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Figure 4.4 Wtl is expressed in NCCs after 24 hours in culture

Images A-C were taken with a 20x objective. Images D-F were taken with a 40x 

objective. Image A and D were taken using bright-field. Images B, C, E and F 

show Wtl (green) expressed in migrating NCCs from the neural tube explant 

(arrows). The nuclear stain DAPI (blue) is show in C and F. nt - Site of neural tube 

explant which is no longer attached to the coverslip after the staining procedure. 

Scale bars 50pm (A-C) 25pm (D-F).
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Figure 4.5 Characterisation of NCCs after 24 hours in culture

Image A was taken with a lOx objective. The images in B were taken with a 40x 

objective. All images were taken using phase contrast. The areas inside the yellow 

boxes show examples of an expanse of flattened epithelial cells (A, B, C and D) 

emerging from the central neural tube piece. Cells with multiple processes (B, E, F 

and G, arrows) can be seen migrating away from the neural tube explant, nt - site 

of neural tube explant Scale bars 200pm (A) 50pm (B).
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Figure 4.6 Immunofluorescence after 24 hours in culture

Images A-D show antibody staining of neural crest cell markers p75 (green, B and 

C) and Sox 10 (red, B and D) after 24 hours in culture. Image A was taken using 

brightfield. Image B is a composite image showing expression of P75 (C) and 

Sox 10 (D). The yellow arrows illustrate cells that co-express both P75 and Sox 10. 

DAPI is shown in blue (B-D). All images were taken with a 40x objective. Scale 

bars 25pm.
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Figure 4.7 NCCs after 48 hours in culture

A-F are brightfield images of neural crest explants taken after 48 hours in culture. 

A was taken with a lOx objective and B-F were taken with a 40x objective. The 

area inside the yellow box (A) depicts the epithelial sheet at the outer margin of the 

neural tube explant. The arrow shows cell with multiple processes migrating away 

from the central piece (F). The arrowheads indicate axon-like processes arising 

from the NCCs. nt, site of neural tube explant. Scale bars 200pm (A) 50pm (B-F).
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Figure 4.8 Neural tube cultures after 48hrs in culture

Immunofluorescence was canied our using the polyclonal antibody for Wtl (B and 

C). E and F show immunofluorescence using the monoclonal antibody for Tujl. 

All images were taken with a 40x objective. A and D are bright-field images. 

Arrowheads demarcate axonal-like processes. Wtl staining is seen in the nuclei 

(arrows, A-C). Tujl staining is seen in differentiating neuronal cells (E and F). 

DAPI is shown in blue (C and F). Scale bar's 50pm.
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Figure 4.9 NCCs after 72 hours in culture

Image A was taken with a lOx objective. Cells have elongated processes and/or 

axonal-like projections. The central explant piece has begun to disintegrate. Image 

B and C were taken with a 40x objective. Image B shows cells that look to have 

recently divided (arrows). Image C shows axonal-like processes forming complex 

networks indicative of a neuronal plexus (box), nt, site of neural tube explant. 

Scale bars 200pm (A) 50pm (B and C).
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Figure 4.10 Immunofluorescence after 96 hours in culture

A and B are immunofluorescence images using a Wtl antibody taken with a lOx 

objective (green, arrows). A shows Wtl staining only. B shows Wtl and DAPI. C- 

E show immunofluorescence images using antibodies again Wtl and Sox 10 taken 

with a 40x objective. C shows Wtl expression only. D shows SoxlO expression 

only. E is a composite image showing Wtl and SoxlO with DAPI. Wtl and SoxlO 

are expressed together in some cells (arrowheads, C-E). nt, site of neural tube 

explant. Scale bars 200pm (A and B) 25pm (C-E).
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Figure 4.11 Immunofluorescence after 72 hours in culture

A and B were taken with a 40x objective. A is a bright-field image showing 

axonal-like projections (arrowheads). B shows antibody staining for the neuronal 

marker Tujl in the axonal processes, nt, site of neural tube explant. Scale bars 

50pm.

