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Abstract 

This thesis looks at the role of bone morphogenetic proteins (BMPs) during tail 

development in Xenopus laevis. BMPs are a group of signalling molecules and their role was 

studied by inhibiting them from the onset of neurulation to the tailbud stage. A time 

period in which tissues differentiate and organs develop.  

Bone Morphogenetic Proteins have been well studied during early development and are 

involved in establishing the dorso-ventral axis through interactions with the antagonists; 

Chordin, Noggin and Follistatin. However, the removal of BMP activity results in embryonic 

death. In order to study the effects of BMP signalling in later development, a transgenic 

line of Xenopus that allows heat-shock inducible inhibition of BMPs was utilised. The 

transgene construct consists of the heatshock promoter HSP70, which drives expression 

of Noggin1, an inhibitor of the BMP signalling pathway.  

The presence of a post-anal tail is a defining characteristic of chordates. Previous studies 

have shown an involvement of BMP signaling in initiation of tail bud development. 

Results in this study demonstrated that continued BMP signaling, throughout neurulation 

until tail bud stages, was required for the proper development of Xenopus. The inhibition of 

BMPs during early neurulation in particular, resulted in gross deformation of the embryos. 

BMP signaling was found to be critical in proper formation of the heart, gastrointestinal 

tract, eye, proctodeum and the tail.  

The inhibition of BMPs at the onset of neurulation (stage 13) was sufficient to prevent tail 

formation in Xenopus embryos. This is likely to be the result of inhibition on the expression 

of XDelta-1 thought to be a critical component of tail bud initiation. BMP inhibition from 

stages 14 to 28 resulted in embryos with shortened tails. The extent of truncation declined 

as inhibition was delayed through these stages. The truncation of tails also coincided with a 

lack of differentiation of somites and a reduction in the staining of the Notch ligand 

XDelta-1 in the posterior wall of the tail bud. This suggests a role of BMPs in regulating 

Notch signaling, a pathway involved in differentiation of somites.  

A further role of BMPs signaling was identified in excluding the proctodeum from the 

posterior region of the embryo. Previously the incorporation of the proctodeum into the 

tail bud region has been described as an ectopic forked tail. Analysis utilising in-situ 

hybridisation enabled this structure to be correctly identified.  

This study has shown a continued role of BMPs in the development of the embryo 

throughout neurulation.  
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Chapter 1: Introduction 

1.1 Xenopus Development 

The study of development is an intriguing discipline. By studying development we get to 

discover how a single fertilised cell (a zygote), transforms into a multicellular organism 

consisting of specialised cells, organs and structures, that work in cooperation in the 

functioning adult form. The developing organism is known as an embryo. The regulation 

of embryonic development has three facets: differentiation; how a single cell gives rise to 

numerous different cell types: growth; how cell division is regulated: and morphogenesis; 

how differentiated cells are organised into intricate tissues and patterns. 

Xenopus laevis is a model organism used in the study of development. Xenopus was initially 

favoured as a developmental model due to the large size of its eggs, which have a 

transparent coating, allowing the developing embryo to be easily viewed. Xenopus are able 

to be bred and maintained relatively easily in the controlled environment of a laboratory 

and adults can be induced to produce external gametes that are easily fertilised and 

develop rapidly (Reviewed in Gilbert 2006, Slack 2006),  In vitro fertilisation of Xenopus 

allows a very high proportion of fertilization, at a defined time point and therefore good 

synchrony of developing embryos. These properties are favoured for study of 

embryology and allow relatively easy manipulation of embryos with grafting experiments 

(Reviewed in Gilbert 2006, Slack 2006). The development of new molecular techniques, 

including in-situ hybridisation, antisense oligonucleotides and transgenics, have provided 

further tools in which to study the development of Xenopus (Reviewed in Gilbert 2006, 

Heasman, 2006). 

Most vertebrates go through very similar stages of early development. Initially there is 

fertilisation, cleavage, and gastrulation. These processes are followed by neurulation, an 

important stage of early organogenesis. Many animals then need to undergo 

metamorphosis, to emerge from their larval stage, before becoming a sexually mature 

adult.  

In Xenopus, fertilisation by a sperm stimulates the egg to begin development. The sperm 

enters at the animal (upper) hemisphere of the egg, causing cortical rotation, a 

rearrangement of the egg cortex relative to the inside of the cell. Internally, the 

movement of a dorsal determinant is moved from the vegetal pole to the dorsal region, 

opposite the point of sperm entry. This effectively creates a dorsal pole opposite the 
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point of sperm entry and a ventral hemisphere, prior to cleavage (Vincent & Gerhart, 

1987). 

Cleavage is a rapid succession of mitotic divisions occurring subsequent to fertilisation. 

The cytoplasm of the zygote is divided into many smaller cells known as blastomeres 

which form a spherical structure called the blastula at the end of cleavage.  The stages of 

Xenopus development were described by Nieuwkoop and Faber (1967) in the Normal 

Table of Xenopus laevis (Appendix 1) which provides standard and accepted criteria for 

stages of Xenopus development.  

Following cleavage, the blastula goes through a series of morphogenetic movements, 

known as gastrulation. During gastrulation the basic body plan of vertebrates is 

established. The three germ layers, the endoderm, mesoderm and ectoderm are 

established, each of which have specific cell fates. Initially, a depression forms in the 

dorsal vegetal quadrant, this becomes the dorsal lip of the blastopore. The depression 

elongates, and the blastopore grows, becoming a complete circle. Invagination at the 

blastopore lip causes the belt of tissue around the equator known as the marginal zone to 

involute, becoming the mesoderm, a separate layer between ectoderm and endoderm. 

Epiboly of the animal hemisphere, which extends to cover surface of the embryo results 

in formation the ectoderm, with the ventral tissue moving inward, to become the 

endoderm. Epiboly of the animal hemisphere causes the blastopore to reduce in size, the 

mesoderm elongates in the posterior direction. By the end of gastrulation a true anterior-

posterior axis has formed, from the leading edge of the mesoderm at the anterior end, 

through to the blastopore plug at the posterior end (Reviewed in Gilbert 2006, Heasman 

2006). 

The final of the aforementioned conserved stages of vertebrate development is 

neurulation; a further series of morphogenetic movements in which the neural plate and 

the neural tube are created. In Xenopus, by stage 13, the blastopore has closed 

(Nieuwkoop & Faber 1967), the germ layers are fated and the dorso-ventral and anterior-

posterior axis are defined. The ectoderm on the dorsal side becomes the central nervous 

system. The neural plate becomes visible, situated within neural folds in the dorsal side of 

the embryo and the neural folds rise up and join, forming the neural tube. The other 

notable change during neurulation is the elongation of the body along the anterior-

posterior axis.  
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This thesis looks at the role bone morphogenetic proteins (BMPs), a group signalling 

molecules, play during development. In particular this thesis is looking at the effect of 

BMP inhibition during neurulation through to the tailbud stage, and as the tail grows and 

organs develop. The tail gives an excellent opportunity for comparison of genetic 

mechanisms involved in development of other structures and gives the opportunity to 

study the development of a structure that begins in later development. The tail is derived 

from a well defined group of cells. Its development begins after the initiation of 

development of nearly all other organs (Nieuwkoop & Faber 1967). Studying the tail 

gives the opportunity to look at development in a somewhat isolated structure, without 

the confounding effects of the growth of other structures. The tail has received relatively 

little attention and further study will give the opportunity to compare and contrast the 

growth of other structures. 

1.2 Development of the tail 

The presence of a post-anal tail is a defining characteristic of chordates, and is a major 

region of the body in many species during adulthood. In Xenopus, the tail is a transient 

structure, providing motility throughout tadpole stages before resorption, following the 

development of articulated limbs. The Xenopus tail is comprised of notochord, and a 

neural tube flanked by paired somite-derived muscles (myotomes) and is defined as the 

region posterior to the proctodeum (the future anal canal) (Tucker & Slack, 1995a). 

Although cells of the tail appear to be a continuation of the trunk tissue, the tail develops 

independently, arising from the tail bud; a mass of apparently homogeneous cells visible 

from about stage 27 at the posterior end of the embryo (Nieuwkoop & Faber 1967).  

Two classical concepts of the mode of tail development have existed, which were 

proposed by Holmdahl (1925) and Pasteels (1939). Holmdahl supported the notion of a 

tail bud blastema; a group of pluripotent, undifferentiated cells. This view of 

development involves ‘primary body development’, during which the three germ layers 

are formed during gastrulation by involution, followed by ‘secondary body development’, 

where an undifferentiated blastema gives rise to all tissue types in the tail. Pasteels 

suggested that cells of the tail are derived from distinct tissue, a continuation of 

morphogenetic processes with only ‘quantitative differences in the intensity of growth’ 

(Reviewed in Gont et al 1993; Tucker and Slack 1995a). Until recently, the general 

consensus has tended to favour Holmdahl’s notion, that the tail bud was a blastema. 

Evidence against the notion that the tail is formed out of a mass of undifferentiated 
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pluripotent cells was provided by Gont et al. (1993), in a paper that arguably initiated a 

new wave of interest into the mechanisms of tail development. The study of tail 

development commenced as a result of the isolation of a divergent homeobox cDNA 

Xnot2, a gene whose expression is ‘exquisitely localised to the tip of the tail’ (Gont et 

al.,1993) Expression of Xnot2 and another tail marker gene Brachyury (Xbra) was traced 

through development. Xnot2 is expressed in the dorsal lip of the blastopore, whereas 

Xbra is expressed in the entire blastoporal ring. Through to tail outgrowth, Xbra and 

Xnot2 are expressed in distinct regions of the tail, so from these results it would appear 

that the tail bud consists of distinct populations of cells, rather than being a 

homogeneous blastema. Trace mapping using lipophilic dye found the dorsal lip of the 

blastopore gives rise to the chordoneural hinge, the ventral spine and notochord of the 

outgrowing tail; the lateral lip gives rise to the posterior wall and somites and the ventral 

lip gives rise to lateral plate mesoderm and to a section of post-anal gut. Thirdly, through 

grafting experiments, Gont et al. (1993) was able to show that the chordoneural hinge at 

the tip of the tail retains Spemann organiser activity. This study provides evidence that 

the different regions of the blastopore give rise to distinct regions of tissue which have 

different properties, and hence providing evidence that tail development in Xenopus is a 

continuation of movements initiated in gastrulation, rather than the more accepted view 

that the tail was formed from a blastema. 

Fate maps have provided a valuable basis from which to study tail development. Fate and 

specification mapping by Tucker and Slack (1995a) have revealed that a substantial 

portion of the tail is derived from a region anterior to the proctodeum. It is also 

important to note the differentiation between the ‘tail bud’ and the entire ‘tail formation 

region’. The tail bud is the region of apparently homogeneous cells at the posterior of the 

embryo that are visible from stage 27 onward. These cells derive from cells ~300µm 

posterior to the blastopore of the early neurula (Tucker & Slack 1995b). The tail forming 

region is the larger area that forms the complete tail of the stage 40 embryo. The tail 

forming region is derived from cells ~600µm posterior to the blastopore of the early 

neurula (Tucker & Slack 1995b).  

The initiation of tail bud outgrowth is thought to result from an interaction between 

specific tissues in the tail. The NMC model (Tucker & Slack,1995b) of tail formation 

requires the correct arrangement of genetically discrete posterior tissue, resulting from 

contact between the neural plate anterior (N), the posterior 100µm of the posterior 

neural plate (M) and the most caudal ~200µm of the notochord (C). These regions are 
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brought together during gastrulation and their interaction being sufficient to induce 

outgrowth from the tail bud (Figure 1.1).  

 

Figure 1.1: The NMC model for tail bud development. A dorsal midline section at stage 13 showing 
the junction of N and M align, overlying C. A critical interaction essential for tail formation (Figure from 
Beck & Slack, 1999) 

 

Several tail marker genes have been discovered with non-overlapping patterns of 

expression. These have enabled the identification of up to ten distinct regions in the tail 

(Gawantka et al, 1998). A number of tail marker genes were found to fall into distinct 

categories; those with early expression, and those that are expressed later in development. 

