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ABSTRACT  
 

 

Despite recent advances in lymphology, the molecular mechanisms regulating the 

development of the lymphatic system have not been fully delineated.  Here I show that 

the growth factors Angiopoietin-2 (Ang2) and Vascular endothelial growth factor-c 

(Vegfc) serve distinct roles in the development of the lymphatic system.  

Adult Ang2-/- mice exhibit dermal lymphatic hypoplasia, abnormal smooth muscle 

cell (SMC) coverage of initial lymphatic vessels, and a severe deficiency of collecting 

lymphatic vessels.  To determine whether these abnormalities were due to defects in the 

remodeling of the lymphatic vasculature, I characterized this process in Ang2-/- mice.  

Indeed, lymphatic vessels in the skin of Ang2-/- pups prematurely recruited SMCs and did 

not mature into collecting vessels during the remodeling stage of lymphatic development. 

In contrast, Ang2 knockout Ang1 knock-in mice did develop a hierarchal lymphatic 

vasculature, suggesting that activation of the angiopoietin receptor, Tie-2, is required for 

normal lymphatic development.    

To further delineate the molecular mechanisms regulating lymphatic 

development, I also characterized Chylous ascites-3 (Chy-3) mice, a strain missing 

cytobands 8A4 to 8B3 from one copy of chromosome 8.  Real-time PCR using genomic 

DNA demonstrated that the lymphangiogenesis gene, Vegfc, was included in the deleted 

region.  All of the key components of a normal lymphatic network had developed in Chy-

3 mice; however, the number of lymphatic vessels was reduced.  Although the patterning 
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of lymphatic vasculature in Chy-3 mice was altered, the architecture of the blood 

vasculature appeared normal.    

Ang2-/- and Chy-3 mice are grossly indistinguishable from one another; however, 

their underlying lymphatic defects are dramatically different.  Ang2-/- mice exhibit defects 

in lymphangiogenic remodeling and lymphangiogenesis, whereas Chy-3 mice show a 

reduced capacity for lymphangiogenesis.  I propose that Ang2 maintains lymphatic vessel 

plasticity by preventing SMC-lymphatic vessel associations so maturation can occur and 

facilitates lymphangiogenesis in the presence of Vegfc.  This is analogous to Ang2’s 

function on the blood vasculature where it is thought to destabilize SMC-blood vessel 

interactions and facilitate hemangiogenesis in the presence of Vegfa. 

Taken together, these findings further delineate the development of the lymphatic 

system and could provide translational clues relevant to the pathogenesis and treatment of 

clinical disorders of the lymphatic system. 
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CHAPTER 1: INTRODUCTION 

Explanation of the problem 

 The lymphatic system encompasses lymph, lymphoid organs, and a hierarchal 

vasculature, which is important for the absorption of fat, immune response, and return of 

fluid to the blood vasculature.  Mechanical disruption, abnormal development, or 

physical obstruction of the lymphatic system can lead to the accumulation of tissue fluid 

and the disorder lymphedema.  Elucidating the molecular mechanisms regulating the 

development of the lymphatic system may provide insight into the underlying causes of 

clinical disorders of the lymphatic system and identify new therapies.  Detailing the 

sequential steps of lymphatic development has recently been facilitated by the discovery 

of markers specific to the lymphatic system and knockout mouse models that exhibit 

lymphatic defects.  

 Despite these recent advances, the molecular mechanisms regulating the 

development of the lymphatic system have not been fully delineated. I characterized 

the lymphatic defects of Ang2 and Chy-3 mutant mice to determine the role Ang2 

and Vegfc serve in the development of the lymphatic system. 

 In order to familiarize the reader with the lymphatic system, the next section of 

the dissertation is a review on the structure, function, and development of the lymphatic 

vasculature. 
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Literature review 
 
 

    Structure and function of the lymphatic vasculature 
 

 The lymphatic vasculature serves important physiological functions including the 

absorption of intestinal lipids, immune defense, and the return of tissue fluid and 

macromolecules to the blood vascular system (Witte et al., 2001).  It is comprised of a 

hierarchal network of initial and collecting lymphatic vessels that exhibit molecular, 

cellular, as well as functional differences (Karpanen and Mäkinen, 2006; Witte et al., 

2006). Initial lymphatic vessels are comprised of a single layer of oak leaf-shaped 

endothelial cells with overlapping junctions and are connected to collagen and elastic 

fibers in the extracellular matrix by fibrillin containing anchoring filaments (Földi et al., 

2006; Gerli et al., 2000; Leak and Burke 1968).  Furthermore, they are free of smooth 

muscle cells, exhibit a discontinuous distribution of tight junction proteins along cell-cell 

interfaces, and highly express the lymphatic hyaluronan receptor LYVE-1 (Banerji et al., 

1999; Witte et al., 2006).  Liquid and proteins that have leaked from blood capillaries 

enter initial lymphatic vessels through small gaps present between overlying endothelial 

cells (Földi et al., 2006).  It is widely accepted, but not proven, that anchoring filaments 

pull apart overlying lymphatic endothelial cells in response to increased interstitial fluid 

pressure to facilitate the uptake of fluid through gaps created between the cells (Gerli et 

al., 2000; Leak 1970).  Recently, a mechano-transduction mechanism has been proposed 

whereby anchoring filaments, attached to integrins on the abluminal surface of initial 

lymphatic vessels, activate intracellular signaling cascades in response to increased 
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interstitial fluid (Rossi et al., 2007).  Therefore, anchoring filaments may modulate the 

uptake of interstitial fluid through molecular signaling in addition to pulling apart 

endothelial cells (Rossi et al., 2007). 

 In contrast to initial lymphatic vessels, collecting lymphatic vessels are comprised 

of elongated endothelial cells, exhibit a continuous distribution of tight junction proteins 

at cell-cell interfaces, and down-regulate the expression of LYVE-1 (Baluk et al., 2007; 

Mäkinen et al., 2005; Tammela et al., 2007).  Furthermore, they exhibit intraluminal 

valves and actively transport lymph to central lymphatic-venous junctions through the 

coordinated contraction of overlying smooth muscle cells (Földi et al., 2006).  These 

fundamental differences between initial and collecting lymphatic vessels are thought to 

arise in a step-wise fashion during embryonic and postnatal development and maturation 

of the lymphatic vasculature (Oliver and Alitalo 2005).  

 

  Development of the lymphatic vasculature 

        Historical perspective  

 Although much is known about the anatomy and physiology of the lymphatic 

system, its precise embryonic origin has been a subject of controversy for over 100 years 

(Witte et al., 2001).  Much of this controversy has centered on the competing centrifugal 

and centripetal theories of lymphatic development.  The centrifugal theory proposes that 

lymph sacs are the earliest anlage of the lymphatic system, arise from central embryonic 

veins, and give rise to the entire lymphatic vasculature of the body by a process of 

centrifugal sprouting (Sabin 1902, Sabin 1904, Sabin 1909).  The alternative, centripetal 
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theory, proposes that numerous isolated lymphatic anlagen (lymphangioblasts) arise 

independent of veins in mesenchyme, fuse, and elongate to form lymphatic vessels 

(Kampmeier 1912).  

 Since the 19th century, the centrifugal and centripetal theories have been heavily 

debated.  The intensity of these discussions peaked in the early 1900’s when, in a series 

of publications, the major proponents of the centrifugal (Sabin) and centripetal 

(Huntington, McClure, Kampmeier) theories questioned the ability of each other’s 

technique to demonstrate the true origin of the lymphatic system (Kampmeier 1912, 

McClure 1912, Sabin 1911).  Sabin performed dye and ink injections into lymphatic 

anlage and skin to show centrifugal sprouting of lymphatic vessels whereas Huntington, 

McClure, and Kampmeier, examined sectioned embryos to generate reconstructions of 

lymphatic vessels and lymphatic spaces.  The argument against the injection method was 

that it would only reveal continuous lymphatic structures and not isolated lymphatic 

anlage in the mesenchyme (Kampmeier 1912).   On the other hand, it was argued that 

without dye, discontinuous tissue spaces could be mistaken for lymphatic vessels and the 

continuity of lymphatic vessels would be hard to determine (Sabin 1911).  Interestingly, 

this volatile discussion was sparked over the results obtained from a 23 mm pig embryo 

(series 23a from the Johns Hopkins Embryological Collection).   

 In 1910, Sabin presented a paper on the development of the thoracic duct in pig at 

the annual meeting of the American Association of Anatomists.  Based on results from 

her injection technique, she maintained that the thoracic duct developed by centrifugal 

sprouting from the jugular lymph sac.  At the meeting, McClure asked Sabin if she would 
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send him a pig embryo that she had injected with dye, then sectioned, so he could 

confirm the centrifugal development of the thoracic duct.  Sabin agreed and sent McClure 

a 23 mm pig embryo, which had been processed by her.  Otto Kampmeier, working in 

McClure’s lab, studied the sectioned embryo and found that there were multiple 

discontinuous anlage of the thoracic duct not filled with dye, suggesting that the thoracic 

duct does not develop by continual sprouting from lymph sacs, but rather by a centripetal 

mechanism.  McClure wrote “Apparently the evidence which I sent to the Johns Hopkins 

Anatomical Laboratory did not meet with approval by those interested in the problem of 

lymphatic development at that Institution for, after receiving this evidence, two papers 

were published by Professor Sabin and Dr. Clark, respectively, in which no mention of 

this evidence is given and in which they attempt to clear up the problem of the lymphatics 

by a critical review of the methods employed by various investigators,”(McClure 1912).  

Later, in the same manuscript McClure wrote, “After critical analysis of her writings, it 

appears to me that the present illogical position in which Professor Sabin has placed 

herself, with resulting confusion to all of us, is largely due to the circumstance that it is 

often disagreeable to acknowledge, in an emphatic and unmistakable manner, any change 

of opinion or modification of one’s views,” (McClure 1912).  To date, the origin of the 

thoracic duct has not been fully delineated; however, the development of the lymphatic 

vasculature is not as heavily contested today as it was in the early 1900’s. 

 Currently, the most accepted model of lymphatic development conforms to the 

centrifugal theory and is separated into the processes of: lymphvasculogenesis, 

lymphangiogenesis, and remodeling (Figure 1.1).   
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Figure 1.1.  Model for the development of the lymphatic system.  Lymphatic 

precursor cells arise from veins and mesenchyme, migrate, and fuse to form lymph sacs 

(lymphvasculogenesis).  Sprouting from lymph sacs can give rise to an immature network 

of lymphatic vessels (lymphangiogenesis).  Lymphangioblasts may also contribute to the 

formation of lymphatic vessels.  Subsequently, specific lymphatic vessels acquire a 

collecting vessel phenotype by developing valves (yellow) and recruiting smooth muscle 

cells (red)(remodeling).    
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Lymphvasculogenesis, the de novo formation of lymphatic structures by precursor cells 

from veins and mesenchyme, contributes to the formation of lymph sacs and vessels 

(Wilting et al., 2006).  Lymphangiogenesis, the sprouting of lymphatic endothelial cells 

from pre-existing lymphatic vessels, gives rise to a primitive network of lymphatic 

vessels.  This network matures during remodeling via the development of valves and 

recruitment of SMCs.  

  Although recent molecular findings have bolstered the centrifugal theory, a 

centripetal component has been demonstrated to serve a role in the development of the 

lymphatic vasculature in chick and tadpoles (Ny et al., 2005; Schneider et al., 1999; 

Wilting et al., 2000; Wilting et al., 2006).  Furthermore, circulating lymphatic endothelial 

precursor cells have been reported to contribute to pathological lymphangiogenesis in 

humans (Kerjaschki et al., 2006).     

 Despite an incomplete understanding of the embryonic development of the 

lymphatic vasculature, numerous genes have been identified which serve crucial 

functions in the sequential steps of lymphatic development (lymphvasculogenesis, 

lymphangiogenesis, and remodeling).  The names of these genes and phenotypes 

exhibited by mice deficient for them are presented in Tables 1 and 2, whereas gross 

chromosomal abnormalities affecting the development of the lymphatic system are listed 

in Table 3.  In the following sections I will further describe the sequential steps in the 

development of the lymphatic vasculature and genes that regulate these steps. 

  

    



 20

  
Table 1.  Lymphatic phenotypes exhibited my mice lacking specific growth factors, 
receptors and signaling molecules. 
 
 

Gene Name Molecular Description Lymphatic Phenotype 
Ang2 Ligand for the receptor tyrosine 

kinase Tie2 
Ang2-/- mice exhibit chylous ascites, 
lymphedema, and lymphatic hypoplasia.  
The mesenteric collecting lymphatic 
vessels of Ang2-/- mice lack complete 
coverage with smooth muscle cells while 
the lymphatic capillaries in the digestive 
organs are associated with pericytes (Gale 
et al., 2002; Shimoda et al., 2007). 

Fiaf  Glycosylated secreted protein Fiaf-/- mice have dilated, blood-filled 
lymphatics in the small intestine.  This 
phenotype begins postnatally and is not 
observed in fiaf-/- embryos (Bäckhed et al., 
2007). 

Vegfc   Ligand for VEGFR-2 and VEGFR-3 Vegfc-/- mice lack jugular lymph sacs.  
Vegfc+/- mice have chylous ascites, 
lymphedema and lymphatic hypoplasia 
(Karkkainen et al., 2004). 

Vegfd Ligand for VEGFR-3 Vegfd-/- mice do not exhibit a striking 
lymphatic phenotype (Baldwin et al., 2005) 

EphrinB2 
 

Transmembrane ligand for Eph 
receptor 

EphrinB2ΔV/ΔV develop chylothorax and fail 
to undergo proper postnatal lymphatic 
remodeling (Makinen et al., 2005). 

Integrin α9 Receptor for extracellular matrix  α9-/- mice develop chylothorax (Huang et 
al., 2000).  

 Lyve-1 Lymphatic hyaluronan receptor The lymphatic system develops normally 
in Lyve1-/- mice (Gale et al., 2007). 

Nrp2  Receptor for semaphorins and 
VEGF family members 

Nrp2-/- mice have a reduction of lymphatic 
capillaries during development (Yuan et 
al., 2002). 

Podoplanin Membrane glycoprotein Podoplanin-/- mice have lymphedema, 
defects in lymphatic patterning, and dilated 
lymphatic vessels (Schacht et al., 2003).   

SLP-76 and Syk Adaptor protein and tyrosine kinase 
respectively 

Proposed that lymphatic and blood vessels 
in SLP-76 and Syk mutant mice fail to 
separate (Abtahian et al., 2003; Sebzda et 
al, 2006). 

Spred1/2 Signaling proteins that negatively 
regulate ERK activation 

Spred1/2 double-knockout embryos die 
because of severe hemorrhaging and 
edema.  The lymphatic vessels of Spred1/2 
double-knockout mice appear dilated and 
contain blood (Taniguchi et al., 2007). 

Vegfr3  Receptor tyrosine kinase for VEGF-
C and VEGF-D 

Chy mice have chylous ascites, 
lymphedema and hypoplasia of cutaneous 
lymphatic vessels (Karkkainen et al., 
2001). 
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Table II.  Lymphatic phenotypes exhibited by mice lacking specific transcription 
factors 
 
 
 
 

 
 

 

 

 

 

Gene Name Molecular Description Lymphatic Phenotype 
Foxc2 Transcription factor  Foxc2+/- mice exhibit lymphatic 

reflux, extra lymphatic vessels and 
lymph nodes and distichiasis 
(Kriederman et al., 2003).  Foxc2-/- 
mice show defective lymphatic 
valves and an abnormal mural cell 
coverage of lymphatic vessels 
(Petrova et al., 2004).   

Net Transcription factor. Netδ/δ mice 
lack a specific DNA binding 
domain. 

Netδ/δ develop chylothorax and 
have dilated lymphatic vessels 
(Ayadi et al., 2001). 

Prox1 Transcription Factor Prox1-/- mice fail to develop 
lymphatic vessels (Wigle and 
Oliver, 1999).  Prox1+/- mice 
exhibit lymphedema, chylous 
ascites, mispatterned lymphatic 
vessels as well as generalized 
obesity (Harvey et al., 2005). 

Sox18 Transcription factor Sox18-/- mice manifest chylous 
ascites depending on genetic 
background (Pennisi et al., 2000).  

Vezf1 Zinc finger transcription factor  Lymphatic hyperplasia is observed 
in the jugular region of E13.5 
Vezf1+/- embryos.  Lymphatic 
abnormalities were not observed at 
later timepoints (Kuhnert et al., 
2005).  
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Table III.  Lymphatic phenotypes of mice harboring unique chromosomal 
abnormalities 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Mouse Model Description of Chromosomal 
Abnormality 

Lymphatic Phenotype 

Chy-3  Large deletion of chromosome 8.  
The gene for Vegfc is located 
within this deleted region. 

Chy-3 mice show chylous ascites, 
lymphedema and lymphatic 
hypoplasia (Cattanach et al, 1993; 
Dellinger et al, 2007).  

Ts16 Trisomy 16; mouse model of 
Down syndrome 

Nuchal edema and distended 
jugular lymph sacs (Gittenberger-
De Groot et al., 2004). 
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 Lymphvasculogenesis 

  

 Lymphatic structures form de novo from precursor cells which arise from 

embryonic veins and mesenchyme by the process of lymphvasculogenesis (Wilting et al., 

2006).  This process contributes to the development of lymphatic vessels and is the 

driving force behind the development of lymph sacs, the first obvious lymphatic 

structures in embryos.  There are 6 lymph sacs in human embryos, 2 paired (jugular and 

posterior), and 2 unpaired (retroperitoneal and cisterna chyli) (Sabin 1909).  Of these, the 

jugular lymph sacs have been the most extensively characterized.   