158



159



Figure 4.12 NCCs after 120 hours in culture

A is a bright-field image taken with a 10 objective. B and C are bright-field images 

taken with a 40x objective. Axonal processes in complex networks (A-C, 

arrowheads). Scale bars 200pm (A) 50pm (B and C).
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Figure 4.13 Neural tube explants after 120 hours and 168 hours in culture

A-C were captured from immunofluorescence experiments taken with a lOx 

objective using Wtl and SoxlO antibodies after 120 hours. Image A shows the cell 

nuclei stained with DAPI. B shows Wtl staining only. C shows SoxlO staining 

only. There is no specific staining of Wtl and SoxlO (B and C). The arrows 

indicate a clump of cells which are fluorescent with both the red and green 

microscope filters. This does not appear to be specific staining (A-C). D and E are 

bright-field images taken with a lOx objective after 120 hours (D) and 168 hours 

(E). There are fewer cells after 168 hours and neural tube explant appears to have 

atrophied (E) in comparison with the neural tube explant at 120 hours (D). F is a 

bright-field image taken with a 40x objective after 168 hours in culture. Axonal 

processes are present (arrowheads) but there are fewer cells overall. NT, site of 

neural tube explant. Scale bars 50pm (A) 200pm (B-F).

162



o f ^

Figure 4.14 Measuring the distance traveiled of migrating NCCs

This figure is a schematic diagram representing a typical neural tube explant (NT) 

in culture. The distance travelled by NCCs in culture was measured from the 

margin of the explant to the migration front in pm. This was measured at 24 hours 

and 48 hours after being placed in culture. 7 samples were measured in order to 

produce an average distance travelled by NCCs over time in culture.
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Figure 4.15 Distance travelled by migratory NCCs in culture

The graph shows data collected from the NCC migration assay with an N number 

of 7. Explants were photographed at 24 and 48 hours after explants were placed in 

culture (time 0). At 24 hours the NCCs had migrated a mean distance of 138.7143, 

which gave the cells a rate of migration of 5.78pm/hour. At 48 hours the NCCs 

had migrated a mean distance of 304.1429 with a rate of migration of 

6.34pm/hour. Error bars represent the standard error.
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Figure 4.16 Kidney stem cells in culture

The bright field image shows KSC taken with a lOx objective after 24 hours in 

culture. Once the cells had reached 70% confluence they were ready for 

transfection with siRNAs. Scale bar 200gm.
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Figure 4.17 KSC express high levels of Wtl

Images A-D show KSC which underwent immunofluorescence using the 

polyclonal Wtl antibody in order to confirm that they did express Wtl. Image A is 

bright field, image B shows DAPI staining, image C show's Wtl expression within 

the nuclei of the KSC, and image D show the overlay between DAPI (B) and Wtl 

(C). Images were taken with a 40x objective. Scale bar SOpm.
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Figure 4.18 siRNA repression of Wtl in KSC

Each set of images (A-C) in this figure show KSC post-transfection with siRNAs 

or controls which have been fixed and prepared for immunofluorescence to see if 

Wtl expression had been repressed. Each set shows bright field image, an overlay 

of DAPI and Wtl, and Wtl alone. Image set A shows KSC treated with Wtl 

siRNA. Images set B show KSC treated with control SiRNA. Image set C shows 

KSC treated with the transfection media minus any SiRNA. Image set D is a 

negative control for the antibody showing KSC treated with siRNA but not 

incubated with primary antibody during the staining procedure. This was carried 

out for each of the three conditions and no unspecific staining was found. Scale bar 