Early expression genes X-Delta-1/2, Xbra, Xcad3, Xlim1, Xnot2, X-Notch-1, Xpo and XShh 

are expressed in the tail bud region prior to determination at stage 13. The late genes, 

BMP-2/4, lunatic fringe, X-serrate-1, XEvx-1, Xwnt3a and Xwnt5a, are expressed at about 

stage 27, immediately preceding tail bud outgrowth (Beck & Slack, 1998). Immediately 

prior to tail bud outgrowth X-Notch-1 and X-Delta-1 are expressed in the posterior wall of 

the neural tube, their expression overlapping slightly with lunatic fringe. This area of 

overlap corresponds with the activation of XNotch-1 signalling in the ventral boundary of 

the tail and expression of XEvx-1 in the distal tip of the extending tail bud (Beck & Slack 

1998). The expression of XEvx-1 has consequently been found to be reliant on the 

expression earlier of Notch (Beck & Slack 1999). Expression of NotchICD, a constitutively 

active form of Notch, in animal cap grafts is sufficient to induce tail-like projections that 

express XEvx-1. Likewise, explants of tissue expressing XEvx-1 also have the ability to 

form these tail-like projections, and hence XEvx-1 has been determined as a downstream 

target of Notch signalling. Confirmation of this was obtained using an antimorphic XEvx-

1, which prevents tail formation, and hence providing evidence that XEvx-1 expression is 

a critical component in tail bud outgrowth. 
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1.3 BMPs 

Bone Morphogenetic Proteins (BMPs) are morphogens, which by definition are 

diffusible signals capable of eliciting different responses at different concentrations.  

They are a subset of the transforming growth factor-β (TGFβ) superfamily of cytokines 

(Wozney et al. 1998) and were first discovered owing to their ability to induce bone and 

cartilage formation de novo (Urist et al., 1979).  The morphogenetic action of BMPs is 

best characterised in their role during the formation of the dorsoventral axis during 

Xenopus gastrulation, but they also play a significant role in the formation and patterning 

of various organs and structures. BMPs have also been implicated in various cellular 

processes, including cellular proliferation, differentiation, motility, differentiation, 

regeneration and apoptosis, which are essential for tissue maintenance (Reviewed in 

Mehler et al., 1997).  

The development and differentiation of cells to become various tissues and organs result 

from complex interactions between different signalling pathways and antagonists.  BMPs, 

and all members of the TGF-β ligands act upon the TGF-B ligand signalling pathway 

(Figure 1.2), which is known to be conserved in vertebrate, insect and nematode species 

(Massague & Chen, 2000). The TGF-β ligand signalling pathway consists of two receptor 

serine / threonine kinases (BMP receptor types I and II) and a family of receptor 

substrates called the Smad proteins (Massague & Chen 2000). Binding of BMP to 

specific pairs of serine / threonine kinase receptors results in the transphosphorylation 

of the type I receptor in the GS domain by the type II receptor kinase. The type I 

receptor then phosphorylates Smads 1, 5, and 8 (R-Smads). R-Smads then oligomerize 

with the common mediator Smad4 (Co-smad) (Heldin et al. 1997). Smad4 is not a 

receptor substrate but its presence is required for many gene responses induced by 

Smads (Massague & Chen 2000). The R-Smad / Co-Smad complex then translocate to 

the nucleus, where they direct transcription, affecting the cell’s response to BMPs 

(Heldin et al. 1997) 
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Figure 1.2: The BMP signalling cascade. A schematic representation of the BMP signalling cascade. 

Figure adapted from Yamamoto and Oelgeschlager (2004) 

 

 BMPs appear to be expressed at relatively uniform concentrations throughout the 

gastrula, however a gradient of BMP antagonists; high dorsally and low ventrally, cause a 

reciprocal BMP activity gradient (Reviewed in De Robertis & Kuroda, 2004). Four genes 

have been described that are expressed in the organiser during gastrulation that possess 

dorsalising activity (Figure 1.2); Noggin (Smith & Harland 1992), Chordin (Sasai et al. 

1992), Follistatin (Hemmati-Brivanlou et al. 1994) and Frzb, of which, there is evidence 

that three of these genes, Noggin, Chordin and Follistatin block BMP signalling. Noggin 

directly binds BMPs with high affinity, with preferential binding for BMP2 and BMP4 

over BMP7, thus blocking BMPs from binding with BMP receptors (Zimmerman et al. 

1996). Chordin acts in a similar manner to Noggin, directly antagonising BMP signalling 

by binding BMP proteins (Piccolo et al. 1996). Follistatin preferentially inhibits BMP7 

over BMP4, binding activins and preventing activin signalling (Nakamura et al. 1990). 
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Figure 1.3: The role of BMPs in establishment of the dorso-ventral axis and patterning of 
mesoderm and ectoderm. A gradient of organiser factors, chordin, noggin and follistatin secreted from 
the organiser provide dorsal signals to mesodermal and ectodermal tissue. Ventralising factors (BMPs) 
antagonise organiser signals, giving positional information. Figure from De Robertis and Sasai (1996). 

 

Understanding how BMPs regulate the complex patterns of development requires the 

examination of BMP signal activation during embryogenesis (Faure et al. 2002). 

Vertebrate BMP signalling is primarily studied in Xenopus, Chick, Mouse and Zebrafish. 

Inhibition of BMP signalling and inhibition of BMP antagonists are both used in 

establishing the role of BMPs in patterning (Slack, 2006). Inhibition is usually achieved 

using antisense morpholino knockdown, removal of organiser function using UV 

irradiation and using explanted tissue expressing inhibitors. These methods however are 

only effective in studying early development. The inhibition of BMPs during early 

development results in embryonic death and during later stages of development organiser 

signals are diffuse, consequently removal of the organiser is no longer specific, which has 

so far limited the number of studies looking at BMP signaling in later development.  

1.4 BMPs in Tail Development 

A strong indication of a role of BMPs post-gastrulation in tail development came with 

the identification of the zebrafish mutant mini-fin. Mini-fin mutants lack ventral tail 

somites and somites and tail fin, as a result of a mutation in tolloid (Connors et al, 1999), a 

gene involved in up-regulation BMP activity (Blader et al,1997).  

A role for BMPs in Xenopus tail development was confirmed by Beck et al, (2001). 

Antibodies capable of detecting the phosphorylated forms of Smads 1/5/8, which reveal 

the activation of endogenous BMP signalling, were utilised. This revealed BMP signaling 

in the M region in stage 13 embryos, the future ventral posterior wall of the tail bud. This 
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corresponds well with expression patterns of BMP4 revealing a zone of expression 

ventral to the future posterior wall of the tailbud (Fainsod et al., 1994).  In addition to 

this, grafts containing BMP4 mRNA, activated BMP receptor Alk3 and activated Smad5 

were able to induce formation of ectopic tails consisting of somites, neural tube and fin; 

further providing evidence for a role of BMPs in Xenopus tail growth.  

More recently, research has tended to focus on zebrafish in studies of BMPs in tail 

development. A common finding is the requirement of BMP signaling to induce 

formation of posterior cell fates, whereas a lack of BMP signaling resulted in anterior cell 

fates. Triple stimulation of naïve cells by BMP, Nodal and Wnt8 signaling, has been 

found to induce formation of tail, sufficient to mimic tail organiser activity. This is in 

contrast to the head formation, which is induced by inhibition of these pathways 

(Agathon et al., 2003). Szeto and Kimelman (2006) propose that three different regulatory 

domains exist along the embryo, established through Nodal and BMP signaling. The 

anterior trunk, requiring Nodal signaling for commitment of somites to form this region; 

the posterior trunk requiring a “trunk signal” that is activated by Nodal signalling; and 

somites which are committed to form the tail region from activation of BMP signaling. 

The role of BMP signaling during the development of the tail is suggested to change with 

time. Using inducible inhibition, Pyati et al. (2005 & 2006) found that a reduction in BMP 

signaling during blastula and early gastrula stages disrupts tail and ventral mesoderm 

formation. During mid gastrulation, a reduction in BMP signaling prevents formation of 

the cloaca and ventral fin. Stickney et al. (2007) propose the different roles are a result of 

regulation by different BMPs, with BMP2b and BMP7 required for early patterning and 

BMP2b and BMP4 essential in regulating late patterning.  

Regulation of BMP signaling also changes through tail development (Connors et al., 

2006). Chordin, a BMP antagonist is required for proper pattering of the tail both prior 

and subsequent to gastrulation. Tolloid represses the activity of Chordin, positively 

regulating BMP activity. Using inducible expression, Tolloid activity in the tail bud was 

found to act in a four hour window, correlating with the completion of gastrulation until 

early somitogenesis. Regulators of BMPs Tolloid and Chordin were found to modulate 

BMP signaling in tissues through fine scale regulation, playing a critical role in pattering 

of the tail. 
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These studies have shown a requirement for BMP signaling for the development of the 

tail. Tail development appears to require a complex interaction of BMPs and inhibitors 

to regulate outgrowth for proper development of various tail tissues. 

1.5 Transgenic Method for Studying Effects of BMP inhibition in 
Xenopus 

The removal of BMP signalling during early development results in embryonic death 

(Beck 2001). In order to study the effects of BMP signalling in later development, the N1 

line of Xenopus has been developed by Beck et al. (2003), that allows selective inhibition of 

the BMP signalling cascade at different stages of development through heatshock. The 

transgene construct (figure 1.4) consists of the heatshock promoter HSP70, which drives 

expression of Noggin1, an inhibitor of the BMP signalling pathway. Constitutive 

expression of green fluorescent protein (GFP) in the lens allows identification of 

individuals carrying the transgene. 

 

Figure 1.4 The Noggin1 transgene construct. At 25˚C, Noggin1 expression remains inactive, whilst 
GFP is actively transcribed, due to the γ-crystallin promoter. Heatshock at 34˚C activates HSP70, driving 
expression of Noggin, an inhibitor of the BMP signalling cascade 

The Noggin protein prevents the expression of the BMP signaling, blocking BMPs 

binding to cognate cell-surface receptors. Noggin binds to BMPs, preferentially binding 

BMP4 and BMP2 with high affinities. Binding affinity to BMP7 compared to is reduced, 

however in-vivo binding would be expected (Zimmerman et al., 1996). Noggin binding is 

shown to have exclusivity for BMPs. Noggin does not bind to TGFβ1, showing Noggin 

can discriminate amongst closely related proteins (Zimmerman et al., 1996) 

BMP ligands have two prominent hydrophobic regions, one on the convex type II 

receptor and the other on the concave type I receptor. A region of Noggin; the clip 

domain (Gln 28 to Asp 39), binds the type I receptor, through hydrophobic interaction. 

Likewise, hydrophobic reactions on the C terminal clip (Asn 40 to Glu 48) mask the type 

II receptor site. Through these two means, Noggin binds BMPs with high affinity, 
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preventing binding of BMP type I and type II receptors, and thus preventing BMP 

signaling (Groppe et al., 2002). 

1.6 Aims of this thesis 

This study aims to characterise the role of BMP signaling in the development of the tail. 

Utilising the N1 line of Xenopus developed by Beck et al. (2001), this study will use stage 

specific inhibition to further characterise the roles BMPs play in development, 

endeavouring to identify the specific stages BMP signaling is required for the correct 

formation of different tissues through analysis of morphology and gene expression. 

Several key genes have been identified that appear to play crucial roles during initial 

development of the tail bud and the consequential outgrowth and pattering. The genes 

XNotch-1, Lunatic fringe, XDelta-1, XEvx-1(also known as XHox3) and XWnt3a will be the 

focus of this study. XNotch-1, Lunatic fringe and XDelta-1 are involved in the NMC region 

of the developing tail, there interaction required for the expression of XEvx-1 in the tip 

of the tail bud (Beck & Slack, 1999). XWnt3a has briefly been studied using the N1 line 

of Xenopus, and it was found not to be expressed in the tail of embryos heatshocked at 

stage 13, whilst expression was observed in WT embryos (Miles, 2005).  

Analysis of the effect of BMP inhibition on the expression of these genes and relating 

this back to alterations in morphology will give further insights into tail development, 

and the mechanisms and interactions of these genes in development.