 Jugular lymph sacs develop in part by the budding of lymphatic endothelial 

precursor cells from jugular veins.  Sabin initially proposed the venous origin of the 

jugular lymph sacs (Sabin 1902).  She maintained that the jugular lymph sacs are the 

earliest identifiable lymphatic structures, and that they develop from veins because of 

their position adjacent to veins.  Therefore, Sabin did not demonstrate a venous origin of 

the jugular lymph sacs, although she is credited with making that discovery, she merely 

proposed it. Huntington and McClure recognized this and wrote, “Considering our 

present knowledge of their development, it is evident, from the very nature of the case, 

that the injection method, as used by Sabin, has not as yet given us the slightest clue as to 

the actual manner in which the anlagen of the lymph sacs are derived from veins, nor, in 

fact, any evidence at all that they even possess a venous origin,” (Huntington and 

McClure 1910).  The first demonstration of the venous origin of the jugular lymph sacs 

was by Lewis (1905).  He observed several venous outgrowths in rabbit embryos, which 
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fused and detached from the blood vasculature to form the jugular lymph sacs (Lewis 

1905). Huntington and McClure were initially opposed to the venous origin of the jugular 

lymph sacs; however, later supported the venous origin of the jugular lymph sacs in a 

report on the development of the jugular lymph sacs in domestic cats (Huntington and 

McClure 1908). 

 More recently, the expression pattern of the transcription factor Prox-1 (master 

regulator of lymphatic endothelial cell differentiation) during murine embryonic 

development has supported the venous origin of the jugular lymph sacs (Wigle and 

Oliver 1999; Wigle et al., 2002).  Prox-1 is expressed by a subset of venous endothelial 

cells which appear to bud from the cardinal vein in response to vascular endothelial 

growth factor C (Vegfc).  These budding cells form the jugular lymph sacs (refer to 

Tables 1 and 2 for phenotypes of Prox1 and Vegfc deficient mice) (Karkainen et al., 

2004; Wigle and Oliver 1999; Wigle et al., 2002).  It has also been reported that 

lymphangioblasts from the mesenchyme fuse with the jugular lymph sacs (Buttler et al., 

2006).  Molecular characterization of lymphatic development in chick has also supported 

a venous and mesenchymal origin of the jugular lymph sacs (Wilting et al., 2006).  

 Although the development of the jugular lymph sacs has been extensively re-

analyzed using molecular markers of the lymphatic system, the formation of the posterior 

and retroperitoneal lymph sacs as well as the cisterna chyli has not.  Current 

understanding of the development of these structures is based on results obtained by basic 

histological techniques.  The paired posterior lymph sacs develop near the sciatic veins 

whereas the retroperitoneal (mesenteric) lymph sac develops near the renal vein by the 
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coalescence of small veins, which subsequently separate from the blood vasculature 

(Baetjer 1908; Sabin 1902, Sabin 1904; Sabin 1909).  The retroperitoneal sac eventually 

connects to the cisterna chyli, which arises adjacent to inferior vena cava (Sabin 1909). 

 After the process of lymphvasculogenesis produces lymph sacs, the lymphatic 

network begins to take shape by lymphangiogenesis.  

 

        Lymphangiogenesis 

 

 Blood and lymphatic vessel networks can expand by sprouting from pre-existing 

blood (hemangiogenesis) and lymphatic (lymphangiogenesis) vessels.  These processes 

rely on positional signals to stimulate and direct the migration of sprouting vessels. 

Despite the recent explosion in the study of lymphangiogenesis, the mechanism of 

hemangiogenesis has been more fully characterized.  

 In response to hemangiogenic factors, specific endothelial cells are selected to 

become tip cells and lead growing blood vessel sprouts. Tip cells send dynamic filopodia 

to sense guidance cues in their environment and navigate vessel migration (Gerhardt et 

al., 2003).  Delta-like-ligand-4 (Dll4) and Notch signaling are essential for determining 

which cells will become tip cells (reviewed in Adams and Alitalo 2007). Following the 

formation of tips, blood vessel sprouts grow by the proliferation cells located in the stalk 

of vessels rather than by the proliferation of tip cells (Gerhardt et al., 2003).  The 

underlying mechanisms responsible for this difference in behavior between tip and stalk 

cells have not been elucidated. 
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 Mirroring hemangiogenesis, numerous filopodia are situated at the tips of 

sprouting lymphatic vessels.  These structures have been documented in sprouting 

lymphatic vessels during embryonic as well as postnatal development and are absent 

from quiescent lymphatic vessels in adults (Dellinger et al., 2008).  Despite the striking 

similarities to growing blood vessels, it is unclear if the filopodia at the ends of growing 

lymphatic vessels are radiating from specialized lymphatic tip cells.  Furthermore, it is 

not known if Notch-Dll4 signaling regulates the selection of lymphatic endothelial cells 

sprouts nor if lymphatic vessels grow by proliferating at the tips, stalks, or both.  

Interestingly, mesenchymal cells expressing lymphatic markers have been proposed to 

fuse to the tips of growing lymphatic vessels in quail, suggesting that lymphatic vessels 

can grow by a unique mechanism not used by blood vessels (Parsons-Wingerter et al., 

2006).     

 Although lymphangiogenesis has been studied for more than a century, there has 

been a recent explosion of interest in this phenomenon because of the discovery of 

growth factors that stimulate lymphangiogenesis.  Vascular endothelial growth factor C 

(VEGF-C), a ligand for VEGFR-2 and -3, was the first lymphatic growth factor 

discovered (Joukov et al., 1996).  The robust lymphangiogenic effect of VEGFC was 

demonstrated by avian chorioallantoic membrane assays and transgenic overexpression in 

mice (Jeltsch et al., 1997; Oh et al., 1997).  Indeed, Vegfc+/-, Chy-3 (Vegfc hemizygotes), 

and Chy (Vegfr3 mutants) mice all exhibit lymphangiogenesis defects (Dellinger et al., 

2007; Karkkainen et al., 2001; Karkkainen et al., 2004). All of the key structural 

components of a normal lymphatic vessel network develop in Chy-3 mice (initial 
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lymphatics and valved collecting lymphatic vessels associated with smooth muscle cells); 

however, the number of lymphatic vessels is reduced.  Furthermore, the lymphatic 

vessels in Chy-3 mice have a normal morphology (Dellinger et al., 2008).  These 

observations have not been reported for Chy or Vegfc+/- mice.  Observations on Chy-3 

and Vegfc+/- mice demonstrate that normal levels of Vegfc are required for the formation 

of a highly branched network of lymphatic vessels.  In contrast to Vegfc+/- and Chy-3 

mice, Vegfc-/- mice die during embryonic development and lack lymphatic vessels 

(Dellinger et al., 2007; Karkkainen et al., 2004).  Prox1 positive cells do not migrate from 

cardinal veins in Vegfc-/- embryos and no lymphatic structures (jugular lymph sacs or 

vessels) are observed during later stages of embryonic development (Karkkainen et al., 

2004).  This indicates that Vegfc is required for the development of the mammalian 

lymphatic system.  Furthermore, Vegfc is necessary for the development of the lymphatic 

system in Xenopus laevis and zebrafish (Kuchler et al., 2006; Ny et al., 2005; Yaniv et 

al., 2006).      

 Although Vegfc is a robust and essential lymphatic growth factor, it does not act 

alone.  The growth factors VEGF-D, IGF-1, IGF-2, PDGF-BB, HGF, Angiopoietin-1, 

Angiopoietin-2, and FGF-2 have all been demonstrated to stimulate lymphangiogenesis; 

however, the function all of these genes serve during the development of the lymphatic 

system has not been elucidated (Björndahl et al., 2005; Cao et al., 2004; Kajiya et al., 

2005; Kubo et al., 2002; Morisada et al., 2005; Tammela et al., 2005; Veikkola et al., 

2001). 
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 In addition to lymphangiogenic stimulating factors, there are also inhibitory 

factors that influence the architecture of the lymphatic vasculature.  In order for the blood 

and lymphatic vascular systems to function as dual systems, it is critical for the two to be 

separated except at a few specific locations.  Syk and the adapter molecule SLP-76 are 

proposed to inhibit the formation of aberrant connections between blood and lymphatic 

vessels during embryonic development (Abtahian et al., 2003).  Furthermore, fasting-

induced adipose factor (fiaf) is required to maintain separation of the blood and lymphatic 

vasculatures during postnatal development (Bäckhed et al., 2007).  Despite these 

observations, the repulsive mechanisms preventing the intermingling of blood and 

lymphatic vessels remain unclear.  

 

        Remodeling of the lymphatic vasculature  

 

 The processes of lymphvasculogenesis and lymphangiogenesis produce an 

immature network of lymphatic vessels which subsequently remodels into hierarchal 

pattern of initial and collecting vessels.  Remodeling involves lymphangiogenesis, 

lymphatic vessel pruning, and the acquisition of a collecting vessel phenotype 

(development of valves and recruitment of smooth muscle cells) by specific lymphatic 

vessels (Figure 1.2). 
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Figure 1.2.  Model for the remodeling of the lymphatic vasculature. 

A primary plexus of lymphatic vessels forms during development.  Lymphatic sprouts 

with numerous filopodia emerge from the primary plexus to form a secondary plexus.  

Lymphatic vessels in the primary plexus subsequently acquire a collecting vessel 

phenotype (yellow).  After remodeling, a hierarchal network of lymphatic vessels is 

present with initial lymphatic vessels (secondary plexus) transitioning to collecting 

lymphatic vessels (primary plexus).  
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Figure 1.2 
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Sabin first described remodeling of the lymphatic vasculature over 100 years ago 

in the skin of pig embryos (Sabin 1904).  She demonstrated that a primary plexus of 

valveless lymphatic vessels forms at the border between the dermis and subcutaneous 

tissue during embryonic development.  Later, sprouts from the primary plexus invade the 

dermis and give rise to a secondary plexus of initial lymphatic vessels.  During this time, 

vessels of the subcutaneous primary plexus mature into collecting vessels (Sabin 1904).   

 Remodeling of the lymphatic vasculature in the small intestine was demonstrated 

to occur by a similar mechanism (Heuer 1910).  After lymphatic vessels from the 

mesentery invade the small intestine, they branch and form a primary plexus in the 

submucosa.  Sprouts from the submucosal primary plexus invade the mucosa and form a 

secondary plexus of initial lymphatic vessels.  Subsequently, vessels from the secondary 

plexus extend into the villi of the small intestine to form lacteals while lymphatic vessels 

of the submucosal primary plexus acquire a collecting vessel phenotype (Heuer 1910). 

 More recently, the same remodeling process was shown to occur postnatally in 

the skin of mice and to depend on ephrinb2 (Mäkinen et al., 2005). Mice expressing a 

form of ephrinB2 lacking a domain that interacts with PDZ domain containing proteins 

(ephrinB2∆v/∆v) exhibit severe defects of the lymphatic system.  EphrinB2∆v/∆v mice 

display chylothorax, valveless collecting lymphatic vessels, and remodeling defects of the 

dermal lymphatic vasculature (Mäkinen et al., 2005).  During postnatal development, a 

normal primary plexus of lymphatic vessels forms in ephrinB2∆v/∆v pups; however, 

sprouts fail to emerge and a secondary plexus of initial lymphatic vessels does not 

develop (Mäkinen et al., 2005). This failure in lymphatic remodeling leads to deficiency 
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of mature lymphatic vessels in adult ephrinB2∆v/∆v mice.  Interestingly, Angiopoietin-2 

(Ang2) deficient mice exhibit similar defects of the lymphatic vasculature.      

 Analysis of knockout and transgenic mice has previously shown that the receptor 

tyrosine kinase Tie-2 and its ligands, Angiopoietin-1 and -2, are required for the 

maturation of the primitive blood vasculature (Dumont et al., 1994; Gale et al., 2002; 

Hackett et al., 2002; Maisonpierre et al., 1997; Sato et al., 1995; Suri et al., 1996).  

Angiopoietin-1 (Ang-1) is thought to function as a stabilizing factor and promote the 

association of mural cells with nascent blood vessels by the activation of Tie2 (Suri et al., 

1996).  Conversely, Ang-2 is thought to act as an antagonist of Tie2 and destabilize blood 

vessels during hemangiogenic remodeling (Holash et al., 1999; Lobov et al., 2002; 

Maisonpierre et al., 1997; Visconti et al., 2002).  Furthermore, Ang-2 is thought to 

function in a complementary fashion with VEGF-A during the remodeling of the blood 

vasculature.  In the absence of VEGF-A, Ang2 causes blood vessel regression, whereas in 

the presence of VEGF-A, it facilitates hemangiogenesis (Holash et al., 1999; Lobov et al., 

2002; Maisonpierre et al., 1997; Visconti et al., 2002). Ang2-/- mice were generated to 

explore the effect a deficiency of Ang2 had on the development of the blood vasculature 

(Gale et al., 2002). Surprisingly, Ang2-/- mice were reported to exhibit only mild defects 

of the blood vasculature, but severe defects of the lymphatic system.   

 Ang2-/- mice display chylous ascites, peripheral lymphedema and hypoplasia of 

the lymphatic vasculature (Gale et al., 2002).  Furthermore, lymphatic vessels in Ang2-/- 

mice fail to mature resulting in a severe deficiency of collecting lymphatic vessels 

(Dellinger et al., 2008).  Nearly all of the lymphatic vessels in the skin of Ang2-/- mice 
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express the initial lymphatic marker LYVE-1 and are comprised of oak-leaf shaped 

endothelial cells (Dellinger et al., 2008).  There is also a dramatic reduction in the 

number of lymphatic valves in the skin of Ang2-/- mice (Dellinger et al., 2008).  In 

addition to the immaturity of the dermal lymphatic network, lymphatic vessels in the 

mesentery fail to mature, suggesting a global defect in the remodeling of the lymphatic 

vasculature in Ang2-/- mice (Dellinger et al., 2008).   

 During postnatal development of Ang2-/- pups, a dysplastic primary plexus of 

vessels forms which has prematurely recruited smooth muscle cells.  Only a few sprouts 

emerge from the primary plexus to form a hypoplastic secondary plexus of initial 

lymphatic vessels.  Later in development, lymphatic vessels of the primary plexus fail to 

down-regulate LYVE-1 expression, and the immature phenotype persists (Dellinger et 

al., 2008). The premature recruitment of smooth muscle cells by lymphatic vessels in 

Ang2-/- mice, and subsequent failure of vessel maturation, suggests that smooth muscle 

cells can inhibit the maturation of lymphatic vessels (Dellinger et al., 2008).   

Foxc2-/- mice also display lymphatic vessel maturation defects.  Foxc2 is a 

member of the forkhead family of transcription factors and was originally demonstrated 

to be involved in the development of the lymphatic system when mutations in FOXC2 

were identified in patients with the autosomal dominant disorder lymphedema-

distichiasis (Fang et al., 2000).  Lymphedema-distichiasis is characterized by pubertal 

onset of lymphedema, hyperplastic lymphatic vessels, and an extra row of eyelashes 

(distichiasis) (Erickson et al., 2001).  Imitating the human condition, Foxc2+/- mice have 

an extra row of eyelashes and hyperplastic lymphatic vessels (Kriederman et al., 2003).  
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Functional studies using Foxc2+/- mice suggested that collecting lymphatic vessels lacked 

valves or that valves were incompetent (Kriederman et al., 2003).  Analysis of Foxc2-/- 

mice revealed that Foxc2 is required for the development of lymphatic valves (Petrova et 

al., 2004).   

 Foxc2 negatively regulates the expression of pdgfb, a gene which stimulates 

recruitment of SMCs to blood vessels (Lindahl et al., 1997; Petrova et al., 2004). It is 

thought that upregulation of pdgfb in Foxc2-/- mice leads to abnormal coverage of 

lymphatic vessels with SMCs.  These ectopically located SMCs could inhibit the 

development of lymphatic valves.  Interestingly, Ang2-/- ; Foxc2+/- compound mutant 

mice die during embryonic and neonatal development despite viability of individual 

Ang2-/- and Foxc2+/- mice (unpublished observation from our lab).  This finding suggests 

some form of interaction between Ang2 and Foxc2; however, the nature of the interaction 

is unclear.  Foxc2 has also been demonstrated to genetically interact with Vegfr3, 

implicating the Vegf-c/Vegfr-3 pathway in remodeling of the lymphatic vasculature 

(Petrova et al., 2004). 

 Although Vegf-c may serve a function during the initial stages of lymphatic 

development, lymphatic vessel responsiveness to Vegf-c is modulated after remodeling. 

Transduction of adenovirus expressing a soluble form of Vegfr3 in mice under 2 weeks 

of age causes regression of initial lymphatic vessels whereas collecting lymphatic vessels 

are unaffected (Karpanen et al., 2006).  Collecting lymphatic vessels could be insensitive 

to alterations in Vegf-c because they no longer depend on Vegf-c signaling for survival, 

or alternatively, their associated smooth muscle cells provide stabilizing signals that 
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prevent their regression.  Initial lymphatic vessels eventually develop in mice expressing 

soluble Vegfr3 suggesting that initial lymphatic vessels lose Vegf-c dependence overtime 

(Karpanen et al., 2006). 

