
 

 

 

 

 

FUNCTIONAL CHARACTERISTICS AND MOLECULAR REGULATION OF 

LYMPHANGIOGENESIS DURING GECKO TAIL REGENERATION: 

EVIDENCE FOR THE ROLES OF VEGF-C, VEGF-D AND THE RECEPTOR 

VEGFR-3 

 

 

 

 

 

 

 

 

 

HELEN BLACKER 
B.Sc. (Hons) 

 
Department of Ecology and Evolutionary Biology 

School of Earth and Environmental Sciences 
The University of Adelaide 

South Australia 
 

August 2011 
 

A thesis submitted for the degree of Doctor of Philosophy at The University of Adelaide



 

 

TABLE OF CONTENTS 

ABSTRACT ....................................................................................................................I 

DECLARATION ......................................................................................................... III 

ACKNOWLEDGEMENTS ......................................................................................... IV 

BIBLIOGRAPHY ........................................................................................................ VI 

LIST OF ABBREVIATIONS .................................................................................... VII 

 

Chapter One 

INSIGHTS INTO LYMPHANGIOGENESIS AND LIZARD TAIL REGENERATION 

 

1.1. OVERVIEW ........................................................................................................... 1 

1.2. THE LYMPHATIC SYSTEM ................................................................................ 1 

1.2.1. LYMPHATIC SYSTEM STRUCTURE ....................................................................... 1 

1.2.2. LYMPHATIC SYSTEM FUNCTION .......................................................................... 6 

1.2.3. LYMPHATICS IN OTHER VERTEBRATES ............................................................. 7 

1.2.3.1. Fish ........................................................................................................................ 7 

1.2.3.2. Amphibians ............................................................................................................ 8 

1.2.3.3. Birds ....................................................................................................................... 8 

1.2.3.4. Reptiles ................................................................................................................... 9 

1.2.4. LYMPHATICS OF THE LIZARD TAIL ................................................................... 12 

1.3. LYMPHANGIOGENESIS ................................................................................... 12 

1.3.1. FACTORS DRIVING LYMPHANGIOGENESIS ..................................................... 12 

1.3.2. EMBRYOGENESIS OF THE LYMPHATIC SYSTEM ............................................ 13 

1.3.3. WOUND HEALING AND REPAIR .......................................................................... 18 

1.4. PATHOLOGY OF THE LYMPHATIC SYSTEM .............................................. 19 

1.4.1. LYMPHOEDEMA...................................................................................................... 20 

1.4.2. INFLAMMATION ..................................................................................................... 22 

1.4.3. TUMOUR LYMPHANGIOGENESIS ....................................................................... 24 

1.5. THE VEGF FAMILY: ANGIOGENIC AND LYMPHANGIOGENIC GROWTH 

FACTORS ................................................................................................................... 26 

1.5.1. THE KEY LYMPHANGIOGENIC PATHWAY: VEGF-C, VEGF-D AND THEIR 

RECEPTOR VEGFR-3 ......................................................................................................... 29 

1.5.1.1. VEGF-C ............................................................................................................... 32 

1.5.1.2. VEGF-D ............................................................................................................... 35 

1.5.1.3. VEGFR-3 ............................................................................................................. 36 

1.5.3. VEGFS IN NON-MAMMALS.................................................................................... 38 



 

 

1.6. REPTILIAN TAIL AUTOTOMY ........................................................................ 39 

1.6.1. CAUDAL ADAPTATIONS TO AUTOTOMY ......................................................... 40 

1.6.2. THE MECHANISM OF AUTOTOMY ...................................................................... 46 

1.7. LIZARD TAIL REGENERATION FOLLOWING AUTOTOMY ..................... 46 

1.8. PROJECT RATIONALE ...................................................................................... 54 

1.8.1. USE OF C. MARMORATUS AS AN ANIMAL MODEL OF 

LYMPHANGIOGENESIS ................................................................................................... 55 

1.9. AIMS OF THE THESIS ....................................................................................... 56 

 

Chapter Two 

HOW REGENERATING LYMPHATICS FUNCTION: LESSONS FROM LIZARD 

TAILS 

 

2.1. STATEMENT OF AUTHORSHIP ...................................................................... 58 

2.2. SUMMARY AND CONTEXTUAL LINKAGE ................................................. 60 

 

Chapter Three 

DIFFERENTIAL mRNA EXPRESSION OF LYMPHANGIOGENIC GROWTH 

FACTORS (VEGF-C AND -D) AND THEIR RECEPTOR   (VEGFR-3) DURING TAIL 

REGENERATION IN A GECKO 

 

3.1. STATEMENT OF AUTHORSHIP ...................................................................... 70 

3.2. SUMMARY AND CONTEXTUAL LINKAGE ................................................. 71 

 

Chapter Four 

ISOLATION AND CHARACTERISATION OF FULL LENGTH VEGF-C, VEGF-D 

AND VEGFR-3 SEQUENCES FROM THE GECKO Christinus marmoratus 

 