12 

Chapter 2: Methods 

Solutions Used  

Solutions used in matings and embryo maintenance 

Cysteine 

2% (w/v) Cysteine Hydrochloride. Adjusted to pH 7.9 

10 × Modified Marc’s Ringers (MMR) 

1M NaCl; 20 mM KCl; 10mM MgSO4.7H20; 20mM CaCl2.2H20; 50mM HEPES; 1mM 

EDTA pH 8.0 

Solutions used in molecular biology 

Alkaline phosphatase buffer 

100mM Tris Cl pH 9.5; 50 mM MgCl2; 100mM NaCl; 0.1 % Tween20 (v/v) 

Ampicillin stock 

100mg.mL-1 ampicillin; 70% EtOH 

Carbonate buffer 

60mM Na2CO3; 40mM NaHCO3; pH 10.2 

Hybridisation buffer 

50 % (v/v) formamide; 5 × SSC; 1mg.ml-1; 1mg.ml-1 yeast RNA; 100µg.mL-1 heparin; 1 × 

Denhardt’s; 0.1 % (v/v) Tween20; 0.1% CHAPS; 10mM EDTA pH 8.0 

Hydrolysis neutralisation buffer 

3M sodium acetate; 1% (v/v) acetic acid; pH 6.0 

Lithium chloride 

7.5M LiCl; 50mM EDTA pH 8.0 

10 × Maleic Acid Buffer (MAB) 

1 M Maleic acid pH 7.8; 1.5 M NaCl, Adjusted to pH 7.5  

MABT was prepared by adding 0.1 % Tween20 (v/v) to 1 × MAB 

Paraformaldehyde 

4 % (v/v) paraformaldehyde; in PBS. Adjusted to pH 7.4 

PBSAT 

0.1% (v/v) Tween20; in PBS 

20 × SSC 

3 M NaCl; 0.3M Na citrate. Adjusted to pH 7.0 
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Triethanolamine 

0.1M Triethanolamine. Adjusted to pH 7.8 

Tris-EDTA (TE) buffer 

10mM Tris.Cl pH 8.0; 1mM EDTA pH 8.0 

X-Gal 

20mg.mL-1 X-Gal; in DMF 
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2.1 In-vitro fertilisation of Xenopus 

2.1.1 Harvest of Testes 

Male Xenopus were sacrificed by bathing animals in a terminal dose of anaesthetic; 5 mL 

of 10% Benzocaine (ethyl aminobenzoate), 70% EtOH in 1 L of distilled water (final 

concentration 0.05%). Testes were removed and kept in 1 × MMR solution at 4˚C. 

2.1.2 Collection of Oocytes 

Ovulation of female Xenopus was induced by subcutaneous injection of 500 units of 

Chorulon chorionic gonadotropin (Invervet) into the dorsal lymph sac 12 hours prior 

to the collection of oocytes. Oocytes were collected through gentle squeezing of induced 

females, with the thumb on the lower abdomen. Oocytes were expelled into 50 mm Petri 

dishes. 

2.1.3 Fertilisation 

A small portion of testis was removed, using fine forceps and tweezers. This was added 

to the dish containing the oocytes, and homogenised in a few drops of 1 × MMR 

solution. This was mixed gently with the oocytes using forceps, and the dish was left to 

stand for 5 min. The dish was then flooded with Mqw to activate the sperm, and left 20 

min for the fertilised eggs to rotate. 

2.1.4 De-jellying 

The jelly coating of fertilised eggs was removed by washing in a 2% cysteine 

hydrochloride solution pH 8.0 in 0.1× MMR, for approximately 3 min. This was 

followed by three washes in 0.1 × MMR, after which embryos were returned to 1 × 

MMR and incubated at 18˚C. 

After cleavage, fertilised embryos (embryos which had cleaved) were sorted and 

transferred to 100mm Petri dishes containing 0.1 × MMR, with 30-40 embryos per dish. 

Petri dishes were returned to 18˚C, and checked periodically to remove dead embryos 

2.1.5 Staging 

Embryos were staged visually, with reference to the Nieuwkoop Faber normal table of 

Xenopus development (1967) 
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2.2 Transgenic Expression 

2.2.1 Activation of Transgene Expression 

Expression of the Noggin insert was activated by heatshocking embryos in a 34°C 

waterbath for 30 min in 0.1 × MMR at appropriate stages. 

2.2.1 Sorting N1 & WT Embryos 

In N1 embryos GFP expression in the hindbrain begins at stage 29/30, followed by 

GFP expression in the lens of the eye at stage 31/32 (after 3 days at 18˚C), allowing 

discrimination between N1 and WT embryos. Embryos were sorted using fluorescence 

microscopy using a Leica MZFLIII microscope with a GFP filter, and transferred to 

100mm dishes containing fresh 0.1 × MMR. 

2.3 In-situ Hybridisation 

2.3.1 Restriction digest of plasmid 

Plasmids containing the gene of interest were prepared as in section 2.5 (Cardiac actin) or 

supplied by Dr Caroline Beck (Lunatic fringe, Xevx-1, XWnt-3a, XDelta-1 and XNotch-1). 

Plasmids were digested with an appropriate restriction enzyme and buffer (Table 2.1) to 

give rise to an antisense RNA product for in-situ probe synthesis. A 30µL volume, 

consisting, of 5-10µg of DNA, 3µl of restriction buffer 1µl of restriction enzyme and 

MQW to total, was added to an Eppendorf tube and incubated at 37˚C for 1 - 2 hrs. 

Samples were analysed by agarose gel electrophoresis for confirmation of digest.  
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Table 2.1: Plasmids containing in-situ hybridisation probes. Also shown are the required restriction 
enzyme, buffer and Polymerase required for production of an antisense probe. 

Probe Plasmid Restriction 
Enzyme 

Buffer RNA 
Polymerase 

Source 

XDelta-1 EcoR1 Xho I Buffer H T7 Chitnis et al., (1995) 

Lnfg EcoR1 Hinc II React 4 T3 Wu et al., (1996)  

XEvx-1  Bluescript Dde I React 3 T7 Saha & Grainger, (1992) 

XWnt-3a Bluescript Cla I Buffer H Sp6 Wolda et al., (1993) 

XNotch-1 Bluescript Cla I Buffer H Sp6 Chitnis et al., (1995) 

Cardiac Actin pGemT Sac I Buffer H T7  

2.3.2 Production of DIG labelled probes 

DNA from digested plasmids was extracted using Geneclean® III kit, following 

manufacturer’s instructions. The concentration of extracted DNA was determined using 

a Nanodrop spectrometer.  

MQW to 50ml, 10µl of the appropriate 5 × transcription buffer (Table 2.1), 2.5µl of 10 

× DIG-NTP label mix, 1µg of DNA template and 2µl of the appropriate RNA 

polymerase were added to an Eppendorf tube at room temperature, vortexed and spun 

briefly to mix and settle contents. Tubes were incubated at 37˚C for 2 hours.  

A 2µl sample was run on a 1% agarose gel for confirmation of successful synthesis. If 

the band for the RNA probe was not of higher intensity, the incubation was continued 

for a further hour. Following probe synthesis, 2.5µl of RNAse free DNAse I mix was 

added, and incubated at 37˚C for 20 minutes to digest the DNA template. 25µl of 7.5M 

LiCl, 50mM EDTA was added, and the probe was left at -20˚C overnight to precipitate 

the RNA. 

Following precipitation, the RNA was pelleted, spun at 14,000 RPM for 15 minutes in a 

4˚C microfuge. The supernatant was discarded, and the pellet washed with 70% EtOH 

kept at -20˚C. The sample was re-spun for 5 minutes, the supernatant removed and the 

pellet air-dried for 5 minutes. 

The pellet was finally eluted in 50µl of 10mM EDTA, vortexed, then placed in an 80˚C 

hot-block for 4 minutes. The sample was vortexed further to ensure the RNA was 

thoroughly dissolved. Concentration of the final probe was measured with a nanodrop, 

and remaining probe stored at -20˚C. 
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2.3.2 Fixation of Xenopus embryos 

Embryos were fixed at NF stage 33/34 of development. Embryos were transferred to 5 

ml glass vials with 0.1% MMR. The MMR was replaced with 2-3 ml of 4% 

paraformaldehyde and fixed on a nutator for 1 hour. Samples were washed in 100% 

ethanol, which was replaced with fresh ethanol after 5 minutes and were stored in this 

state at -20°C.  

2.3.3 Pre-treatment 

Fixed samples were allowed to warm to room temperature. Samples were re-hydrated 

with a series of washes on a nutator; 75% EtOH/PBSAT for 10 min, 50% 

EtOH/PBSAT for 10 min, followed by three washes in PBSAT for 5 minutes. This was 

followed by proteolytic digestion to permeabilise samples, using 2 ml Proteinase K (at 

10µg/µl in PBSAT) for 10 minutes, left undisturbed. Proteolytic digestion was followed 

by acetylation to reduce background staining. Proteinase K was removed and replaced 

with 2 ml 0.1M triethanolamine pH 7.8 for 5 min with regular swirling. This step was 

repeated, with 5µl of acetic anhydride added to the second triethanolamine wash and 

incubated for 5 min. A further 5µl of acetic anhydride was added and samples were 

incubated for a further 5 min with regular swirling. This was followed by two 5 min 

washes in 2-3 ml of PBSAT. Embryos were re-fixed with 4% formaldehyde in PBSAT 

for 20 min with nutation.  

2.3.4 Pre-hybridisation 

The samples were washed five times in PBSAT for 5 min duration with nutation. 

Embryos were then re-distributed, with 12-15 embryos placed in 5 ml vials, ready for 

RNA probe, in 1 ml of PBSAT. To this, 250µl of hybridisation buffer was added and the 

embryos were left to settle. This was replaced by 1 ml of hybridisation buffer and the 

vials were transferred to a 60°C water bath for 10 min. The hybridisation buffer was 

replaced with 1 ml of fresh hybridisation buffer, pre-warmed to 60°C, and the vials 

moved into a Hybaid shake ‘n’ stack hybridisation oven (Thermo electron corporation) 

for 2 hr with shaking.   

2.3.5 Hybridisation 

RNA probes were denatured for 3 min in a hot block at 80°C and made to a 

concentration of 1 µg/ml with 60°C hybridisation buffer. The pre-hybridisation buffer 

was replaced with 1 ml hybridisation buffer + probe and returned to the hybridisation 
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oven overnight with shaking. Probes were removed and replaced with 1 ml hybridisation 

buffer pre-warmed to 60°C, for two 10 minute washes at 60°C in the hybridisation oven. 

This was followed by 3 washes for 20 minutes with 2-3 ml of 2 × SSC + 0.1% Tween 20, 

pre-warmed to 60°C and 2 washes for 30 minutes with 2-3 ml of 0.2 × SSC + 0.1% 

Tween 20, pre-warmed to 60°C, in the hybridisation oven, with shaking.  Samples were 

washed twice at room temperature in MABT (1 × MAB + 0.1% Tween 20) for 15 min. 

2.3.6 Blocking 

Samples were incubated in 2-3 ml MABT + 2% blocking reagent (Roche) for 30 min. 

This was replaced by 2-3 ml MABT + 2% blocking reagent + 20% lamb serum for 2 hr 

at room temperature, with nutation. 

2.3.7 Antibody detection of DIG 

Samples were incubated in 2 ml MABT + 2% blocking reagent + 20% lamb serum + 

1/2000 anti-DIG fragments coupled to AP (Roche), at 4°C overnight with nutation. 

Antibody was removed, and samples washed in MABT, three times for 15 min, and six 

times for 30 min with nutation 

2.3.8 Colour reaction 

Samples were washed with 2-3 ml alkaline phosphatase buffer once for 3 minutes, and 

once for 10 min. Alkaline phosphatase buffer was replaced with 1 ml NBT/BCIP 

solution (1 tablet in 10 ml Mqw; Roche) and left undisturbed until colour developed. 

Samples were then washed two times in PBSAT for 15 min with nutation, and fixed in 

4% formaldehyde in PBSAT for storage.  

2.3.9 Bleaching 

Embryos were washed 3 × 10 minutes in PBSAT to remove formaldehyde. Embryos 

were bleached in 20% Hydrogen Peroxide/PBSAT solution in 5ml vials with nutation, 

under a direct light source, to speed the reaction. Bleaching was for as long as was 

necessary (generally around 2hrs for stage 33/34 embryos) to remove pigment. 

Following bleaching, embryos were washed in PBSAT for 10 minutes and re-fixed in 4% 

formaldehyde in PBSAT. 
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2.4 Double in-situ hybridisation 

2.4.1 Probe synthesis 

A double in-situ hybridisation was used to further investigate the relationship between the 

expression of lunatic fringe and Xdelta-1. A lunatic fringe DIG labelled probe was 

synthesised, as described in chapter 2.3.1.  An Xdelta-1 Fluorescin labelled probe was 

synthesised, using the method however, 10 × DIG label mix was replaced by 10 × 

Fluorescin label mix.  