50 pm.
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Chapter 5

Discussion
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This thesis aimed to establish a time-point at which Wtl was expressed in 

developing mouse NCCs, due to results of lineage tracing experiments, by 

systematically examining mouse embryos with the use of immunohistochemical 

and in situ hybridisation techniques. I also aimed to characterise the behaviour of 

vagal level NCCs in vitro and set up SiRNA experiments to knock down Wtl in 

cells where Wtl is known to be highly expressed, kidney stem cells, with the view 

to eventually using this in vitro/siRNA system on vagal NCCs in an attempt to 

establish a functional correlation between the Wtl gene, and the development of 

the ENS. Throughout my studies I have shown that Wtl protein and mRNA can be 

detected in NCCs of developing mouse embryos with the use of 

immunohistochemistry and in situ hybridisation both in vivo and in vitro. These 

aims were achieved and the findings have led me to the following conclusions, 

which will help direct future projects:

The expression pattern of Wtl in mouse embryonic development has been 

described in depth in the literature from E9.0 onwards (Pritchard-Jones, Fleming et 

al. 1990; Pelletier, Schalling et al. 1991; Armstrong, Pritchard-Jones et al. 1993; 

Kreidberg, Sariola et al. 1993; Park, Schalling et al. 1993; Moore, Schedl et al. 

1998; Moore, Mclnnes et al. 1999). My results correspond with Wtl expression 

patterns described in this literature between the stages of E9.5 and El 6.5. Thus, the 

novelty of my results resides in the expression pattern of Wtl during earlier 

periods of embryogenesis. Here I will discuss the expression of Wtl prior to E9.0 

as shown by my data in the previous results chapters, and express ideas for the 

potential role Wtl has in NCCs and ENS precursors.
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In my analysis I could show that Wtl and Sox 10 are co-expressed in 

approximately a quarter of the number of NCCs when they begin their migration 

away from the neural crest at E8.5 in the mouse embryo. This observation suggests 

that a subpopulation of ENS precursors is derived from Wtl-expressing cells. This 

novel finding may account for LacZ staining found within the ENS of adult Wtl- 

Cre mice (Wilm, Ipenberg et al. 2005) and co-staining of Wtl-derived J3-Gal and 

the neuronal marker Hu in newborn Wtl-Cre mouse ENS (Wilm, unpublished). In 

order to investigate this finding further a conditional, inducible Cre system could 

be employed, in which a drug-inducible Wtl-driven Cre can be activated at an 

early embryonic stage. The drug used in this system is Tamoxifen (Danielian, 

Muccino et al, 1998; Hayashi and McMahon 2002). This mouse could then be 

mated with the Rosa26 reporter (Soriano 1999) or another reporter mouse line. 

Only on administration of Tamoxifen would Cre become active and recombination 

could take place. This could be performed at varying stages during embryogenesis 

and the resulting staining would reveal information about when the Cre was 

activated, even once Wtl was no longer expressed by NCCs.

One of my findings was detection of Wtl at E7.5 in the mouse embryo. However, 

co-staining for Wtl and Sox 10, in order to test whether Wtl could be highlighting 

emerging NCCs, revealed no expression of Sox 10 at this embryonic stage. Sox 10 

is reported to be expressed from E8.5 onwards, when NCCs delaminate from the 

neural crest and begin their migration throughout the embryo (Hong and Saint- 

Jeannet 2005). Therefore, the data collected from these immunofluorescence 

experiments, which showed no SoxlO expression at E7.5 were to be expected and
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correspond to what is already known about Sox 10 expression in the developing 

mouse embryo.

My results revealed that Wtl expression was confined to a subpopulation of 

Sox 10-expressing NCCs at E8.5 in the mouse. It would be important to determine 

which particular NCC subset was expressing Wtl at this time-point. Could it be 

that Wtl is only expressed in certain neurons, such as nitric oxide synthase (NOS) 

neurons or calcitonin gene-related peptide (CGRP) neurons, and is Wtl expressed 

in glial cells (Figure 5.1)? Determining the specific neural crest-derived lineage 

that Wtl is expressed in would enable us to establish if the migratory potential or 

phenotype of these cells is disrupted or changed in Wtl mutant lines.