 Despite the identification of mutant mice that lack lymphatic valves, mechanisms 

of valve development have not been fully elucidated.  Ranvier (1865) proposed that 

valves arise when lymphatic sprouts fuse with recipient lymphatic vessels.  Later, 

Kampmeier (1928) identified a similar mechanism and described it, as well as two other 

forms of lymphatic vessel valvulogenesis (Figure 1.3). 
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Figure 1.3.  Mechanisms of lymphatic valvulogenesis.   

(A) A lymphatic sprout can invade and fuse with a recipient lymphatic vessel to form a 

mature valve. (B) Lymphatic endothelial cells located at vessel junctions can proliferate 

to form a valve. (C) Specific endothelial cells in a longitudinal vessel proliferate and 

subsequently transform the region into a valve. (Figure modified from Kampmeier 1928) 
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Figure 1.3 
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The first form of valvulogenesis proceeds by the growth of an endothelial extension 

along a recipient vessel.  The extension acquires a lumen and invades the recipient vessel 

to form a valve.  The second form of valvulogenesis takes place at the junction of two 

lymphatic vessels subsequent to the union of the two vessels.  These valves begin as 

thickened shelves of endothelium that that elongate in the direction of lymph flow.  After 

extensive proliferation, the endothelial cells form the mature valve.  The third form of 

valvulogenesis proceeds by the formation of an endothelial girdle, which transforms into 

a valve. 

 Although Kampmeier was a proponent of the centripetal theory, he noted that 

valve development proceeds in an anterior to posterior direction and in a centrifugal 

manner.  Furthermore, he noted variability in the number and position of lymphatic 

valves (Kampmeier 1928).  Despite the importance valves serve in the functioning 

lymphatic system, these models of valvulogenesis have almost been entirely ignored or 

forgotten.  Re-evaluation of these models using immunohistochemical techniques is 

necessary to confirm these models. 

 The formation of lymphatic valves may be a strong influence on whole body 

lymph drainage patterns during development.  The deep lymphatic system and lateral 

lymphatic pathway fill with Evans blue dye (EBD) in newborn mice following a hindpaw 

injection of EBD (Dellinger et al., 2007).  As mice mature, the deep lymphatic system 

becomes favored over the lateral lymphatic pathway (Dellinger et al., 2007).  The reason 

for this change in drainage pattern is unclear, but may be due to the development of 

lymphatic valves or more connections between the superficial and deep lymphatic system 
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(Dellinger et al., 2007).   Interestingly, EBD is drained from the lymphedematous 

hindpaw of Chy-3 mice by the lateral lymphatic pathway and not by the deep lymphatic 

system.  Determining lymph drainage patterns of immature and dysplastic lymphatic 

networks may be relevant to the treatment of clinical disorders of the lymphatic system. 

 

    Human disorders of the lymphatic system and therapies 

 

 Clinical disorders of the lymphatic system are found at birth and also later in life. 

They are characterized by inadequate, malformed, or excessive lymphatic vessel growth 

and result in the accumulation of tissue fluid, and the disorder lymphedema (Földi et al., 

2006).  Specific chromosomal aneuploidies (Turners syndrome and trisomy 21) and 

genetic mutations result in primary lymphedema.  Genetic mutations have been identified 

for lymphedema-distichiasis (FOXC2), hypotrichosis-lymphedema-telangiectasia 

(SOX18), and some cases of Milroy lymphedema (VEGFR3); however, mutations have 

not been identified for many other forms of lymphedema (Fang et al., 2000; Ferrell et al., 

1998; Irrthum et al., 2000; Irrthum et al., 2003; Karkkainen et al., 2000; Witte et al., 

1998). 

 Currently, most patients manage their lymphedema by complete decongestive 

therapy (CDT).  The main components of CDT are massage, compression, and 

meticulous skin care (Földi et al., 2006).  CDT is extremely time consuming and requires 

patient compliance in order to maintain results.  In appropriate cases, surgical procedures 

are used to treat lymphedema.  These include microsurgical lymphatic-venous 
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anastomoses and liposuction (Brorson et al., 2006; Campisi et al., 2006).  These 

specialized procedures are reported to reduce lymphedematous limb volume; however 

physical treatments are continued following the procedure.   

 In addition to the traditional treatments mentioned above, molecular therapies to 

treat lymphedema may be available in the future.  An exciting avenue of research 

currently being pursued is the use of vascular endothelial growth factor C (VEGF-C) to 

stimulate the development of lymphatic vessels.  Initial results using VEGF-C appear 

promising as lymphatic function was rescued in the ear of Chy mice (mouse model of 

Milroy lymphedema) following VEGF-C treatment (Karkkainen et al., 2001).  

Unfortunately, it was not reported whether VEGF-C treatment reduced limb volume of 

Chy mice and the benefits of VEGF-C in this mouse model need to be further explored.  

Moreover, the effectiveness of VEGF-C on other mouse models of primary lymphedema 

needs to be determined because VEGF-C treatment may only be suitable for specific 

forms of primary lymphedema.  

 Another molecular therapy for lymphedema could be the use of stem cells.  

Murine embryonic stem cells have recently been demonstrated to differentiate into 

lymphatic endothelial cells and the potential of these cells is currently being explored 

(Kono et al., 2006; Kreuger et al., 2006).    
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  Concluding remarks 

 Significant progress has been made in our understanding of the sequential stages 

of lymphatic development.  This is in part because of the identification of lymphatic 

specific molecular markers and characterization of lymphatic phenotypes exhibited by 

knockout mice.  Despite recent achievements, the development of the lymphatic system 

has not been fully elucidated.  The relationships between genes need to be determined in 

order to organize signaling pathways that regulate different phases of lymphatic 

development.  Delineating the development of the lymphatic system will provide further 

insight into the underlying mechanisms responsible for clinical disorders of the lymphatic 

system and translational clues relevant to their pathogenesis and treatment.  Furthermore, 

novel therapeutic approaches may also be identified leading to effective treatments for 

the disabling and disfiguring disorders of the lymphatic system.  
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Explanation of dissertation format 

 My dissertation is formatted to include published papers and is comprised of two 

chapters as well as two appendices containing accepted manuscripts.  Chapter 1 includes 

an explanation of the problem and context as well as a review of the literature.  Chapter 2 

consists of a summary of the results, and conclusions of the research appearing in the 

appendices. 

 I designed, carried out, and interpreted a majority of the experiments described in 

the two papers.  Michael Bernas, and Drs. Robert Erickson and Marlys Witte were 

essential in obtaining the mice and reagents used in my research.  Furthermore, they 

helped me write the manuscript in Appendix B and gave me helpful advice and edits on 

the manuscript in Appendix A.    
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CHAPTER 2: PRESENT STUDY 

 The methods, results, and conclusions of the studies described in this dissertation 

are in the appendices.  The following is a summary of the most important findings in 

these studies.  

 

Elucidating the molecular mechanisms that regulate the development of the 

lymphatic system may shed light on the underlying causes of clinical disorders of the 

lymphatic system and identify new therapies.  Detailing the sequential steps of lymphatic 

development has recently been facilitated by the discovery of markers specific to the 

lymphatic system and knockout mouse models that exhibit abnormal lymphatic 

phenotypes.  Despite these recent advances, the molecular mechanisms controlling 

lymphatic development have not been fully delineated. I demonstrate the distinct roles 

the growth factors Angiopoietin-2 and vascular endothelial growth factor-c (Vegf-c) 

serve in the development of the lymphatic system by showing contrasting defects in 

Angiopoietin-2 and Chy-3 mutant mice.   

Wholemount immunofluorescence staining of ear skin revealed that Ang2-/- mice 

exhibit a severe deficiency of collecting lymphatic vessels (Dellinger et al., 2008).  

Nearly all lymphatic vessels in Ang2-/- ear skin expressed LYVE-1, were comprised of 

oak leaf shaped endothelial cells, and lacked valves.  Furthermore, lymphatic vessels in 

the mesentery of Ang2-/- mice failed to acquire a collecting vessel phenotype, 

demonstrating that lymphatic vessel maturation defects were not restricted to the skin.         
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Specific lymphatic vessels recruit smooth muscle cells, down-regulate LYVE-1 

expression, and develop valves during the remodeling stage of lymphatic development.  

We characterized this process to determine whether it was altered in Ang2-/- mice.  

During postnatal development of Ang2-/- pups, a dysplastic primary plexus of vessels 

forms which has prematurely recruited smooth muscle cells.  Only a few sprouts emerge 

from the primary plexus to form a hypoplastic secondary plexus of initial lymphatic 

vessels.  Later in development, lymphatic vessels of the primary plexus fail to down-

regulate LYVE-1 expression, and the immature phenotype persists (Dellinger et al., 

2008).    

Smooth muscle cells are proposed to stabilize blood vessels and induce the 

quiescence of blood endothelial cells by the activation of factors such as TGF-β (von Tell 

et al., 2006).  Smooth muscle cells may prematurely stabilize Ang2-/- lymphatic vessels 

and inhibit their maturation.  This could be mediated by the release of factors that induce 

the quiescence of lymphatic endothelial cells, or alternatively, by direct cell-cell mediated 

signaling between smooth muscle cells and lymphatic endothelial cells.  

The abnormal association of smooth muscle cells with initial lymphatic vessels in 

Ang2-/- mice suggests that Ang2 is required to prevent smooth muscle cells from 

interacting lymphatic vessels.  It has previously been reported that Ang2 disrupts the 

association between SMCs and blood endothelial cells.  Ang2 is secreted by blood 

endothelial cells and interacts with its receptor, Tie2, in an autocrine fashion. The 

downstream events leading to the dissociation of SMCs from blood endothelial cells are 

unclear.  The pattern of β-galactosidase activity in Ang2-/- mice (Ang2 null allele created 
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by insertion of LacZ) suggests that lymphatic endothelial cells express Ang2.  

Furthermore, lymphatic endothelial cells have been reported to express Tie2 (Morisada et 

al., 2005; Tammela et al., 2005).  Therefore, defects in Ang2 autocrine signaling by 

lymphatic endothelial cells might lead to abnormal SMC coverage of lymphatic vessels.   

It was recently reported that lymphatic vessels in Foxc2-/- mice become 

abnormally covered with SMCs (Petrova et al., 2004).  Foxc2 is a transcription factor 

highly expressed by lymphatic vessels (Dagenais et al., 2004).  Ang2 could function in 

collaboration with Foxc2 to prevent smooth muscle cell coverage of lymphatic vessels.  

Alternatively, Ang2 could function with pdgfb, members of the TGF-β signaling 

pathway, or uncharacterized factors to inhibit SMC coverage of lymphatic vessels (von 

Tell et al., 2006).   

This work pinpoints the precise nature of a specific lymphatic defect in Ang2-/- 

mice and further defines the sequential stages of lymphatic vessel remodeling.  To further 

detail the development of the lymphatic system, I also characterized the lymphatic 

phenotype of Chy-3 mice.  

Chy-3 mice were previously reported to have chylous ascites, lymphedema, and 

one copy of chromosome 8 that is missing cytobands 8A4 to 8B3 (Cattanach et al., 1993). 

We showed by real-time PCR using genomic DNA that Vegfc was included in the deleted 

region of chromosome 8 (Dellinger et al., 2007). Wholemount immunofluorescence 

staining of ear skin revealed that all components of a normal lymphatic network were 

present in Chy-3 mice (valves, smooth muscle cells, and initial as well as collecting 

vessels); however, the number of LYVE-1 positive initial lymphatic vessels was reduced 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Dagenais%20SL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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(Dellinger et al., 2007).  The hypoplastic superficial lymphatic network in Chy-3 mice 

was functional, but exhibited defects in transport to the deep lymphatic system.  

Interestingly, a lateral lymphatic pathway connecting inguinal and axillary nodes was 

observed in all adult Chy-3 mice.  If this pathway is functional in human lymphedema 

patients, therapists may be able to exploit it during manual lymph drainage therapy for 

more effective treatment.  Although Chy-3 mice exhibited defects of the lymphatic 

vasculature, the blood vasculature appeared normal (Dellinger et al., 2007).  Because the 

lymphatic phenotype of Chy-3 mice mirrors that of Vegfc+/- mice, we propose that the 

lymphatic defects in Chy-3 mice are due to hemizygosity of Vegfc.  

Ang2-/- and Chy-3 mice are grossly indistinguishable from one another; however, 

their underlying lymphatic defects are dramatically different.  Ang2-/- mice exhibit defects 

in lymphangiogenic remodeling and lymphangiogenesis whereas Chy-3 mice show a 

reduced capacity for lymphangiogenesis.  I propose that Ang2 maintains lymphatic vessel 

plasticity by preventing SMC-lymphatic vessel associations so maturation can occur and 

facilitates lymphangiogenesis in the presence of Vegfc. This is analogous to Ang2’s 

function on the blood vasculature where it is thought to destabilize SMC-blood vessel 

interactions and facilitate hemangiogenesis in the presence of Vegfa. 

Taken together, these findings further delineate the development of the lymphatic 

system and could provide translational clues relevant to the pathogenesis and treatment of 

clinical disorders of the lymphatic system. 
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ABSTRACT 

Molecular mechanisms regulating the remodeling of the lymphatic vasculature 

from an immature plexus of vessels to a hierarchal network of initial and collecting 

lymphatics are not well understood. One gene thought to be important for this process is 

Angiopoietin-2 (Ang-2).  Ang2-/- mice have previously been reported to exhibit an 

abnormal lymphatic phenotype but the precise nature of the lymphatic defects and the 

underlying mechanisms have yet to be defined.  Here we demonstrate by whole-mount 

immunofluorescence staining of ear skin and mesentery that lymphatic vessels in Ang2-/- 

mice fail to mature and do not exhibit a collecting vessel phenotype.  Furthermore, 

dermal lymphatic vessels in Ang2-/- pups prematurely recruit smooth muscle cells and do 

not undergo proper postnatal remodeling.  In contrast, Ang2 knockout Ang1 knock-in 

mice do develop a hierarchal lymphatic vasculature, suggesting that activation of Tie-2 is 

required for normal lymphatic development.  Taken together, this work pinpoints a 

specific lymphatic defect of Ang2-/- mice and further defines the sequential steps in 

lymphatic vessel remodeling.     

 

Keywords: Ang2, Angpt2, Angiopoietin-2, Ang2 knockout mice, Angiopoietin-1, Tie2, 

lymphedema, lymphangiogenesis, lymphatic development, lymphatic remodeling 
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INTRODUCTION 

 The lymphatic vasculature serves important physiological functions including the 

absorption of intestinal lipids, immune defense, and the return of tissue fluid and 

macromolecules to the blood vascular system (Witte et al., 2001).  It consists of a 

hierarchal network of initial and collecting lymphatic vessels which exhibit differences in 

physiological function, mural cell coverage, and gene expression (Karpanen and 

Mäkinen, 2006; Witte et al., 2006).  Initial lymphatic vessels absorb liquid and proteins 

that have leaked from blood capillaries, are free of mural cells, and highly express the 

lymphatic hyaluronan receptor LYVE-1 (Banerji et al., 1999; Witte et al., 2006).  

Furthermore, they are comprised of a single layer of oak leaf-shaped endothelial cells 

with overlapping junctions (Földi et al., 2006).  In contrast, collecting lymphatic vessels 

exhibit intraluminal valves and actively transport lymph to central lymphatic-venous 

junctions through the coordinated contraction of overlying smooth muscle cells (Földi et 

al., 2006).  Moreover, collecting lymphatic vessels down-regulate the expression of 

LYVE-1 and are comprised of endothelial cells exhibiting an elongated morphology 

(Mäkinen et al., 2005; Baluk et al., 2007; Tammela et al., 2007).  These fundamental 

differences between initial and collecting lymphatic vessels are thought to arise in a step-

wise fashion during embryonic and postnatal remodeling and maturation of the lymphatic 

vasculature (Oliver and Alitalo 2005).  

 During development, the processes of lymphvasculogenesis and 

lymphangiogenesis produce a primary network of lymphatic vessels, which subsequently 

remodels into an ordered pattern of initial and collecting vessels.  Sabin first described 
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this remodeling process over 100 years ago in the skin of pig embryos (Sabin 1904).  She 

demonstrated that a primary plexus of valveless lymphatic vessels first forms at the 

border between the dermis and subcutaneous tissue during embryonic development.  

Later, sprouts from the primary plexus invade the dermis and give rise to a secondary 

plexus of initial lymphatic vessels.  During this time, vessels of the subcutaneous primary 

plexus develop valves and mature into collecting vessels (Sabin 1904).  More recently, 

the same remodeling process was shown to occur postnatally in the skin of mice and to 

depend on reverse signaling by ephrinb2 (Mäkinen et al., 2005).  However, despite 

detailed descriptions of the remodeling of the lymphatic vasculature, the molecular 

mechanisms regulating this process have not been fully delineated.  

 In contrast, the molecular control of the remodeling of the blood vasculature has 

been extensively characterized and shown to depend on the Tie-2 ligand, Angiopoietin-2 

(Ang-2; Maisonpierre et al., 1997; Gale et al., 2002; Hackett et al., 2002).  Ang2-/- mice 

exhibit defects in the remodeling of the blood vasculature, but surprisingly, even more 

severe defects of the lymphatic system (Gale et al., 2002).  Ang2-/- mice display chylous 

ascites, peripheral lymphedema and hypoplasia of the lymphatic vasculature (Gale et al., 

2002).  Furthermore, mesenteric lymphatic vessels of Ang2-/- mice are ragged and exhibit 

a poor association with smooth muscle cells whereas (SMCs) initial lymphatic vessels in 

the digestive organs are abnormally covered with SMCs (Gale et al., 2002; Shimoda et 

al., 2007).   