2.4.2 Hydrolysis of in-situ hybridisation probes 

Initial attempts at double in-situ hybridisation were not providing satisfactory results, due 

to a lack of staining from the second colour reaction. To improve efficacy, both probes 

were hydrolysed, shortening the probe length in an attempt to improve staining of the 

RNA of interest. 10µl of RNA probe and 10µl of carbonate buffer were added to an 

Eppendorf. Lunatic fringe was incubated for 30 minutes. A previous trial determined this 

reduced the probe length from ~850bp to ~450bp (Figure 2.1), from which the greatest 

improvement in clarity of staining was observed. XDelta-1 was incubated for 10 minutes, 

reducing the length of the probe from ~950bp to ~750bp, again it was determined 

empirically, this gave the greatest improvement in staining Hydrolysis was halted by 

adding 20µl of hydrolysis-neutralisation buffer. 30µl of -70˚C ethanol was added, and 

samples were incubated at -70˚C for 30 minutes to precipitate the RNA. Samples were 

centrifuged at 13,000 × g for 15 minutes in a 4˚C microcentrifuge.  

 

Figure 2.1: Hydrolysis of lunatic fringe and XDelta-1. Gel (A) lunatic fringe and (B) 

XDelta-1 show effect of hydrolysis on probe length. Lane 1 is 30 minutes hydrolysis. Lane 

2 is 20 minutes hydrolysis. Lane 3 is 10 minutes hydrolysis and lane 4 is original probe. 

Ladder is 12kb ladder.  
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2.4.3 Pre-treatment and hybridisation 

Embryos were pre-treated, as per chapter 2.3.3, however the time for permeabilising the 

samples with proteinase K was reduced from 10 minutes to 5 minutes, as samples were 

prone to excessive degradation, owing to the extra washes associated with the double in-

situ hybridisation, compared to single probe staining.  

Pre-hybridisation followed the standard procedure as detailed in chapter 2.3.4. Following 

pre-hybridisation, embryos were hybridised with both lunatic fringe DIG and XDelta-1 

probes concurrently. The RNA probes were denatured in an 80˚C hot block for 3 

minutes, and made to a higher concentration of 3µg/ml with 60˚C, to further improve 

staining. The pre-hybridisation buffer was replaced with 1 ml of hybridisation buffer + 

probe. As fluorescin labelling probe is unstable in light, vials were covered in aluminium 

foil to keep the contents dark for the entire in-situ hybridisation process. The samples 

were placed in the 60˚C hybridisation oven overnight with shaking. Probes were 

removed and replaced with 1 ml hybridisation buffer pre-warmed to 60°C, for two 10 

minute washes at 60°C in the hybridisation oven. This was followed by 3 washes for 20 

minutes with 2-3 ml of 2 × SSC + 0.1% Tween 20, pre-warmed to 60°C and 2 washes 

for 30 minutes with 2-3 ml of 0.2 × SSC + 0.1% Tween 20, pre-warmed to 60°C, in the 

hybridisation oven, with shaking. Samples were washed twice at room temperature in 

MABT (1 × MAB + 0.1% Tween 20) for 15 min.  

2.4.4 Blocking 

Blocking followed the procedure described in Chapter 2.3.6 

2.4.5 Antibody detection of fluorescin 

Antibody detection followed the procedure described in chapter 2.3.7, with 1/2000 anti-

DIG being replaced with 1/2000 anti-fluorescin (Roche). 

2.4.6 Colour reaction with Fast-red 

Samples were washed with 2-3 ml alkaline phosphatase buffer once for 3 minutes, and 

once for 10 min. Alkaline phosphatase buffer was replaced with 1 ml Fast-Red solution 

(1 tablet in 2 ml 0.1M Tris-HCl, pH 8.2; Roche) and left undisturbed for about 3 hours 

until colour developed.  

Following colour development, samples were washed 3 times for 5 minutes in 2.5ml 

PBSAT. Fast-Red staining was stopped with acid inactivation wash in 2.5ml of 0.1M 

Glycine-HCL, pH 2.2 with 0.1% Tween for 40 minutes with nutation. This was followed 
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by four 10 minute washes in 2.5ml MAB. At this stage foil coverings were able to be 

removed. 

2.4.7 Antibody detection of DIG 

Antibody detection followed the procedure described in chapter 2.3.7. 

2.4.8 Colour reaction with NBT/BCIP 

Colour reaction with NBT/BCIP and fixation of embryos followed the procedure 

described in chapter 2.3.8 

 

2.5 Cloning of Cardiac Actin 

To determine the effect of BMP inhibition on somite growth, the somite marker gene 

Cardiac Actin was used as an in-situ hybridisation probe. 

2.5.1 RNA extraction 

RNA was obtained from tadpoles using phenol-chloroform extraction. Embryos were 

added to 500µl Trizol (Invitrogen) in 1.5ml Eppendorfs and homogenised. A further 

500µl of Trizol was added and the mixture was left to stand for 5 minutes. 200µl of 

chloroform was added and the mixture was shaken vigorously for 15 seconds. After 

standing for 3 minutes, the solution was spun at 12,000 × g for 10 minutes in a 

centrifuge pre-cooled to 4˚C. The upper aqueous phase (~600µl) was transferred to a 

new Eppendorf tube, half its volume (300µl) of isopropyl alcohol was added and mixed 

well and left to stand for 10 minutes at room temperature. The solution was centrifuged 

12,000 × g for 10 minutes to pellet the RNA. The supernatant was discarded and the 

pellet re-suspended in 75% ethanol to wash, and re-spun at 7,500 × g for 5 min. Liquid 

ethanol was removed and samples were left to air dry for 10 min at room temperature. 

Samples were eluted in 30µl MQW and incubated at 60˚C and mixed to dissolve the 

RNA. Samples were then immediately frozen for later cDNA synthesis.  

2.5.2 First-Strand cDNA synthesis 

200-500ng of oligo(dT)18, 10pg-5µg RNA, 1µl 10mM dNTP Mix and MQW to 13 µl was 

added to a microfuge tube. The mixture was heated to 65˚C for 5 min, then incubated on 

ice for 1 minute. The tube was briefly centrifuged to collect the contents and 4µl 5 × 

First Strand Buffer (Roche), 1µl 0.1M DTT, 1µl RNaseOUTTM and 1µl of SuperScriptTM 

III RT (200 units/µl) was added. The tube was incubated at 50˚C for 60 minutes in a hot 

block, before inactivation of the reaction by heating to 70˚C for 15 minutes. 
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2.5.3 Amplification of Cardiac Actin cDNA 

A mixture of cDNA from stage 12.5, 17/18 and 34 embryos was used for the 

amplification of Cardiac Actin cDNA. 

Table 2.2: Primers for amplification of Cardiac actin cDNA 

Cardiac Actin Fwd: ATG TGT GAC GAC AGG AGA CT 

 Rev: GCT TGG AGG AGT GTG TGT AA  

pGEM-T Easy T7: GTA ATA CGA CTC ACT ATA GGG C 

 SP6: ATT TAG GTG ACA CTA TAG 

Table 2.3: cDNA Reaction mix for amplification of Cardiac actin 

Reagent Volume (µL) 

MQW 29.4 

10 × Buffer 4.0 

MgCl2 1.2 

dNTP 0.8 

Primer (Fwd) 1.0 

Primer (Rev) 1.0 

Mango Taq Polymerase 1.0 

cDNA 2.0 

Total 40µl 

Table 2.4: PCR cycling for amplification of Cardiac actin cDNA 

Step Temperature (˚C) Time 

Heated Lid 110  

Initial Denaturing 94 5 min 

Denaturing 94 30 sec  

Annealing 56 30 sec × 40 Cycles 

Extension 72 1.40 min  

Final Extension 72  8  min 

20µl of the final product was run on a 1% agarose gel. A PCR product of about 1200bp 

was gel extracted and cleaned using Geneclean III kit (Qbiogene) according to 

manufacturers’ instructions. DNA was finally eluted in 15µl MQW however to maximise 

yield. 
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2.5.4 Ligation into PGEM-T Easy 

The excised DNA product was inserted into pGEM-T using a 2:1 ratio of insert (PCR 

product) to vector. 

Table 2.5: Cardiac actin ligation reaction mix 

Reagent Volume (µL) 

2 × ligation buffer 5 

pGEM-T Easy 1 

PCR Prod (148ng µl-1) 0.27 

T4 DNA ligase 1 

MQW 3.7 

Total  10 

The ligation was left for 1hr at RT, and then moved to 4˚C overnight.  

2.5.5 Transformation of plasmids 

A 100µl aliquot of Top-10 (Invitrogen) cells was removed from -70˚C storage and 

defrosted on ice for 5 min. 2µl of ligation mixture was added and the tubes were gently 

flicked to mix, and then incubated on ice for 20 min. The tube was heatshocked at 42˚C 

for 45 seconds in a water bath and immediately returned to ice for 2 min. 900µl of LB 

broth was added and the tube was incubated at 37˚C for 90 min with shaking at 150 

RPM in a shaking bacterial incubator. 950µl and 50µl volumes of the transformed cell 

mixture were plated on room temperature LB plates prepared with Amp, IPTG and X-

Gal, and incubated at 37˚C overnight.   

2.5.6 Colony PCR Reaction 

A selection of 9 white colonies from the 50µl volume plate and 4 from the 950µl plate 

were selected, pricked with a pipette tip and added to 5µl MQW each in eppendorfs.  
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Table 2.6: Colony PCR reaction mix 

Reagent Volume (µL) 

Colony DNA 1 

MQW 14.5 

10 × buffer 2 

MgCl2 0.6 

dNTP 0.4 

Primer (SP6) 0.5 

Primer (T7) 0.5 

Mango Taq 0.5 

Total 20 

 

Table 2.7 Colony PCR Cycling PCRs were performed using an Eppendorf thermocycler. 

Step Temperature (˚C) Time 

Heated Lid 110  

Initial Denaturing 94 5 min 

Denaturing 94 30 sec  

Annealing 40 30 sec × 30 Cycles 

Extension 72 1.40 min  

Final Extension 72  8  min 

Verification of PCR product was performed with a 1% agarose gel electrophoresis. Two 

colonies with PCR products at ~1200 bp were chosen. 2µl of the colony mix was added 

to 5ml Lb (+Amp) and grown overnight at 37˚C with shaking at ~5000 RPM and 

purified using the Miniprep kit (Promega), according to manufacturers instructions 

(centrifugation protocol). 300µg of plasmid in 14µl MQW was sent for sequencing 

(AWCGS Albany), with T7 and SP6 primers. 

2µl of the previous Colony mix was added to 100ml lb and grown overnight at 37˚C with 

shaking at ~500 RPM in a shaking bacterial incubator and purified with Promega 

Midiprep kit according to manufacturers instructions. Plasmids were stored at -30˚C for 

probe synthesis for in-situ hybridisation. 
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2.4 Histology 

2.4.1 Dehydration and Embedding Samples 

Samples used for histology were originally stored in 4% FA in PBSAT, in 100% EtOH at 

-20˚C (after fixation of samples for ISH), or in Hybridisation buffer (after the first day of 

the ISH protocol, which includes treatment with Proteinase K and Acetic Anhydride). 

The samples fixed in FA, and Hybridisation buffer were washed in PBS, then through 

dehydration washes in 70% then 95% ethanol. Samples that were stored in ethanol, 

negated these steps. All samples were washed in absolute ethanol, followed by Xylene 

and Para-wax before embedding into blocks before sectioning (Table 2.8) 

Table 2.8: Dehydration series and embedding before sectioning 

Storage Method Wash Solution Time  

Formaldehyde / Hybridisation buffer  1 × PBS 10 min (× 2 washes) 

 70% (v/v) EtOH 60 min 

 95% (v/v) EtOH 30 min  

100% EtOH  100% EtOH 20 min (× 2 washes) 

 Xylene 10 min (× 2 washes) 

 Para-wax  30 min (× 2 washes) 

2.4.2 Sectioning 
Embedded samples were left at least 12 hours at room temperature, and then 

refrigerated for at least 30 minutes before sectioning. 7µm serial sections were cut using a 

Leica RM2125RT microtome. The wax ribbons of sections were cut to length and 

floated on room temperature distilled water (with ~1% EtOH) for positioning on Tespa 

coated slides. Slides were then transferred to a 45˚C waterbath to remove creases and 

bond the sections to the slide. Slides were placed on a 30˚C plate for 12 hours to dry. 