4.1. INTRODUCTION ................................................................................................ 92 

4.2. MATERIALS AND METHODS .......................................................................... 96 

4.2.1. RNA EXTRACTION .................................................................................................. 96 

4.2.2. CDNA SYNTHESIS.................................................................................................... 97 

4.2.3. DEGENERATE POLYMERASE CHAIN REACTION (PCR) ................................ 97 

4.2.4. AGAROSE GEL ELECTROPHORESIS ................................................................. 100 

4.2.5. PCR CLEAN-UP, CLONING AND DNA SEQUENCING .................................... 100 

4.2.6. 5‟ AND 3‟ RAPID AMPLIFICATION OF CDNA ENDS (RACE)......................... 102 



 

 

4.2.7. SEQUENCE ANALYSIS AND BIOINFORMATICS ............................................ 105 

4.2.7.1. Phylogenetic analysis ........................................................................................ 105 

4.2.7.2. Molecular Modelling ......................................................................................... 106 

4.3. RESULTS ........................................................................................................... 107 

4.3.1. ISOLATION OF NUCLEOTIDE SEQUENCES ENCODING FULL-LENGTH 

PROTEIN CODING REGIONS FOR GVEGF-C, GVEGF-D AND GVEGFR-3 .............. 107 

4.3.2. ANALYSIS OF GVEGF-C, GVEGF-D AND GVEGFR-3 AMINO ACID 

SEQUENCES ..................................................................................................................... 121 

4.3.3. SEQUENCE COMPARISON OF GVEGF-C, GVEGF-D AND GVEGFR-3 WITH 

OTHER KNOWN VERTEBRATE SEQUENCES ............................................................ 139 

4.3.4. MOLECULAR MODELLING OF GVEGF-C, GVEGF-D AND GVEGFR-3 .......... 141 

4.4. DISCUSSION ..................................................................................................... 151 

4.4.1. GVEGF-C, GVEGF-D AND GVEGFR-3: CONSERVATION OF FUNCTIONALLY 

IMPORTANT RESIDUES ................................................................................................. 151 

4.4.2. COMPARISON OF GVEGF-C, GVEGF-D AND GVEGFR-3 WITH OTHER 

SPECIES ............................................................................................................................. 155 

4.4.3. STRUCTURAL ANALYSIS OF GVEGF-C, GVEGF-D AND GVEGFR-3 ............ 162 

4.4.4. CONCLUSION ......................................................................................................... 163 

 

Chapter Five 

PROTEIN ANALYSIS OF gVEGF-C, gVEGF-D AND gVEGFR-3 

5.1. INTRODUCTION .............................................................................................. 165 

5.2. MATERIALS AND METHODS ........................................................................ 167 

5.2.1. PROTEIN EXTRACTION ....................................................................................... 167 

5.2.1.1. Tri-reagent extraction of protein ....................................................................... 167 

5.2.1.2. Guanidine and triton extraction of protein ........................................................ 168 

5.2.2. PROTEIN FILTRATION TO REMOVE CONTAMINANTS AND 

CONCENTRATE PROTEIN ............................................................................................. 168 

5.2.3. TOTAL PROTEIN QUANTIFICATION ................................................................ 169 

5.2.4. SDS-PAGE AND WESTERN BLOTTING ON GECKO TAIL EXTRACTS ....... 169 

5.2.5. ELISA VALIDATION AND ATTEMPTS TO QUANTIFY GVEGF-C, GVEGF-D 

AND GVEGFR-3 WITHIN PROTEIN EXTRACTS ......................................................... 171 

5.2.5.1. Sandwich ELISA ................................................................................................ 171 

5.2.5.2. Direct ELISA ...................................................................................................... 172 

5.2.6. IMMUNOHISTOCHEMISTRY ON FIXED GECKO TAIL TISSUE ................... 174 

5.3. RESULTS ........................................................................................................... 176 

5.3.1. PROTEIN EXTRACTION AND FILTRATION ..................................................... 176 

5.3.2. WESTERN BLOTTING ........................................................................................... 177 



 

 

5.3.2.1. VEGF-C ............................................................................................................. 178 

5.3.2.2. VEGF-D ............................................................................................................. 181 

5.3.2.3. VEGFR-3 ........................................................................................................... 184 

5.3.3. ELISA ....................................................................................................................... 187 

5.3.3.1. VEGF-C ............................................................................................................. 187 

5.3.3.2. VEGF-D ............................................................................................................. 191 

5.3.3.3. VEGFR-3 ........................................................................................................... 192 

5.3.4. IMMUNOHISTOCHEMISTRY TO DETECT GVEGFR-3 .................................... 193 

5.4. DISCUSSION ..................................................................................................... 198 

 

Chapter Six 

GENERAL DISCUSSION 

 

