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Abstract 

Since the development of the peripheral nervous system (PNS) is a critical component of 

vertebrate development, exploring the processes involved in PNS development is important. A 

part of PNS development is the migration of trunk neural crest cells (NCC) since the trunk NCC 

differentiate into cell lineages needed for the PNS. Therefore, this study chose to observe NCC 

migration since it will provide insights on PNS development. This study examines NCC 

migration in shark embryos through three facets: when the stage migration begins and ends, 

when migration is at its peak, and the different pathways that can be observed. In order to track 

NCC, shark embryos ranging from stage 20 to 30, were cut into thin sections using a vibratome 

machine. The sections were then stained with the primary antibodies: Fox d3 and Acetylated 

Tubulin and the matching secondary antibodies. In addition to taking pictures of sections of the 

embryos, images of the whole embryo and images of DiI staining was collected. DiI labeling and 

images of a stage 20 shark revealed migration begins as early as stage 19-20 with the primary 

pathway being dorsolateral. Within the dorsolateral pathway, cells migrated in clusters – 

collective cell migration. Whole mount images demonstrated the highest level of delamination 

occurred in stage 25 sharks. Therefore, stage 25 could be considered the peak of migration with 

cells transitioning from cluster formation to direct streams as dorsal root ganglion (DRGs) are 

beginning to form. Stage 30 can be the decline or end of migration and by that stage, elements of 

dorsolateral, ventromedial, and ventrolateral pathway is observed. Fox d3’s presence in all stages 

allowed these conclusions to be drawn and hence it can be considered a strong NCC marker for 

stages 20-30. Overall, these results provide a clearer picture on neural crest and embryonic 

development of sharks, specifically NCC migration which can lead to future projects that 

investigate specific components of migration. 
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Introduction 

Vertebrate Development 

By enhancing their knowledge on the processes involved in vertebrate development, 

scientists can better protect vertebrates. A critical component of vertebrate development is the 

role of the nervous system. The nervous system is connected to organs and tissues, which allows 

the nervous system to receive and send sensory, autonomic, and functional information 

(Delalande et al., 2014). Additionally, the nervous system influences the organs’ connection to 

the blood vascular system through direct molecular interactions. The blood vascular system 

sends fluids, nutrients, and oxygen to the organs. Therefore, if the nervous system isn’t 

functioning or developing properly, it can impact the blood vascular system’s ability to send 

fluids to organs. A specific example of how the nervous system influences the blood vascular 

system is by secreting vascular growth factor (VEGF) which stimulates vascular supply 

(Delalande et al., 2014). Due to the importance of the nervous system, studying it will lead to 

progress in gaining a deeper understanding of vertebrate development. 

Vertebrate Nervous System 

In vertebrates, the nervous system is broken into the central nervous system (CNS) and  

peripheral nervous system (PNS). The two develop at different stages of neurulation, which is 

the folding process in vertebrate embryos (Plouhinec et al., 2017). The CNS is formed from 

neural crest cells (NCC) induced at the border of the neural plate, early in neurulation.  The 

neural plate then folds in on itself to form the neural tube. After the neural tube closes and the 

CNS has begun to form, NCC begin to migrate from the neural tube to form different lineages of 

the PNS (Plouhinec et al., 2017). Therefore, in order to study the development of the nervous 

system during vertebrate development, one would need to study NCC. Since this study chose to 
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focus on the PNS for the purposes of having a more focused study, the study observes migratory 

NCC.   

What Are Migratory Neural Crest Cells 

Neural crest cells are embryonic, mesenchymal, highly migratory cells. They play an 

important role in the development of the neurons and glia of the nervous system. They originate 

from the neural tube which closes and separates from the ectoderm in the beginning of 

neurulation (Giovannone et al., 2015). The dorsal portion of the neural tube is where the neural 

crest cells become migratory and the type of cell they become depends on their point of exit from 

the neural tube (Bronner, 2012). 

Importance of Studying Migration of Trunk NCC 

Studying migration of trunk NCC, specifically, is important because they are the ones 

involved in PNS. Trunk neural crest cells are the NCC that originate from the neural tube of the 

trunk or middle to tail end portion of an embryo. The trunk NCC is different from cranial and 

cardiac NCC since it is the specific type of migratory NCC that gives rise to cell derivatives 

needed for the peripheral nervous system (PNS). Another reason to study NCC, including trunk 

NCC, is that they are a stem cell population unique to vertebrates (Juarez et al., 2013).  

Furthermore, many biologists are interested in studying NCC because in their initial stages, NCC 

have stem cell-like characteristics (Bronner, 2012). The pluripotency of the neural crest cells 

makes them fascinating to study because these cells can differentiate into many cell types 

depending on their migration within the embryo (Gilbert, 2000). Once they stop migrating, they 

either become part of pigment cells or most of the peripheral nervous system, such as sensory 

ganglia and melanocytes (Bronner, 2012). 
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Trunk NCC Migratory Pathways 

The three main pathways trunk NCCs migrate along are: dorsolateral, ventro-lateral, and 

ventro-medial pathways (Vega-Lopez et al., 2017). The dorsolateral pathway is when NCC 

migrate between the ectoderm and somites (Fig. 1). The ventro-lateral pathway is when the cells 

travel through the somites while the ventromedial pathway is migration of NCC between the 

neural tube and posterior sclerotome, a part of somites (Fig. 1). In addition to the origin point of 

the NCC, the pathway they take also determines the PNS cell derivative they become. For 

instance, the ventro-medial pathway gives rise to PNS derivations such as the DRG, while the 

dorsolateral path gives rise to pigment cell lineages such as melanocytes (Juarez et al., 2013). 

Different signaling events and transcription factors, such as sox9, foxd3, and slug are responsible 

for inducing migration. After migration, the cells end up in distinct sites and differentiate into the 

different cell types, regulated by gene batteries to help with the transition from a progenitor to a 

differentiated state (Vega-Lopez et al., 2017). Therefore, migration of trunk NCC is defined by 

the pathways they follow.  