 Despite these detailed descriptions of Ang2-/- mice, the precise nature of their 

lymphatic defects has yet to be elucidated.  Here we show that Ang-2 is a crucial 



 60

regulator of lymphatic remodeling by demonstrating that Ang2-/- mice exhibit defects in 

postnatal remodeling and maturation of the lymphatic vasculature, resulting in a profound 

deficiency of mature collecting lymphatic vessels.   
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MATERIALS AND METHODS 

Mouse colony maintenance and Polymerase Chain Reaction (PCR) genotyping 

 All animal protocols were approved by the Institutional Animal Care and Use 

Committee at the University of Arizona (Tucson, AZ).  Mice were maintained on the 

C57BL/6 genetic background and fed a normal 6% fat diet with water ad libitum.  

Genomic DNA used for genotyping was isolated from tail tips of offspring using a 

QIAGEN DNeasy blood and tissue kit (catalog number 69506).  The PCR reaction to 

genotype Ang2 mice is as follows: 17.5 µl water; 2.5 µl 10X NH4 reaction buffer 

(BIOLINE); 2.0 µl 25mM MgCl2; 1.0 µl dNTP mix (10 mM of each dNTP; Promega 

C114H); 1.0 µl primer mix (mix containing each primer at 0.167 µg/µl); 0.25 µl Taq 

DNA polymerase (BIOLINE; catalog number BIO-21086); and 1 µl isolated genomic 

DNA.  Primer sequences for the Ang2 PCR are: Ang2 forward 5’-CTT-CTC-TCT-GTG-

ACT-GCT-TTG-C-3’; Ang2 reverse 5’-CTG-GGA-TCT-TGT-CTT-GGC-C-3’; and Neo 

3’ ds85 5’ GAG-ATC-AGC-AGC-CTC-TGT-TCC-3’.  In a BIORAD MyCycler™ 

thermocycler, the PCR reaction mixture was heated to 95˚ C for 3 minutes, and then 

cycled from 95˚ C (30 seconds), to 61˚ C (30 seconds), then to 72˚ C (45 seconds) 35 

times.  PCR products of 380 bp (wildtype allele) and 240 bp (mutant allele) were 

observed after gel electrophoresis and ethidium bromide detection. The PCR reaction to 

genotype Ang2A1 mice is as follows: 17.75 µl water; 2.5 µl 10X NH4 reaction buffer; 1.5 

µl 25mM MgCl2; 1.0 µl dNTP mix; 1.0 µl primer mix (mix containing each primer at 

0.167 µg/µl); 0.25 µl Taq DNA polymerase; and 1 µl isolated genomic DNA.  The 

primer sequences for the Ang2A1 PCR are: JA2/1-F2 5’-GGG-GAG-AAA-CAA-AGA-
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GTC-CG-3’; Ang1 reverse 5’-GAA-TGG-CAG-CGA-AGA-ATG-C-3’; and Ang2 

reverse 5’-CTG-TCC-ACG-CTC-TTC-CTA-AAG-3’. The PCR reaction mixture was 

heated to 95˚ C for 3 minutes, and then cycled from 95˚ C (30 seconds), to 55˚ C (45 

seconds), then to 72˚ C (45 seconds) 35 times.  A final extension time of 7 minutes at 72˚ 

C followed the last cycle of the reaction.  PCR products of 340 bp (wildtype allele) and 

280 bp (knock-in allele) were observed after gel electrophoresis and ethidium bromide 

detection.    

Lymphangiography using Evans blue dye   

Adult mice were weighed and carefully examined for central and peripheral edema and 

ascites as well as other gross phenotypic abnormalities.  Mice were anesthetized with an 

intramuscular injection of 20:1:79 (ketamine:xylazine:sterile saline) at approximately 

0.1ml/10g body weight.  Evans blue dye (EBD)(1% w/v) was serially injected 

intradermally into the hind paws, fore paws, snout, and ear of Ang2+/+, Ang2-/-, and 

Ang2A1/A1 mice.  Following injections, the popliteal, sacral, iliac, axillary, and jugular 

regions were dissected and visualized under a dissecting microscope (Weck, Evergreen, 

CO, USA).   

Whole-mount immunofluorescence 

We performed whole-mount immunofluorescence analysis of mesentery as well as ear 

and ventral skin to assess the pattern of the lymphatic system and identify mural cell 

components of the vasculature. Tissue was fixed with 1% paraformaldehyde for 1 hour at 

room temperature, washed in PBS, permeabilized with 0.3% Triton-X 100 in PBS, and 

then blocked overnight with 3% goat serum in 0.3% Triton-X 100 in PBS. Smooth 
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muscle cells were detected by incubating tissues with a Cy3 conjugated anti-α-Smooth 

Muscle Actin (1:1000; Sigma C-6198) antibody. Initial lymphatic vessels were identified 

by incubating tissues with a rabbit antibody against LYVE-1 (1:1000; Upstate #07-538) 

followed by either anti-rabbit Alexa Fluor 488 (1:500; Molecular Probes A11008) or anti-

rabbit Alexa Fluor 555 secondary antibodies (1:500; Molecular Probes A21428).  Blood 

and lymphatic vessels were identified by incubating tissues with a rat antibody against 

mouse PECAM-1 (1:1000; Cell Sciences HM1013) followed by an anti-rat Alexa Fluor 

488 secondary antibody (1:500; Molecular Probes A11006).  All incubations took place 

at 4º C for 24 hours.  Samples were mounted with Citifluor (Ted Pella Inc., 19470) and 

analyzed using a fluorescent microscope (Olympus) while images were captured using a 

Ziess LSM 510 confocal microscope.    

Confocal image analysis 

For postnatal day 0 and 3 LYVE-1 stained ventral skin wholemounts, 90 µm thick z 

stacks were captured using a Ziess LSM 510 confocal microscope. Depth projections and 

three-dimensional (3D) projections were generated from these z stacks using the LSM 

Image Browser software package.  Following the formation of the 3D projection, images 

were rotated 90 degrees along the y-axis.        

Immunohistochemistry of tissue sections 

Ventral skin from postnatal day 0, 3, and 6 pups was isolated, fixed overnight in 4% 

paraformaldehyde at 4° C, and washed with 70% EtOH.  Tissues were then processed, 

embedded in paraffin, and 5 µm sections were cut for immunohistochemistry.  Slides 

were deparaffinized with Histoclear and rehydrated through a descending alcohol series.  
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Antigen retrieval was performed with a 1X antigen decloaking solution (Biocare 

Medical; 071207) and heated decloaking chamber (Biocare Medical).  After antigen 

retrieval, slides were washed with PBS and blocked for 1 hour with TNB blocking 

reagent (Perkin Elmer; FP1020) containing 0.1% Triton X-100.  Primary antibodies were 

then added and allowed to incubate for 1 hour at room temperature.  The following 

primary antibodies were used:  rabbit anti-LYVE-1 (1:200; Upstate #07-538), hamster 

anti-podoplanin (1:500; abcam ab11936) and Cy3 conjugated anti-α-Smooth Muscle 

Actin (1:1000; Sigma C-6198).  After three 5 minute washes with PBS + 0.05 % Tween 

20 (Sigma P-7949), the appropriate secondary antibodies were added and allowed to 

incubate at room temperature for 1 hour.  The following secondary antibodies were used: 

anti-rabbit Alexa Fluor 488 (1:250; Molecular Probes A11008), anti-rabbit Alexa Fluor 

555 (1:250; Molecular Probes A21428), and anti-hamster Alexa Fluor 488 (1:250; 

Molecular Probes A21110).  Slides were then washed 3 times for 5 minutes with PBS + 

0.05 % Tween 20 and coverslips mounted with Citifluor (Ted Pella Inc., 19470).                  

Staining for β-Galactosidase activity 

Ventral skin was isolated from postnatal day 0, 3, and 6, Ang2+/+, Ang2+/- and Ang2-/- 

pups then fixed in 0.4% PFA for 15 minutes.  Tissues were washed three times for 15 

minutes with a detergent rinse (2mM MgCl2, 0.01% sodium deoxycholate, and 0.02 % 

Nonidet P-40, in PBS-A).  Staining solution (2mM MgCl2, 0.01% sodium deoxycholate, 

and 0.02 % Nonidet P-40, 5mM potassium ferricyanide, 5 mM potassium ferrocyanide, 

and X-gal 1mg/ml, in PBS-A) was then added to the tissues and they were put at 37° C 

overnight.  Samples were mounted and visualized under a microscope (Olympus). 
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Quantitative Analysis 

Quantitation of lymphatic valves 

 PECAM-1 stained ears from Ang2+/+ and Ang2-/- mice were visualized under a 

fluorescent microscope.  Lymphatic valves were identified by their unique morphology 

and manually counted per ear.  Means (± standard error) were calculated from values of 4 

Ang2+/+ and 4 Ang2-/- mice.    

Lymphatic vessel density 

 A 16x16 grid was placed over low magnification (4X) images of LYVE-1 stained 

ears from Ang2+/+, Ang2-/-, and Ang2A1/A1 mice and squares containing LYVE-1 positive 

lymphatics were counted.  Lymphatic vessel density represents the number of squares 

containing a lymphatic vessel over the total number of squares in the grid (256). Means 

(± standard error) were generated from these values for each genotype.   

Jugular lymph sac size 

 Image Pro Plus software was used to measure the size of the jugular lymph sacs in 

corresponding H&E stained tissue sections of E12.5 Ang2+/+ and Ang2-/- embryos.  

Means (± standard deviation) were calculated from these values.   

Statistical Analysis 

Unpaired student’s T-tests were performed to test means for significance.  
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RESULTS 

Ang2-/- mice on the C57BL/6 genetic background survive to adulthood and exhibit 

defects of the lymphatic system  

 Ang2-/- mice on a mixed 129/J and C57BL/6 genetic background were previously 

reported to die by two weeks after birth (Gale et al., 2002); however, after continued 

backcrossing of the Ang2 null mutation onto the C57BL/6 genetic background, we were 

able to generate Ang2-/- mice that survived to adulthood.  Although Ang2-/- mice on the 

C57BL/6 genetic background exhibited increased viability, they retained the grossly 

abnormal lymphatic phenotypes originally described by Gale et al. (2002).  All Ang2-/- 

newborn pups had chylous ascites (Figs. 1A, B) and edematous hind paws, the latter 

abnormality persisting through adulthood with variable severity (Figs. 1C, D).  

Chylothorax was also noted in 25% of adult Ang2-/- mice at necropsy.   

 Evans blue dye (EBD) lymphangiography was performed to assess the transport 

function of lymphatic vessels in the ears of adult Ang2+/+ and Ang2-/- mice.  EBD was 

effectively transported from the injection site to the base of the ear by lymphatic vessels 

in all Ang2+/+ mice (n = 7; Fig. 2A).  In contrast, EBD diffused throughout the dermal 

lymphatic network in the ears of adult Ang2-/- mice and leaked into the surrounding tissue 

(n = 5; Fig. 2B).  To determine whether a deficiency of collecting lymphatic vessels and 

valves was responsible for the spread of EBD, we characterized the lymphatic network in 

the ear skin by whole-mount immunofluorescence.  

Adult Ang2-/- mice exhibit lymphatic vascular architectural abnormalities and a 

deficiency of collecting lymphatic vessels and valves 
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 Whole-mount immunofluorescence staining of Ang2+/+ ear skin for LYVE-1 

revealed a highly branched network of lymphatic vessels (Fig. 3A). Initial lymphatic 

vessels expressed LYVE-1 as well as PECAM-1 and transitioned to LYVE-1 down-

regulated PECAM-1 positive collecting lymphatic vessels in the medial portion of the ear 

(n = 4; Figs. 3B-D).  Conversely, Ang2-/- mice exhibited an irregular lymphatic network 

and a severe deficiency of LYVE-1 down-regulated collecting lymphatic vessels (n = 7; 

Figs. 3E-H).  Nearly all lymphatic vessels in the ear skin expressed LYVE-1 and 

PECAM-1 (Figs. 3E-H).  Dysplastic LYVE-1-down-regulated-PECAM-expressing 

lymphatic vessels were occasionally observed near the base of Ang2-/- ears.  

 Closer examination of the PECAM-1 staining also demonstrated that Ang2-/- mice 

exhibit a deficiency of collecting lymphatic vessels.  The ordered lymphatic network in 

the ear skin of Ang2+/+ mice included initial vessels comprised of oak leaf-shaped 

endothelial cells (Fig. 4A), and collecting vessels made up of elongated endothelial cells 

(Fig. 4B).  Nearly all lymphatic vessels in the ear skin in Ang2-/- mice were comprised of 

oak leaf-shaped endothelial cells and lacked a collecting vessel phenotype (Fig. 4C). 

 Because Ang2-/- mice exhibit a deficiency of collecting lymphatic vessels, we 

determined whether they also have a deficit of intraluminal lymphatic valves.  Valves 

were readily identified in the collecting lymphatic vessels of Ang2+/+ mice by PECAM-1 

(Fig. 4D), and the number of lymphatic valves per ear was dramatically greater in 

Ang2+/+ mice (29.75 ± 2.02, n = 4) than Ang2-/- mice (1.00 ± 0.71, n = 4; P < 0.001; Fig 

4E). The few valves observed in Ang2-/- mice exhibited typical characteristics of normal 

valves (Supplemental Fig. 1) 
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 To determine whether lymphatic vessels in other regions of the body of Ang2-/- 

mice fail to exhibit a collecting vessel phenotype, we examined the mesentery of Ang2+/+, 

Ang2+/-, and Ang2-/- mice by whole-mount immunofluorescence.  Mesenteric lymphatic 

vessels in Ang2+/+ and Ang2+/- mice displayed a mature collecting vessel phenotype and 

were comprised of elongated endothelial cells that stained intensely for PECAM-1 (Fig. 

4F).  Furthermore, mesenteric lymphatic vessels contained intraluminal valves and did 

not express LYVE-1 (Fig. 4F and Supplemental Figs. 2A-C).  In contrast, Ang2-/- 

mesenteric lymphatic vessels were dysplastic, valveless, and comprised of oak leaf-

shaped endothelial cells which expressed LYVE-1 (Fig. 4G and Supplemental Figs. 2D-

F).  These data show that the failure of Ang2-/- lymphatic vessels to exhibit a collecting 

vessel phenotype is not restricted to the skin of Ang2-/- mice.  

SMCs associate with initial lymphatic vessels of adult Ang2-/- mice      

 Previous studies have reported that mesenteric lymphatic vessels of Ang2-/- mice 

are poorly associated with overlying SMCs whereas initial lymphatic vessels in the 

digestive organs are extensively covered with SMCs (Gale et al., 2002; Shimoda et al., 

2007).  We performed whole-mount immunofluorescence staining of adult ear skin for 

smooth muscle actin (SMA) and LYVE-1 to determine the effect a deficiency of Ang2 

has on the association of SMCs with dermal lymphatic vessels.  Initial lymphatic vessels 

in the skin of Ang2+/+ mice lacked SMC coverage while mural cells were associated with 

LYVE-1 down-regulated collecting lymphatic vessels (n = 3; Figs. 5A-C).  In contrast, 

SMCs were associated with initial lymphatic vessels in Ang2-/- mice (n = 5; Figs. 5D-F).        

Jugular lymph sacs are normal in embryonic day (E) 12.5 Ang2-/- embryos  
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We examined the jugular lymph sacs of E12.5 Ang2+/+ and Ang2-/- embryos to determine 

whether the lymphatic defects exhibited by Ang2-/- mice were due to abnormal or delayed 

development of early lymphatic structures.  The jugular lymph sacs of E12.5 Ang2+/+ and 

Ang2-/- embryos expressed the lymphatic markers LYVE-1, Prox-1, and podoplanin, and 

were not surrounded by smooth muscle actin positive cells (Fig. 6A).  These results 

demonstrate that endothelial cells comprising the lymph sacs in Ang2-/- mice have 

properly acquired a lymphatic endothelial cell phenotype.  Furthermore, the size of the 

jugular lymph sacs in E12.5 Ang2+/+ (74227 µm2 ± 17520.7; n = 3) and Ang2-/- (81492 

µm2 ± 38609.9; n = 3) embryos were not significantly different (P = 0.781; Fig. 6B) 

suggesting that lymphatic abnormalities exhibited by Ang2-/- mice arise in later stages of 

lymphatic development.                

 

Ang2-/- pups exhibit defects in postnatal remodeling of the dermal lymphatic 

vasculature 

 Remodeling and maturation of the lymphatic vasculature in the ventral skin of 

mice has previously been demonstrated to occur between postnatal day 0 and 5 of 

neonatal development (Mäkinen et al., 2005).  Therefore, we examined the ventral skin of 

postnatal day 0, 3, and 6 Ang2+/+ and Ang2-/- pups to further dissect this fundamental 

process and to determine whether lymphatic remodeling and maturation was defective in 

Ang2-/- pups. 

 Whole-mount immunofluorescence staining for LYVE-1 demonstrated that 

lymphatic vessels in the ventral skin of postnatal day 0 Ang2+/+ pups form a highly 



 70

connected polygonal plexus (Fig. 7A).  Lymphatic vessels of this primary plexus were 

similarly colored in depth projections (confocal projections where structures are colored 

based on depth) indicating that they were in the same tissue plane, and a single plexus of 

lymphatic vessels was observed after rotating three-dimensional (3D) confocal 

projections 90 degrees (n = 6; Figs. 7B, C).  Immunohistochemistry on ventral skin 

sections demonstrated that all lymphatic vessels of the primary plexus were located 

between the dermis and subcutaneous tissue (Fig. 7D).   