My finding that Wtl and SoxlO are co-expressed in NCCs raises an interesting link 

to another member of the Sox gene family, the Sox9 gene, Sox9 has been shown to 

be regulated by Wtl during testis development (Gao, Maiti et al. 2006). There is a 

conserved region 5’ of Sox9, which includes a putative binding site for Wtl 

(Bagheri-Fam, Ferraz et al. 2001). Importantly, Sox9 is expressed in NCCs at the 

same time, E8.5, as SoxlO in the mouse as NCCs begin their migration throughout 

the embryo into their different lineages (Hong and Saint-Jeannet 2005). It would be 

interesting to investigate the SoxlO protein and determine if this too has a putative 

binding site for Wtl. If this was the case it would further support my findings 

showing co-expression of Wtl and SoxlO in NCCs. It could also serve as an aid 

for investigating a role of Wtl in NCCs and ENS development. A conditional 

knock-out system could be employed using the Cre-LoxP system where Wtl
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would be conditionally knocked-out in Sox 10-expressing cells. Analysis of this 

could determine a role for Wtl in a subset of cells in the ENS.

The Wtl monoclonal antibody and the Wtl polyclonal antibody both were able to 

delineate the same expression pattern when used on tissue sections generated from 

mouse embryos between the embryonic ages of E9.5 and El6.5. However, the 

monoclonal Wtl antibody was unable to detect a specific signal for Wtl prior to 

E9.5. This finding meant I was only able to use the polyclonal Wtl antibody in 

immunofluorescence experiments at E8.5 and E7.5. The question that arises from 

this observation is: Why is there a difference between the two antibodies at early 

embryonic time-points? One explanation could be that the staining seen at E8.5 

and E7.5 is an artefact. However the same expression pattern was observed each 

time this experiment was performed on both embryos from the same litter and 

embryos taken from different litters. The expression was nuclear with some 

cytoplasmic expression, which corresponds to the literature on intracellular 

localisation of Wtl within a cell (Rauscher, Morris et al. 1990; Morris, Madden et 

al. 1991; Pelletier, Schalling et al. 1991; Bickmore, Oghene et al. 1992; Niksic, 

Slight et al. 2004). Furthermore, RNA in situ hybridisation experiments also 

detected Wtl activity in the neural crest region at E8.5 and in some cells of all 3 

germ layers at E7.5. Taken together these data suggest that Wtl staining performed 

with the Wtl polyclonal antibody is not artifactual and that there must be an 

alternative explanation for the differential pattern of Wtl staining with the two 

Wtl antibodies at early embryonic stages.
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The answer to this quandary may lie in one of the many Wtl protein isoforms 

generated by the numerous alternative splicing events found in the Wtl gene. The 

rabbit polyclonal Wtl antibody (C-19, Santa Cruz) was raised against peptides at 

the C-terminus of the Wtl protein. However, the mouse monoclonal Wtl antibody 

(6F-H2, Upstate) was raised against the N-terminus of the Wtl protein. Alternative 

splicing has been found to occur in exon one of the Wtl gene. As a result a shorter 

Wtl protein isoform is produced known as AWT1 (Dallosso, Hancock et al. 2004). 

It is therefore possible that the monoclonal Wtl antibody corresponds to peptides 

which were absent due to alternative splicing in exon 1. Thus it is important to 

establish if AWT1 is expressed in mouse embryos prior to E9.5. If this is the case 

it would provide a potential explanation as to why it is not possible to detect a 

specific signal at E8.5 with the monoclonal Wtl antibody. In order to establish if 

AWT1 is expressed, RT-PCR using specific primers for Wtl exon 1 and AWT1 

alternative exon 1 could be employed. I have made some preliminary 

investigations into this but was unable to optimise the experimental conditions in 

time and therefore could not make a conclusion. The preliminary data suggested 

that both Wtl and AWT1 were being expressed at E8.5 as a band was found for 

both transcripts. However further work would be needed to confirm if this was in 

fact the case.