Somites 

Most migratory pathways involve the somite in some way. Somites are blocks of mesoderm 

located on both sides of the neural tube, which ultimately becomes the spinal cord and brain. 

Somites eventually become skeletal muscle, cartilage, tendons, and vertebrae (DeRuiter, 2010). 

After budding off the mesoderm, the first pair of somites develop in the trunk, close to the 

notochord (Fig. 2). The remaining somites then follow to the tail end of the embryo. As somites 

develop, a barrier is created between individual somites and the individual somites are divided 

into rostral and caudal portions (Gilbert, 2000). The way the NCC travel around the somites in 

relation to either the ectoderm or neural tube reveal the fate of those cells.  
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Figure 1. Dorsolateral and Ventromedial Pathway. A: Figure from a paper looking at the fate 
map and early fate restrictions of avian neural crest cells. The cells were given EdnRB2 which 
leads NCC to the dorsolateral pathway. Cells in the dorsolateral pathway are indicated by the 
white arrowheads. The arrowheads exemplify when NCC are on the dorsolateral pathway, the 
primary antibody marker will be found along the ectoderm. (Krispin et al., 2010) B: A figure 
from a study on trunk neural crest cells in bamboo sharks. Sox8, Sox9, and DiI served as NCC 
markers and the white arrows are pointing to NCC on the ventromedial pathway. (Juarez et al., 
2013) 
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Figure 2. Neural Tube and Somites. A: Visualization of the neural tube in relation to the 
somites and the ectoderm with D being dorsal, V being ventral, R being rostral, and C being 
caudal. B: Image shows the neural tube (NT) in relation to the notochord (N), sclerotome (Sc), 
dorsal root ganglion (DRG), and somites (So). The yellow arrow represents the migration of 
neural crest cells.  
 

 

 

 

 

 

 

 

 

 

 

A 

B 



 

7 
 

Why Use Shark Embryos 

The NCC observed in this study are from shark embryos. Sharks were chosen to be the  

model organism because of the differences between shark and teleost embryos. Teleosts are a 

group of fishes which include ray-finned fishes and sturgeons. Data on shark embryo NCC might 

be more useful to humans than the current data on teleosts because there is a higher conservation 

between humans and elephant sharks among non-coding genes (Onimaru et al., 2018). Another 

major benefit to using shark embryos is a concrete idea of neural crest development of 

elasmobranchs such as sharks has not been configured yet (Juarez et al., 2013). Elasmobranch’s 

are a group of cartilaginous fishes that includes sharks, rays, and skates.  

Unfortunately, sharks are not the only vertebrate for which the neural crest migration has  

not been analyzed. The neural crest was first identified using chick embryos and hence most 

studies focus on the chick (Bronner and LeDouarin, 2013). A paper on chick NCC migration 

used the primary antibody, HNK1, to label neural crest cells. They found the height of NCC 

migration to be at stages HH17-18 but it begins migrating at stage HH15 and slows around 

HH20.  Other findings from the paper are NCC enter the dorsolateral pathway by HH17 and by 

HH20, HNK1 is not a good marker for NCC. However, HNK1 is a stronger marker for NCC 

than Sox10 (Giovannone et al., 2015). While those were significant discoveries on NCC 

migration, it isn’t enough to stop there. It is important to study different species because 

differences in NCC migration among species has been found. For instance, in most vertebrates, 

NCC migration begins after neural tube closure, but for some mammals and amphibians, 

emigrations begins earlier (Bronner and LeDouarin, 2013). Another difference between species 

was found through the CA kingsnake. For the CA kingsnake, migration is mostly like what is 

observed in other amniotes, such as chickens. However, a unique component of the kingsnake 
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migration was the inter-somitic pathway was intensely used by late migrating cells (Reyes et al., 

2010). Therefore, there is a need to start looking at different vertebrates, such as the shark 

Past Shark Studies 

There have been a few studies conducted on NCC migration in shark embryos but not as 

extensively as in the chicks. An example of such a past study is a project looking at the trunk 

neural crest origin of dermal denticles in cartilaginous fish. According to this study, NCC 

migration in shark embryos begins at stage 19 and continues to S22, at which point different cell 

derivatives are noticeable such as dorsal root ganglion (Lu Teng et al., 2008). Another study 

looks at the trunk neural crest cells in bamboo sharks using the markers: Sox8 and Sox9. This 

study found that shark trunk neural crest cells follow similar migration patterns as zebrafish and 

amphibians. The trunk neural crest was round along the rostral side of somites and along the 

ventromedial pathway (Juarez et al., 2013). 

Primary Antibodies: Acetylated Tubulin and Fox D3 

To be able to observe NCC migration, primary antibodies will be used in this study. 

Primary antibodies are also referenced as markers for the cells they help visualize. Markers or 

primary antibodies help visualize cells by attaching to target cells. Then, secondary antibodies 

bind to those primary antibodies. Since secondary antibodies carry the fluorophore, they 

determine what the color of the cells will be in images (Bauer, 2014). In this study, acetylated 

tubulin and fox d3 will be the primary antibodies used as markers for NCC.  

Acetylated tubulin labels developing axons early in development and labels non- 

migratory NCC. It’s a stable cell cytoskeletal marker only observed in neuroepithelial non-motile 

cells (Giovannone et al., 2012). Therefore, using acetylated tubulin as a primary antibody and 

anti-acetylated tubulin as secondary antibodies will produce images of non-migrating NCC.  

As the non-migrating NCC undergo epithelial/mesenchymal transformation (EMT), they  
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become migratory. Fox d3 helps NCC undergo EMT and hence Fox d3 can be found in 

migratory NCC (Kos et al., 2001). Therefore, targeting Fox d3 would visualize NCC in the 

embryo. Furthermore, Fox d3 would target NCC specifically that haven’t begun to differentiate 

yet because Foxd3 maintains the multipotency of NCC (Teng et al., 2008). 