 By postnatal day 3, lymphatic vessels in Ang2+/+ pups had emerged from the 

primary plexus and begun to form a secondary plexus with numerous sprouts and 

filopodia (Fig. 7E).  Indeed, lymphatic vessels displayed distinct colors in depth 

projections indicating that they were in different planes, and two separate plexuses of 

vessels were observed after rotating 3D confocal projections 90 degrees (n = 4; Figs. 7F, 

G).  Interestingly, the primary plexus did not appear as dense as it did at postnatal day 0 

suggesting that lymphatic vessel pruning had occurred.  Immunohistochemical staining of 

ventral skin tissue sections demonstrated that lymphatic vessels of the secondary plexus 

were located in the dermis while vessels of the deeper primary plexus were located in the 

subcutaneous tissue (Fig. 7H). 

 At postnatal day 6, a hierarchal network of initial and collecting lymphatic vessels 

was present in the skin of Ang2+/+ pups. The dermis was rich in LYVE-1 positive initial 

lymphatic vessels whereas subcutaneous lymphatic vessels had matured and down-

regulated LYVE-1.  Although lymphatic vessels of the primary plexus had down-

regulated LYVE-1, they still expressed the lymphatic marker podoplanin (Figs. 7I, J).  
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 Interestingly, lymphatic vessels of Ang2-/- pups failed to acquire a collecting 

vessel phenotype during the remodeling phase of lymphatic development.  At postnatal 

day 0, whole-mount immunofluorescence staining for LYVE-1 demonstrated that a 

primary plexus of lymphatic vessels had formed in Ang2-/- pups; however, lymphatic 

vessels appeared abnormal, and the network was hypoplastic (n = 6; Fig. 7L).  Depth 

projections and 3D projections at this time point showed that only a single plexus was 

present in the skin (n = 6; Figs. 7M, N), and cross sections of ventral skin demonstrated 

that all of the lymphatic vessels of this primary plexus were located at the border between 

the dermis and subcutaneous tissue (n = 3; Fig. 7O).  

  At postnatal day 3, filopodia were not as prevalent on the lymphatic vessels of 

Ang2-/- pups as they were on Ang2+/+ pups (Fig. 7P).  Furthermore, depth projections and 

3D projections demonstrated that only a single plexus of lymphatic vessels was present in 

the skin of most Ang2-/- pups (5/6; Figs. 7Q, R).   Immunohistochemistry on ventral skin 

cross-sections showed that most lymphatic vessels were located in the subcutaneous 

primary plexus (Fig. 7S); however, a few lymphatic vessels had invaded the dermis and 

begun to form a secondary plexus (data not shown).   

 At postnatal day 6, lymphatic vessels in the subcutaneous primary plexus of Ang2-

/- pups had not matured and continued to express the initial lymphatic marker LYVE-1 

(Figs. 7T, U).  Despite the immaturity of the network, the secondary dermal plexus of 

initial lymphatic vessels was more developed than at postnatal day 3 but remained 

hypoplastic. 

Dermal lymphatic vessels of Ang2-/- pups prematurely recruit SMCs  
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 To determine if SMCs are recruited to lymphatic vessels in Ang2-/- mice, before or 

after the lymphatic remodeling defect occurs, we stained ventral skin sections from 

postnatal day 0 pups for LYVE-1 and SMA.  SMCs were not associated with lymphatic 

vessels in the skin of postnatal day 0 Ang2+/+ pups (Figs. 8A-C).  In contrast, SMCs were 

recruited to 31.5 % of lymphatic vessels in the skin of Ang2-/- pups (Figs. 8D-H).  This 

observation demonstrates that SMCs associate with lymphatics vessels in Ang2-/- pups 

prior to the lymphatic remodeling defect exhibited by these mice.  

Lymphatic vessels in the ventral skin of Ang2-/- pups exhibit β-galactosidase activity 

during postnatal lymphangiogenic remodeling 

 The Ang2 null allele (Ang2-) was generated by the insertion of the LacZ reporter 

gene (Gale et al., 2002), therefore, we stained whole-mount ventral skin from pups for β-

galactosidase activity to determine whether the Ang2 gene was expressed during 

lymphangiogenic remodeling.  As expected, no β-galactosidase activity was detected in 

the ventral skin of postnatal day 0, 3, or 6 Ang2+/+ pups (Fig. 9A-C).  In contrast, SMCs 

of arteries and veins in the skin of postnatal day 0, 3, and 6 Ang2+/- pups exhibited β-

galactosidase activity (Fig. 9D-F). Interestingly, SMCs as well as lymphatic vessels of 

postnatal day 0, 3, and 6 Ang2-/- pups showed β-galactosidase activity (Fig. 9G-I).  LacZ 

appears to be expressed by the lymphatic endothelial cells and not solely by ectopically 

located SMCs on lymphatic vessels in Ang2-/- pups because the entire lymphatic network 

of postnatal day 0 Ang2-/- pups showed β-galactosidase activity, whereas, only 31.5% of 

lymphatic vessels are covered by SMCs (Fig. 8D-H). 

 To determine whether initial and collecting lymphatic vessels express the Ang2 



 73

receptor, Tie-2, we assessed the pattern of green fluorescence protein (GFP) expression in 

the ear skin of adult Tie-2-GFP transgenic mice.  The lymphatic marker LYVE-1 did not 

co-localize with GFP, and no lymphatic vessels in the ear skin of Tie-2-GFP transgenic 

mice expressed GFP; however, GFP expressing blood vessels were readily identified 

(Supplemental Fig. 3A-C). 

Adult Angiopoietin-2 knockout Angiopoietin-1 knock-in mice (Ang2A1/A1) develop 

dermal collecting lymphatic vessels and a normally functioning lymphatic 

vasculature 

 Remarkably, mice that have the first exon of the angiopoietin-2 gene replaced 

with angiopoietin-1 cDNA (Ang2A1/A1) exhibit a wild-type lymphatic phenotype (Gale et 

al., 2002; Shimoda et al., 2007).  Ang2A1/A1 mice are grossly indistinguishable from 

Ang2+/+ mice, and the patterning of lymphatic vessels in the small intestine as well as 

other digestive organs has been reported to be normal (Gale et al., 2002; Shimoda et al., 

2007).  Because adult Ang2A1/A1 mice do not appear to display defects of the lymphatic 

system, we examined the skin of these mice to determine whether lymphatic vessel 

remodeling and maturation had occurred in these mice.  

 Whole-mount immunofluorescence staining of ear skin for LYVE-1 revealed that 

the patterning of the dermal lymphatic vasculature of Ang2A1/A1 mice resembled that of 

Ang2+/+ mice more than Ang2-/- mice (Figs. 10A-C).  LYVE-1 positive initial lymphatic 

vessels in the peripheral region of ear skin from Ang2A1/A1 transitioned to LYVE-1 down-

regulated PECAM-1 positive collecting lymphatic vessels in the medial region of the ear, 

demonstrating that lymphangiogenic remodeling and maturation had occurred (n = 3; 
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Figs. 10D-F).  Furthermore, SMCs were associated with LYVE-1 down-regulated 

collecting lymphatic vessels (n = 4; Figs. 10 G-I), except in one region of ear skin of a 

single mouse where they were found on initial lymphatics.  Despite the ability of Ang-1 

to qualitatively correct the lymphatic phenotypes of Ang2-/- mice, the density of 

lymphatic vessels in the ear skin of Ang2A1/A1 mice (0.80 ± 0.037, n = 4) was not as high 

as that of Ang2+/+ mice (0.90 ± 0.035, n = 4; P < 0.01).  Nonetheless, the density of 

lymphatic vessels in the ear skin of Ang2A1/A1 mice was substantially higher than that of 

Ang2-/- mice (0.65 ± 0.09, n = 4; P < 0.05; Fig. 10J).  Moreover, intradermally injected 

EBD was effectively transported from the injection site to the base of the ear in all 

Ang2A1/A1 mice demonstrating that the hierarchal vasculature was indeed functional (n = 

6; Fig. 10K).  

 

 

 

 

 

 

 

 

 

 

 



 75

DISCUSSION 

 Analysis of gene-targeted knockout and transgenic mice has previously shown 

that the receptor tyrosine kinase Tie-2 and its ligands, Angiopoietin-1 and -2, are required 

for the maturation of the primitive blood vasculature (Dumont et al., 1994; Sato et al., 

1995; Suri et al., 1996; Maisonpierre et al., 1997; Gale et al., 2002; Hackett et al., 2002).   

The present study extends this concept to the lymphatic system demonstrating that 

Angiopoietin-2 is also required for the transformation of the primitive lymphatic 

vasculature into a hierarchal network of initial and collecting vessels. 

 Whole-mount immunofluorescence results show that lymphatic vessels in Ang2-/- 

mice fail to mature and do not exhibit a collecting vessel phenotype.  It has previously 

been demonstrated that lymphatic vessels normally mature and acquire a collecting vessel 

phenotype during lymphangiogenic remodeling (Sabin 1904; Heuer 1909; Mäkinen et al., 

2005). Therefore, we examined this process in detail to determine whether it was altered 

in Ang2-/- mice.  In Ang2+/+ pups, lymphatic sprouts emerge from a primary plexus of 

lymphatic vessels to form a secondary plexus of initial lymphatic vessels.  Subsequently, 

vessels in the primary plexus down-regulate LYVE-1 and exhibit a collecting vessel 

phenotype (Fig. 11). In Ang2-/- pups, a dysplastic primary plexus of vessels forms which 

has prematurely recruited SMCs.  Only a few sprouts emerge from the primary plexus to 

form a hypoplastic secondary plexus of initial lymphatic vessels.  Later in development, 

lymphatic vessels of the primary plexus fail to down-regulate LYVE-1 expression, and an 

immature phenotype persists (Fig. 11).  These observations demonstrate that Ang-2 is 



 76

required for the postnatal remodeling and maturation of the lymphatic vasculature as well 

as the postnatal remodeling of the blood vasculature. 

 Members of the vascular endothelial growth factor and Angiopoietin families are 

thought to function in a complementary fashion during the development and subsequent 

remodeling of the blood vasculature.  VEGF-A is required for initial development of the 

blood vasculature (hemevasculogenesis and hemangiogenesis), whereas, Angiopoietin-1 

(Ang-1) is thought to function as a stabilizing factor and promote the association of mural 

cells with nascent blood vessels (Suri et al., 1996).  Mural cells presumably protect blood 

vessels from regression and are thought to stabilize the vascular network by inducing the 

quiescence of endothelial cells through the activation of factors such as TGF-β (Orlidge 

and D’Amore, 1987; Antonelli-Orlidge, et al., 1989; Hellström et al., 2001; von Tell et 

al., 2006).  Conversely, Ang-2 is thought to destabilize blood vessels during 

hemangiogenic remodeling, and, in the absence of VEGF-A, cause blood vessel 

regression, whereas in the presence of VEGF-A, facilitate hemangiogenesis 

(Maisonpierre et al., 1997; Holash et al., 1999; Lobov et al., 2002; Visconti et al., 2002).  

Defective remodeling of the blood and lymphatic vasculatures in mice lacking Ang-2 

raises the possibility that Ang-2 serves similar functions in hemangiogenic and 

lymphangiogenic remodeling.  Furthermore, Ang-2 may work in a complementary 

fashion with a member (or members) of the vascular endothelial growth factor family 

during lymphangiogenic remodeling.  

 Reports on vascular endothelial growth factor-C (Vegfc) deficient mice and Chy-3 

mice (Vegfc hemizygotes) have demonstrated that Vegfc is required for 



 77

lymphvasculogenesis and lymphangiogenesis during embryonic development 

(Karkkainen et al., 2004; Dellinger et al., 2007).  During embryonic and postnatal 

lymphatic development, Ang-2 would maintain lymphatic vessel plasticity by preventing 

the association with mural cells and thereby facilitate lymphangiogenesis in the presence 

of VEGF-C.  Lack of Ang2, on the other hand, causes the premature recruitment of 

SMCs to lymphatic vessels.  These mural cells could release factors that prematurely 

stabilize the lymphatic vasculature leading to lymphatic hypoplasia and failure in the 

transformation of primitive lymphatic vessels into collecting lymphatic vessels. 

 The association of SMCs with initial lymphatic vessels in the skin of Ang2-/- mice 

suggests that Ang2 maybe required to prevent SMCs from interacting with lymphatic 

vessels.  Further evidence also implicates Ang2 in destabilizing the association of mural 

cells with endothelial cells.  Ang2 is associated with the loss of pericytes from blood 

vessels surrounding tumors (Zhang et al., 2003), induces pericyte dropout of the retinal 

vasculature (Hammes et al., 2004; Feng et al., 2007), and destabilizes the interaction 

between endothelial cells and smooth muscle cells in a three-dimensional co-culture 

system (Scharpfenecker et al., 2004).  Furthermore, cells expressing pericyte markers 

excessively surround cortical peritubular blood capillaries in the kidneys of Ang2-/- mice 

(Pitera et al., 2004).  Despite these observations, the mechanism whereby Ang2 inhibits 

or disrupts mural cell association with endothelial cells remains unclear.  Recently, initial 

lymphatic vessels in mouse embryos deficient in the transcription factor Foxc2 have been 

shown to be covered with SMCs, and collecting lymphatic vessels do not exhibit 

intraluminal valves (Petrova, et al., 2004).  Foxc2 has been proposed to inhibit SMC 
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coverage of initial lymphatic vessels by repressing the expression of platelet-derived 

growth factor B (Pdgf-b), a gene essential for the recruitment of pericytes to blood 

capillaries (Lindahl et al., 1997; Petrova et al., 2004).  Ang-2 could potentially function 

in collaboration with Foxc2 to inhibit mural cell coverage of lymphatic vessels.  

Interestingly, Ang2-/- ; Foxc2+/- compound mutant mice die during embryonic and 

neonatal development despite viability of individual Ang2-/- and Foxc2+/- mice 

(unpublished observation from our lab).  This finding suggests some form of interaction 

between Ang2 and Foxc2; however, the nature of the interaction is unclear.   

 Because lymphatic vessels in mice with two copies of the Ang2 gene interrupted 

by the LacZ reporter gene (Ang2-/- mice) fail to properly mature, we assessed Ang2 gene 

expression in ventral skin of Ang2+/- and Ang2-/- mice during lymphangiogenic 

remodeling by staining for β-galactosidase activity.  β-galactosidase activity was 

exclusively observed in vascular smooth muscle cells in mice that have only one copy of 

the LacZ reporter gene (Ang2+/- mice).  These cells have previously been shown to 

express Ang2 mRNA (Maisonpierre et al., 1997).  Surprisingly, β-galactosidase activity 

was detected in lymphatic vessels when two copies of the LacZ gene were present (Ang2-

/-).  This observation suggests that either 1) Ang2 is weakly expressed by lymphatic 

endothelial cells and two copies of the reporter gene are required for detection, or, 

alternatively, 2) Ang2 protein negatively regulates Ang2 gene expression in lymphatic 

endothelial cells.  Ang2 protein has been shown to negatively regulate Ang2 mRNA 

levels in bovine mesenteric endothelial cells as well as HUVECs, and a negative 

feedback loop has been proposed to tightly regulate the expression of the Ang2 gene 
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(Mandriota and Pepper 1998; Daly et al., 2006).  In Ang2+/- pups, Ang2 may be expressed 

during early development, and the protein stored in Weibel-Palade bodies (Fiedler et al., 

2004).  Ang2 protein could be released during lymphangiogenic remodeling and inhibit 

the expression of the LacZ reporter gene by lymphatic endothelial cells.  In contrast, no 

Ang2 protein is present in Ang2-/- mice to inhibit the Ang2 promoter, therefore, 

transcription from the Ang2 promoter could persist.  β-galactosidase activity would then 

be detected in lymphatic endothelial cells at later stages of development.  Further 

experiments are necessary to distinguish between these two alternative models. 

 In addition to Ang2, we also assessed the expression of GFP in adult Tie-2-GFP 

transgenic mice to determine whether the Ang2 receptor, Tie-2, was differentially 

expressed by initial and collecting lymphatic vessels.  Neither initial nor collecting 

lymphatic vessels in the ear skin of Tie-2-GFP transgenic mice expressed GFP 

suggesting that mature lymphatic vessels do not express Tie-2.  However, LYVE-1 

positive lymphatic vessels have previously been shown to express Tie-2 by 

immunofluorescence staining of mouse ear skin and small intestine using an antibody 

against Tie-2 (Morisada et al., 2005; Tammela et al., 2005).  The discrepancy between 

the results obtained from Tie-2 GFP transgenic mice and immunohistochemistry for the 

Tie-2 protein may be because regulatory elements controlling the expression of Tie-2 by 

lymphatic vessels are not included in the Tie-2-GFP transgenic construct.  Further 

delineation of the expression pattern of Tie-2 by immunohistochemistry may better 

define the role of Tie-2 in the development and maintenance of the lymphatic 

vasculature.  Interestingly, Tie-1, a related receptor capable of forming heterodimers with 
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Tie-2, is expressed by initial and collecting lymphatic vessels in adult mice raising the 

possibility that it serves a function in the development or maintenance of the lymphatic 

vasculature (Ilion et al., 2002; Saharinen et al., 2005). 