A recent study revealed the -KTS Wtl isoform has a direct function in regulating 

EMT during the development of coronary vasculature using a conditional Wtl- 

knockout mouse generated by mating WtlGFP/+ and Gata5-Cre (Martinez-Estrada, 

Lettice et al. 2010). The resultant WtlLoxP/GFP mutant mice knocked-out Wtl 

specifically in epicardial cells and embryonic death occurred between El6.5 and
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El8.5 due to cardiovascular malformation (Martinez-Estrada, Lettice et ai. 2010). 

It has long been hypothesised that Wtl has a role in the processes of EMT and 

MET (Armstrong, Pritchard-Jones et al. 1993; Kreidberg, Sariola et al. 1993; 

Moore, Schedl et al. 1998; Moore, Mclmies et al. 1999). There is now evidence 

that Wtl regulates the transcription of key factors in EMT, snail and E-cadherin 

(Martinez-Estrada, Lettice et al. 2010). EMT is known to be a critical process in 

the formation of the development of the neural crest from which the ENS is 

derived (Duband, Monier et al. 1995; Sakai and Wakamatsu 2005). This process is 

controlled by a balance between E-cadherin and Snail (Cano, Perez-Moreno et al. 

2000). Three potential binding sites for Wtl have been indentified as conserved 

regions on the Snail (Snail) gene. My data presented in this thesis revealed Wtl is 

expressed in the neural crest at E8.5. It could be possible that Wtl plays a role in 

the process of EMT through the regulation of E-cadherin and Snail in NCC 

delamination as was shown by Martinez-Estrada in the case of coronary 

vasculature development. However Wtl appeal’s not to be expressed in all NCCs 

and phenotypes related to NCC developmental deficiencies in the mutant mouse 

have not been described.

As part of Martinez-Estrada5s study into the role of Wtl in EMT a Tamoxifen- 

inducible Wtl-knockout was generated in immortalised epicardial cells (Martinez- 

Estrada, Lettice et al. 2010). The in vitro results were similar to the results 

Martinez-Estrada saw in the conditional Wtl-knockout mouse. Snail was down- 

regulated and E-cadherin up-regulated after tamoxifen administration in order to 

induce the Wtl knockout in a dose-dependent manner (Martinez-Estrada, Lettice et 

al. 2010). This suggested that the epicardial cells were remaining in an epithelial
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state and did not under go EMT to become motile mesenchymal cells. Scratch 

assays on these mutant cells revealed a decrease in migratory potential of 

epicardial cells after Wtl was knocked out when Tamoxifen was administered 

(Martinez-Estrada, Lettice et al. 2010). Could this be the link to Wtl within NCCs? 

Perhaps if Wtl has a role in EMT at the neural crest then early migratory potential 

of the subset of Wtl-expressing NCCs is affected and therefore these cells can not 

migrate in a normal manner within the developing ENS.

Further evidence for a role of Wtl in cell migration or cell dynamics as a whole 

comes from Dudnakova and her finding that cytoplasmic Wtl directly binds with 

the cytoskeletal molecule actin, which is vital for cell movement (Dudnakova, 

Spraggon et al. 2010). These studies do provide insight into a role for Wtl in cell 

motility and EMT. Therefore further investigation would be needed to confirm if 

Wtl is playing a similar role in NCCs, as I was unable to reach the stage where I 

could acquire a definite measurement for Wtl knock-down with the use of siRNA 

on NCCs in neural tube explants in vitro.

The results from my migration assays produced a mean distance travelled of 

139j.im in 24 hours and 304pm after 48 hours. These results gave a mean rate of 

migration for NCCs of 5.78pm/hour after 24 hours and 6.34pm/hour after 48 

hours. The mean rate of migration could be used as a bench mark for measuring 

migration in NCCs when Wtl is knocked-down. There is, however, a discrepancy 

between my migration data and that of the literature (Barlow, Wallace et al. 2008). 

The NCCs in my experiments migrated slower than those published by Barlow et 

al. however, this may be explained by the use of different species. My neural tube
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explants were taken from mouse embryos, whereas Barlow et al. worked on avian 

embryos.

