe underdevelopment, neural tube defects leading to 

spina bifida and exencephaly while Prcacα -/- cβ -/- mice lead to increased embryonic 

mortality (Huang et al., 2002). In addition, mice with deficiencies in PKA catalytic 

subunit isoforms showed diminished responses to cued fear conditioning and displayed 

severe brain defects including decreased tissue in the amygdala, hippocampus and cortex 

(Kirschner et al., 2009). In zebrafish, PKA has also been shown to be involved in activin 
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signaling. Activin is a member of the TGF-β superfamily of transmembrane serine/ 

threonine kinase receptors, and requires PKA for activation of downstream gene targets 

such as goosecoid and no tail, which are important for zebrafish mesoderm development 

(Joore et al., 1998), neuronal maturation and cell-cycle exit of retinoblasts of the 

developing eye (Masai et al., 2005). 

 PRKACs are clearly important to many key developmental processes. Although 

in adult mice the alpha and beta catalytic subunits display tissue specific expression, 

suggesting that they have divergent roles, there is no data comparing the expression 

patterns of each subunit throughout early development. Here we use zebrafish to observe 

and compare the temporal and spatial expression patterns of prkacs, We provide 

expression data for each prkac subunit at 24, 48, 72 hours post fertilization (hpf) that will 

allow future functional studies to be modeled in zebrafish.  

 

7.3. Results  

7.3.1. PRKAC Phylogenetic Tree 

Full-length amino acid sequences were used to generate a neighbor–joining 

consensus phylogenetic tree using Geneious R10 software (Kearse et al., 2012) (Fig. 7.1). 

It can be seen that across species, PRKACαs and PRKACβs cluster independently. 

Importantly, zebrafish (D.rerio) α and β gene duplicate protein products cluster with the 

respective α and β groups. Full-length protein alignments and percent similarity can be 

seen in supplemental data (Fig. 7.6).  
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Figure 7.1. PRKAC Phylogeny. Phylogenetic tree based on full-length protein sequence alignments. 
PRKACα subunits and PRCAβ subunits cluster independently of one another across species. Zebrafish 
(D. rerio) have duplicated α and β subunits, which cluster consistently with the α and β subunits across 
other species. 
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7.3.2. prkacαa Expression 

prkacαa is expressed strongly throughout the early developing zebrafish nervous 

system. From 24 hpf, staining can be seen in the neural retina (NR) adjacent to the lens 

(Fig. 7.2A’’), at 48 hpf prkacαa is expressed throughout the retina (Fig. 7.2B’’) and at 72 

hpf it can be seen in the retinal ganglion cell (RGC) and inner nuclear layers (INL) (Fig. 

7.2C’’). Expression is also seen in the optic tectum (TeO) at 48 hpf (Fig. 7.2B’’). 

prkacαa is expressed throughout the developing thalamus (DT, VT) (Figs. 7.2B’’, 

7.2C’’), midbrain (MB) (Fig. 6.2B’’’), and medulla oblongata (MO) (Figs. 7.2B’’’’, 

7.2C’’’-7.2C’’’’). prkacαa is expressed in the developing ear, in the otic vesicles (OV) 

from 24 to 72 hpf (Figs. 7.2A’’’, 7.2B’’’’, 7.2C’’’’). At 24 hpf, staining can be seen in 

the hatching gland (HG) (Figs. 7.2A-7.2A’), and in the fin buds (FB) at 48 hpf (Fig. 7. 

2B’).  
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Figure 7.2. prkacαa Neuronal Expression Patterns. Brightfield images of zebrafish embryos processed 
for in situ hybridization. (A–C) Whole-mount lateral, (A′-C′) whole-mount dorsal. Brightfield sections 
(A″-C″) forebrain, (A‴-C‴) midbrain and (B‴‘-C‴‘) hindbrain. Embryos were imaged at different 
developmental time points. (A-A‴) 24 hpf, (BB‴‘) 48 hpf, (CC‴‘) 72 hpf. Lines in (A–C) indicate 
locations of the sections shown at that time-point. Hpf-hours post fertilization, NR-neural retina, OV otic 
vesicle, E−ear, FB fin bud, DT-dorsal thalamus, TeO optic tectum, Popre-optic region, PTv-ventral part 
of the posterior tuberculum, INL-inner nuclear layer, MB- mid brain, VT-ventral thalamus, RGC- retinal 
ganglion cell layer, MO- medulla oblongata, n.s-non-specific. Inset shows sense probe control. 
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7.3.3. prkacαb Expression 

prkacαb is ubiquitously expressed throughout the early developing nervous 

system, at 24 hpf staining is visible in the forebrain (FBr) (Fig. 7.3A’’), and by 48 hpf in 

the thalamus (T) and medulla oblongata (MO), persisting through to 72 hpf (Figs. 7.3B’’, 