2.4.3 Staining 

Slides were taken through a series of baths (Table 2.9), firstly to remove the wax and re-

hydrate, before staining with haematoxylin to stain nuclei blue, and Eosin to counter-

stain the haematoxylin, staining the cytoplasm and extracellular matrix of cells pink. 

Slides were then dehydrated before cover slipping with DPX mountant.  
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Table 2.9: Washes required for staining slides with haemotoxylin and eosin 

Wash Solution Time  

Xylene 30 sec (× 3 washes) 

100% EtOH 30 sec (× 2 washes) 

70% EtOH 30 sec 

Distilled Water 30 sec 

Haematoxlyin 3 min 

Tap Water (running) 4 min 

Scotts Water 2 min 

Tap Water (running) 4 min 

Eosin 2 min 

70% EtOH 30 sec 

100% EtOH 30 sec (× 3 washes) 

Xylene 30 sec (× 3 washes) 
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2.5 Addition of Grafted Tails 

In order to separate the global effects of BMP inhibition of the entire embryo, to just 

that of the tail-forming region, a series of grafting experiments were undertaken, with the 

aim of producing tadpoles with combinations of ectopic N1 tails on WT host embryos, 

ectopic WT tails on N1 host embryos, and controls of N1 and WT ectopic tails on N1 

and WT hosts respectively 

Embryos were cultured using the standard protocol (Chapter 2.1), and grown at 18˚C for 

approximately 24 hours, until embryos had reached NF Stage 13. Embryos were 

transferred into Petri dishes lined with 1% Noble Agar, containing 0.5 × MMR + 

Gentamycin (1:2000) for grafting. The vitelline outer membrane was manually dissected 

using fine forceps. Embryos were placed in wells cut out of the Agar. Using a tungsten 

needle and fine forceps, a 600µm × 800µm (figure 2.2) section from the posterior dorsal  

 

Figure 2.2: Schematic diagram of the grafting process. The entire tail forming region was excised 
from the donor embryo (A) and inserted into the host embryo (B), this resulting in an embryo with two 
separate tail forming regions (C), with a second donor tail, protruding dorsally from the anterior of the tail 
region. 

portion of the donor embryo was excised and inserted into a slit made in the host, 

600µm anterior to the blastopore. The slit was stretched to accommodate the insertion 

of the donor portion. The donor portion was inserted in its original orientation, with the 

expectation the insertion would form a second ectopic tail protruding from the vertebral 

column of the developing embryo. A small piece of coverslip was placed over the graft 

to hold the tissue in place. Embryos were placed in a 13˚C incubator for 20 minutes, 

before removal of the coverslip, and returned to 13˚C for a further 2 hours for the 

wound to heal. Host and Donor embryos were transferred to individual Eppendorf 

Tubes containing 1 ml 0.1 × MMR + Gentamycin (1:2000). Host embryos were 

heatshocked at 34˚C for 30 minutes in a waterbath. Host and donor embryos were 
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transferred to an 18˚C incubator to be grown for a further four days, after which time 

donor and host embryos were scored either N1 or WT using fluorescence microscopy 

(Chapter 2.2.1), then fixed for in-situ hybridisation following the standard protocol 

(Chapter 2.3.2). 
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Chapter 3: Results 

3.1 Effect of BMP inhibition during neurulation and organogenesis 
on overall morphology  

BMPs are shown to have critical roles in mediating the early development of a blastula. 

The roles of BMP signalling during later development however are less understood. 

Development of the N1 line of Xenopus, allowing inducible inhibition of BMPs allows 

the roles of BMPs to be studied at specific developmental stages. 

An initial study was conducted looking at the stage specific effect of inhibition of BMPs 

on the overall development of Xenopus tadpoles (Figure 3.1). Tadpoles were heat-

shocked at different points of development from stages 13 to 31. The tadpoles were then 

heat-shocked once every twenty four hours to ensure the continuing expression of 

Noggin. The embryos were examined at stage 40, a stage at which the tail is near the 

completion of its outgrowth. This stage also provides a clear marker, with the 

proctodeum being in a vertical direction in wild-type tadpoles and was also the latest 

stage that resulted in sufficient survival of embryos heat-shocked at stage 13. 

The inhibition of BMPs during development resulted in gross abnormalities of Xenopus 

tadpoles, particularly in embryos heat-shocked during the neurula stages. As the stage of 

initial BMP inhibition progressed, the N1 embryos began to resemble WT controls. In 

embryos heat-shocked between stage 13 and 20 (Figure 3.1, panels E – G), one of the 

more obvious phenotypic aberrations is a cardiac oedema, a swelling in the chest cavity, 

likely a result of a missing or malformed heart. Another phenotype seen was a reduction 

in eye size. 

A common phenotype that was seen in embryos heat-shocked at stage 13 was the 

complete lack of a tail (Figure 3.1, panel B). From stage 14 onward (Figure 3.1, panels C 

– N) however, tail-like structures were present and as the stage of the initial heat-shock 

was delayed further, the tail began to resemble that of WT controls (Figure 3.1, Panel O).  

The tail in the N1 embryos is malformed however, appearing to be forked. This forked 

tail coincides with another phenotype that emerged; the complete absence of a fin tissue 

on the ventral side of the embryo in those embryos heat-shocked between stages 13 to 

15 (Figure 3.1 panels B and C). Continuing onto the later stages of BMP inhibition, the
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Figure 3.1: Representative phenotypes of Xenopus tadpoles that were heat-shocked at stages 13 to 31, inhibiting BMP expression. Tadpoles were heat-shocked every 24 

hours following the initial heat-shock to continue BMP inhibition, and fixed at stage 40. WT tadpoles heat-shocked at stage 14 are representative of all WT embryos heat-shocked 

at different stages. Stages 25-31 are lacking fin as they have been treated with Proteinase K for ISH, resulting in a more pronounced curve in the tail. All photos are to the same 

scale. Scale bars are 2mm. Panel (A) is a diagram of a stage 40 embryo showing key structures, modified from Nieuwkoop-Faber (1967) 
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tail extends further around the anterior tip of the tadpole as the stage of the initial BMP 

inhibition proceeds, with the limit of fin growth corresponding to the position of fork in the 

tail. 

These findings indicate BMP inhibition causes aberrations in morphology, and the earlier the 

BMP inhibition, the greater the abnormality of the phenotype, compared to that of the WT 

controls. 

Table 3. 1: Summary of major phenotypic differences as a result of BMP inhibition 

HS Stage 13 14 15 17 18 20 21 22 23 25 27 29 31 WT 

Tail:  0-1 1 1 1 1 2 2 2 2 3 3 3 3 3 

Heart 0 0 0 0 0 0-1 1 1 1 1 1 1 1 1 

Gut/chest cavity 1 1 1 1 1 2 2 2 2 2 2 2 2 3 

Tail: 0: absent 1: Present (no differentiation) 2: Present (some differentiation) 3: Present , WT in appearance 

Heart: 0: Absent 1: Present 

Gut: 1: Badly malformed, cardiac oedema predominant, 2: Appears mostly normal compared to WT, however 

anterior limit not defined 3: Properly formed, vertical proctodeum with defined anterior boundary 
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3.2 In-situ hybridisation of heat-shocked embryos with Cardiac actin 

Initial findings examining the morphology of heat-shocked embryos (Figure 3.1) prompted 

further investigation into the structures of the tail in stage 40 embryos. Cardiac actin is 

expressed in the heart and somites of Xenopus tadpoles and was an ideal candidate marker gene 

to use to examine further the morphology of tail development, in particular the extent of 

somite development.  

A ~1200bp sequence of Cardiac actin was isolated and cloned for production of an in-situ 

hybridisation probe (Figure 3.2). Confirmation of the gene was obtained using blast analysis 

(Appendix 2) 

 

A 

 

C 

 

B 

Figure 3.2 Isolation of Cardiac actin (A) Cardiac actin was amplified using PCR primers shown in (B) PCR 

products were purified and ligated into pGEM-T easy. Successfully cloned products were sequenced using the 

SP6 and T7 promoters located within the pGEM-T easy plasmid (C). (B) shows electropherograms of the 5’ and 

3’ ends of the sequence and (C) shows a map of the pGEM-T easy – Cardiac actin plasmid that was created.  
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Figure 3.3: Representative embyros showing Cardiac actin in-situ hybridisation staining in stage 40 Xenopus laevis tadpoles. Embryos were heat-shocked from stages 13 

to 31, inhibiting BMP expression. Tadpoles were heat-shocked every 24 hours following the initial heat-shock to continue BMP inhibition, and fixed at stage 40. WT tadpoles heat-

shocked at stage 15 are representative of all WT embryos heat-shocked at different stages. Arrow heads show staining of the heart. Scale bars are 2mm. All photographs are at the 

same scale. 
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A series of N1 × WT matings were undertaken and embryos were heat-shocked at various 

stages of development between stage 13 and 31 inhibiting BMP expression. Inhibition was 

maintained through heat-shock every 24 hours after initial heat-shock. N1 and WT 

embryos were grown in tandem until sorting for N1 or WT, immediately prior to their 

preparation for in-situ hybridisation at stage 40 (Figure 3.3) 

Validation of the in-situ hybridisation probe was obtained with expression seen in somites 

and the heart of WT embryos at stage 40 (Figure 3.3, Panel L) 

In-situ hybridisation with the Cardiac actin gene further confirmed the absence of a heart in 

N1 embryos described in section 3.1 (Table 3.1) heat-shocked prior to stage 20. Cardiac 

actin staining was seen in stage 20 embryos, however this was reduced compared to WT 

controls. In-situ hybridisation stained cardiac cells were visible in N1 embryos heat-shocked 

at stage 20 onwards. 

Cardiac actin staining is present in the trunk and tails of all WT and N1 embryos heat-

shocked from stage 13 to 31. The trunk is the region between the head and anterior to the 

proctodeum (Tucker & Slack, 1995b). Heat-shock of N1 embryos however, resulted in 

elongation of the hindgut and a posterior shift of the proctodeum. In stage 40 WT 

embryos, the 16th post-otic somite pair lines up with the proctodeum. N1 embryos heat-

shocked from stage 13 onward all showed relative consistency with defined patterning of 

somite pairs up to the 16th post otic somite pair. Posterior to this however, the defined 

vertical patterning of paired somites was not consistent between N1 heat-shocked embryos 

and WT control embryos.  

Attempts were made to count the number of defined somites, however this proved very 

difficult when looking down the microscope. Photographs of the embryos failed to provide 

sufficient contrast to accurately determine somite pair boundaries. In order to quantify the 

variations seen in Figure 3.3, the lengths of the region of differentiated and non-

differentiated somites was measured (Figure 3.4 B and C). Significant differences (P<0.01) 

were seen in the length of differentiated somites, with a trend emerging. Inhibition of 

BMPs during early stages of neurulation (stage 14) resulted in a region with very few 

differentiated tail somite pairs. The region of differentiation increased as the onset of heat 

shock was delayed. Inhibition of embryos at stage 31 (tailbud), provided a significant 

increase in the differentiation of somites over stages during early neurulation (One way 

ANOVA, P<0.01). There was however still a significant reduction in the length of 

differentiation seen between stage 31 embryos and WT controls (One-way ANOVA 
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P<0.01). Conversely, inhibition of BMPs at earlier stages, resulted in an increase in the 

length of Cardiac actin stained tissue that failed to reveal differentiation of somites.  

Inhibition of BMP signalling also resulted in a region with a lack of staining in the tip of 

the tail. This too was measured for quantification of the differences (Figure 3.4 D). 

Measurement of this region showed a consistent trend, with the unstained region at the tip 

of the tail increasing, the earlier the stage of BMP inhibition. Inhibition of BMPs from 

stages 14 to 20 resulted in a significant difference (One-way ANOVA, P<0.01) from WT 

embryos. This unstained region is a result of the proctodeum sticking out further than the 

tail tip. By stage 22 there is no longer a significant increase in this difference from WT 

embryos, as the proctodeum was no longer extending past the tip of the tail.  