Due to the roles of Fox d3 and acetylated tubulin, it would be reasonable to expect  

images of the younger sharks to have stronger acetylated tubulin signals and weaker fox d3 

signals since most NCC are non-migratory. Then, as the age or stage of the shark increases, the 

reverse should occur and Fox d3 signals should get stronger. 

Embryo Staging 

To be able to fully map NCC migration, it is important to select the correct antibodies as  

well as to stage the embryos. Staging is essentially a tool to define the age of an embryo or the 

stage of embryonic development. The staging of the bamboo shark is available, and it ranges 

from stages 1-32. Early stages are stages 1-8, which is when the embryos are blastodiscs 

(Onimaru et al., 2018). Then, stages 12 – 18 are when the neural fold forms and closes, the 

somites becomes visible, and the pharyngeal pouch forms. Stage 18 onwards, more pharyngeal 

pouches form, shape of mouth and dorsal fins change, and the fin buds grow (Onimaru et al., 

2018). These different characteristics such as number of pharyngeal pouches and size of fin buds 

allow scientists to determine what stage the embryo is in. Apart from the bamboo shark, 

complete embryonic development staging of other sharks is not available. Therefore, another 

value to this study is providing images of what different stages look like for different shark 

species for future studies.  

Present Study 

This study aims to track the migration of trunk NCC to gain a better understanding of 

how the peripheral nervous system of vertebrates develop; ultimately to understand vertebrate 
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development better. The migrating neural crest cells of shark embryos will be observed using the 

primary antibodies, Fox D3 and Acetylated Tubulin. The purpose of this study on sharks is to 

highlight the stage at which neural crest cell migration begins and ends and at what point, it 

reaches its peak. Additionally, this study aims to see what different pathways the NCC take and 

at what stages they begin on those pathways. This study uses Foxd3 to label NCC and hopes to 

see the strength of Foxd3 and the stage at which it is no longer viable.  
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Materials and Methods 
 
Sharks Genus’ Used and Staging of Embryos 

 The sharks used in this experiment were the following: sting ray, little skate, catshark, 

and bamboo shark. They were obtained from the Long Beach Aquarium and were raised at 25°C 

sea water. Different sharks were used because past studies have shown most sharks form their 

nervous systems in similar ways (Juarez et al., 2013) (Table 1). Catsharks were chosen because 

their embryonic development has been described in detail and their egg laying process is more 

accessible than other sharks, such as elephant sharks. Bamboo sharks were also used because 

they lay eggs all year and they are more accessible due to their commonness in aquariums 

(Onimaru et al., 2018). The primary source used to stage the sharks was the staging table by 

Onimaru et al., on the bamboo shark (2018). The primary age indicators were the number of 

pharyngeal pouches on the younger sharks (stage 18-26), visibility of the heart tube, the curve of 

the tail, and the shape of mouths and fins. After pharyngeal formation, key things to look for in 

older sharks (stage 27+) were gill filaments, pectoral fin buds, pelvic fin buds, dorsal fin buds, 

tail buds, eye pigmentation, and nasal-lip structures (Onimaru et al., 2018). Since neural fold 

doesn’t close until end of stage 18, the lab chose to look at embryos stage 19 and beyond. 
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Table I. Genus and common names of the different species of sharks used in this study including 
how many of each was used.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genus Common Name Amount 
Urobatis helleri Sting ray 1 

Leucoraja erinacea Little skate 2 
Scyliorhinus rotifer Catshark 2 

Chiloscyllium Bamboo shark 1 
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Preparing Solutions 

 The two main solutions needed for this study were the blocking solution and phosphate 

buffer solution. The blocking solution was made by adding 1ml of 100% GtFBS to 9mL of 0.1% 

PBS & Triton. The phosphate buffer solution (PBS) was made by adding 8 g of NaCl, 0.2 g of 

KCl, 1.44 g of Na2HPO4, and 0.24 g of KH2PO4 to a 2L beaker along with 800ml of distilled 

water. After all the components were stirred together, the pH of the buffer was adjusted using 

NaOH until the buffer was 7.4. After adjusting the pH, water was added to the beaker to bring 

the total volume up to 1 liter. The completed 1x PBS was stored at room temperature.  

Order of Procedure 

The process of studying all the embryos, regardless of species or stage, began by taking  

images of the embryo and staging it. Often, the pictures helped with staging because features 

such as pharyngeal pouches were easier to observe in images. Afterwards, the embryo needed to 

be prepared for blocking. However, there were two ways to go about it. If the embryo was 

clear/transparent, then the embryo could be used as a whole embryo without vibratoming. 

However, if it wasn’t clear, then the embryo was vibratomed to get sections of the embryo. Both 

the whole embryo and sections of the embryo were submerged in blocking solution and then 

placed in the fridge overnight. The next day, some blocking solution was removed from either 

the vial or petri dish that the embryo was in. However, enough blocking solution was left so that 

the embryo was covered. Then, the primary antibodies, which were Fox D3 and acetylated 

tubulin (from Sigma), were pipetted into the vial or petri dish. The embryos were then left 

overnight once more on the rotator. The following day, the embryos were washed over a 3-hour 

period. During those 3 hours, every 30 minutes, the embryos were washed the with PBS. At the 

end of the 3 hours, secondary antibodies were pipetted in and the embryos were left overnight on 
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the rotator. On the next day, the embryo was washed once again. By that point, whole mounting 

was complete. The next step was to take images of either the whole embryo or embryo sections 

to confirm if the antibodies worked. If the blocking solution and antibodies were added to 

embryo sections, they were mounted onto slides. However, if the blocking solution and 

antibodies were added to a whole embryo, it had to be vibratomed before it could be mounted. 

Vibratoming provided embryo sections that could be mounted. After immunostaining/whole 

mounting and mounting onto slides was complete, images of the sections were captured using 4 

colors (blue, green, red, and/or pink) to visualize the neural crest tube and NCC.  