7.3B’’’’, 7.3C’’’ and 7.3C’’’’). prkacαb is also expressed in the developing visual 

system. At 24 hpf, it is expressed throughout the optic vesicles (OpV) (Fig. 7.3A’’) and 

can be seen throughout the retina as it undergoes lamination. At 48hpf, dark staining is 

seen in the outer plexiform layer (OPL) (Fig. 7.3B’’) and the retinal ganglion cell (RGC) 

and inner nuclear layers (INL) at 72 hpf (Figs. 7.3B’’ and 7.3C’’). prkacαb is strongly 

expressed in the otic vesicles (OV) at 72 hpf (Fig. 7.3C’’’’). At 48 hpf additional staining 

is seen in the fin buds (FB) (Fig 7.3B’).  
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Figure 7.3. prkacαb Neuronal Expression Patterns. Brightfield images of zebrafish embryos processed 
for in situ hybridization. (A–C) Whole-mount lateral, (A′-C′) whole-mount dorsal. Brightfield sections 
(A″-C″) forebrain, (A‴-C‴) midbrain and (B‴‘-C‴‘) hindbrain. Embryos were imaged at different 
developmental time points. (A-A‴) 24 hpf, (BB‴‘) 48 hpf, (CC‴‘) 72 hpf. Lines in (A–C) indicate 
locations of the sections shown at that time-point. Hpf-hours post fertilization, FB fin bud, OpV- optic 
vesicle, FBrforebrain, T-thalamus, TeO optic tectum, Popre-optic region, MO- medulla oblongata, INL-
inner nuclear layer, RGC- retinal ganglion layer, T-thalamus, OV otic vesicle, n.s-non-specific. Inset 
shows sense probe control. 
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7.3.4. prkacβa Expression 

At 24 hpf, prkacβa is expressed diffusely in the early developing eye and ear, in 

the optic vesicles (OpV) (Fig. 7.4A’’), and the otic vesicles (OV) (Fig. 7.4A’’’). At 48 

hpf, anterior staining can be seen in the developing retinal ganglion cell layer (RGC) of 

the retina, the lateral optic tectum (lTeO) and lateral forebrain (lfb) (Fig. 7.4B’’), more 

posterior staining is seen in the intermediate hypothalamus (Hi) (Fig. 7.4B’’’) and the 

otic vesicles (OV) (Fig. 7.4B’’’’). Staining persists in the developing eye and ear at 72 

hpf and can be seen in the retinal ganglion cell (RGC) and inner nuclear layers (INL) of 

the retina, the optic tectum (TeO) and the otic vesicles (OV) (Figs. 7.4C’’, 7.4C’’’). 

Additional staining is also seen in the developing thalamus (T) at 72 hpf (Fig. 7.4C’’), 

whereas staining is absent from this area earlier in development (Fig. 7.4B’’). prkacβa is 

also expressed diffusely throughout the midbrain and medulla oblongata (MO) in the 

hindbrain at 72 hpf (Fig 7.4C’’’’). At 24 hpf staining is seen in the hatching gland (HG) 

(Figs. 7.4A, 7.4A’) and in the fin buds (FB) at 48 and 72 hpf (Figs. 7.4B’, 7.4C’).  
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Figure 7.4. prkacβa Neuronal Expression Patterns. Brightfield images of zebrafish embryos processed 
for in situ hybridization. (A–C) Whole-mount lateral, (A′-C′) whole-mount dorsal. Brightfield sections 
(A″-C″) forebrain, (A‴-C‴) midbrain and (B‴‘-C‴‘) hindbrain. Embryos were imaged at different 
developmental time points. (A-A‴) 24 hpf, (BB‴‘) 48 hpf, (CC‴‘) 72 hpf. Lines in (A–C) indicate 
locations of the sections shown at that time-point. Hpf-hours post fertilization, FB fin bud, OpV- optic 
vesicle, OV otic vesicle, lTeO- lateral optic tectum, RGC- retinal ganglion cell layer, lfb-lateral forebrain 
bundle, Hi-intermediate hypothalamus, INL-inner nuclear layer, T-thalamus, TeO optic tectum, MO- 
medulla oblongata, n.s-non-specific. Inset shows sense probe control. 
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7.3.5. prkacβb Expression 

prkacβb is absent from the developing nervous system at 24 hpf (Fig. 7.5A-

A’’’), but by 48 hpf, it is expressed in the first differentiated retinal ganglion cells 

(RGCs) in the retina (Fig. 7B’’). Additionally, at 48 hpf, prkacβb is expressed in the 

intermediate hypothalamus (Hi) (Fig. 6.5B’’’) and the developing otic vesicles (OV) (Fig. 

7.5B’’’’). At 72 hpf prkacβb is expressed throughout the thalamus (T), and the retina, 

including the retinal ganglion cell (RGC) and inner nuclear layers (INL) but is absent 

from the optic tectum (Fig. 7.5C’’). Additionally, at 72 hpf, staining is seen throughout 

the medulla oblongata (MO) (Fig. 7.5C’’’-7.5C’’’’). Expression is also seen in the fin 

buds (FB) at 48 and 72 hpf (Figs. 7.5B’, 7.5C’).  
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Figure 7.5. prkacβb Neuronal Expression Patterns. Brightfield images of zebrafish embryos processed 
for in situ hybridization. (A–C) Whole-mount lateral, (A′-C′) whole-mount dorsal. Brightfield sections 
(A″-C″) forebrain, (A‴-C‴) midbrain and (B‴‘-C‴‘) hindbrain. Embryos were imaged at different 
developmental time points. (A-A‴) 24 hpf, (BB‴‘) 48 hpf, (CC‴‘) 72 hpf. Lines in (A–C) indicate 
locations of the sections shown at that time-point. Hpf-hours post fertilization, FB fin bud, RGC- retinal 
ganglion cell layer, Hi-intermediate hypothalamus, OV otic vesicle, T-thalamus, INL-inner nuclear layer, 
MO- medulla oblongata, n.s-non-specific. Inset shows sense probe control. 
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7.4. Discussion  