 Lastly, we demonstrated that dermal lymphatic vessels of Ang2A1/A1 mice exhibit a 

normal pattern and function.  Angiopoietin-1 has previously been demonstrated to be pro-

lymphangiogenic and to rescue the abnormal lymphatic phenotype of Ang2 knockout 

mice (Gale et al, 2002, Morisada et al., 2005; Tammela et al., 2005; Kim et al., 2007; 

Shimoda et al., 2007). These observations suggest that activation of Tie-2 induces 

lymphangiogenesis and is crucial for normal lymphatic development.  Indeed, Ang2 

induces the autophosphorylation of Tie-2 expressed by cultured bovine mesenteric 

lymphatic endothelial cells (Nguyen et al., 2007). Despite the qualitative and functional 

rescue of the lymphatic phenotype of Ang2-/- mice by Ang1, the dermal lymphatic 

vasculature of Ang2A1/A1 mice is slightly hypoplastic compared to Ang2+/+ mice.  Ang2 

has recently been shown to be more effective than Ang-1 in inducing the proliferation 

and survival of bovine mesenteric lymphatic endothelial cells, which could explain why 

the lymphatic vessel density in the skin of Ang2A1/A1 mice is not quite as high as that of 

Ang2+/+ mice (Nguyen et al., 2007). 

 Failure of lymphatic vessel maturation in Ang2-/- mice leads to ineffective fluid 

transport by lymphatic vessels resulting in lymphedema.  Furthermore, the dysfunctional 

and potentially obstructed lymphatic vessels could be the underlying cause of chylous 

ascites in Ang2-/- mice. Recently, it has been demonstrated that tight junction proteins 

exhibit a discontinuous distribution along the cell-cell interface of endothelial cells 
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comprising initial lymphatic vessels whereas endothelial cells of collecting lymphatic 

vessels show a continuous distribution of tight junction proteins along the cell-cell 

interface (Baluk et al., 2007; Tammela et al., 2007).  Because mesenteric lymphatic 

vessels in Ang2-/- mice fail to mature, lymphatic endothelial cells comprising these 

vessels may not have a continuous distribution of tight junction proteins around their 

interfaces and therefore, exhibit enhanced permeability leading to chylous ascites. 

Taken together, these results demonstrate that Ang-2 is required for the 

remodeling and maturation of the lymphatic vasculature. These findings further delineate 

the process of lymphatic remodeling and could provide translational clues relevant to the 

pathogenesis and treatment of clinical disorders of the lymphatic system. 
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FIGURE LEGENDS 

Fig. 1.  Ang2-/- mice on the C57BL/6 genetic background exhibit gross defects of the 

lymphatic system.  (A and B) A newborn Ang2+/+ pup (A) compared to an Ang2-/- 

littermate (B) displaying chylous ascites (arrow).  (C and D) Hind paws of adult Ang2+/+ 

mice (C) are flat whereas those of adult Ang2-/- mice (D) are edematous (arrowhead).  

 

Fig. 2.  Adult Ang2-/- mice display functional defects of the lymphatic system.  (A) 

Intradermally administered EBD is effectively transported from the injection site to the 

base of the ear in all Ang2+/+ mice (n = 7).  (B) EBD diffuses throughout lymphatic 

vessels in the ear skin of Ang2-/- mice (n = 5). (asterisks in A and B show EBD injection 

site) 

 

Fig. 3.  Adult Ang2-/- mice exhibit patterning defects of the dermal lymphatic vasculature 

and a deficit of LYVE-1 down-regulated collecting lymphatic vessels in the ear.  (A) A 

highly branched hierarchal pattern of lymphatic vessels is observed in ear skin of Ang2+/+ 

mice after whole-mount immunofluorescence staining for LYVE-1.  Initial lymphatic 

vessels in the periphery of the ear (arrow) express LYVE-1 and transition to LYVE-1 

down-regulated regions in the medial portion of the ear (arrowheads).  (B-D) LYVE-1 

down-regulated (B, arrow) PECAM-1 positive (C, arrow) collecting lymphatic vessels 

(D, arrow) are present throughout the medial region of ear skin in Ang2+/+ mice.  (E) In 

contrast, all lymphatic vessels in the periphery (arrow) and medial (arrowhead) region of 

the ear in Ang2-/- mice express the initial lymphatic marker LYVE-1.  (F-H) LYVE-1 (F) 
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and PECAM-1 (G) expressing lymphatic vessels (H) are present throughout the immature 

network of Ang2-/- mice.  (A and E used 4X objective; Scale bars D and H = 100 µm)   

 

Fig. 4.  Whole-mount immunofluorescence staining of ear skin and mesentery for 

PECAM-1 demonstrates that Ang2-/- mice exhibit a deficiency of lymphatic vessels with 

a collecting vessel phenotype. (A and B) Initial lymphatic vessels comprised of PECAM-

1 positive oak leaf-shaped endothelial cells (arrow, A), and collecting lymphatic vessels 

made up of elongated PECAM-1 positive endothelial cells (arrow, B), are in the ear skin 

of Ang2+/+ mice.  (C) Nearly all lymphatic vessels in Ang2-/- ear skin are comprised of 

oak leaf-shaped endothelial cells (arrow).  (D) PECAM-1 positive collecting lymphatic 

vessels in the ear skin of Ang2+/+ mice contain intraluminal valves (arrows).  (E) Ang2+/+ 

mice have significantly (asterisk P < 0.001) more lymphatic valves per ear (29.75 ± 2.02, 

n = 4) than Ang2-/- mice (1.00 ± 0.71, n =4).  (F) Mesenteric lymphatic vessels of Ang2+/- 

mice exhibit a mature collecting vessel phenotype, are comprised of elongated 

endothelial cells (arrowhead and inset), and contain valves (arrow).  (G) In contrast, 

mesenteric lymphatic vessels of Ang2-/- mice are immature, made up of oak leaf-shaped 

endothelial cells (arrowhead and inset), and lack valves.   (bv = blood vessel, l = 

lymphatic; Scale bars D,F and G = 100 µm)  

             

Fig. 5. Smooth Muscle Actin (SMA) positive cells are associated with initial lymphatic 

vessels in the ear of adult Ang2-/- mice. (A-C) Whole-mount immunofluorescence 

staining of Ang2+/+ adult ear skin reveals that SMA (arrow, A) positive cells are 
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associated with LYVE-1 (arrow, B) down-regulated collecting lymphatic vessels (arrow, 

C; n = 3) as well as with blood vessels (arrowhead).  (D-F) Conversely, SMA positive 

cells (arrow, D) are associated with LYVE-1 (arrow, E) positive initial lymphatic vessels 

(F; n = 5) and blood vessels (arrowheads) in Ang2-/- mice. (Scale bars C and F = 100µm) 

 

Fig. 6.  Jugular lymph sacs develop normally in Ang2-/- embryos.  (A) Jugular lymph sacs 

in E12.5 Ang2+/+ and Ang2-/- embryos express the lymphatic markers LYVE-1, Prox-1, 

and podoplanin.  SMA positive cells surround only arteries and veins in E12.5 Ang2+/+ 

and Ang2-/- embryos.  (B) The area of the right jugular lymph sac is not significantly 

different between E12.5 Ang2+/+ (74227 µm2 ± 17520.7; n = 3) and Ang2-/- (81492 µm2 ± 

38609.9; n = 3) embryos (P = 0.781).  (a = artery, jls = jugular lymph sac, v = vein) 

 

 

Fig. 7.  Ang2-/- pups exhibit defects in postnatal remodeling of the dermal lymphatic 

vasculature.  (A) 90µm confocal z-stack image of LYVE-1 stained ventral skin from a 

postnatal day (P) 0 Ang2+/+ pup showing a polygonal network of lymphatic vessels.  (B) 

Depth projection of the image from panel A.  Lymphatic vessels are in the same plane.  

(C) Three-dimensional projection (3D) of image from panel A rotated 90 degrees 

showing a single plexus of lymphatic vessels.  (D) Cross section of ventral skin from a P0 

Ang2+/+ pup stained for LYVE-1 (green) and counter stained with DAPI (blue).  

Lymphatic vessels of the primary plexus (arrowheads) are at the border between the 

dermis and subcutaneous tissue.  (E) 90 μm confocal z-stack image of LYVE-1 stained 
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ventral skin from a P3 Ang2+/+ pup.  Numerous sprouts and filopodia are present (inset).  

(F) Depth projection of the image from panel E.  Lymphatic vessels are distinct colors 

and in different planes.  (G) Three-dimensional projection (3D) of image from panel E 

rotated 90 degrees showing two plexuses of lymphatic vessels.  (H) Cross section of 

ventral skin from a P3 Ang2+/+ pup stained for LYVE-1 (green) and counterstained with 

DAPI (blue).  Lymphatic vessels of the primary plexus (arrowhead) are in the 

subcutaneous tissue whereas vessels of the secondary plexus are in the dermis and at the 

border between the dermis and subcutaneous tissue.  (I) Cross section of ventral skin 

from a Ang2+/+ P6 pup stained for LYVE-1 (red) and podoplanin (green) showing 

LYVE-1 positive lymphatic vessels in the dermis and a mature LYVE-1 down-regulated 

podoplanin positive collecting lymphatic vessel in the subcutaneous tissue (arrowhead).  

(J) Region arrowhead in panel I is pointing to shown at a higher magnification.  (K) 

Region arrow in panel I is pointing to shown at a higher magnification.   

 (L) 90µm confocal z-stack image of LYVE-1 stained ventral skin from a P0 Ang2-

/- pup showing irregular lymphatic vessels.  (M) Depth projection of image in panel L 

demonstrating lymphatic vessels in a single plane.  (N) Three-dimensional projection 

(3D) of image from panel L rotated 90 degrees showing a single plexus of lymphatic 

vessels.  (O) Cross section of ventral skin from a P0 Ang2-/- pup stained for LYVE-1 

(green) and counter stained with DAPI (blue).  Lymphatic vessels of the primary plexus 

(arrowheads) are located between the dermis and subcutaneous tissue.  (P) 90µm 

confocal z-stack image of LYVE-1 stained ventral skin from a P3 Ang2-/- pup depicting 

an irregular network without many filopodia.  (Q) Depth projection of image in panel P 
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demonstrating lymphatic vessels in a single plane. (R) Three-dimensional projection (3D) 

of image from panel P rotated 90 degrees showing a single plexus of lymphatic vessels.  

(S) Cross section of ventral skin from a P3 Ang2-/- pup stained for LYVE-1 (green) and 

counterstained with DAPI (blue).  Lymphatic vessels of the primary plexus are in the 

subcutaneous tissue (arrowheads).  (T) Cross section of ventral skin from a P6 Ang2-/- 

pup stained for LYVE-1 (red) and podoplanin (green) showing LYVE-1 positive 

lymphatic vessels in the subcutaneous tissue (arrowhead).  Lymphatic vessels located in 

the subcutaneous tissue of Ang2-/- mice express LYVE-1 and do not exhibit a collecting 

vessel phenotype.  (U) Region arrowhead in panel T is pointing to shown at a higher 

magnification.                  

 

Fig. 8. SMCs prematurely associate with lymphatic vessels of postnatal day 0 Ang2-/- 

pups.  Ventral skin tissue sections of postnatal day 0 Ang2+/+ and Ang2-/- pups are stained 

for LYVE-1 (green) and SMA (red).  (A-C) SMCs are not associated (A; arrowheads) 

with lymphatic vessels (B; arrowheads) in Ang2+/+ pups (C; arrowheads).  (D-F) 

Conversely, SMCs (D; arrow and inset) are prematurely recruited to lymphatic vessels 

(E; arrow and inset) in the skin of Ang2-/- pups (F; arrow and inset). (bv = blood vessel)              

 

Fig. 9.  Vascular smooth muscle cells and lymphatic vessels in the ventral skin of Ang2-/- 

pups exhibit β-galactosidase activity during postnatal lymphangiogenic remodeling.  (A-

C)  β-galactosidase positive structures are not present in whole-mount ventral skin 

preparations from postnatal day 0 (A), 3 (B), or 6 (C) Ang2+/+ pups.  (D-F)  Only smooth 
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muscle cells surrounding arteries and veins display β-galactosidase activity in the ventral 

skin of postnatal day 0 (D), 3 (E), and 6 (F) Ang2+/- pups.  (G-I)  In contrast, smooth 

muscle cells as well as lymphatic vessels (arrows) in the ventral skin of postnatal day 0 

(G), 3 (H), and 6 (I) Ang2-/- pups show β-galactosidase activity.    

 

Fig. 10. Angiopoietin-1 rescues the lymphatic defects of Ang2-/- mice.    

(A-C)  Representative images of whole-mount ear skin from Ang2+/+ (A), Ang2-/- (B), 

and Ang2A1/A1 mice (C) stained for LYVE-1.  The patterning of lymphatic vessels in 

Ang2A1/A1 mice is more similar to Ang2+/+ than Ang2-/- mice.  (D-I) LYVE-1 down-

regulated (D; arrow) PECAM-1 positive (E; arrow) collecting lymphatic vessels (F; 

arrow) are readily identified in ear skin of Ang2A1/A1 mice and SMA positive cells (G; 

arrows) associate with LYVE-1 (H; arrows) down regulated collecting lymphatic vessels 

(I; arrows).  (J) The lymphatic vessel density in the ear skin of Ang2A1/A1 mice (0.80 ± 

0.037; n = 4) is not as high as Ang2+/+ mice (0.90 ± 0.035; n = 4) but significantly greater 

than Ang2-/- mice (0.65 ± 0.093; n = 4).  (K) Dermal lymphatics in the ear of Ang2A1/A1 

mice transport EBD from the injection site (asterisk) without extensive spreading. (*** = 

P < 0.005; ** = P < 0.01; * = P < 0.05; F and I scale bars 100 μm) 

 

Fig. 11. Schematic representation of postnatal remodeling of the dermal lymphatic 

vasculature in normal and Angiopoietin-2 deficient pups.  (Top) A primary plexus of 

LYVE-1 expressing lymphatic vessels is present in the ventral skin at postnatal day 0.  

By postnatal day 3, sprouts emerge upward from the primary lymphatic plexus and begin 
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to form a secondary plexus exhibiting numerous filopodia (black lines).  At postnatal day 

6, two plexuses of vessels have appeared in the skin of Ang2+/+ mice.  The secondary 

plexus is comprised of initial lymphatic vessels (green), which transition to LYVE-1 

down-regulated collecting lymphatic vessels (yellow) in the primary plexus.  (Bottom) In 

contrast, lymphatic vessels in the skin of Ang2-/- mice fail to mature during 

lymphangiogenic remodeling.  At postnatal day 0, SMCs (red) have been prematurely 

recruited by the irregular lymphatic network and potentially inhibit lymphatic maturation.  

At postnatal day 3, only a few sprouts emerge from the lymphatic network, and by 

postnatal day 6, a hypoplastic secondary plexus has formed.  Furthermore, lymphatic 

vessels in the primary plexus at postnatal day 6 continue to express LYVE-1 and have not 

acquired a collecting vessel phenotype. 

 

Supplemental Fig. 1. Whole-mount immunofluorescence staining of ear skin for 

PECAM-1 revealed only a few valves in Ang2-/- mice (arrow).  Ang2-/- valves contained 

leaf-lets and exhibited characteristics of normal lymphatic valves. (Scale bar = 50 μm) 

 

Supplemental Fig. 2.  Mesenteric lymphatic vessels of Ang2-/- mice express LYVE-1.  