In summary, three regions were measured. As heatshock was delayed, the length of 

differentiated somites decreased and the region of unstained tip decreased. The 

consequence of this is: that mesoderm production continues, we are still getting muscle 

(somite) growth (contrary to previous findings). It appears as though the tailbud still has 

the necessary components to produce somite precursors, however the regulation is non 

functional.  
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A 

 

B 

 
 

C 

 

Figure 3.4: The extent of Cardiac actin in-situ hybridisation in Stage 40 Xenopus laevis tadpoles. (A) is an 

example of a stage 40 embryo that was heat-shocked during neurulation. Different regions of staining are evident 

that were measured. The trunk is the region from the first post-otic somite to the 16th somite pair. The tail was 

divided into 3 separate regions; a region where somite differentiation is noticeable through Cardiac actin staining (B); 

A region where Cardiac actin staining is present, however somites are not differentiable (C); and an un-stained tip (D) 

at the posterior end, however not consisting of fin tissue. One way ANOVA analysis showed significant differences 

(P<0.01) in all three analysis. Post-hoc analysis was performed using Dunnett’s group comparison, with WT embryo 

measurements as a control. Error bars are 95% confidence intervals of the mean. Asterisk* denotes means are 

significantly different from WT embryo measurements. 

 

D 
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3.3 In-situ hybridisation using with genes associated with tail bud 
development 

A number of genes have been identified that are expressed in the tailbud, around stages 

31 and 32; the stages in which a defined tailbud becomes visible. Five genes of interest; 

XDelta-1, Lunatic fringe, XEvx-1, XWnt-3a and XNotch-1, were selected. These genes are 

expressed in different regions of the tailbud and are thought to have roles in patterning 

and differentiation of outgrowing tail bud (Beck et al., 2001).  

A series of experiments examining the expression patterns of stage 32 embryos was 

undertaken. WT × N1 matings were conducted, and embryos grown to various stages 

between stages 13 and 28, at which point they were heat-shocked, inhibiting BMP 

expression in N1 embryos. BMP inhibition was maintained through successive heat-

shocks daily, and embryos were grown to stage 32, before sorting into WT and N1 lines, 

and their preparation for in-situ hybridisation. 

3.3.1 ISH staining with XDelta-1 

Staining from the in-situ hybridisation probe XDelta-1 in the tail region of stage 32 WT 

(Figure 3.5, Panel I’-P’) embryos is visible along the length of the neural tube. Dark 

staining is seen in the region immediately anterior to the chordoneural hinge extending 

dorsally from the neural tube. In addition, a separate area of staining is visible in the 

posterior wall, in the centre two-thirds of the distal tip of the tail. Additionally slight 

staining from X-Delta- 1 is seen in the proctodeum. 

Stage 32 N1 embryos that were heat-shocked at stages 13-17 (Figure 3.5 Panels A-C) all 

lack the staining from XDelta-1 visible in the posterior wall seen WT embryos. Embryos 

that were heat-shocked at stage 18 have a small region of staining in the posterior wall. 

The size of this region has increased in stage 20 and 22 heat-shock embryos further; and 

in N1 embryos heat-hocked at stages 25 and 28, the staining pattern is similar to staining 

seen in WT controls. 

XDelta-1 staining along the neural tube and in the region anterior to the chordoneural 

hinge is present in N1 embryos heat-shocked at stage 13-32, and resembles that seen in 

WT controls. Staining in the proctodeum is also present in the N1 embryos. The position 

of this staining does however vary, with the movement of the proctodeum in a posterior 

direction. N1 embryos heat-shocked at stage 13 have proctodeum near ventral posterior 

tip of the tail. This region of staining gradually moves forward, toward the hind-gut 

region as the stage at which the embryo was heat-shocked progressed.
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Figure 3.5: The effect of BMP inhibition at different stages of development on the expression of the XDelta-1 in-situ hybridisation marker gene. Tadpoles were heat-shocked at 

different stages of development (above pictures) and heat-shocked every 24 hours following to maintain over-expression of Noggin, until fixation at stage 32/33. Both N1 and WT lines 

were maintained and heat-shocked together until sorting at stage 32. Arrows indicate staining of XDelta-1 anterior to the chordoneural hinge and in the posterior wall of the tail bud. 

Representative embryos are shown. 
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3.3.2 In-situ hybridisation staining with XEvx-1 

Staining from the XEvx-1 in-situ hybridisation probe is visible in the tip of the 

extending tailbud of stage 32 WT embryo (figure 3.6, Panel I’-P’). Staining is seen in 

the tip of the posterior wall of the tailbud. 

Stage 32 N1 embryos that were heat-shocked at stages 13-18 (figure 3.6 panel have 

no visible XEvx-1 staining in the tailbud. Embryos heat-shocked from stages 20 to 28 

all have visible staining of XEvx-1 in the tip of the posterior wall, this appears 

reduced compared to WT control embryos. 

Staining from XEvx-1 is also visible in the hindgut, and the future proctodeum of 

WT embryos. N1 Embryos heat-shocked from stages 13 to 17 lack visible staining of 

this gene. Staining is visible in embryos heat-shocked from stages 18 to 28 however, 

earlier than that seen in the tail tip. 
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Figure 3.6: The effect of BMP inhibition at different stages of development on the expression of the XEvx-1 in-situ hybridisation marker gene. Tadpoles were heat-shocked at 

different stages of development (above pictures) and heat-shocked every 24 hours following to maintain over-expression of Noggin, until fixation at stage 32/33. Both N1 and WT lines 

were maintained and heat-shocked together until sorting at stage 32. White arrow heads indicate staining in the tip of the posterior wall. Black arrow heads indicate staining in the 

proctodeum. Representative embryos are shown. 
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3.3.3 In-situ hybridisation staining with Lunatic fringe  

Lunatic fringe staining in the tail region of stage 32 embryos is visible in the dorsal roof of 

the neural tube, and blood vessels in a region anterior to the chordoneural hinge, 

identified in Figure 3.7, panels I’-P’. Over-expression of Noggin during neurulation 

appears to have little effect on the staining pattern seen in Lunatic fringe along the neural 

tube, being present in all N1 embryos, at comparative intensity to the WT controls. In 

stage 13 N1 embryos (figure 3.1, panel A), the staining does not extend as near the 

anterior tip of the embryo, this is however a result of an anterior shift of the gut, around 

the tail.  

Inhibition of BMPs during early neurulation resulted in marked reduction in staining in 

the staining of the blood vessels. This staining is not visible in N1 embryos heat-shocked 

at stages 13 and much reduced in N1 embryos heat-shocked at stages 15 and 17 (figure 

3.7 panel B & C). The staining becomes more pronounced and similar to staining in WT 

embryos from stage 18 to 28 (figure 3.7, panel D – H).  
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Figure 3.7 The effect of BMP inhibition at different stages of development on the expression of the Lunatic fringe in-situ hybridisation marker gene. Tadpoles were 

heat-shocked at different stages of development (above pictures) and heat-shocked every 24 hours following to maintain over-expression of Noggin, until fixation at stage 32/33. 

Both N1 and WT lines were maintained and heat-shocked together until sorting at stage 32. Representative embryos are shown. White arrow heads indicate Lunatic fringe staining in 

the neural tube. Black arrow heads indicate staining in blood vessels anterior to the chordoneural hinge.
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3.3.4 In-situ hybridisation staining with XNotch-1 

Staining from the XNotch-1 in-situ hybridisation probe is present in the boundary 

between myotome pairs and along the neural tube in the trunk and tail regions and 

expressed throughout the tailbud of stage 32 WT tadpoles (figure 3.8, panel J’). The 

staining of the myotome boundaries results in a defined chevron pattern along the 

length of the embryo from the posterior of the head to the anterior of the tail bud 

region, with the size of the myotomes gradually decreasing along the length of the 

embryo. Staining from XNotch-1 is extensive throughout the tailbud, and not allowing 

significant differentiation between different regions in the tailbud itself. 

XNotch-1 staining in heat-shocked N1 embryos is similar to that of WT embryos, 

present in boundaries between the myotomes, the neural tube, and is extensively seen 

throughout the tail bud. Staining does however highlight notable differences in 

structures particularly in embryos heat-shocked at stage 13 (Figure 3.8, panel A). 

Staining of the N1 embryos reveals a lack of uniformity of the myotomes compared 

to the WT embryos, and fewer myotomes are also visible.  
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Figure 3.8: The effect of BMP inhibition at different stages of development on the expression of the XNotch-1 in-situ hybridisation marker gene. Tadpoles were heat-shocked 

at different stages of development (above pictures) and heat-shocked every 24 hours following to maintain over-expression of Noggin, until fixation at stage 32/33. Both N1 and WT lines 

were maintained and heat-shocked together until sorting at stage 32. Representative embryos are shown. 
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3.3.5 In-situ hybridisation staining with XWnt-3a 

Staining from the XWnt-3a in-situ hybridisation probe in the tail region of stage 32 

WT embryos is limited to a small region, the neural posterior dorsal roof, and is also 

expressed in the fin (figure 3.9, panel I’-P’).  

Staining of XWnt-3a in the posterior dorsal roof is reduced in intensity in N1 

embryos heatshocked at stage 13 (figure 3.9, panel A). The staining pattern is similar 

to WT embryos in N1 embryos heatshocked from stages 15 to 28 (figure 3.9, panels 

B to H). XWnt-3a staining in the fin of N1 embryos was similar to that of WT 

controls. 
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Figure 3.9: The effect of BMP inhibition at different stages of development on the expression of the XWnt-3a in-situ hybridisation marker gene. Tadpoles were heat-

shocked at different stages of development (above pictures) and heat-shocked every 24 hours following to maintain over-expression of Noggin, until fixation at stage 32/33. Both 

N1 and WT lines were maintained and heat-shocked together until sorting at stage 32. Representative embryos are shown. Arrow heads indicate expression of XWnt-3a in the 

posterior dorsal roof. 

 



47 

3.4 Interaction of XDelta-1 and Lunatic fringe genes: 

XDelta-1 and Lunatic fringe are two genes of particular interest in the initiation of tailbud 

outgrowth, with their interaction thought to be critical for initiation of tail bud outgrowth 

(Tucker and Slack, 1995b). With this in mind, double in-situ hybridisation was performed 

to investigate the interaction between the two genes, in the same embryo, to eliminate 

any effect of phenotypic differences between N1 embryos. During an initial trial 

however, an apparent gap was seen between Lunatic fringe expression and XDelta-1, in WT 

embryos at stage 32, an unexpected finding. Although this gap was visible using bifocal 

microscopy, sufficient contrast was not obtained for an evidentiary photograph.  

After optimisation of the double in-situ hybridisation protocol, evidentiary photographs 

were obtained of stage 32, 33 and 34 WT embryos (figure 3.10, panel A, B and C 

respectively) confirming a gap between the expression pattern of Lunatic fringe and 

XDelta-1 staining, with the length of the gap appearing to increase as the tailbud 

continues to grow out from stage 32 to 34. 

 
Figure 3.10 The interaction between Lunatic fringe and XDelta-1 in-situ hybridisation markers 

during stages 32, 33 and 34 of Xenopus laevis development. Double in-situ hybridisation was 

performed using XDelta-1 staining with Fluorescin (Red) and Lunatic fringe stained with Digoxygenin (Blue) 

FAB fragments. All photographs are to the scale. A’, B’ and C’ are diagrammatical drawings of the photos, 

to help clarify the expression patterns. Gaps observed between XDelta-1 and Lunatic fringe staining are 

shown. 
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3.5 Isolating effects of BMP inhibition to the tail bud 

In an attempt to isolate the effects of BMP inhibition on tail bud formation, a series of 

grafting experiments were conducted (refer to chapter 2.5). The future tail buds from N1 

and wild type embryos were excised and implanted in all genotype combinations (i.e. N1 

to N1, N1 to WT; WT to N1 and WT to WT). This enabled the effect of the BMP 

inhibition on tail growth to be studied without the global effects of the altered expression 

of the entire tail forming region confounding the experiment. The future tail-bud region 

of stage 13 embryos, as determined by Tucker and Slack (1995b), was excised (donor) 

and implanted into another embryo (host) just anterior to the future tail bud. Heat-shock 

was initiated at stage 14 to induce BMP inhibition. 

All host-donor genotype combinations were capable of developing an ectopic tail-like 

projection (Figure 3.5, panels A – D). These comprised of fin (evident in Figure 3.11 

panels A – D) and histological analysis revealed un-differentiated somite tissue, a 

notochord (Figure 3.11, E – H and E’ – H’). There was no evidence of neural tube in 

these ectopic tails. Further confirmation of the presence of somite-tissue was provided 

with in-situ hybridisation using Cardiac actin, an example of this is seen in Figure 3.5; panel 

J. Histological analysis of non-grafted N1(HS stage 14) embryos allowed for comparison 

of structures (figure 3.11 panels J and J’), providing evidence of no-differentiated somite 

tissue, neural tube, notochord and fin.  