 PKA is well documented to be important for many aspects of development, and 

the limited data available has hinted at divergences in expression between different prkac 

subunits. Here we investigated these possible differences and show that expression 

patterns of each prkac subunit in zebrafish show dynamic and unique expression patterns 

in development. Of the limited data available for prkac subunit expression, it has been 

shown previously in zebrafish that prkacαb is expressed in the developing central 

nervous system at 18 and 20 somites, which matches our findings (Thisse and Thisse 

2004), (Fig. 7.3). In mice, expression data exists for prkacα and cβ at E14.5. Similar to 

our results, cα is expressed strongly throughout the nervous system (Diez-Roux et al., 

2011) (Figs. 7.2&6.3), whereas cβ shows greater specificity in expression, and is 

restricted to punctate areas in the brain (Visel et al., 2004), (Figs. 7.4&7.5).  

Our results are the first to document prkac subunit expression throughout a 

developmental time-course. We show in that prkac subunits are expressed predominantly 

in the developing nervous system, and that each display important temporal differences in 

expression patterns. Furthermore, we report that although there is spatial overlap in 

expression domains between subunits, there are also some unique differences, which 

suggest possible divergent roles in nervous system development. This body of work will 

inform future functional studies in the field involving the roles of PRKAC subunits in 

development. 
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7.5. Experimental Procedures 

 7.5.1. Zebrafish Husbandry                                                                      

AB strain zebrafish embryos were raised at 28.5 °C in egg water as described 

(Fishman et al., 1997). Pigmentation was blocked by addition of 0.003% phenylthiourea 

(PTU) to embryos at 24 hpf. All procedures were approved by the University of Vermont 

Animal Care and use committee (IACUC). 

7.5.2. Phylogenetic Tree and Protein Alignments 

A neighbor-joining consensus tree was generated, based on alignments of the 

full-length amino acid sequences referenced in Table 6.1, using Geneious R10 

(http://www.geneious.com) (Kearse et al., 2012). ‘Majority greedy clustering’ was used, 

and the tree was rooted to D. melanogaster prkac 1. Numbers indicate bootstraps of 

percent consensus support. Full-length amino acid alignments and distances were 

additionally generated using Geneious R10 software (http://www.geneious.com) (Kearse 

et al., 2012). 
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Table 7.1. Accession numbers PRKAC full-length amino acid sequences used for 

phylogenetic tree and alignments. 

Species Accession number 

D. melanogaster 1 NP_995672.1 

D.rerio αA XP_021326630.1 

D.rerio αB NP_001003470.1 

D.rerio βA NP_957317.1 

D.rerio βB XP_005171151 

X.tropicalis α AA170936.1 

X.tropicalis β XP_012815837.1 

M. Musculus α AAR54834.1 

M. Musculus β AARH54533.1 

R. Norvegicus α NP_001094392.1 

R. Norvegicus β NP_001071113.1 

H. Sapiens α XP_016882437.1 

H. Sapiens β XP_006710821.1 
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7.5.3. Whole-mount in situ Hybridization 

Zebrafish embryos were staged at 24, 48 and 72 hpf, fixed in 4% 

paraformaldehyde overnight at 4oC, and stored at -20oC in 100% methanol until use. In 

situ hybridization was performed as described previously (Thisse and Thisse, 2008). 

Digoxigenin-labeled antisense and sense RNA probes were generated using primers listed 

in Table 6.2 (IDT Coralville, IA). PCR products were sequence verified at the UVM 

Cancer Center Advanced Genome Technologies Core, Burlington, VT, prior to probe 

generation. Probe sequences were analyzed for sequence similarity using BLAST 

multiple sequence alignment. When probe sequences were individually analyzed using 

BLAST, only the gene of interest was identified, showing that each probe is gene 

specific. 
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Table 7.2. Primer sequences used for PRKAC probe generation 

 NCBI 

Reference 

Sequence 

Forward Primer Reverse Primer Probe 

location 

(Bp) 

PRKA

CαA 

NM_00108

2840 

TTTAGGTGACACTA

TAGAAGGGACCAT

TTTGAGCGGTTGAA

G 

TAATACGACTCACTA

TAGGGGAGAGGTGC

CAGGTACTCAGGTGT 

700-

1201 

PRKA

CαB 

NM_00100

3470.1 

TTTAGGTGACACTA

TAGAAGGGGCAGT

ACGTTCAGGGAGG

AG 

TAATACGACTCACTA

TAGGGGAGACCGTT

CTTGTTTCCGTA 

795-

1287 

PRKA

CβA 

NM_20102

3.1 

TTTAGGTGACACTA

TAGAAGGGACAAG

CGGTCTCCTTTCCT

T 

TAATACGACTCACTA

TAGGGAGACCGTTCT

TGAGGTTTCCGTA 

520-

1011 

PRKA

CβB 

NM_00103

4976.1 

TTTAGGTGACACTA

TAGAAGGGCGAAT

CGGGAGGTTTAGT

GA 

TAATACGACTCACAT

TAGGGGAGAGTTGT

GGCAAACCATTTGTG 

426-907 
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7.5.4. Sectioning and Imaging                                                                                   