Image of Embryo and Staging 

After connecting the Stemi 305 microscope with the Zeiss Labscope app on an iOS 

device, pictures were taken of the embryos from head to toe. When taking the pictures, the focus 

was on the gills and other embryonic development identifiers of the sharks, such as pharyngeal 

pouches (Fig 3.). Sometimes it was difficult to get clear images of embryos in vials. Therefore, 

some embryos were temporarily removed from the vial and placed in petri dishes for clearer 

images. These images of the embryos were then used to determine the stage of the sharks.  
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Figure 3. Images of fixed shark embryos using a Zeiss microscope focusing on pharyngeal 
pouches and fins. A: Image of the first shark, stage 30, with its pelvic fin labeled. B: Image of 
second shark, stage 25, with its pharyngeal pouches labeled. C: Image of third shark, also stage 
25 with five pharyngeal pouches. D: Image of fourth shark, stage 20, with four pharyngeal 
pouches. E: Image of fifth shark, stage 19, with the eye beginning to become more prominent. F: 
Image of sixth shark, stage 22, with five pharyngeal pouches.  
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Whole Mount  

Whole mounting is the process of adding blocking solution and antibodies to the 

embryos. Five out of the six sharks were whole mounted before vibratoming. This means those 

five sharks were stained with antibodies before being cut into sections. 

Blocking: The first step of the whole mount was to cut the shark embryo into multiple 

pieces. This was done by cutting at points of the embryo where it began to bend to provide as 

straight as possible embryo pieces. Straight and smaller embryo pieces produced more successful 

vibratome sections in the future. After placing the embryo pieces back in the vial, students 

removed as much as volume of PBS as possible but still left the embryo submerged in liquid. 

Then blocking solution was added to the vial using a plastic pipet. Blocking solution was used to 

block non-specific binding sites so primary antibodies didn’t bind where we didn’t want them to. 

A permeabilizer was in the blocking solution to make embryo porous so antibodies could get in.  

Adding Primary Antibodies: After leaving the embryos submerged in blocking solution 

overnight, the next day, students removed as much of the blocking solution as possible using a 

plastic pipet. Then, primary antibodies, which were stored in a 4°C refrigerator, were added. 1 

microliter of each primary antibody was added by pipetting up and down and using a new pipet 

for each antibody. After the antibodies were added, the embryo was left on the rotator in room 

temperature overnight. The two primary antibodies used for each embryo were Acetylated 

tubulin and Fox D3 (from Sigma).  

Washing: By the next day, the primary antibodies attached to the target cells, which in 

this study were NCC. The embryos were then taken off the rotator and as much volume as 

possible was removed. Then, PBS was added to the vial and the vial was left on the rotator for 30 

minutes. At the end of the 30 minutes, the PBS was removed, and new PBS was added. These 
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steps were repeated every 30 minutes for three hours (total of 6 washes). At the three-hour mark, 

the embryos were prepared for the addition of secondary antibodies by removing as much of 

PBS as possible. 

Secondary Antibodies: Secondary antibodies were added by pipetting up and down 1 

microliters of each secondary antibody into the vial. The secondaries used depended on the 

primary antibody used. Since Fox D3 is rabbit, the secondary must be anti-rabbit. The lab used 

both antirabbit 488 and antirabbit 633 (from Sigma) (Table II). For acetylated tubulin, the 

secondaries used were anti-mouse 488, 594, and 633 (from Sigma) (Table II). The anti-mouse 

594 could not be used for acetylated tubulin if DiI was injected into the embryo because DiI 

fluoresces an orange-red color; like the color anti-mouse 594 would produce (Table II). The 

embryos were then left in secondaries overnight and the next day, another three-hour wash was 

done. At the end of the wash, images of the embryo were taken to see if the primary antibodies 

were fluorescing. The secondary antibody determined the color of the Fox d3 and acetylated 

tubulin in the images. 488 was for green, 594 was for red, and 633 was pink.  

Vibratome 

After whole embryos went through the whole mounting process, they needed to be 

vibratomed. To vibratome the whole embryos, they needed to be placed in agar. The agar was 

made by mixing four grams of agarose and 100 ml of PBS in a 125 ml Erlenmeyer flask and 

microwaving the solution. While the agar was kept warm on a hot place, a piece of the embryo 

was placed in a hexagonal plastic tray using a pipet. Then, the agar was carefully poured over the 

embryo. While the agar hardened, it was important to keep the embryo above the bottom of the 

tray and in the center. After the agar hardened, it was cut into a cube while making sure agar was 

on all sides of the embryo. This ensured that the embryo didn’t slip out of the cube in the 
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vibratome machine. The cube was then glued onto the platform of the vibratome machine (Leica 

VT1000). The vibratome machine then began cutting 60 um sections, which were placed in a 12 well 

plate filled with cold PBS. 

Mounting 

 The sections of the embryo were mounted onto slides so that they can be visualized with 

a microscope. The embryo sections were placed on drops of PBS on the slides. Then, permaflor 

was to keep the cover slide on top of the slide.  The mounted slides were then viewed using a 

Zeiss microscope and the Axiovision 4.8 program. 
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Table II. The vial ID, genus, version of protocol, whether it was injected with DiI, and the 
secondary antibodies used for all six shark embryos. The vial ID is also the birth date of the 
embryo. The O is for the old protocol described in the methods and materials while N is for the 
new protocol. Antirb is for anti-rabbit which corresponds to the Fox d3 and antims is for anti-
mouse which corresponds to acetylated tubulin.  

Shark Number Vial ID Genus  Protocol DiI Secondary Antibodies 
1 20190608-1 Chilo O No Antirb 488, antims594 
2 20180927-1 Leuc O Yes Antirb 488, antims 594 
3 20181005-1 Scy N Yes Antirb 633, antims 488 
4 20171013-1 Scy O Yes Antirb 633, antims 488 
5 20180418 Uro O  No Antirb 633, antims 594 
6 20171013 Leuc O Yes Antirb 488, antims594 
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Results  

After the embryos were stained with the primary antibodies, fox d3 and acetylated tubulin, 

images were taken to visualize the NCC. Since acetylated tubulin is found in non-migratory 

NCC, stronger presence of acetylated tubulin would indicate NCC migration hasn’t begun or 

would signal the end of migration. On the other hand, fox d3 is found in migratory NCC so it’s 

presence would be used to track when migration begins and which pathways the migration use: 

dorsolateral or ventromedial pathway.  