(A-C) PECAM-1 expressing (green) collecting lymphatic vessels (arrow) in the 

mesentery of Ang2+/+ mice down-regulate the expression of LYVE-1 (red).  (D-F) In 

contrast, dysplastic PECAM-1 (green) expressing lymphatic vessels in the mesentery of 

Ang2-/- mice express LYVE-1 (red) and do not exhibit a mature phenotype.  (Scale bars C 

and D = 100 μm)   
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Supplemental Fig. 3.  Lymphatic vessels in Tie-2-GFP transgenic mice do not express 

GFP.  Whole-mount immunofluorescence staining of ear skin from adult Tie-2-GFP 

transgenic mice for LYVE-1 (A) reveals that GFP (B) is not expressed by lymphatic 

vessels (arrow, C); however, it is expressed by blood vessels (arrowhead, C). (Scale bar = 

100 μm)     
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ABSTRACT   

Recent advances in molecular lymphology and lymphatic phenotyping techniques in 

small animals offer new opportunities to delineate mutant mouse models.  Chy-3 mutant 

mice were originally named for their chylous ascites but the underlying lymphatic 

disorder was not defined.  We now re-examined these mice and applied advanced 

genotyping and lymphatic phenotyping techniques to pinpoint the specific lymphatic 

defect in this mouse model. We demonstrated that Chy-3 mice carry a large chromosomal 

deletion that includes Vegfc and narrowed this region by monitoring the heterozygosity of 

genetic markers.   We found that Chy-3 mice not only exhibited chylous ascites but also 

lymphedema of the hind paws and in approximately one-half of the males, lymphedema 

of the penis.  Visual lymphangiography and immunofluorescence staining showed a 

hypoplastic dermal lymphatic network whereas the blood vasculature appeared 

unaffected.  This hypoplastic lymphatic network was functional, and all adult Chy-3 mice 

exhibited a lateral lymphatic pathway directly connecting the inguinal to the axillary 

lymph node. The dermal superficial to deep lymphatic connections in upper limbs and in 

all cervical regions were intact and functionally drained the upper body. Lymphatic tracer 

was not transported from the dermal to the deep truncal lymphatic system in the lower 

limbs, even though the deep lymphatic vessels and nodes were present and patent. These 

findings further delineate the lymphatic phenotype of Chy-3 mice, identify a collateral 

lymph drainage pathway previously undescribed in other genetic models of lymphedema, 

and demonstrate a predilection for lymphatic abnormalities of the lower limbs.   
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INTRODUCTION  

 The lymphatic system encompasses lymphoid organs, lymphocytes, lymph, and a 

tree-like network of lymph-containing vessels with important physiological functions 

including the absorption of intestinal lipids, immune defense, and the return of tissue 

fluid and macromolecules to the blood vascular system (Witte et al., 1997).  The 

hierarchal lymphatic vasculature begins with initial lymphatic capillaries that are 

comprised of a single layer of endothelial cells with overlapping junctions, which 

transition into collecting lymphatic vessels and trunks that are invested with smooth 

muscle cells and contain intraluminal valves.  Clinical disorders of the lymphatic system 

are found at birth and also later in life. They are characterized by inadequate, malformed, 

or excessive lymphatic vessel growth and often result in the accumulation of excess 

tissue fluid, and a disorder termed lymphedema which can manifest as swelling of the 

limbs or other body parts (Witte et al., 2001). Although much is known about the 

anatomy and physiology of the lymphatic system, its precise embryonic origin has been a 

subject of controversy for over 100 years (Witte et al., 2001).  Bolstered by recent 

molecular findings, the currently accepted model for the development of the lymphatic 

vasculature conforms to the centrifugal theory proposed by Sabin that primitive lymph 

sacs originate by budding from specific central embryonic veins, and subsequently, 

lymphatic vessels spread throughout the developing embryo by sprouting from these sacs 

(Sabin 1902; Sabin 1904; Sabin 1909).  Indeed, temporospatial expression of the 

lymphatic marker Prox-1 during early embryonic development supports this concept as 

Prox-1 positive cells appear to bud from the cardinal vein and subsequently form the 
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jugular lymph sacs (Wigle and Oliver 1999; Wigle et al., 2002). The alternative 

centripetal theory of lymphatic development proposes that lymphatic endothelial cells 

aggregate de novo from precursor mesenchymal cells (lymphangioblasts) in tissue spaces 

rather than from a central venous source (Kampmeier 1912).  The existence of 

lymphangioblasts has recently been supported by quail/chick grafting experiments and 

observations on lymphatic system formation in tadpoles (Schneider et al., 1999; Wilting 

et al., 2000; Ny et al., 2005; Wilting et al., 2006).   

 Despite an incomplete understanding of the origin and molecular details of 

lymphatic development, vascular endothelial growth factor-C (VEGF-C) seems to be 

indispensable for the development of the lymphatic system in several animal models 

(Karkkainen et al., 2004; Ny et al., 2005; Kuchler et al., 2006; Yaniv et al., 2006).  

Genetically engineered Vegfc-/- mice are edematous and die during embryonic 

development (Karkkainen et al., 2004).  In these mice, Prox-1 positive cells fail to bud 

from the cardinal vein, and the jugular lymph sacs do not form.  Vegfc+/- mice exhibit 

chylous ascites, peripheral lymphedema and cutaneous lymphatic hypoplasia indicating 

that two copies of Vegfc are needed for the lymphatic vasculature to develop normally 

(Karkkainen et al., 2004).  VEGF-C is produced as a precursor protein and undergoes 

stepwise proteolytic processing to form a mature ligand that has a high affinity for the 

receptors VEGFR-2 and VEGFR-3 (Joukov et al., 1996; Joukov et al., 1998).  VEGFR-3 

is highly expressed in adult lymphatic vasculature (Kaipainen et al., 1995; Dumont et al., 

1998), and inactivating mutations in the tyrosine kinase domain have been detected in a 

subpopulation of Milroy lymphedema patients (Ferrell et al., 1998; Witte et al., 1998; 
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Irrthum et al., 2000; Karkkainen et al., 2000).  Chy mutant mice have also been reported 

to carry an inactivating mutation in Vegfr-3 and exhibit peripheral lymphedema, chylous 

ascites and lymphatic hypoplasia (Karkkainen et al., 2001). 

 Chylous ascites-3 (Chy-3) mutant mice were previously generated by Cattanach et 

al. (1993) through X-ray mutagenesis.  They were reported to have a milky abdomen at 

birth, edema of the limbs and tail, and a single copy of a chromosomal 8 deletion with 

breakpoints at cytobands 8A4 and 8B3 (Cattanach et al., 1993).  Because Vegfc is located 

at cytoband 8B3, we re-examined these mice for hemizygosity for Vegfc and further 

characterized their lymphatic defects.    
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RESULTS 

Real-time PCR genotyping confirms Chy-3 mice are hemizygous for Vegfc and 

heterozygosity analysis refines the chromosomal deletion  

Real-time PCR was performed using isolated genomic DNA to determine whether 

Vegfc is included in the deleted region of chromosome 8 in Chy-3 mice.  The mean fold 

difference of Vegfc between Chy-3 mice (0.54 ± 0.110) and wildtype mice (1.28 ± 0.264) 

was statistically significant (p < 0.001; Fig. 1A) verifying that Chy-3 mice are 

hemizygous for Vegfc.  Next, a PCR based scheme was used to detect the heterozygosity 

of simple sequence length polymorphic (SSLP) genetic markers along the length of 

chromosome 8 to determine the extent of the chromosomal deletion in Chy-3 mice.  The 

sizes of the PCR products of these markers differ among inbred lines of mice and can be 

used to monitor heterozyosity at a particular locus (or lack of heterozygosity if the marker 

is in the deleted region) following an outcross. This analysis demonstrated that the 

chromosomal deletion was between the SSLP genetic markers D8Mit339 and D8Mit31 

(Fig. 1B). A list of the genes between markers D8Mit339 and D8Mit31 is provided as an 

electronic supplement (see Supplemental Table 1).  Of the 264 genes between the two 

markers, Vegfc is the only gene reported to influence the development of the lymphatic 

system. 

Chy-3 mice exhibit reduced viability and gross abnormalities indicative of lymphatic 

dysfunction 

Cattanach et al. (1993) previously demonstrated that approximately 20% of Chy-3 

mice were viable.  We also observed reduced viability of Chy-3 mice. After mating 
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wildtype with Chy-3 mice, we observed 32 wildtype offspring and only 6 Chy-3 

offspring.  These results differ significantly from the expected genotypic ratio for 

offspring from these crosses (p < 0.001).  In addition to the reduced viability of Chy-3 

heterozygous mice, Chy-3 homozygous mutants were not observed in E12.5, E15.5, or 

E17.5 litters, suggesting that these mice die early during development because they lack 

one or more genes essential for embryonic development (see Supplemental Table 1 for 

embryonic lethal phenotypes for genes between D8Mit339 and D8Mit31).   

Newborn Chy-3 pups exhibited a white milky effusion of fluid within the 

peritoneal cavity while wildtype littermates showed only milk-filled stomachs (Fig. 

2A,B). The chylous ascites in Chy-3 pups was transient and did not persist to adulthood.  

The hind paws of Chy-3 pups were edematous and remained so throughout adulthood 

albeit with variable severity (Fig. 2C-F). The penis of wildtype males was retracted under 

normal conditions while the penis of 52% of Chy-3 males was exposed and swollen (n = 

21; Fig. 2G,H).   

Chy-3 mice exhibit dermal lymphatic hypoplasia but no blood vascular architectural 

abnormalities 

Evans blue dye (EBD) injections into the ear skin revealed a rich arrangement of 

functional lymphatic vessels in adult wildtype mice while only a few lymphatic vessels 

were observed in the ear skin of adult Chy-3 littermates (Fig. 3A,B).  The lymphatic 

vessels of Chy-3 mice did not exhibit enhanced permeability (no EBD leakage or halo 

effect) or signs of valve dysfunction (no retrograde reflux into side channels or tissues). 

Whole mount immunofluorescence for LYVE-1 of ear skin from adult Chy-3 mice 
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revealed fewer LYVE-1 positive lymphatics compared to wildtype mice (Fig. 3C,D).  

The mean branch point/unit area of wildtype ears (18.41 ± 3.6; n = 3) was significantly 

higher than for Chy-3 ears (7.67 ± 1.01; n = 3; p < 0.01; Fig. 3E). 

Whole mount immunofluorescence of both wildtype and Chy-3 adult ear skin for 

LYVE-1 and α-smooth muscle actin (SMA) showed that LYVE-1 was down regulated at 

sites where smooth muscle cells were associated with lymphatic vessels (Fig. 4A-D).  

The LYVE-1 down-regulated lymphatic vessels stained positive for PECAM-1, and 

valves were detected in the collecting lymphatics for both wildtype and Chy-3 mice (Fig. 

4E,F).   

 No apparent differences in the architecture or density of the blood vasculature 

were observed between wildtype and Chy-3 mice by whole mount immunofluorescence 

for PECAM-1 in adult ear skin (Fig. 5A,B).   

Chy-3 mice display alterations in EBD transport and retain the lateral lymphatic 

drainage pathway 

Intradermally administered EBD was effectively transported to the jugular lymph 

nodes in all wildtype (7/7) and Chy-3 (11/11) mice following snout injections of the dye 

(Fig. 6A,B).  Normal transport was also seen to the axillary lymph nodes in all wildtype 

(9/9) and most Chy-3 (9/11) mice following forepaw injection of the dye (Fig. 6C,D). 

Following hind paw injection the deep lymphatic system in all wildtype mice effectively 

transported EBD in contrast to Chy-3 littermates.  EBD was visually detected in the 

popliteal (14/14) and iliac (14/14) lymph nodes and subsequently in the thoracic duct of 

wildtype mice (Fig. 6E,G) whereas these components of the deep lymphatic system did 
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not fill with EBD in any of the 18 Chy-3 mice tested (Fig. 6F,H). However, in adult 

wildtype (12/12) and Chy-3 (6/14) mice, iliac lymph nodes did fill with EBD following 

an intramuscular injection indicating that the deep lymphatic vessels were patent (Fig. 

7A,B).  Interestingly, following a hind paw injection of EBD in adult Chy-3 mice, EBD-

filled vessels in the skin could be followed from the lymphedematous hind paw up the leg 

to the superficial inguinal lymph node, and efferent vessels in the skin from this node 

traveled laterally along the body wall to the deep axillary lymph node (8/8) (Fig. 8B,D).  

Whereas this lateral lymphatic drainage pathway was rarely observed in adult wildtype 

mice (1/10; Fig. 8A,C), when EBD was injected into the hind paw of newborn wildtype 

pups, both the lateral lymphatic drainage pathway and the deep lymphatic system were 

visualized in all pups (11/11; Fig. 8E). The lateral pathway was even more clearly 

delineated in newborn pups using rhodamine-conjugated dextran and a specialized optical 

imaging system developed in our laboratory (Fig. 8F).  In contrast to newborn wildtype 

pups, the lateral lymphatic pathway alone filled in 8/15 newborn Chy-3 pups and neither 

the deep nor the lateral pathway lymphatics filled in 7/15 Chy-3 pups.      
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DISCUSSION 

To elucidate the steps in development of the lymphatic system, a multimodal 

approach is necessary that encompasses functional studies using tracer substances taken 

up exclusively by the lymphatic system and molecular characterization of lymphatic 

vessels in space and time.  Precise genotyping must also be carried out to establish 

genotype-phenotype correlations. Accordingly, after generating the Chy-3 colony from 

frozen embryos, we first performed real-time PCR to genotype the mouse colony and 

verified that Chy-3 mice are hemizygous for Vegfc.  Heterozygosity analysis using all 

available informative SSLP markers between C3H/HeH and C57Bl/6 genetic 

backgrounds further defined and narrowed the extent of the deletion in Chy-3 mice.  

Future studies should be able to narrow the size of this deletion using either RFLP 

analysis or by crossing Chy-3 mice to other genetic backgrounds to obtain additional 

informative SSLP markers in the regions of the deletion.  

 In agreement with Cattanach et al. (1993), identified Chy-3 mutant mice 

exhibited chylous ascites, as well as hind paw and mild tail edema. An additional striking 

gross phenotypic feature of Chy-3 males was penile edema, a trait which has not been 

previously reported in a genetically engineered animal model.  The Chy-3 male may be 

useful to characterize and monitor the pathological effects of lymphatic insufficiency in 

this organ and to test potential treatments for penile edema, a particularly vexing clinical 

problem.  

Chy-3 mice displayed lymphatic abnormalities similar to those described in 

Vegfc+/- mice along with additional distinctive ones not previously reported (Table 1). 
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Wholemount immunofluorescence results showed that the key structural components of a 

normal lymphatic vessel network were present in the skin of Chy-3 mice (initial 

lymphatics and valved collecting lymphatic vessels associated with smooth muscle cells); 

however, the number of lymphatic vessels was reduced. The lymphatic phenotype of 

Chy-3 mice resembled Vegfc+/- mice (Karkkainen et al., 2004) and differed from that of 

other genetically engineered mice such as: Foxc2+/- mice, which exhibit lymphatic 

hyperplasia and valvular incompetence (Kriederman et al, 2003); Foxc2-/- mice, which 

show a peculiar association of mural cells with lymphatic capillaries (Petrova et al., 

2004); Ang2-/- mice, which demonstrate lymphatic patterning and mural cell coverage 

defects (Gale et al., 2002); and ephrinb2∆v/∆v mice, which exhibit severe lymphatic 

remodeling defects (Makinen et al., 2005). 

 The distinctive Chy-3 lymphatic phenotype in the presence of a normal blood 

vascular phenotype is consistent with findings in Vegfc+/- mice (Karkkainen et al., 2004).  

VEGF-C has previously been shown by avian chorioallantoic membrane assays and 

through transgenic overexpression mouse models to exert its most powerful effect on 

lymphatic vessels; however, substantial hemangiogenic effects of VEGF-C have also 

been reported (Jeltsch et al., 1997; Oh et al., 1997; Cao et al., 1998; Saaristo et al., 2002).  

The normal development of the blood vasculature in Chy-3 mice most likely relates to 

compensation or upregulation of other Vegfr-2 ligands as a consequence of having a 

single copy of Vegfc.  

The hypoplastic dermal lymphatic vessels of adult Chy-3 mice were functional in 

the ear as shown by EBD injections.  This finding is in distinct contrast to the published 
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findings for the cutaneous hypoplastic lymphatic vessels in the ear of adult Vegfc+/- mice, 

which were reported to be non-functional by fluorescence micro-lymphangiography 

(Karkkainen et al., 2004).  This discrepancy could be due to the different imaging 

techniques or alternatively, different genetic backgrounds or genetic modifiers in the two 

mouse colonies studied.  

EBD visual lymphangiography in adult Chy-3 mice identified the lateral 

lymphatic pathway connecting the inguinal lymph node to the deep axillary lymph node.  

This pathway has been previously reported in other mammals including armadillos, 

opossum, and in at least one patient with bilateral lymphedema of the lower extremities 

(Kampmeier 1969; Laborda et al., 2005). It has been suggested that the lateral pathway 

functions as a collateral system for the deep lymphatic system and can drain lymph from 

posterior regions of the body to the central lymphatic-venous junctions (Kampmeier 

1969).  In Chy-3 mice, this functional lateral lymphatic pathway is not sufficient to 

effectively drain lymph from the lower portion of the body as evidenced by persistent 

edema in this region. The lateral pathway alone without the deep truncal system may 

simply lack the capacity to drain the hind region or the number of lymphatic vessels 

feeding the lateral pathway may be inadequate due to dermal hypoplasia.  The plasticity 

of the lymphatic system and the capacity of redundant collateral pathways have not been 

explored in other genetically modified models, and the Chy-3 mouse may offer insight 

into this issue, a highly relevant one to successful treatment of patients with lymphedema. 

The manual lymph drainage component of clinical protocols for lymphedema treatment 

presumably opens up anastomoses across lateral watersheds (separating upper and lower 
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quadrants), and treatment may enhance this collateral route when the deep lymphatic 

system is obstructed or inadequate.  

Interestingly, following intradermal injections of EBD, dermal lymphatics of Chy-

3 mice filled with EBD while deep lymphatic vessels did not.  One possible explanation 

for this observation is that the deep lymphatic vessels of Chy-3 mice are obstructed or 

non-functional.  However, following intramuscular EBD injection followed by massage, 

EBD was observed in the iliac lymph nodes of 6/14 Chy-3 mice indicating that deep 

lymphatic vessels are not obstructed and do function to some extent.  Another 

explanation for the EBD observation is a disconnect between dermal and deep lymphatics 

due to defects in centrifugal or, alternatively, centripetal lymphatic development. As 

mentioned earlier, Vegf-c is required for budding and migration of lymphatic endothelial 

cells from the cardinal vein and formation of the jugular lymph sacs (Karkkainen et al., 

2004). In Chy-3 mice, the budding or migration of lymphatic endothelial cells from 

posterior veins could be defective or vessels arising from the posterior lymph sacs could 

fail to fully colonize the hind region because of insufficient Vegf-c levels.  Alternatively, 

the EBD observation could support the centripetal theory of development of at least a 

portion of the murine lymphatic vascular network.  Recently, potential lymphangioblasts 

characterized as mesenchymal cells that express lymphendothelial cell markers have been 

identified in mice (Buttler et al., 2006).  A dual origin of the lymphatic system combining 

the centrifugal and centripetal theories has previously been proposed for avian lymphatic 

development (Wilting et al., 2006).  A similar dual origin may also occur in mice with the 

superficial lymphatic system and the deep lymphatic system arising separately with a 
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subsequent joining of the two systems. The Chy-3 mutant phenotype in the hind region 

could represent a failure of these connections to develop. 