Post in situ hybridization embryos were oriented in 4% methyl cellulose on 

depression slides and imaged in whole-mount using a Nikon SMZ800 dissecting light 

microscope at 5x magnification.  Embryos were dehydrated in 100% ETOH for 2 hours 

prior to embedding using a JB4 Embedding Kit (Polysciences, Inc., Warrington, PA).  

Embedded embryos were sectioned on a Leica RM2265 microtome at 0.20μm and 

resulting sections were heat fixed onto slides for visualization. Brightfield images were 

obtained using an Olympus iX71 inverted light microscope and figures were assembled 

using Adobe Photoshop CS6, in which image brightness and contrast were optimized. In 

order to visualize internal structures distinctly, embryos for sectioning were stained for a 

longer time period than embryos for whole-mount imaging. This resulted in some 

superficial non-specific staining at 72 hpf. Anatomical annotations were informed with 

the use of the zebrafish developmental atlases (Mueller, 2005) and (Bryson-Richardson et 

al., 2012). 
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7.6. Supplemental Material 

 
Figure 7.6. Supplementary figure 1. A. Full-length PRKACα and PRKACβ protein sequence 
alignments across different species, used for phylogenetic tree generation. B. Table of percent 
similarity between sequences. 
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ZEBRAFISH MODULES TO UNDERGRADUATE INSTITUTIONS IN 

VERMONT 
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8.1. Abstract 

The Zebrafish (Danio rerio) is an excellent model system to study development. 

With large clutch sizes, ease of manipulation, rapid external development, and a range of 

readily available transgenic lines, zebrafish are a useful tool for applied learning. With 

the University of Vermont (UVM) being the only undergraduate institution in Vermont 

with a zebrafish facility, we aimed to share our techniques and tools with neighboring 

universities and colleges that would otherwise not have access to this scientifically 

important model organism. Here we describe a student-lead, hypothesis-driven laboratory 

module that we have successfully employed. The described module acts as a framework 

for a multiple-week lab that can be adapted to suit different abilities and areas of interest. 

The lab is based on toxicology screens to observe how different chemicals interfere with 

embryonic zebrafish development over 72 hours post fertilization. Students learn first-

hand how different biological systems should correctly form, and how highly regulated 

developmental processes are disrupted by exogenous compounds. We have introduced 

this module to four institutions testing various chemicals: (1) At Johnson State College in 

Vermont, students tested chemicals found in local mine run off. (2) At UVM, students 
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focused on chemicals that bypass the water treatment systems. (3) At Saint Michael’s 

College students led an open-ended investigation to test commonly used health, beauty 

and cleaning products hypothesized to interfere with early developmental processes. (4) 

At Green Mountain College students tested the developmental effects of Tamoxifen 

treatment. This outreach program has been successful in its ability to engage students by 

integrating local ecology and environmental issues with developmental biology. 

Furthermore, the nature of the module encourages students to work independently and 

experience the scientific process first-hand. 

 

Key words: Outreach; development; toxicology; Danio rerio; transgenic; fluorescent; 

microscopy.

 

8.2. Introduction 

The zebrafish (Danio rerio) is a powerful vertebrate model organism that is 

widely used to study various aspects of biology, including toxicology and development 

(Dooley and Zon, 2000; Garcia et al., 2016). Particular advantages include: (1) external 

fertilization; (2) large clutch sizes; (3) rapid development of organ systems within 72 

hours post fertilization (hpf); (4) small size and ease to raise under laboratory conditions; 

(5) suitability for genetic manipulation; (6) high genetic homology to humans 

(approximately 80% of zebrafish genes have human orthologs) (7) availability of 

numerous transgenic reporter lines; (8) regenerative capabilities of various organ 

systems; (9) transparency of developing embryos that can be facilitated using 

phenylthiourea (Karlsson et al., 2001). Within the classroom, developing organ systems 

can be observed using conventional bright-field microscopy. If transgenic reporter lines 
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are used, organ systems can be observed in more detail using fluorescent microscopy. 

Mutant and transgenic lines are readily available from vendors such as ZIRC (Zebrafish 

International Resource Center, (www.zebrafish.org) or other zebrafish labs throughout 

the US.  