 

DiI Labeling of Trunk Neural Crest  

The stages of the six shark embryos used in this study ranged from 19 to 30. Apart from shark 6, 

all were successfully sectioned. Shark 6 could not be sectioned due to it being a nerve of an 

embryo, which the vibratome machine could not cut. The images from the embryos that were 

successfully vibratomed were first analyzed through the presence of DiI, a dye that was injected 

into the neural tubes of live shark embryos. DiI is visualized using the 594 setting on the 

microscope and exhibits distinct red fluorescence. Although many of the live shark embryos 

were injected with DiI, the only one with success is shark 4 (20171013). The DiI in sections of 

shark 4 seem to follow the dorsolateral pathway of neural crest cell migration with the neural 

crest cells emigrating from the dorsal portion of the neural tube. A few of the sections exhibit 

random, spotted migration (Fig. 4E) while others exhibit collective cell migration (Fig. 4C).  
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Figure 4.  DiI stained NCC migrating along the dorsolateral pathway. Images showing DiI 
staining in sections of shark 4 (201713). The NCC are found along the ectoderm following the 
dorsolateral pathway. C: Collective cell migration with NCC migrating in clusters. NT represents 
the neural tube of the embryo and So is for somite. 
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Whole Mount  

Wholemount images of shark 4, which is at stage 20, reveals migration begins as early as 

stage 20 because it is the youngest shark in this study, but has strong presence of Fox d3 (Fig. 5). 

Wholemount images of shark 2, which is at stage 25, highlights the lateral line in Fig. 6A. The 

lateral line allows sharks to feel the sensations of water. In images 6D, G, J it is clear the red 

NCC are migrating rostrally along the somites in robust streams. Additionally, spindle shaped 

peripheral ganglia are observed in Figure 6, stage 25 shark.  

When comparing the wholemount images of the two sharks, it is noticeable that the 

number of cells entering the somites is larger in the stage 25 embryo, which can be considered 

the peak of migration (Fig. 5,6). Also, see migrating neural crest cells on top of the neural tube in 

both wholemounts, which is a sign of peak of delamination (Fig. 5,6).  
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Figure 5. Wholemount images show migration begins as early as stage 20. views from 
multiple angles of shark 4, a Scyliorhinus stage 20 embryo with Fox d3 and acetylated tubulin 
markers. The distinct oval-like structures are somites.  
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Figure 6. Wholemount images show Stage 25 is the peak of migration. Wholemount views 
from multiple angles of shark 2, a Leucoraja stage 25 embryo with Fox D3 and Acetylated 
Tubulin. Fox D3 labels migrating trunk neural crest cells and Acetylated tubulin labels neurons.  
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Stage 20 Sections 

Stage 20 sections come from shark 4 and it is one of the youngest sharks used in this study 

except for shark 5, which is a stage 19 shark. There is clear migration of NCC due to Fox d3 

being found from the rostral to caudal ends of the embryo (Fig.7).  Cells are seen migrating in 

clusters or chains known as collective cell migration, which is expected to be seen in younger 

embryos (Fig. 7). The clusters are traveling along the dorsolateral pathway, which matches the 

results from the DiI images of the same shark in Figure 5. Furthermore, the Fox d3 signals are 

stronger around the ectoderm and very minimal traces of it is found in the neural tube. 

Contrastingly, much more acetylated tubulin is observed in the neural tube. 
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Figure 7. Section images show migration begins as early as stage 20 and in cluster 
formation along the dorsolateral pathway. Sections from the trunk of shark 4, a Scyliorhinus 
stage 20 shark with Fox d3 and Acetylated Tubulin markers. The secondary antibodies used for 
this shark are anti-rabbit 633 and anti-mouse 488. Hence Fox d3 is pink and acetylated tubulin is 
green.  
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Stage 25 Sections 

By this stage, in both embryos, the neural crest cells are no longer migrating in chains or clusters 

but are beginning to clump together to form DRGs. NCC migration is beginning to slow and 

DRs are forming by stage 25.  

Shark 2: There is much less Fox d3 around the neural tube compared to stage 20 sharks (Fig. 5,7) 

because most of the NCC has left the neural tube and is beginning to migrate to their designated 

areas but Fox d3 is still present in the neural tube (Fig. 8). More Fox d3 is found outside the 

neural tube, along the ectoderm than what is seen stage 20. Similar to the Fox d3, the levels of 

acetylated tubulin in the neural tube of shark 2 (Fig. 8) is significantly less than the levels in the 

stage 20 shark. However, within shark 2, there is still more acetylated tubulin than Fox d3 within 

the neural tube. Also, the NCC are migrating indirect streams. 

Shark 4: Unlike shark 2, less Fox d3 is outside the neural tube than what is observed in stage 20 

shark and there are no Fox d3 signals around the neural tube (Fig. 9). The Fox d3 that is 

observed is constrained to the ectoderm. Again, in contrast to shark 2, the levels of acetylated 

tubulin in this stage 25 shark are just as high as the levels observed in the stage 20 shark; no 

reduction in acetylated tubulin. The comparisons between the two stage 25 sharks show there are 

important differences in migration patterns even when discussing the same stage. 
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Figure 8. Section images show during stage 25, migration transitions from being cluster-
like to clumped direct streams, representing the formation of DRGs. Sections from the trunk 
of shark 2, a Leucoraja stage 25 shark with Fox d3 and Acetylated Tubulin markers. The 
secondary antibodies used for this shark are anti-rabbit 488 and anti-mouse 594. Hence Fox d3 is 
green and acetylated tubulin is red. 
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Figure 9. Stage 25 sections show there are differences in migration even within the same 
stage. Sections from the trunk of shark 3, a Scyliorhinus stage 25 shark with Fox d3 and 
Acetylated Tubulin markers. The secondary antibodies used for this shark are anti-rabbit 633 and 
anti-mouse 488. Hence Fox d3 is pink and acetylated tubulin is green. 
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Stage 30  