49 

 

 

Figure 3.11 Isolation of genotypes using grafting. The ‘tail forming region’ was removed from stage 13 

embryos transplanted between N1 and WT embryos in an attempt to isolate the effect of BMP inhibition 

to solely the tail. Embryos were grafted at stage 13, and heat-shock was conducted at stage 14. Panels A - 

D are whole embryos showing the presence of an additional grafted tail, marked by arrowheads. Panels E – 

H and E’ – H’ are sagittal sections of the additional tail stained with haematoxylin and eosin. Panels E’, F’ 

and H’ are different planes of embryos in E – H. Red arrowheads show myotome and black arrowheads 

show notochord. Panel (I) shows an ectopic N1 tail on an N1 host, with Cardiac actin staining from whole 

mount in-situ hybridisation. Panels J and J’ are sagittal sections of the tail of a non-grafted N1 stage 40 

embryo, that was heat-shocked at stage 14, showing myotome (red arrowhead) neural tube (blue 

arrowhead) and notochord (black arrowhead). 
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3.6 Summary of phenotypes 

 

Figure 3.12: Sagittal diagram showing domains in the stage 32 Xenopus tail bud: Abbreviations: 
NT, neural tube; DR, dorsal roof; PDR, posterior dorsal roof; NEC, neuroenteric canal; PW, posterior wall 
of the neuroenteric canal; T, distal tip of the posterior wall; NC, notochord; CNH, chordoneural hinge; 
Proc, proctodeum. 

Several genes of interest, XDelta-1, XEvx-1, XWnt-3a, Lunatic fringe, XNotch-1 and Cardiac 

actin were expressed in various regions of the stage 32 tail bud (Figure 3.12). Inducible 

expression of Noggin from the start of neurulation through to the initiation of tail bud 

outgrowth resulted in altered gene expression and changes in morphology. These are 

summarised in table 3.2. 

Table 3.2: Summary of staining observed from in-situ hybridisation. 

                       HS Stage 
Gene 

13 14 16 18 20 22 24 26 28 WT 

XDelta-1 (PW) - - - + ++ ++ +++ +++ +++ ++++ 

XEvx-1 (T) - - - - + + + + + + 

XWnt-3a (PDR) + ++ ++ ++ ++ ++ ++ ++ ++ ++ 

Lunatic fringe (DR) + + + + + + + + + + 

XNotch-1  
(somites) 

Badly 
defor-
med 

Badly 
defor-
med 

slightly 
deform
ed 

OK OK OK OK OK OK OK 

Lunatic fringe  
(blood vessels) 

- + + ++ ++ ++ ++ ++ ++ ++ 

C-actin (heart) - - - - + ++ ++ ++ ++ ++ 

XDelta-1 (proc) + ++ ++ ++ ++ ++ ++ ++ ++ ++ 

XEvx-1 (proc) - - - + + + + + + + 

C actin  
differentiated somites 

×* ×* ×* ××* ××* ××* ×××* ×××* ×××* ×××× 

C actin 
Un-differentiated somites 

××* ××* × × × × × × × × 

(-) denotes not stained and (+) stained after in-situ hybridisation  (number indicates intensity relative to WT).  
(×) denotes length relative to WT, an asterisk* denotes the length is significantly different from WT 
(P>0.05). Cardiac actin somite lengths are intended to provide a guide only, detailed analysis is provided in 
figure 3.4.   
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Chapter 4: Discussion 

4.1: Summary of Results 

In this thesis I explored the role of BMP signaling from the onset of neurulation through 

to the tail bud stages of the developing Xenopus embryo. Using a line of frogs that allows 

heat-shock inducible expression of Noggin, an inhibitor of the BMP signaling cascade, the 

stage specific effects of BMP signaling was examined.  

Continued BMP signaling, throughout neurulation until tail bud stages, was found to be 

required for the proper development of Xenopus. The inhibition of BMPs during early 

neurulation in particular, resulted in gross deformation of the embryos. BMP signaling 

was found to be critical in proper formation of the heart, gastrointestinal tract, eye, 

proctodeum and the tail.  

The inhibition of BMPs from stage 13 resulted in some embryos that were completely 

lacking a tail, while inhibition during stages 14 to 28 resulted in embryos with shortened 

tails. The extent of truncation declined as inhibition was delayed through these stages. 

Analysis of gene expression using in-situ hybridisation revealed BMP inhibition at stage 

13 corresponded with a reduction in staining of XWnt-3a in the dorsal roof of the neural 

tube. BMP inhibition initiated from stages 13 to 16 prevented the expression of XDelta-1 

in the posterior wall and inhibition through stages 13 to 18 prevented expression of 

XEvx-1 in the tip of the posterior wall of the outgrowing tail bud. The lack of expression 

of these genes coincided with malformation of somites and the expansion of XNotch-1 

signaling, with expression no longer restricted to somite boundaries. The expression of 

lunatic fringe in the dorsal roof of the neural tube and XWnt-3a was unaffected by BMP 

inhibition.  

The correct development of the proctodeum was found to be reliant upon continued 

BMP signaling. The inhibition of BMPs through neurula stages resulted in a more 

posterior placement of the proctodeum at stage 32. The extent of the posterior shift was 

consistent with the stage of BMP inhibition, with a more posterior shift resulting from 

early inhibition. BMP inhibition from stage 13 resulted in a decrease in the intensity of 

XDelta-1 in the proctodeum, whilst inhibition commencing from stage 13 to 16 resulted 

in the elimination of XEvx-1 expression in the proctodeum. 

The inhibition of BMPs from stages 13 to 18 corresponded with the absence of a heart 

in later stage embryos. BMP inhibition from stages 13 to 16 resulted in a decrease in 
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Lunatic fringe expression in blood vessels anterior to the chordoneural hinge, another 

component of the vascular system.  

The expression of BMPs is required for the development of various tissues and the 

associated expression of genes. BMP signaling appears to be most crucial in posterior 

development in a period from stages 13 to 18; however continued signaling is required 

after this stage for continued outgrowth and boundary maintenance.  

4.2 BMPs are required for tail formation and continued regulation of 
outgrowth 

The inhibition of BMPs at stage 13 was sufficient to prevent tail formation in Xenopus 

embryos. Determination of the tail bud in Xenopus is dependent upon a three way 

interaction of mesodermal (M) and neural (N) regions of the posterior neural plate and 

the caudal notochord (C) at stage 13 (Tucker & Slack, 1995a). The expression of XNotch-

1 and XDelta-1 corresponds with the M region at this stage (Beck & Slack, 1998).  

Inhibition of BMPs at stage 13 prevented the expression of XDelta-1, thus removing a 

critical component of this signaling pathway. These embryos failed to express XEvx-1 

and showed much reduced expression of XWnt-3a at stage 32, required for outgrowth of 

the tail bud (Beck et al., 2001). 

The inability of BMP inhibition to prevent tail formation in all stage 13 embryos is likely 

a result of slight variation of growth within a batch of heatshocked embryos. Despite 

simultaneous fertilisation and identical handling, variation within a batch of tadpoles was 

observed. Furthermore, staging of embryos defines discrete criteria in what is a 

continuous process, so variation within a stage is expected. This suggests a specific 

developmental process is required within stage 13 for development of the tail, in 

accordance with the NMC model. 

Following the initial development of a tail bud at stage 13, continued BMP signaling is 

required for regulating the outgrowth of the tail, from stage 14 to 31. Inhibition of BMP 

signaling throughout these stages resulted in the truncation of the tail, and reduced 

somite growth. Inhibition of BMPs particularly through stages 14 to 16 resulted in more 

severe phenotypes with an increase in the lack of differentiation of the somites. 

Notch is a known regulator of somitogenesis (Conlon et al., 1995). The segmentation of 

Xenopus somitomeres is regulated by a periodic repression of the Notch pathway (Jen et 

al., 1999). Notch is also a downstream target of BMP signaling in Xenopus tail 
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development (Beck et al., 2001). BMP inhibition, which commenced from stage 13 to 16, 

resulted in a change in the expression pattern of XNotch-1.  XNotch-1 expression is 

normally restricted to the boundary of somite pairs (Jen et al., 1997). Inhibition from 

stage 13 to 16 resulted in XNotch-1 being expressed uniformly throughout somite tissue. 

The consequence of BMP inhibition on the expression of XDelta-1 and XEvx-1 were of 

particular interest. Inhibition of BMPs commencing from stages 13 to 16 was sufficient 

to prevent the expression of XDelta-1 in the posterior wall of the tail bud. Inhibition 

from stages 17 to 20 resulted in a marked decrease in expression. The reduction in 

expression became less pronounced between stages 22 and 28, however, it continued to 

be reduced in intensity when compared to WT  (normal). Similarly, XEvx-1 expression in 

the tip of the posterior wall was prevented by BMP inhibition commencing at stages 13 

to 18.  

Beck et al (2001) proposed a model for BMP signaling in tail development, whereby BMP 

signaling is required upstream of notch activation, for tail bud formation. The lack of 

XDelta-1 signaling in posterior wall, associated with lack of XEvx-1 expression, and 

continued extensive notch expression, would suggest that XDelta-1 is an upstream 

regulator of XEvx-1 also, directly dependent on BMP signaling. Additionally a 

requirement for Notch signaling in tail bud outgrowth (Beck and Slack, 2002), would 

suggests that XDelta-1 signaling would be involved as an intermediary between BMP and 

Notch signaling, and therefore involved in modification of Notch signaling, as opposed 

to direct regulation (Figure 4.1). 

 

Figure 4.1 New model for the role of BMP signaling in tail development: modified from Beck et al. 
(2001). (Solid lines denote direct interactions, dotted lines are inferred interactions)  

The stage 13 to 16 period also coincided with a reduced expression of markers for 

vascular tissue; lunatic fringe expression in blood vessels immediately anterior to the 

chordoneural hinge, in support of findings form Schmerer & Evans (2003). In zebrafish, 

high levels of BMP signaling are required for the formation of vascular tissue (Mullins et 

al., 1996). These findings agree with findings in zebrafish, suggesting that in the time 

period just following development of a tail bud, BMPs are expressed at high levels, and 

of high importance in tail development in this period (Pyati et al., 2005 & 2006). 
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Somites develop from a population of undifferentiated cells; the mesodermal progenitor 

cells. The development of these cells is tightly regulated to ensure sufficient cells enter 

into the pre-somitic mesoderm, whilst an adequate population of cells remain to 

complete the full set of somites. Regulation is achieved through a complex clock wave-

front mechanism that involves the Notch, Wnt and FGF signaling (Reviewed in Cinquin 

2007). The truncation of the tails, and lack of differentiation of somites observed in this 

study due to BMP inhibition, may be a result of a lack of regulation of Notch signaling 

from BMPs, resulting in over-commitment of mesodermal progenitor cells to form pre-

somitic mesoderm. 

4.3 Continued BMP signaling is required for correct proctodeum 
placement 

The inhibition of BMP signaling during neurulation through to tail bud stages resulted in 

a posterior shift of the proctodeum of the Xenopus embryo, the extent of which is relative 

to the stage at which BMP inhibition was activated. During normal development, the 

location of the proctodeum moves anteriorly relative to the embryo, inhibition of BMP 

signaling interrupts this process, resulting in a proctodeum located at the distal tip of the 

tail in Xenopus when BMP signaling was interrupted from stage 13. This suggests that 

BMP signaling is required for definition of the posterior boundary of the proctodeum 

and controlling apoptosis of the posterior cells. BMP-4 is a particular candidate, with 

strong staining present spanning the region between the tail bud and anus (Fainsod et al 

1994) 

The requirement for continued BMP signaling for correct development of the 

proctodeum agrees with findings seen in zebrafish. Increased BMP signaling resulted in a 

rise in cell death in the proctodeal region of zebrafish (Hammerschmidt et al. 1996), 

suggesting a role for BMPs in controlling cell death in that region. Additionally, 

continued BMP signalling is shown to be required for the development of proctodeum 

and cloaca development, regulated by hrT; a T-box transcription factor regulated by 

BMP signaling (Pyati et al, 2006). 

Previous research has described the posterior shift of the tail bud as a fork in the tail 

(Beck et. al 2003, Miles 2005). However, the findings presented in this study using In-situ 

hybridisation with XDelta-1 (a marker present in both the proctodeum and tail) revealed 

that the secondary tail structure was the proctodeum running alongside the outgrowing 

tail bud. The lack of secondary tail formation now contrasts to findings with Zebrafish, 
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in which BMP inhibition during neurulation resulted in the formation of a secondary tail 

(Agathon et al 2003, Pyati et al. 2005, Stickney et al 2007).  