One of the most convincing arguments that highlight the power and importance of 

zebrafish toxicology screening for human development has been demonstrated in the 

context of Thalidomide. Initially tested on rodents, this compound was previously 

approved for human consumption to alleviate symptoms of nausea and sleeplessness 

experienced by women during early pregnancy (Somers, 1960). The steep increase of 

children born with abnormal limbs after the approval of Thalidomide, however, quickly 

raised concern and led to the ban of the drug for this purpose. The effects of Thalidomide 

on zebrafish development have since been shown to be similar to those observed in 

humans and confirmed the teratogenic nature of this drug, especially with regard to 

abnormal limb development and angiogenesis (Ito et al., 2010). This example is just one 

of many in zebrafish that have since led to important discoveries with human relevance 

(Dooley and Zon, 2000). Introducing students to this powerful screening technique who 

would otherwise not have access to this vertebrate model system is therefore relevant and 

important.  With UVM being the sole undergraduate institution in Vermont with a 

zebrafish facility, we aimed to share our resources with the wider undergraduate 

community. In the following article, we outline the learning objectives, experimental 

design, setup, procedures and provide examples for student-led experiments that have 

resulted in interesting findings. 
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8.3. Student Learning Objectives 

In this module students learn to conduct, execute and document an independent, 

hypothesis-driven experiment with special emphasis is on the following topics: (1) 

understanding of the importance of model organisms, (2) how to perform primary 

literature research and develop a testable hypothesis, (3) experience handling zebrafish 

embryos and learn how to identify different developmental stages, (4) design and write an 

experimental protocol, (5) perform a dose response experiment using a graded series of 

dilutions, (6) appreciate the importance of experimental controls; (7) identify abnormal 

developmental phenotypes throughout all developmental stages; (8) utilize bright-field 

and fluorescence microscopy including image acquisition; (9) compose scientific figures 

and document findings in form of a lab report. 

Our module is based on a systematic toxicology screen, similar to those utilized in 

high-throughput screening at specialized institutions (Garcia et al., 2016). Fertilized 

zebrafish eggs are treated with selected chemical compounds to investigate possible 

effects on development. We have taken our module to cell biology, genetics, 

neuroscience and developmental biology classes at undergraduate institutions in 

Vermont, and it can easily be tailored to adjust the level of desired student independence. 

For example, treating fertilized zebrafish embryos with 1%, 2% or 3% ethanol is a well-

known inducer of cyclopia and other developmental abnormalities by 72 hpf (Blader and 

Strahle, 1998) (Arenzana et al., 2006; Facciol et al., 2019). This experiment can be 

utilized as a complete stand-alone lab in which all of the learning objectives are met and 

the outcome is predictable. We have employed this activity to familiarize students with 

the nature of toxicity screening prior to them designing their own experiments, thus 

facilitating the effectiveness of their independent, individually designed experiments. The 
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zebrafish model has also been used to benefit high school students who take Accelerated 

Program Biology classes and are often required to complete biology-based internships. 

During their residencies the students carried out basic experimental procedures using 

fixed transgenic animals, learned anatomical and developmental aspects of the fish, 

fluorescence microscopy and composed figures of their work to present in their classes. 

Here we describe how zebrafish development classes can be successfully taught in upper 

and lower level classrooms as well at the high school level.  

 

8.4. Materials and Methods 

8.4.1. Target Student Populations.  

Since 2015 we have implemented this module at four different undergraduate 

institutions and adapted the experimental design for each school to meet course-related 

requirements. At Northern Vermont University in Johnson, students exposed zebrafish 

eggs to chemicals found in local mine run off. Students at UVM in Burlington tested the 

effects of chemicals that bypass the water treatment systems and are thus present in Lake 

Champlain. In our collaboration with Saint Michael’s College in Colchester we have 

established a regular lab component in which students test chemical compounds that are 

commonly found in households such as artificial food supplements, cleaners, drugs and 

cosmetic products including soaps, shampoo and other hair products. At Green Mountain 

College in Poultney, students tested the developmental effects of treating embryos with a 

common chemotherapeutic drug, Tamoxifen. In general students are most engaged when 

they designed, researched, planned, executed, evaluated and presented their own 

experiments. The integration of transgenic fish lines allows students to study not only 
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general developmental abnormalities such as head or limb formation but monitor specific 

organ systems and employ fluorescence microscopy.  

This module has been used in upper-level undergraduate Neuroscience and 

Developmental Biology classes but is adaptable to all levels of undergraduate education. 

Student numbers per class ranged typically between 15-20, with 2-4 students per group. 

Students who lacked previous knowledge of microscopy, received assistance with the 

visualization and image-acquisition process.  

8.4.2. Duration and Setup of Lab Module   

This lab is usually run over a 4-lab period but can be adapted to a 3-lab module 

depending on the duration of the individual lab sessions (Table 8.1). In the first lab, 

students are introduced to zebrafish as a model system. They learn about the relevance 

behind their experiments, their upcoming schedule and are asked to research and plan 

experiments they would like to conduct. During this first lab students also study wild type 

embryos of different developmental stages and learn to identify specific characteristics. 

Students perform a practice ethanol dose response experiment on wild type embryos and 

subsequently form groups to discuss their own experiments. In lab 2 students evaluate 

and document the results of their ethanol experiments using bright-field dissecting 

microscopes. Students finalize a hypothesis to test and develop a protocol. In the third 

lab, students set up and start their own experiments. In the fourth lab they image their 

embryos using bright-field and fluorescence microscopy. Throughout the 72-hour period 

during which the fish develop students record the development of the embryos at regular 

time intervals (e.g. every morning and evening). Students summarize their experiments 

including goal and hypothesis, materials and methods, results and discussion in form of a 
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lab report. Alternatively, students may be asked to present their experiments in form of a 

PowerPoint presentation. 