Stage 30 sections are from shark 1, a chiloscyllium shark. NCC seem to have traveled from the 

neural tube ventrally down to the end point of the embryo (Fig. 10). The somites are clearly 

defined and the NCC are continuing to migrate down somites rostrally. At this stage, can see 

elements of all 3 main pathways: dorsolateral, ventro-medial, and ventro-lateral. However, since 

Fox D3 can be observed throughout the entire embryo, NCC migration is slowing down or 

coming to an end.  
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Figure 10. Section images show by stage 30 migration slows down and begins to end and by 
this stage, all three migration pathways are observed. Sections from the trunk of shark 1, a 
chiloscyllium stage 30 shark with Fox d3 and Acetylated Tubulin markers. The secondary 
antibodies used for this shark are anti-rabbit 488 and anti-mouse 594. Hence Fox d3 is green and 
acetylated tubulin is red. 
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Figure 11. A comparison image of sections from stage 20, 25, and 30 shark trunk embryos. 
A progression is seen from cluster, chain cell migration (collective cell migration) in stage 20 to 
a coalesced form of migration with the formation of DRGs. Initially, the dorsolateral pathway is 
the main noticeable pathway in stages 20 and 25 but by stage 30, the ventro medial and ventro-
lateral pathway are also noticeable. The differences in color for each marker is due to the 
secondary antibodies used.  
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Discussion  

 Analysis of images of wholemounts and sections of embryos with DiI, Fox d3, and 

Acetylated tubulin staining revealed some key aspects of shark trunk NCC migration. It showed 

migration begins as early as stage 20, peaks at stage 25, and continues up to stage 30, but begins 

to slow down around that time. The images also demonstrated that the initial pathway for 

migration is the dorsolateral pathway but by stage 30, all pathways are observed. Additionally, 

NCC initially migrate in cluster formation but then begin to clump together and move in direct 

streams.  

Start of Migration 

 One of the primary discoveries from the results is migration begins as early as stage 20. 

This was first seen through wholemount images of a stage 20 shark. Whole mount images are 

taken after primary and secondary antibodies are added to the embryo but before the embryo is 

sectioned. This is a beneficial technique to perform in addition to taking images of sections 

because it visualizes where the neural crest cells migrate in one image. Since these are images 

taken before the embryo is cut, the images are of whole embryos and where the antibodies 

fluoresce within the whole embryo. Another benefit of using whole mount images is the ability 

to visualize somites and peripheral ganglia more easily, which is necessary for determining the 

pathway of the NC cells.  

 In wholemount images of the stage 20 shark, Fox d3 signals were present and strong (Fig. 

5). Since stage 20 is the youngest stage used in the study, the presence of Fox d3 means 

migration begins as early as stage 20. The presence of Fox d3 also means delamination is 

occurring. Delamination of cells is the conversion of NCC from epithelium to mesenchyme 

(EMT) and it is the process that allows NCC to leave the neural tube. During the delamination or 

EMT process, NCC separate from their surrounding neuroepithelial cells. While all NCC 
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eventually undergo delamination, trunk NCC undergo the process progressively and therefore, 

some NCC can begin to migrate while others are still undergoing the transformation. The timing 

of initial NCC delamination has a positive correlation to somitogenesis or formation of somites, 

which mean signs of NCC migration indicates somite formation except for at the caudal end of 

the embryo (Mayor and Theveneau, 2012). Therefore, by stage 20, the formation of somites can 

also be expected.  

 In addition to wholemount images, images of sections of the stage 20 shark show a strong 

presence of Fox d3. However, something unique about the section images is the acetylated 

tubulin is concentrated in the neural tube (Fig. 8E). This is consistent with what is expected when 

migration is beginning because in early stages of migration, not much of the NCC has become 

migratory. The non-migratory NCC will remain in the neural tube and will contain acetylated 

tubulin. Therefore, as seen in the stage 20 shark, when migration is beginning, although Fox d3 

will be present, there will be higher levels of acetylated tubulin since most cells are still non-

migratory and most of the acetylated tubulin will be concentrated in the neural tube where the 

non-migratory NCC stay.  

Peak of Migration 

 While migration begins around stage 20, it peaks around stage 25. This was concluded 

primarily from comparing the wholemount images of a stage 25 (shark 2) and a stage 20 (shark 

4) shark. The comparison showed the stage 25 shark had significantly more NCC delaminating 

and leaving the neural tube than the stage 20 shark (Fig. 5,6). However, that could be expected to 

happen as the shark matures. Therefore, to reassure that stage 25 is the peak, section images of 

stage 25 and stage 30 sharks were compared (Fig. 9,10). Although the stage 30 shark had more 

bright Fox d3 signals (Fig. 10), the comparison still supports stage 25 being the peak because the 

stage 30 images are more representative of when migration ends. In the stage 30 images, Fox d3 
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is spread throughout the embryo with not much area left for migration. While in stage 25 images, 

migration levels are high but not complete (Fig. 9). Therefore, it is more probable that stage 25 is 

the peak of migration. Another supporting observation is trunk neural crest cells are typically 

visible on top of the neural tube in a wholemount when the embryo is at its height of 

delamination and this can be observed in the stage 25 shark (Fig. 6).  

If stage 25 is the peak of migration, then sharks at that stage should have lower levels of 

acetylated tubulin compared to younger sharks since more NCC are migratory. However, this 

doesn’t match up with Figure 9, which is a stage 25 shark with high levels of acetylated tubulin; 

almost as strong as the levels in stage 20 (Fig. 7). There may be a mutation or an issue with 

migration with that shark. Another explanation could be tied to the role of Fox d3. A role Fox d3 

plays in NC development is it helps separate cells from their surrounding neuroepithelium tissues 

during EMT. Although it is not sufficient for EMT, it is necessary and that explains why it is 

found in pre-migratory cells (Dottori et al., 2001). This characteristic of Fox d3 can also explain 

why the stage 25 shark showed higher levels of acetylated tubulin in Figure 9. One would expect 

as the shark ages, there is less acetylated tubulin due to more NCC becoming migratory. In the 

case of Figure 9, the levels of Fox d3 is much lower than the other stage 25 shark in Figure 8. 