Corresponding with the shift (or rather lack there of) in the proctodeum due to BMP 

inhibition is the growth of the tail fin. The location of the anterior boundary of the 

ventral fin is limited by the location of the proctodeum. A lack of BMP signaling from 

the start of neurulation seen in this study resulted in a phenotype reminiscent of the 

mini-fin phenotype in zebrafish (Connors, 1999) in which ventral fin growth is reduced, 

a result of a lack of BMP signaling due to a mutation in Tolloid. 

4.4 Notocord and neural tube development appear to be independent 
of BMP signaling 

BMP signaling resulted in gross morphological changes in the tail. These changes were 

largely a result of a lack of differentiation of the somites, and the incorporation of the 

intestinal tract and proctodeum into the tail region. The morphology of the neural tube 

and notochord, although truncated, appeared relatively unaffected by BMP inhibition. 

The neural tube and notochord continued to extend posteriorly through to the tip of the 

outgrowing tail. Expression of lunatic fringe along the length of the neural tube was also 

unaffected. 

BMP inhibition also failed to effect the expression of Wnt3a, located in the posterior 

dorsal roof of the tail bud. In mouse (Ukita et al 2009) and zebrafish (Thorpe et al 2005), 

the knockdown of Wnt3a has been found to result in truncation of the dorsal region of 

notochord in the tail, with Wnt3a thought to be involved in maintenance of fate in 

notochord progenitor cells (Ukita et al 2009).  

Of all the genes examined in this study, the expression of only two; lunatic fringe and 

XWnt-3a were found to be unaffected by BMP inhibition, in the tail bud region of 

Xenopus. Additionally, despite the major morphological changes in the tail, the growth of 

the neural tube and notochord was also unaffected. These findings, when combined with 

the studies in zebrafish, would support the notion that XWnt-3a signaling is also involved 

in notochord development in Xenopus, and not directly regulated by BMP signaling.  
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4.5 Lunatic fringe / XDelta-1 boundary is not maintained in the 
outgrowing tail 

As discussed previously, the interaction the three genes Lunatic fringe, XDelta-1 and Notch 

is thought to initiate expression of XEvx-1 in the tip of the outgrowing tail bud from 

stage 28 (Beck & Slack 1998, 1999). Analysis of the expression pattern of Lunatic fringe 

and XDelta-1 simultaneously, using double in-situ hybridisation revealed that the contact 

between the two genes was not maintained in the outgrowing tail bud by stage 32 of 

development. The gap between the two genes extended through stages 33 and 34.  

Earlier analysis of the expression patterns of these three genes relied on analysis of 

expression patterns individually and relating this to the structures seen in the tail, 

performed on stage 28 embryos. Examining the genes simultaneously has allowed more 

precise observations to be made. Unfortunately due to limited resources, this study did 

not examine the earlier stages to confirm the interface between the Lunatic fringe and 

XDelta-1 at stage 28. On the assumption that the interaction does occur, it would suggest 

that the Lunatic fringe, XDelta-1 and notch interaction is only required for early initiation 

of XEvx-1 expression, and not required for continued expression in the outgrowing tail.  

4.6 Grafted ectopic tails did not reveal differences resulting from BMP 
inhibition 

A series of grafting experiments were conducted in which the future tail bud of N1 

embryos was transplanted onto WT embryos and vice versa in an attempt to isolate the 

effects of BMP inhibition to the tail. Control embryos were also created, consisting of 

WT tails on WT embryos and N1 tails on N1 embryos. Both N1 and WT ectopic grafts 

developed into tail-like projections consisting of un-differentiated somites, notochord 

and fin and lacking neural tube, with no other obvious differences between the tails.  

Host embryos had the ability to grow an ectopic tail derived from the future tail bud 

region of a donor embryo. This was despite BMP inhibition in the donor tail at stage 14. 

This supports the notion that the tail grown in stage 14 is not an extension of the trunk.  

The inability to grow neural tube is possibly a consequence of the removal of the tail bud 

tissue coinciding with commencement of neural tube closure at stage 13 (Nieuwkoop & 

Faber, 1967). Additionally ectopic tails were positioned more anteriorly than the normal 

tail location. Consequently they may be subject to different factors regulating their 

development. A direct swap of future tail buds between embryos would be a better 

approach to overcome this issue. 
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4.7 Future Directions 

This study has identified number of genes associated with tail development, whose 

expression is affected by BMP signaling. This study relied primarily upon in-situ 

hybridisation. Whilst in-situ hybridisation allows for qualitative analysis of expression 

patterns, its use in determining quantitative changes in gene expression is limited. Using 

quantitative PCR to further analyse changes in gene expression would complement the 

findings from this study. Two possible approaches could be undertaken: 

1.  The analysis of gene expression levels of the genes examined in this study, using 

the tail of stage 32 embryos that have been heatshocked from different stages of 

development. This approach should further confirm, at a finer level,  the changes 

in expression indicated in this study..  

2. A second approach would be to heatshock embryos at different stages of 

development from stage 13 and analyse gene expression after a relatively brief 

time delay.  This time delay would have to be sufficient to allow Noggin 

expression to increase and affect the downstream targets. This method would 

require the removal of the future tail bud, which is an intricate procedure, but 

should allow for better understanding of the temporal nature of BMP signaling 

and reduce confounding effects caused by changes in morphology between N1 

and WT lines. 

This study revealed the presence of a gap between Lunatic fringe and XDelta-1 in the 

outgrowing tail bud at stage 32, 33 and 34. The interaction between these genes at stage 

27 is thought to be critical for outgrowth of the tail. In previous analyses (Beck et al., 

1999), this interaction looked highly likely, but it is not proven. The use of double in-situ 

hybridisation at stage 27 should either confirm or deny the existence of overlap. 

An issue with Xenopus staging is that discrete criteria are used to define stages of a 

continuous developmental process. Furthermore, variation occurs naturally between 

embryos despite uniform treatment. This thesis supports findings that a critical 

interaction occurs at around stage 13 to initiate the development of the tail. Further 

refinement of the timing of the factors determining tail development at this stage are 

needed to confirm the NMC interaction involved in the development of the tail. An 

approach that could be taken to precisely identify the effect of timing would be to 

evaluate the embryos as individuals rather than as batches. By photographing individual 
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embryos immediately before subjecting them to the heat shock treatment a more 

sensitive analysis of timing at stage 13 could be developed.  

Conclusions 

In this thesis I explored the role of BMP signaling from the onset of neurulation through 

to the tail bud stages of the developing Xenopus embryo. Using a line of frogs that allows 

heat-shock inducible expression of Noggin, the temporal requirements of BMP signaling 

were examined.  

Results demonstrated that continued BMP signaling, throughout neurulation until tail 

bud stages, was required for the proper development of Xenopus. The inhibition of BMPs 

during early neurulation in particular, resulted in gross deformation of the embryos. BMP 

signaling was found to be critical in proper formation of the heart, gastrointestinal tract, 

eye, proctodeum and the tail.  

The inhibition of BMPs at stage 13 was sufficient to prevent tail formation in Xenopus 

embryos and is likely to be the result of inhibition on the expression of XDelta-1 a critical 

component the NMC model of tail bud initiation.  

Following initiation of tail bud development, continued BMP signaling was required for 

regulation of the Notch pathway that is involved in the control somitogenesis resulting in 

continued tail bud outgrowth. Likewise BMP signaling during neurulation through to tail 

bud stages was required to maintain a posterior boundary. This prevented a posterior 

shift of the proctodeum of the Xenopus embryo observed when BMP signalling was 

inhibited. 

The importance of BMP signaling during early development has been well characterised. 

This thesis shows a continued pleiotropic role for BMPs from the initiation of 

neurulation through to tail bud stages. 
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Appendix 

Appendix 1: Nieuwkoop & Faber (1967) Normal Stages of Xenopus 
laevis Development 

Appendix 1.1 Stages 1 - 5 
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Appendix 1.2: Stages 6 - 9 
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Appendix 1.3: Stages 10 - 15 
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Appendix 1.4: Stages 16 to 23 

 



67 

Appendix 1.5: Stages 23 - 28 
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Appendix 1.6: Stages 29 - 42 
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Appendix 3: Blast confirmation of Cardiac actin 

> ref|NM_001086591.1|  Xenopus laevis actin, alpha, cardiac 

muscle 1 (actc1), mRNA 

 gb|BC077221.1|  Xenopus laevis actin, alpha 1, skeletal muscle, 

mRNA (cDNA clone  

MGC:79039 IMAGE:4409317), complete cds 

Length=1399 

 

 GENE ID: 379752 actc1 | actin, alpha, cardiac muscle 1 [Xenopus 

laevis] 

(10 or fewer PubMed links) 

 

 Score =  682 bits (369),  Expect = 0.0 

 Identities = 427/483 (88%), Gaps = 0/483 (0%) 

 Strand=Plus/Plus 

 
Query  1    ATGTGTGACSACSAGGAGACTASCGCCTTGGTGTGCKACAATGGCTCCGGSCTGGYGAAS  60 

            ||||||||| || ||||||||| ||||||||||||| ||||||||||||| |||| |||  

Sbjct  21   ATGTGTGACGACGAGGAGACTACCGCCTTGGTGTGCGACAATGGCTCCGGGCTGGTGAAG  80 

 

Query  61   GCTGGGTTCGCTGGGGATGATGCCCCACGTGCTGTGTTCCCCTCCATCGTTGGTCRCCCC  120 

            |||||||||||||||||||||||||| |||||||||||||||||||||||||||| |||| 

Sbjct  81   GCTGGGTTCGCTGGGGATGATGCCCCCCGTGCTGTGTTCCCCTCCATCGTTGGTCGCCCC  140 

 

Query  121  CGTCATCWKGGTGTCATGGTGGGTATGGGTCasawmsaCTCCTWCGTAGGTGATGAAGCT  180 

            |||||||  ||||||||||||||||||||||| |   |||||| |||||||||||||||| 

Sbjct  141  CGTCATCAGGGTGTCATGGTGGGTATGGGTCAGAAAGACTCCTACGTAGGTGATGAAGCT  200 

 

Query  181  CAGAGCAAGAGAGGTATCCTGACCCTGAASYACCCCATTGASCACSGTATCRTCACWARC  240 

            |||||||||||||||||||||||||||||  |||||||||| ||| ||||| |||| | | 

Sbjct  201  CAGAGCAAGAGAGGTATCCTGACCCTGAAGTACCCCATTGAGCACGGTATCATCACTAAC  260 

 

Query  241  TGGGATGATRTGGAGAAGATCTGGCMCCACACCTTCTRCARKGAGCTGCSTGTGGSCCCT  300 

            ||||||||| ||||||||||||||| ||||||||||| ||  ||||||| ||||| |||| 

Sbjct  261  TGGGATGATATGGAGAAGATCTGGCACCACACCTTCTACAATGAGCTGCGTGTGGCCCCT  320 

 

Query  301  GAASASCWCCCCACCCTGYTCACTGAGGCCCYAYTWAWYCCCWMSGYCMAYCGYGAAAAG  360 

            ||| | | |||||||||| |||||||||||| | | |  |||   | | | || |||||| 

Sbjct  321  GAAGAGCACCCCACCCTGCTCACTGAGGCCCCACTGAACCCCAAGGCCAACCGTGAAAAG  380 

 

Query  361  ATGACACMGATCWTGTTTGASACCTTCWACGTCCCRGCCATGTATGTTGCCMTCCAGGCT  420 

            ||||||| |||| ||||||| |||||| ||||||| ||||||||||||||| |||||||| 

Sbjct  381  ATGACACAGATCATGTTTGAGACCTTCAACGTCCCAGCCATGTATGTTGCCATCCAGGCT  440 

 

Query  421  GTGCTGTCCCTGTACKCTTCYGGTCRTACCACAKGTATCGTTCTTGACTCTGGTGATGGT  480 

            ||||||||||||||| |||| |||| ||||||| |||||||||||||||||||||||||| 

Sbjct  441  GTGCTGTCCCTGTACGCTTCTGGTCGTACCACAGGTATCGTTCTTGACTCTGGTGATGGT  500 

 

Query  481  GTC  483 

            ||| 

Sbjct  501  GTC  503 

 

 

 

 