 

8.5. Lab Procedures 

8.5.1. Zebrafish Husbandry 

 All of our breeding stocks are approved by the University of Vermont animal 

care and use committee (IACUC). Any zebrafish breeding stocks and protocols using 

embryos kept over 72 hpf require IACUC approval. Through collaboration and outreach, 

we were able to supply embryos and tools to schools that did not have equipment. 

Zebrafish can be housed and maintained very easily using basic supplies, and obtained 

from companies such as ZIRC. Wild type zebrafish can also be purchased at local pet 

stores. Fish can be kept in a range of freshwater systems from small 25-gallon tanks to 

fully automated institutional systems. Adult fish are fed a diet of brine shrimp and fish 

flakes, (Brine shrimp direct, Ogden, UT) and juveniles are fed a larval formula 

(Zebrafeed <100, Sparos, Olhão, Portugal) from seven days post fertilization to four 

weeks. Embryos do not require feeding prior to 7 days, as they are provided with 

nutrition by the yolk, and can be kept in glass petri dishes at 28.5oC. Detailed instructions 

regarding zebrafish care have been published by (Westerfield, 2000). To enhance the 

student experience for their own experiments, different transgenic zebrafish lines were 

used in conjunction with fluorescent microscopy. These lines are genetically modified to 

drive the expression of fluorescent markers downstream of a desired promoter in order to 

highlight specific developing systems. To date, we have used two lines of transgenic 

animals for this module. The SoFa1 transgenic line expresses various fluorescent proteins 

in the neural retina (Table 2) and is suitable to observe development of the visual system.  
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Table 8.1. Schedule based on a 4-week lab. 

 
Lab 1. 
• Introduction, including background, schedule and expectations 
• Students form groups of 2-4 
• Fixed embryo staging experiments 
• Ethanol dose response experiment set up 
• Students leave with an idea of a chemical to test 

 
Lab 2. 
• Observe ethanol experiment results at 48-72 hpf 
• Finalize testable hypothesis 
• Design protocol 
• Students must arrive at next lab with an approved, written-up protocol 

 
Lab 3. 
• Perform experiments 

 
Lab 4. 
• Observe experimental results at 48-72 hpf 
• Image phenotypes and make figures 
• Students then generate a lab report 
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Table 8.2. Potential biological systems of investigation, time-points of interest, and example 

transgenic lines. 

System Developmental timeline Transgenic 
line 

Transgenic 
expression 

Transge
nic 
timeline 

Eye 4 somites- eye field separation 
12 somites- eye fields are 
separate and elongated 
18 somites- invagination of 
optic cup begins (Ebert et al., 
2014) 
 
30 hpf- retinal ganglion cells 
differentiate (Ebert et al., 2014) 
 
30-72hpf- retinal layers form 
(Almeida et al., 2014) 

rx3:GFP 
 
 
 
 
 
isl2b:GFP 
 
 
SoFa1 
Atoh7:gapR
FP 
 
 
 
 
Ptf1a:cyt:G
FP 
 
 
Crx:gapGF
P 
 

Retinal 
precursor cells 
and 
hypothalamus 
 
 
 
Retinal 
ganglion cells 
and cranial 
ganglia 
 
Retinal 
ganglion cells, 
horizontal 
cells, 
amacrine 
cells, 
photoreceptor
s 
 
Horizontal and 
amacrine cells 
 
Bipolar and 
photoreceptor 

4 
somites-
20 hpf 
 
 
 
 
30 hpf- 
adult 
 
 
30 hpf- 
adult 

Circulat
ory 
system 

22 hpf- heart tube begins to 
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This line was generously provided by Bill Harris, University of Cambridge, United 

Kingdom. We can visualize the peripheral nervous system in transgenic zebrafish lines 

expressing red fluorescent protein (RFP) in motor neurons and green fluorescent protein 

(GFP) in sensory neurons (Table 2). The animals were kindly provided by Christine 

Beattie, Ohio State and Uwe Strähle, KIT Germany. 

8.5.2. Fixation and Staging   

For initial staging experiments, wild type Tüpfel long fin (TL) embryos were 

raised in egg water at 28.5 °C and developmentally staged at 1000 cell, shield, 18, 24, 36, 

48, 60 or 72 hpf as previously described (Fishman et al., 1997; Kimmel et al., 1995). The 

embryos were fixed in 4% paraformaldehyde overnight at 4 °C, and stored at −20 °C in 

100% methanol until use. Students were given copies of the developmental stage chart 

published by (Kimmel et al., 1995) to use as a reference. 