Particularly Fig. 9B shows minimal Fox d3 levels. The reduced levels of Foxd3 could have 

prevented the NCC from going through EMT and becoming migratory and hence more of them 

expressed acetylated tubulin as they were still non-migratory.   

End of Migration 

 After migration peaks at stage 30, it seems to slow down around stage 30. It cannot be 

supported that stage 30 is the end of migration because the study doesn’t have data on sharks 

past stage 30. However, stage 30 is near the end of migration because section images of the stage 

30 shark show strong Fox d3 signals throughout the entire embryo mixed with minimal 
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acetylated tubulin levels in the neural tube (Fig. 10). This matches expectations because when 

migration is ending, one would expect all the NCC to have ended up to their designated locations 

which would show up in images as Fox d3 being everywhere in the embryo. At the same time, if 

all the NCC are in their appropriate places, then there shouldn’t be much NCC left in the neural 

tube waiting to migrate and hence there shouldn’t be much acetylated tubulin in the neural tube. 

 Ultimately, in the beginning of migration, one would expect higher levels of acetylated 

tubulin in the neural tube and lower levels of Fox d3 overall. Then, by the end, one would expect 

minimal levels of acetylated tubulin in the neural tube and high levels of Fox d3 everywhere in 

the embryo (Fig. 11). These expectations are corroborated with the sharks in this study.  

Pathways Observed: Dorsolateral Pathway 

To know the migratory pathway the NCC begin with, the stage 20 shark needs to be 

analyzed. In Figure 4, there are several images of sections of DiI staining from a stage 20 shark. 

DiI staining was used because as a lipophilic membrane stain, DiI can enter the cell membrane 

easily. It has a hydrophilic head and two lipophilic hydrocarbon side chains that interact with the 

hydrophobic plasma membrane of the embryo (Echeng et al., 2014). It’s a dye injected directly 

into the neural tube that tracks cells that leave neural tube and hence they mark neural crest cells. 

Additionally, it is a red-orange fluorescent and therefore, it is visualized with the 594 setting on 

the microscope and shows up as red on the sections in Figure 4. DiI labeling is beneficial 

because the structures it highlights are undoubtedly neural crest cells. However, there is a low 

survival rate with DiI labeling, which is why there was only one embryo successful with DiI 

labeling (Juarez et al., 2013). 

A few commonalities among the sections with DiI staining are the NCC are emigrating 

from the dorsal portion of the neural tube which is particularly evident in image Fig. 4C. 

Additionally, the neural crest cells are migrating closer to the ectoderm which is consistent with 
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the dorsolateral pathway. The NCC following the dorsolateral pathway is interesting because a 

paper on bamboo sharks observed initial migration being in the ventro medial pathway (Juarez et 

al., 2013). Since the ventro-medial and dorsolateral pathway are the two main pathways, 

knowing the youngest shark’s migration pattern differed from that of a previous paper’s initial 

migration pathway shows the importance of exploring migration of shark embryos.  

The fact that NCC started on the dorsolateral pathway in this study is not only different from 

past studies on sharks but also past studies on other animals. In the chick embryo, the NCC first 

migrated through the somites and later entered the dorsolateral pathway, but a different trend was 

seen in the shark. In Figure 8, a stage 20 shark, it is clear the NCC are following the dorsolateral 

pathway because Fox d3 signals are found along the ectoderm. This conclusion is confirmed by 

comparing it to the alternative ventro medial pathway seen in a study on bamboo sharks (Juarez 

et al., 2013). The dorsolateral pathway continues being the main method of migration in stage 25 

sharks (Fig. 8,9) and it isn’t until stage 30, where elements of ventro-medial and ventro-lateral 

pathway are observed (Fig. 10). The dorsolateral pathway, which is when NCC migrate between 

ectoderm and somites, is noticeable with Fox d3 traces along the outline of the embryo which 

represents the ectoderm (Fig. 10). The ventro-medial pathway, which is when NCC migrate 

between neural tube and somites is observed with the Fox d3 traveling down the center (Fig. 10). 

The ventro-lateral pathway is observed with Fox d3 travelling rostrally down the somites (Fig. 

10). 

Style of Migration 

In addition to the migration pathways Fox d3 was observed on, a pattern of either 

collective cell migration or direct streams was observed. Stage 20 shark demonstrates Fox d3 in 

clusters which indicates collective cell migration. This trend is seen in both DiI labeled sections 

(Fig. 4) and Fox d3 and Acetylated tubulin labeled sections (Fig. 7). Collective cell migration has 
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been found to be promoted by the BMP antagonist, DAN. DAN reduces the speed of NCC 

dispersal at the beginning of migration which gives more time for the cells to create cohesion 

(McLennan, 2017). Collective cell migration could be helpful in avoiding Slits through cell-cell 

communication because during migration, NCC encounter multiple signals such as Slit that 

direct their end point and future differentiation. Initial cooperative migration is important 

because that cell-cell communication allows NCC to better adapt to their external cues. (Mayor 

and Theveneau, 2012).  

As the sharks get older, one would expect the cells to change from continuous wave or 

collective cell migration to forming direct streams and forming DRGs. Direct streams of Fox d3 

is observed in stage 25 shark (Fig. 8,9) which indicates the formation of DRGs. This is 

corroborated by the wholemount images of the stage 25 shark (Fig. 6) where spindle shaped 

peripheral ganglia are observed. The DRGs and peripheral ganglia being observed in a stage 25 

is relatively close to observations from previous studies that state by stage 22, different cell 

derivatives, such as DRG, are noticeable (Lu Teng et al., 2008). 

