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ABSTRACT
 
The lymphatic vasculature, an essential component of the cardiovascular system, serves several 
functions critical to embryonic development and adult homeostasis. Lymphatic vessels return interstitial 
protein-rich fluid to the bloodstream, transport immune cells during immune surveillance and infection 
and absorb lipids from the digestive tract (Alitalo et al., 2005; Tammela and Alitalo, 2010). The aberrant 
growth and development of lymphatic vessels (lymphangiogenesis) is a common feature of human 
disorders including lymphoedema, inflammatory diseases and tumour metastasis (Alitalo et al., 2005; 
Tammela and Alitalo, 2010). Lymphatic vessels are of key importance to breast cancer patients. 
Lymphatic vessels are exploited as a key route of metastasis for tumour cells and the ability of a tumour 
to promote lymphangiogenesis has been linked with metastasis and poor patient prognosis (Gu et al., 
2008; Nakamura et al., 2005; Nakamura et al., 2003; Ran et al., 2010; Skobe et al., 2001). Moreover, 
lymphatic vascular damage incurred during the surgical resection of lymph nodes commonly results in 
secondary lymphoedema, a debilitating complication for up to 40% of breast cancer patients (Armer et 
al., 2009). Despite the involvement of lymphatic vessels in breast cancer, the genes and molecular 
mechanisms that regulate lymphangiogenesis in the breast remain relatively uncharacterised.  
 
The mammary epithelium and blood vasculature undergo dynamic remodelling events in response to 
hormonal signals and functional demands during postnatal mouse mammary gland morphogenesis 
(Djonov et al., 2001; Matsumoto et al., 1992; Richert et al., 2000; Watson and Khaled, 2008). The aims 
of this project were: 

1. To investigate the spatial organisation of lymphatic vessels in the mouse mammary gland. 
2. To investigate whether lymphatic vessels, like blood vessels and the mammary epithelial tree, 

are temporally remodelled during mouse mammary gland morphogenesis. 
3. To define signals that regulate lymphangiogenesis during postnatal mouse mammary gland 

morphogenesis. 
 
This study provides the first evidence demonstrating that the lymphatic vasculature is dynamically 
remodelled along with the mammary epithelial tree and blood vasculature during postnatal mouse 
mammary gland morphogenesis. In addition, this study reveals an intimate association of lymphatic 
vessels with epithelial ducts, a finding that has important implications for tumour metastasis, as well as 
the spatial organisation of lymphatic vessels in other branched epithelial tissues, including the lung, 
kidney, pancreas and prostate. Furthermore, we established that vascular endothelial growth factor 
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(Vegf) C (Vegfc) and Vegfd mRNA levels are significantly increased early during pregnancy and that 
proteolytically-processed, active VEGF-D is expressed selectively in pregnant, but not virgin mouse 
mammary glands, corresponding with the stage of peak lymphatic vessel density. In accordance with 
these data, we demonstrated that a tyrosine kinase inhibitor specific for VEGF receptor 3 (Kirkin et al., 
2001; Kirkin et al., 2004), the principal receptor for mouse VEGF-C and VEGF-D, can block the 
proliferation of primary dermal lymphatic endothelial cells that is stimulated by mammary epithelial and 
stromal cell conditioned media ex vivo. These data suggest that VEGF-C and VEGF-D, two of the best 
characterised lymphangiogenic stimuli to date, are likely to play key roles in the stimulation of 
lymphangiogenesis in the pregnant mouse mammary gland. Elucidation of the molecular mechanisms 
controlling lymphangiogenesis in the mammary gland has the potential to reveal important targets for 
the future generation of pro- and anti-lymphangiogenic therapeutics, with the ultimate goal to repair 
surgically damaged lymphatic vessels and prevent breast cancer metastasis, respectively. 
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DMEM-5%FBS Dulbecco’s Modified Eagle’s Medium supplemented with 5% (v/v) foetal 

bovine serum 
DMSO dimethyl sulfoxide 
DNA  deoxyribonucleic acid 
DNase deoxyribonuclease 
dNTP deoxyribonucleotide triphosphate   
DTT 1,4-dithiothreitol 
E embryonic day 
EBM®-2 Endothelial Cell Basal Medium®-2 
EC endothelial cells 
ECF enhanced chemifluorescence 
EDTA ethylenediaminetetraacetic acid 
EGTA ethylene glycol tetraacetic acid 
ELISA enzyme-linked immunosorbent assay 
ELR+ ELR motif; glutamic acid-leucine-arginine 
EphB4 Eph receptor B4 
ER� estrogen receptor alpha 
ER� estrogen receptor beta 
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FACS fluorescence-activated cell sorting 
FBS foetal bovine serum 
FGF fibroblast growth factor 
FGF-1 fibroblast growth factor 1 
FGF-2 fibroblast growth factor 2 
FGFR-1 fibroblast growth factor receptor 1 
Fiaf fasting-induced adipose factor 
FITC fluorescein isothiocyanate 
Flt4 FMS-like tyrosine kinase 4 
FOXC2 forkhead box C2 
G gauge 
g gram 
GFP green fluorescent protein 
Gli glioma-associated 
Gli1 glioma-associated 1 
HBSS Hank’s balanced salt solution 
HCl hydrochloric acid 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid 
HGF hepatocyte growth factor 
HGFR hepatocyte growth factor receptor 
Hh Hedgehog 
HHF Hank’s balanced salt solution containing 10mM 4-(2-hydroxyethyl)-1-