8.5.3. Dilutions and Treatments  

Newly fertilized wild type and transgenic zebrafish embryos were provided by 

the Ebert Lab at UVM and distributed to student groups at different undergraduate 

institutions. They were separated into individual wells of a 24 well plate with 6-8 

embryos per well. Each student group used a control well containing 500 μl egg water 

and 3 dose response treatment wells with 500 μl of test chemical diluted in egg water. If 

the drug had to be diluted in a carrier solution such as alcohol or DMSO, an additional 

carrier control group was used. Embryos were incubated at 28.5 °C until the appropriate 

developmental stage. For the ethanol experiment the control wild type embryos were kept 

in a well with 500 μl egg water. The experimental animals were kept for 24 hours in 500 
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μl of either 1%, 2% or 3% ethanol diluted in egg water from the “high stage” of 

development (approx. 3 hpf). After 24 hours the ethanol solution was replaced by regular 

egg water for the remainder of their embryonic development. 

8.5.4. Microscopy and Image Acquisition   

Embryos were dechorionated, using #5 Dumont forceps and imaged using bright 

field dissecting microscopes. Images were either captured via microscope-mounted 

cameras, or cell phones. Embryos were transferred to glass depression slides for 

fluorescent imaging. Figures were compiled using Adobe Photoshop. 

8.5.5. Euthanasia   

Zebrafish were either cooled down in ice water and frozen or treated with a 

lethal dose of 4% Tricaine for 20 minutes or until all movement ceased, followed by a 

secondary method of euthanasia by incubation in ice water at 0-4 °C for 20 minutes. 

Zebrafish should be disposed of according to institutional guidelines. 

8.5.6. Pre-Lab Preparation  

Fish were separated by sex in mating tanks the over-night before the 

experiments and ‘released’ in the morning to mate. After the spawning event embryos 

were collected in glass petri dishes containing egg water (Westerfield, 2000). A sufficient 

amount of egg water was prepared for all of the required experimental solutions and 

controls. 

 

8.6. Materials 

Zebrafish embryos (6-8/well per group) 

24 well plates 

Glass petri dishes 
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Transfer pipettes 

Egg water 

Plastic pipettes 

Glass beakers 

Drugs/ chemicals of choice 

100% Ethanol 

28.5 °C incubator 

Dissecting microscope with image acquisition capabilities 

Fluorescent microscope with image acquisition capabilities 

Camera 

Imaging software (for example: SPOT Version2.1 /Adobe Photoshop CS7) (optional). 

 

8.7. Results 

8.7.1. Staging Lab   

Students identified fixed zebrafish embryos at different stages up to 72 hpf using 

the provided developmental key, took images of the embryos and created figures to 

describe and recognize the developing organs and structures (Fig. 7.1A). These images 

were also used for comparison with experimental animals to identify developmental 

abnormalities. 

8.7.2. Ethanol-Treated Animals   

Animals treated with 1% and 3% ethanol as well as control animals were 

removed from their chorion 72 hpf. Development was compared between the different 

groups. The developmental abnormalities in the animals were easily recognized, which 

makes this lab component very suitable as an initial experiment. Compared to control  
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Figure 8.1. Early Development of Zebrafish Embryos (Danio rerio). (A) Wild type embryo at 
approximately 21 hpf shows the differentiation of organ systems such as eyes, ears, brain, somites and 
the notochord that induces the dorsally located neural tube. (B, C) Comparison of zebrafish 72 hpf that 
were exposed to either conventional egg water (controls) or egg water containing 1% or 3% ethanol. 
Compared to controls animals the ethanol-exposed embryos showed stunted growth, enlarged yolk sac 
extensions (arrowheads) and enlarged pericardial sacs (arrows). (D) Ethanol exposed animal with 
malformed spinal column (small arrow), enlarged pericardium (arrowhead) and narrowing of the eyes 
(large arrow). Scale bars: A: 150 μm, B: 400 μm, C: 320 μm, D: 250 μm. 
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animals, both 1% and 3% embryos showed stunted growth along the anterior posterior 

axis (Fig. 7.1B-D). Embryos of the 3% ethanol group showed significant abnormalities. 

Common phenotypic defects seen in compromised embryos included heart and brain 

edemas, a kinked or shortened body axis, small brains and heads, fin defects, 

pigmentation defects, small and malformed eyes, and lethality. Additionally, areas of cell 

death appear black under a dissecting microscope. The students captured images and 

created figures and described their findings (Fig. 8.1). 

8.7.3. Student-Designed Teratogen/Toxicology Experiments  

Students at St. Michael’s College tested a variety of cleaning products that are 

commonly used in households and accumulate in wastewater or may be inhaled in small 

amounts, especially when spray bottles are used. Tested concentration gradients typically 

varied between 0.001% and 0.1% depending on the chemical. Examples of tested 

chemicals include: liquid hand soap, air fresheners, surface and window cleaners, 

artificial food supplements, and medications such as cough or cold syrup.  

In some experiments the embryos did not develop, whereas in others no obvious 

developmental abnormalities could be observed. In experiments where students observed 

phenotypic abnormalities the most common phenotypes were abnormal development of 

the spinal column (scoliosis), smaller eyes or enlarged pericardium similar to the ethanol 

experiments. 