Strength of Fox D3 as an NCC Marker 

In addition to learning about NCC migration in shark embryos, this study also aimed to 

observe the strength of Fox d3 as a NCC marker. Fox d3, the transcription factor, was initially 

chosen because it is a molecular marker of neural crest cells that prevents differentiation into a 

specialized cell.  Therefore, Fox d3 more specifically targets NCC that hasn’t differentiated yet. 

Its repressive characteristic is seen in its ability to repress melanogenesis in chick embryos and 

zebrafish. Loss of Fox d3 has been linked to increase in pigmentation. This is observed in 

zebrafish as a result of Fox d3 repressing Mitfa which is important for melanogenesis 

(Hochgreb- Hägele and Bronner, 2013). Fox d3 is also important for maintaining neural crest 
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health and proper neural crest development as past studies have shown Foxd3 mutants to express 

cardiac neural crest defects (Teng et al., 2008). 

 A study on the role of Fox d3 in NCSC multipotency found that Fox d3 is found in early 

multipotent NCC and lost in later cells and hence is part of what is required to maintain 

multipotency. Hence in NCC, Fox d3 is observed in pre-migratory and early migratory cells.  

The study also discovered Fox d3 was important for self-renewal as Fox d3 mutant NC had 

significant reduction in self renewal compared to wild-type NCC (Mundell and Labosky, 2011). 

Due to these multitude of reasons, Fox d3 was used as the primary NCC marker because by 

focusing on undifferentiated pre-migratory and early migratory NCC, the study could focus 

solely on the migration of motile NCC.  

Now, in terms of the strength of Fox d3 as an NCC marker, the results of this study 

support it being a strong marker. This is confirmed by the presence of Fox d3 in all the embryos 

used in the study because it means Fox d3 is at least a strong NCC marker for stages 19-30 

which is a wide range.  Furthermore, Fox d3 could be considered a better NCC marker than 

HNK1, which has been used in several other studies, since HNK1 is not expressed until after 

migration (Dottori et al., 2001).  

Compared to Other Studies 

Compared to a study done on mouse embryos, there were some similarities to the results 

found in this study. It was found that the two dominant pathways of migration in mouse embryos 

were a ventral pathway through the rostral portion of somites and the dorsolateral pathway. 

Additionally, the NCC were seen along the dorsolateral pathway throughout the entire migration 

period (Serbedziija et al., 1990). This is like our results because the dorsolateral pathway was 

also seen being used throughout the entire period of migration (stage 20-30) and there was also 
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use of the ventro-medial pathway. Something unique about the mouse study is it found migration 

to be segregated into two overlapping phases of migration (Serbedziija et al., 1990). It would be 

interesting to see if there are any such distinct phases of migration within sharks, which would be 

revealed by future studies. 

Outside of mice, a few NCC migration studies have also been conducted on zebrafish. 

Zebrafish is a type of teleost fish and they are unique in that they have no neural folds. Instead 

the neural tube forms through the thickening of the ectoderm, which is known as secondary 

neurulation. In zebrafish, the cells that travel along the medial pathway produce ventral 

derivatives such as DRGs while those that travel dorsally produce pigment cells. Something 

different from sharks is migration can begin before neural tube closure (Kamei et al., 2018). 

The NCC migration patterns of sharks can also be compared to the migration patterns in 

chicks. Studies on chicks have found migration to begin at stages HH17-18 and slow around 

HH20, which is a 5-stage period (Dottori et al., 2001). On the other hand, in this study, the 

migration went from stage 20 to 30, which is a longer period. Therefore, a potential difference 

between the two groups is sharks have a longer period of NCC migration. Another finding for 

chick migration is cells enter the dorsolateral pathway around stage HH17, which is like the 

sharks in this study because the initial pathway in this study was also the dorsolateral pathway. 

Therefore, even if one group’s migration is shorter, the events that occur during the migration 

might be similar. 

 Past studies on shark embryos has shown that neural crest cells begin to migrate from the 

trunk neural tube at stage 19 (Lu Teng et al., 2008). This is also seen in this study since the stage 

20 shark in figure 7 has clear migration of NCC from the Fox d3 positive signals. Past studies 

and this study combined support the idea that migration starts at younger stages of 19-20.  
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Future Studies 

The stages used in this study range from 19 to 30, which includes both sharks undergoing 

pharyngeal formation and post pharyngeal formation. A wider range of stages would provide 

more conclusive results so in the future, an aim would be to have more variety of stages as well 

as an overall larger sample size. 

Another future study can use the gene/protein trap line: gt(foxd3-citrine) ct110a that is a 

Foxd3-Citrine fusion protein. In a past study on zebrafish, the fusion protein was expressed in 

zebrafish and it found citrine expression mirrored Fox d3 expression. (Hochgreb- Hägele and 

Bronner, 2013). Therefore, using this gene trap could be beneficial since it could be trusted that 

the citrine is tracking Fox d3 but see Fox d3 in earlier stages than can currently be seen using 

antibody staining.  A different future study could also be correlating the levels of Fox d3 with 

number of melanocytes found in embryos of sharks due to the debated role of Fox d3 in 

suppressing melanogenesis. 
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Conclusion 

DiI, fox d3, and acetylated tubulin staining of shark embryos ranging from stage 20 to 

stage 30 helped achieve the aims of this study. The first aim was to determine the timeline of 

migration of trunk NCC in sharks. According to wholemount and section images of the stage 20 

shark, migration, delamination, and somite formation begin as early as stage 20. Then migration 

begins to peak around stage 25 and slow down around stage 30. By stage 30, NCC migration 

may be complete but due to the lack of sharks of other stages, the exact start and end stages for 

migration cannot be determined. Furthermore, it is clear by stage 30, fox d3 is still useful in 

marking NCC for stages 19-30. The other goal was to determine what pathways were used. The 

dorsolateral pathway was the first pathway observed as well as the pathway observed at every 

stage.  
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