One of my findings showed that NCCs could be maintained in a healthier condition 

when media composition was switched from DMEM plus 10% NCS to DMEM 

plus 5% NCS and 5% horse serum (Jaenisch 1985). This finding is supported by 

investigations made into in vitro culture of plaque-forming cells (PFC) (Levy 

1980). A greater number of PFC was shown to be obtained with the use of media 

supplemented with 5% horse serum and 5% NCS (Levy 1980).

Wtl was shown to be expressed in approximately half the number of cultured 

NCCs after 24 hours as pail of my in vitro study. This result corresponds to my 

findings in vivo where around half of Sox 10-expressing NCCs in the region of the 

neural crest, also expressed Wtl. The NCC marker p75 was also expressed by most 

of the cultured NCCs at this time-point providing evidence that these cells were 

neural crest-derived. A small population of p75-expressing cells co-expressed with 

SoxlO. Neural crest stem cells (NCSCs) are characterised by the expression of 

these two markers (Stemple and Anderson 1992; Bixby, Kruger et al. 2002; 

Kruger, Mosher et al. 2002; Wong, Paratore et al. 2006). NCSCs retain their 

developmental potential in multi-potent state and can undergo self renewal in adult 

tissues to replace lost or damaged cells. NCSCs have been isolated in a number of 

adult tissues including adult mouse gut (Kruger, Mosher et al. 2002). These cells 

have been shown to have the potential to give rise to enteric neurons and glia both 

in vivo and in vitro (Kruger, Mosher et al. 2002). It is important to determine if 

Wtl is expressed specifically in these NCSCs and would be interesting to
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investigate if Wtl could play a role in these cells, perhaps in self-renewal. 

Evidence of a role for Wtl in self-renewal stems from the finding of Wtl 

expression in normal human bone marrow (Baird and Simmons 1997). When Wtl 

was over-expressed in bone marrow cells an increased number of haematopoietic 

cells were observed but there was no increase in maturation of these cells (Nishida, 

Hosen et al. 2006). In the case of leukaemia the constitutive expression of Wtl in 

leukemic cell lines was shown to block differentiation and lead to the development 

of leukaemia (Svedberg, Chylicki et al. 1998). These studies suggest a role for Wtl 

in the self-renewal of cells.

I had aimed, in a preliminary study, to knock down Wtl with siRNA in KSC 

before eventually adapting this technique for use on vagal NCCs. The initial data 

gathered from this pilot experiment was not convincing enough with only 

immunofluorescence as a way of detennining how much, if any, Wtl had been 

repressed because it was simply showing Wtl protein expression and could reveal 

nothing at the mRNA level. siRNA would not necessarily be expected to result in 

complete loss of Wtl mRNA, and hence one would need to look at Wtl levels 

with/without knock-down with time and to use RT-PCR to see the timing of the 

effect on the RNA levels. Unfortunately time limitations meant I was unable to 

optimise this procedure and so this will have to be carried out in future projects.

Wtl seems to play many different functional roles throughout development. Many 

of these roles are yet to be determined. It will be interesting to see what function 

Wtl has in NCCs and ENS development. It would appeal' that even after 20 years
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of investigation and numerous important developments there is still a lot unknown 

about the multi-faceted Wtl protein and its many functions.
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Figure 5.1 Examples of neuronal subtypes in the developing ENS

Image adapted from Young, Ciampoli et al. 1999 showing the differentiation and 

the changes in gene/protein expression of NCCs. All NCCs are undifferentiated at 

El0.5 and express p75, Ret, Phox2b. Tyrosine hydroxylase (TH) is expressed in a 

subset of these cells. At El2.5 NCCs have begun to differentiate based on the 

differenced in marker expressed, a NOS neuron can be identified as NOS is 

expressed in this subtype and differentiating glial cells retain expression p75. At 

El7.5 specific subpopulations of neurons are observed again based on the marker 

they express, such as NOS and CGRP neurons (Young, Ciampoli et al. 1999).
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