In one example where students tested liquid hand soap in 100% of the test wells 

only the clear chorion of the eggs remained, whereas the developing embryo in the inside 

had dissolved. The students formulated the hypothesis that the hand soap may have 

contained proteolytic enzymes. In their report the students discussed that such enzymes  
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Figure 8.2. Zebrafish Embryos Exposed to 0.02%, 0.04% and 0.1% of Surface Cleaner for 24 
hours During Early Development. (A) Unhatched embryos in experimental groups. (B) Removal of the 
chorion from experimental embryos was performed with fine forceps. (C) Whereas the majority of 
embryos in the control well hatched, only one embryo in the 0.02% experimental group hatched. All 
other embryos failed to hatch 120 hpf. Scale bar: 600 μm. 
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may also be found in laundry detergents and if disposed of into water streams, it may 

contribute to the decline of species in affected bodies of water. In this case we were 

unable to test the hypothesis further, however such observations may lead to student 

research projects at undergraduate institutions. In another example, embryos were 

exposed to a common brand of household surface cleaner. Initially the embryos did not 

show any obvious signs of phenotypic developmental abnormalities in any of the tested 

concentrations (0.02%, 0.04% and 0.1%). However, in the control group, six out of seven 

embryos (86%) hatched out of their chorion as expected around 72 hpf (Fig. 8.2). In 

contrast only one of the six embryos in the 0.02% test group and none of the embryos in 

the 0.04% (n=6) or 0.1% (n=6; Fig. 8.2) hatched. Students formulated several hypotheses 

for this observation. One hypothesis was that the cleaner caused abnormal muscle 

development that prevented the animals from moving and hatching out of the chorion. A 

second hypothesis was that the cleaner interfered with the consistency of the chorion and 

that enzymes released by the embryos to open the chorion during the hatching process 

were ineffective. Students tested the muscle hypothesis by opening the chorion manually 

using fine forceps (Fig. 8.2). All of the embryos showed normal muscle movement, 

allowing the students to reject the tested hypothesis. When transgenic animals were used, 

students also used fluorescent microscopy to visualize the transgenic cell lines and 

investigate whether abnormal development of the relevant organ systems could be 

observed (Fig. 8.3). 

8.7.4. High School Internship Programs  

To provide internship opportunities to high school students who are enrolled in 

AP Biology classes, faculty provided students with fixed sensory and motor transgenic  
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Figure 8.3. Figures of Fluorescence Microscopy of Sensory and Motor Transgenic Zebrafish 
Imaged and Created by Undergraduate and High School Students. (A, B) Green fluorescent protein 
expressing sensory neurons are clearly visible in the developing embryos; arrowheads: neurites. Images 
and figure by Brian Eldridge Saint Michael’s College, Class of 2018.  (C) Low magnification of embryo 
that was additionally stained with Hoechst Blue nuclear stain. Image by Dorcas Lohese, Colchester High 
School, Class of 2018. Scale bars: (A) 20 μm, (B) inset: 50 μm; 100 μm; (C) 600 μm. 
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zebrafish. Similar to the college program, students first learned about the model 

system and developmental stages. Students then learned how to perform basic lab 

procedures such as staining nuclei within cells with a fluorescent blue stain (Hoechst 

Blue Sigma H 6024). Students learned how to mount the fish for microscopy and 

investigate the transgenic cell lines (in this case motor neurons in red and sensory 

neurons in green, (Fig. 8.3) using a florescent Zeiss AxioImager microscope. Students 

learned how to acquire images and document their findings in form of professional 

scientific figures. 

 

8.8. Discussion 

Our outreach module has proven successful in exposing the benefits of using 

zebrafish as a model organism for development to undergraduate institutions in Vermont 

that would otherwise not have access to. Our module can be adapted for each institution 

depending on the class level, topic and focus. Students can learn about their local 

environments and investigate potential hazards that may impact ecosystems and the 

biodiversity around them or have medical implications to human health.  

Our goal to promote independent thinking and strengthen the abilities of students 

to conduct independent research is achieved by this module. In selecting a chemical 

compound to study, students perform primary literary research and generate a hypothesis 

to test. They learn how to design appropriate protocols for their experiments, including 

the use of controls. In evaluating any developmental phenotypes generated by the 

addition of a chemical compound, students learned bright-field and fluorescent 

microscopy techniques, how to capture representative images, and generate publication 
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quality figures to include in a lab report. Our module allows students to design 

independent experiments, giving them exposure to the process of the scientific method. 

Cookie-cutter labs allow instructors to plan for well-predicted outcomes, which are 

sometimes necessary in teaching labs, but it is not always a realistic experience for 

students. Students should made aware that experiments won’t always have the predicted 

outcome. This is a great opportunity to talk about scientific resilience, troubleshooting 

and adaptability. These important lessons are hard to teach in a regimented lab, and 

without them, students can develop unrealistic expectations of scientific research 

practices.  

This module has the potential to include student exposure to thinking about 

ethical scientific practices. Using an animal model warrants discussion of best practices 

and the importance of following animal care approved protocols. Ethical data collection 

can also be discussed, for example, how to capture representative images and how image 

manipulation can inappropriately be misused.  

We have received positive feedback from students and collaborators who 

experienced this lab module. Through our outreach program, we hope to continue to give 

more students the opportunity to work with new tools and equipment, and gain skills that 

they wouldn’t otherwise have been exposed to during their undergraduate education. 
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