piperazineethanesulphonic acid and 5% (v/v) foetal bovine serum 
IDC invasive ductal carcinoma 
IDL invasive lobular carcinoma 
IGF-1 insulin-like growth factor 1 
IGF-2 insulin-like growth factor 2 
IPTG isopropyl-�-D-thiogalactosidase 
JLS jugular lymph sac 
K14 cytokeratin 14 
K18 cytokeratin 18 
KCl potassium chloride 
kDa kilodalton 
KOH potassium hydroxide 
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L litre 
LB Luria Bertani 
LEC lymphatic endothelial cells 
LVI lymphatic vascular invasion 
LYVE1 lymphatic vessel endothelial hyaluronan receptor 1 
M Molar 
mA milliamp 
MACS magnetic-activated cell sorting 
MAZ51 3-(4-dimethylamino-naphthalen-1-ylmethylene)-1,3-dihydro-indol-2-one 
mg milligram 
MgCl2 magnesium chloride  
ml millilitre 
mm millimetre 
mM millimolar 
MMP matrix metalloproteinase 
MMTV mouse mammary tumour virus 
MQ-H2O Milli-Q water 
mRNA messenger ribonucleic acid 
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt 
N Normality 
NaCl sodium chloride 
NaOAc sodium acetate 
NaOH sodium hydroxide 
NBT nitro blue tetrazolium chloride 
NFATc1 nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 

1 
ng  nanogram 
nm  nanometre 
Nrp2  neuropilin 2 
O.C.T  optimal cutting temperature
ºC degree Celsius 
pBS  pBluescript II SK (+) 
PBS  phosphate-buffered saline 
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PBS-0.1%TW20  phosphate-buffered saline with 0.1% (v/v) Tween®20 
PBS-0.1%TX100  phosphate-buffered saline with 0.1% (v/v) Triton®X-100 
PBS-0.3%TW20  phosphate-buffered saline with 0.3% (v/v) Tween®20 
PBS-0.3%TX100  phosphate-buffered saline with 0.3% (v/v) Triton®X-100 
PBS-0.3%TX100-1%BSA phosphate-buffered saline with 0.3% (v/v) Triton®X-100 and 1% (w/v) 

bovine serum albumin  
PBS-2%FBS  phosphate buffered saline with 2% (v/v) foetal bovine serum 
PC  proprotein convertase 
PCA  principal component analysis 
PCR  polymerase chain reaction 
PDGF  platelet-derived growth factor 
PDGFR�  platelet-derived growth factor receptor alpha  
PDGFR�  platelet-derived growth factor receptor beta 
PE  phycoerythrin 
PFA  paraformaldehyde  
pg  picogram 
pmol  picomole 
PR  progesterone receptor 
Prox1  Prospero-related homeobox 1 
Ptch1  Patched 1 
PVDF  polyvinylidene fluoride 
PyMT  polyomavirus middle T antigen 
RIN  RNA Integrity Number 
RIPA  radioimmunoprecipitation assay 
RNA  ribonucleic acid 
RNase   ribonuclease  
RT  room temperature 
RT-PCR  reverse transcription-polymerase chain reaction 
SDS  sodium dodecyl sulphate 
SDS-PAGE  sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
Shh  sonic hedgehog 
SLC     secondary lymphoid organ chemokine 
SLP-76  SH2 domain containing leukocyte protein of 76kDa 
Smo  smoothened 



ABBREVIATIONS 

xxiii 

Sox18  SRY-box containing gene 18 
SSC  saline-sodium citrate 
ST-cDNA  sense transcript-complementary deoxyribonucleic acid 
SU5402 3-[(3-(2-carboxyethyl)-4-methylpyrrol-2-yl)methylene]-2-indolinone 
SU5416 3-[(2,4-dimethylpyrrol-5-yl)methylidenyl]-indolin-2-one 
sVEGFR-2 soluble vascular endothelial growth factor receptor 2 
Syk  spleen tyrosine kinase 
T25         25cm2 tissue culture flask 
TBE Tris-borate-ethylenediaminetetraacetic acid 
TBS  Tris-buffered saline 
TBS-0.1%TW20  Tris-buffered saline with 0.1% (v/v) Tween®20 
TDLU  terminal ductal lobular unit 
TE Tris-ethylenediaminetetraacetic acid 
TEB terminal end bud 
TEMED  N,N,N’,N’-tetramethylethylenediamine 
TFB  transformation buffer 
TIMP  tissue inhibitor of metalloproteinase 
Tnc  tenascin C 
TrkB  tropomyosin-related kinase B 
tRNA  transfer ribonucleic acid 
TSP1  thrombospondin 1  
TSP2  thrombospondin 2 
U  unit 
UV  ultraviolet  
V  volt 
v/v  volume per volume 
VE-cadherin  vascular endothelial-cadherin 
VEGF  vascular endothelial growth factor 
VEGF-A  vascular endothelial growth factor A 
VEGF-C  vascular endothelial growth factor C 
VEGF-D  vascular endothelial growth factor D 
VEGFR-1  vascular endothelial growth factor receptor 1 
VEGFR-2  vascular endothelial growth factor receptor 2 
VEGFR-3  vascular endothelial growth factor receptor 3 
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VHD  VEGF homology domain 
VLDLR  very low density lipoprotein receptor 
w/v weight per volume 
WECHE weird chemokine  
WT  wild-type 
x g relative centrifugal force 
X-gal 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside 
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