6.1. FUNCTIONAL EVIDENCE FOR THE PRESENCE OF LYMPHANGIOGENESIS IN 

THE REGENERATING GECKO TAIL ................................................................... 206 

6.2. MOLECULAR EVIDENCE FOR THE PRESENCE AND ROLE OF THE VEGF-

C/D/R3 PATHWAY IN THE REGULATION OF LYMPHANGIOGENESIS IN THE 

REGENERATING GECKO TAIL ............................................................................ 208 

6.3. LIMITATIONS OF THE STUDY/ PROBLEMS ENCOUNTERED ................ 215 

6.4. FUTURE DIRECTIONS .................................................................................... 216 

6.5. CRITIQUE OF THE PROPOSAL OF THE REGENERATING GECKO TAIL AS A 

MODEL FOR LYMPHANGIOGENESIS ................................................................ 220 

6.6. CONCLUSION ................................................................................................... 223 

APPENDIX ONE: MATERIALS SUPPLIERS ........................................................ 224 

APPENDIX TWO: AMINO ACID CODE ............................................................... 225 

APPENDIX THREE: LUMINOL SOLUTION ........................................................ 226 

REFERENCES .......................................................................................................... 227 









 

 
i 

ABSTRACT  

 

The Australian marbled gecko, Christinus marmoratus has the ability to voluntarily shed its 

tail (autotomy) and subsequently regenerate the lost tail. The lymphatic vessels of the gecko 

tail are severed during autotomy and yet the regenerated tail is not lymphoedematous, 

indicating that the mechanisms for interstitial fluid drainage are maintained, presumably by 

the growth of new lymphatic vessels (lymphangiogenesis). In contrast, disruption to the 

lymphatic system in humans can readily result in lymphoedema due to inadequate lymphatic 

regenerative capacity. Hence, the regenerating gecko tail offers an excellent model to study 

the process of and fundamental molecular mechanisms behind lymphatic regeneration. Here, I 

examine lymphangiogenesis within regenerating gecko tails. I hypothesise that physiological 

function of lymphatic vasculature is recovered by tail regeneration. Further, I hypothesise that 

lymphatic regeneration is, in part, regulated by vascular endothelial growth factor C (VEGF-

C) and VEGF-D via binding to their receptor, VEGFR-3, a key lymphangiogenic pathway in 

mammals. 

Lymphatic uptake and transport, of different sized radiolabelled tracers, were 

examined using lymphoscintigraphy. Basic lymphatic function is apparent at 6 weeks of 

regeneration, however lymph clearance and velocity are not restored to near original levels 

until 12 weeks of regeneration. Differential clearance and lymph velocity between tracers are 

likely influenced by changes in the cellular matrix and lymphatic vessel permeability. 

Molecular control of lymphangiogenesis within regenerating gecko tails was studied 

by identifying and characterising VEGF-C, VEGF-D and VEGFR-3 in gecko tail tissue 

extracts. This is the first study to demonstrate the presence of these genes within any reptile. 

Sequence alignments and molecular modelling highlight conservation of many 

lymphangiogenic functional residues within the gecko proteins at both a sequence and 

structural level.  
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Real time PCR established differential expression profiles of VEGF-C, VEGF-D and 

VEGFR-3 mRNA throughout tail regeneration, with up-regulation during the early, late and 

mid-phases of regeneration, respectively. These data are consistent with mammalian studies 

in wound healing and suggest differing roles during gecko tail regeneration and potentially 

the lymphangiogenic process following autotomy. 

Sites of expression of VEGF-C and VEGF-D in regenerating gecko tails, 

demonstrated by immunohistochemistry, include keratinocytes and fibroblasts. Positive 

staining lining blood and lymphatic-like vessels is demonstrated for VEGF-D and VEGF-C, 

respectively indicating possible associations of the proteins with VEGFRs on endothelial cell 

surfaces and hence angiogenic and lymphangiogenic capabilities. Strong positive staining of 

VEGF-C and VEGFR-3 is also observed in adipose tissue in both regenerated and original tail 

tissue suggesting potential roles in adipogenesis and lymphangiogenesis during fat store 

expansion. 

Positive immunostaining using the LYVE-1 lymphatic endothelium marker 

demonstrates that lymphangiogenesis does occur during tail regeneration. Technical 

limitations, possibly related to antibody cross-reactivity prevented detection of VEGFR-3 

staining on lymphatic (or blood) endothelial cells in all regenerated and original tails. A 

suspected lack of mammalian-derived antibody reactivity to the reptilian proteins was also 

encountered with ELISA and western blotting analyses, with both yielding inconclusive 

results. 

In conclusion, this study demonstrates that adequate lymphatic vasculature and 

function are restored during gecko tail regeneration. Furthermore, this study provides several 

lines of evidence, through sequence conservation and mRNA and tissue expression profiles, 

that VEGF-C, VEGF-D and VEGFR-3 play a role in lymphatic regeneration in a reptile. 
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