A final point of interest to consider is the predilection for developmental and 

functional abnormalities of the lymphatic system in the lower body.  Chy-3 mice 

preferentially display a failure of the lymphatic system in the hind (lower) body along 

with lymphedema restricted to this region while the fore (upper) body is normal in almost 

all mice. This feature resembles the situation in humans where lymphedema is much 

more common in the lower limbs, and the hereditary Milroy form of lymphedema is 

usually restricted to the legs (Földi et al., 2003).  The predilection is unexplained, but 

may be due to particular conditions in the embryo (presence or overlap of growth factors, 

diffusion of the factors, presence of primed lymphangioblasts in the tissues, etc.), 

different timings of regulatory transcription factors/genes (FOXC-2, etc.) or to 

physiological differences in the two regions.  

Taken together, Chy-3 mice exhibit Vegfc hemizygosity, and their phenotype 

resembles the findings in Vegfc+/- mice. In addition, extensive study of the Chy-3 

lymphatic phenotype has shown features not previously described including penile 

lymphedema, the lateral lymphatic pathway, and a predilection for abnormalities of the 

lower limbs.   This mouse model should be useful in providing further insights into 

molecular pathways of lymphatic development and translational clues relevant to 

pathogenesis and treatment of clinical disorders of the lymphatic system. 
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EXPERIMENTAL PROCEDURES 

Recovery of live mice from frozen embryos and mouse colony maintenance 

Chy-3 frozen embryos were purchased from MRC Harwell.  We followed the suggested 

MGU Harwell protocol for the recovery of live mice from these embryos and generated a 

viable mouse colony.  The recovered mice were maintained on the C3H/HeH genetic 

background and fed a normal 6% fat diet with water ad libitum. 

Genotyping Assay 

Real-time PCR was performed using genomic DNA, TaqMan Universal PCR mastermix 

(Applied Biosystems, product #4304437), and primers along with TaqMan probes 

designed against Vegfc and Apob (apolipoprotein B) to determine the genomic copy 

number of Vegfc.  This approach was patterned after the real-time PCR protocol to 

genotype the mouse model of Down syndrome, where trisomy was demonstrated by 

normalizing the amount of Mx1 or App (both on the trisomic chromosome) to the internal 

control Apob (located on a separate chromosome) (Liu et al., 2003).  We also used the 

Apob gene as an internal control to normalize the Vegfc data because it is located on a 

separate chromosome from Vegfc, and sequences for primers and a TaqMan probe were 

previously described by Liu et al.(2003).  After real-time PCR, the difference in cycle 

threshold (CT) of Vegfc compared to Apob was calculated (ΔCT = CT Vegfc – CT Apob) 

for each individual mouse.  The ΔCT was used to determine the fold difference of Vegfc 

to Apob (fold difference = 2- ΔCT). Mice with one copy of Vegfc and two copies of Apob 

(Chy-3) should have a fold difference of 0.5 whereas mice with two copies of Vegfc and 

two copies of Apob (wildtype) should have a fold difference of 1.0.    
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The sequences for primers and probe used for Vegfc were: forward primer 5′-

CCAGTCACAATCAGTTTTGCCA-3′, reverse primer 5′- 

GTGGTAATGTTGCTGGCAGAGA-3′, and probe 5′-FAM-

CACACTTCCTGCCGGTGCATGTCT-TAMRA-3′.  The sequences for primers and 

probe used for Apob were: forward 5′-CACGTGGGCTCCAGCATT-3′,  

reverse 5′-TCACCAGTCATTTCTGCCTTTG-3′, and probe 5′-VIC-

CCAATGGTCGGGCACTGCTCAA-TAMRA.  The PCR set-up and reaction conditions 

were the same as those used to by Liu et al.(2003). 

Heterozygosity analysis 

Before performing heterozygosity analysis, Chy-3 mice bred on the C3H/HeH genetic 

background were outcrossed to the C57Bl/6J genetic background.  DNA was collected 

from the tail-tips of the parents and Chy-3 and wildtype offspring.  PCR was performed 

using primers from The Jackson Laboratory online database (www.jax.org) designed to 

recognize known SSLP (simple sequence length polymorphisms) between the two inbred 

strains of mice along the length of mouse chromosome 8, and reaction conditions were 

optimized.  Informative SSLP markers, whose PCR products differed in length between 

C3H/HeH Chy-3 and C57Bl/6J parents, were used to analyze both Chy-3 and wildtype 

offspring. An informative marker was considered to be within the deleted region of 

chromosome 8 if the wildtype offspring were heterozygous while the Chy-3 offspring 

were not heterozygous due to only a single allele at the marker locus. 

Whole mount immunofluorescence 

http://www.jax.org/
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We performed wholemount immunofluorescence analysis of ear skin to assess the pattern 

of the peripheral lymphatic and blood vascular systems and identify mural cell 

components of the vasculature. Ear skin was fixed with 1% paraformaldehyde, washed in 

PBS, and then blocked overnight with 3% goat serum in 0.3% Triton-X 100 in PBS. 

Vascular smooth muscle cells and pericytes were detected by incubating tissues with a 

Cy3 conjugated anti-α-Smooth Muscle Actin (1:1000; Sigma C-6198) antibody. 

Lymphatic vessels were identified by incubating tissues with a rabbit antibody against 

LYVE-1 (1:1000; Upstate #07-538) followed by either anti-rabbit Alexa Fluor 488 

(1:500; Molecular Probes A11008) or anti-rabbit Alexa Fluor 555 secondary antibodies 

(1:500; Molecular Probes A21428).  Blood vessels were identified by incubating tissues 

with a rat antibody against mouse PECAM-1 (1:1000; Cell Sciences HM1013) and with 

an anti-rat Alexa Fluor 488 secondary antibody (1:500; Molecular Probes A11006).  All 

incubations took place at 4º C for 24 hours.  Samples were mounted with citifluor and 

analyzed using a fluorescent microscope (Olympus) while images were captured using a 

Ziess LSM 510 confocal microscope.    

Mean branch point determination and statistical analysis 

To quantify the number and density of lymphatic vessels, low magnification images were 

taken of LYVE-1 stained ears from three wildtype and three Chy-3 mice, and lymphatic 

vessel branch points were manually counted per unit area.  The scores of four 

representative areas were averaged per ear to yield a final score.  The mean branch points 

per unit area along with standard deviations (for wildtype and Chy-3 mice) were 

calculated.  The two means were compared using an unpaired T-test for significance. 
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Whole body lymphatic system phenotyping using Evans blue dye and fluorescent 

dextran lymphangiography  

Adult mice were weighed and carefully examined for edema as well as other phenotypic 

abnormalities.  Mice were anesthetized with an IM injection of 20:1:79 

(ketamine:xylazine:sterile saline) at approximately 0.1ml/10g body weight.  Evans blue 

dye (EBD)(1% w/v) was serially injected intradermally into the hind paws, fore paws, 

snout and ear of Chy-3 and wildtype mice.  Following injections, the popliteal, sacral, 

iliac, axillary, and jugular regions were dissected and visualized under a dissecting 

microscope (Weck, Evergreen, CO, USA).  For intramuscular EBD injections, the skin 

surrounding the left leg was removed from anesthetized adult mice and dye was injected 

into the left adductor muscle.  The injection site was lightly massaged using a cotton-

tipped applicator (Puritan REF 806-WC).  After the injection, the iliac region was 

dissected and visualized as above.  Anesthetized newborn mice were either injected with 

Evans blue dye and visualized using a dissecting microscope or injected with tetra-

rhodamine dextran (10,000 MW, Molecular Probes) and visualized using a 

bioluminescence box equipped with a specialized high resolution CCD camera (Richards 

et al., in press). 
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Figure Legends 

Fig.  1.  Chy-3 mice harbor a deletion of chromosome 8 and are hemizygous for Vegfc.  

A: Real-time PCR results using genomic DNA to measure the fold difference of Vegfc 

demonstrate Vegfc hemizygosity for Chy-3 mice (wildtype 1.28±0.264, Chy-3 

0.54±0.110, asterisk p<0.001).  B: PCR-based heterozygosity analysis narrowed the 

extent of the deletion on chromosome 8 to be between the markers D8Mit339 and 

D8Mit31.  

 

Fig. 2.    Chy-3 mice exhibit distinctive abnormalities of the lymphatic system.  A: Chy-3 

newborn pup (right) displaying chylous ascites in contrast to a wildtype littermate (left) 

showing only a milkly stomach from feeding.  B: Chyle in the peritoneal cavity of Chy-3 

pups was free flowing and spilled out upon dissection.  C-F:  The hind paws of newborn 

wildtype pups (C) were flat and smooth whereas those of Chy-3 pups were 

lymphedematous (D) an abnormality which persisted throughout adulthood (E, F). G,H: 

Compared to wildtype males (G), the penis of Chy-3 males (H) was edematous and 

unretractable. 

 

Fig.  3.  Chy-3 mice display lymphatic hypoplasia in the skin.  A, B: Following 

intradermal Evans blue dye (EBD) injections of adult ears, more lymphatic vessels 

transported EBD from the injection site to the base of the ear in wildtype mice (A) than in 

Chy-3 mice (B).  C, D: Whole mount immunofluorescence staining of adult wildtype and 

Chy-3 ears for the lymphatic marker LYVE-1 revealed numerous vessels with many 
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branch points in wildtype mice (C) and fewer vessels in Chy-3 mice (D).  E: Quantitative 

branch point analysis of LYVE-1 positive lymphatic vessels per unit area displayed a 

significant difference (asterisk p < 0.01) between wildtype (18.42 ± 3.61) and Chy-3 

(7.67 ± 1.01) mice. (Scale bars C and D = 100 µm) 

 

Fig.  4.   Chy-3 mice have normal appearing collecting lymphatic vessels in the skin.  

Ears of adult mice were stained with antibodies against LYVE-1 (green) and SMA (red).  

LYVE-1 was down regulated at sites where smooth muscle cells were associated with 

lymphatic vessels both wildtype (A,C arrow) and Chy-3 mice (B,D arrow).  (E, F)  

PECAM-1 positive collecting lymphatic vessels of both adult wildtype (E) and Chy-3 

mice (F) contained intraluminal valves (arrows).  (Scale bars B and D, = 100 µm; E and F 

= 50 µm) 

 

Fig. 5.  Peripheral blood vessels appear normal in Chy-3 mice. A,B:  Wholemount 

immunofluorescence staining of ear skin from wildtype (A) and Chy-3 (B) mice using 

PECAM-1 did not reveal differences in appearance or patterning of the blood 

vasculature. (Scale bars A and B = 200 μm)  

 

Fig. 6.  The deep lymphatic structures in the lower body and thoracic duct of adult Chy-3 

mice are not highlighted after intradermal injections of EBD.  A-D:  Lymphatic vessels 

effectively drained EBD from intradermal snout injections to jugular lymph nodes in 

wildtype (A) and Chy-3 (B) mice as well as from intradermal forepaw injections to 
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axillary lymph nodes in wildtype (C) and Chy-3 (D) mice. E-H: Following intradermal 

hind paw injections of EBD of wildtype mice, the iliac lymph nodes (E) and thoracic duct 

(G) turned blue depicting dye transport whereas in Chy-3 mice, EBD was not visually 

detected in the iliac lymph nodes (F, arrows) nor in the thoracic duct (H, arrow).  

 

Fig. 7.  Chy-3 mice have functional deep lymphatic vessels.  A,B:  EBD was visually 

detected in the iliac lymph nodes of both wildtype (A) and Chy-3 (B) mice following an 

intramuscular injection of EBD. 

 

Fig. 8.  Chy-3 mice exhibit a functional lateral lymphatic pathway. A-D: Following 

intradermal injection of EBD into the hind paws of adult mice and dissection, most 

wildtype mice did not display the lateral lymphatic pathway as demonstrated by the lack 

of EBD in the inguinal region (A) or subsequent transport to the axillary node (C, arrow) 

while all Chy-3 mice displayed EBD in the inguinal region (B) with transport to the 

axillary nodes (D).  E,F: The lateral lymphatic pathway was also visualized through the 

dermis in newborn wildtype pups by EBD (E, arrow) and more clearly by intradermal 

injection of tetra-rhodamine dextran and fluorescent detection (F).   
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APPENDIX C: SUPPLEMENTAL TABLE 1. GENES BETWEEN THE 
MARKERS D8MIT339 AND D8MIT31 

 
Gene Symbol Gene Description Phenotypic Description 
1500004F05Rik RIKEN cDNA 1500004F05 gene   
2900075B16Rik RIKEN cDNA 2900075B16 gene   
Zdhhc2 zinc finger, DHHC domain containing 2   
Cnot7 CCR4-NOT transcription complex, subunit 7 -/- males are infertile 
Vps37a vacuolar protein sorting 37A (yeast)   
Mtmr7 myotubularin related protein 7   
Adam24 a disintegrin and metallopeptidase domain 24    

LOC667019 
similar to High mobility group protein 1 (HMG-
1)   

LOC633228 similar to ADAM 20 precursor    
LOC436137 similar to Placental thrombin inhibitor    
Adam25 a disintegrin and metallopeptidase domain 25   
LOC667041 similar to ADAM 25 precursor    
LOC667052 similar to Placental thrombin inhibitor    
LOC384806 similar to testase-8   
Adam39 a disintegrin and metallopeptidase domain 39   
LOC384808 similar to GAPDH    
LOC667077 similar to Multifunctional protein ADE2   

Slc7a2 solute carrier family 7 

-/- exhibit decreased NO 
biosynthesis in 
macrophages 

Pdgfrl platelet-derived growth factor receptor-like   
Mtus1 mitochondrial tumor suppressor 1   
Fgl1 fibrinogen-like protein 1   
Pcm1 pericentriolar material 1   
Asah1 N-acylsphingosine amidohydrolase 1 -/- embryos die by E8.5; +/- 

survive to adulthood but 
exhibit a pale liver 

Frg1 FSHD region gene 1   
LOC211895 gene model 1815, (NCBI)   
LOC667136 similar to 60 kDa heat shock protein   
Zfp353 zinc finger protein 353   

LOC620772 
similar to Cofilin-1 (Cofilin, non-muscle 
isoform)   

BC050188 cDNA sequence BC050188   

LOC622082 
similar to Bromodomain adjacent to zinc finger 
domain 2A     

LOC622117 similar to tripartite motif protein 39   
Zfp42 zinc finger protein 42   

Adam26b 
a disintegrin and metallopeptidase domain 
26B   
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APPENDIX C - continued 
 
 

Adam26a 
a disintegrin and metallopeptidase domain 
26A   

LOC384813 similar to testase-6   
Adam34 a disintegrin and metallopeptidase domain 34   
LOC384814 similar to testase-7   

LOC547011 
similar to WW domain binding protein 11 
(predicted)   

LOC622263 similar to peptidyl prolyl isomerase H   
Fath fat tumor suppressor homolog (Drosophila) -/-  exhibit perinatal 

lethality, 
holoprosencephaly, kidney 
and eye abnormalities 

Mtnr1a melatonin receptor 1A -/- show an absence of 
inhibitory effects of 
melatonin on super 
chiasma neuronal firing 

LOC622523 hypothetical protein LOC622523   

F11 coagulation factor XI 
-/- have slightly prolonged 
bleeding time 

Klkb1 kallikrein B, plasma 1   

Cyp4v3 
cytochrome P450, family 4, subfamily v, 
polypeptide 3   

BC035537 cDNA sequence BC035537   

Tlr3 toll-like receptor 3 
-/- exhibit immune system 
abnormalities 

Sorbs2 sorbin and SH3 domain containing 2   

Pdlim3 PDZ and LIM domain 3 

-/- no abnormal 
developmental phenotype 
detected 

Gm172 gene model 172, (NCBI)   
1700029J07Rik RIKEN cDNA 1700029J07 gene   
1810047C23Rik RIKEN cDNA 1810047C23 gene   
Ankrd37 ankyrin repeat domain 37   
Lrp2bp Lrp2 binding protein   
Snx25 sorting nexin 25   

4933411K20Rik RIKEN cDNA 4933411K20 gene   

Slc25a4 solute carrier family 25, member 4 

-/- display cardiac 
hypertrophy and skeletal 
muscle abnormalities 

LOC621269 similar to cytoplasmic beta-actin   
LOC667325 hypothetical protein LOC667325   
Helt Hey-like transcription factor (zebrafish)   
LOC667337 hypothetical protein LOC667337   

Acsl1 
acyl-CoA synthetase long-chain family 
member 1   

Mlf1ip myeloid leukemia factor 1 interacting protein   
BC065112 cDNA sequence BC065112   
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APPENDIX C - continued 
 

Casp3 caspase 3 -/- exhibit pre and postnatal 
lethality, delayed regression 
of vitreal vasculature, eye 
and immune system 
abnormalites, and 
decreased bone mineral 
density; +/- decreased bone 
mineral density 

Irf2 interferon regulatory factor 2 
-/- exhibit immune system 
abnormalites 

Enpp6 
ectonucleotide 
pyrophosphatase/phosphodiesterase 6   

Stox2 storkhead box 2   
4930448N21Rik RIKEN cDNA 4930448N21 gene   
D030016E14Rik RIKEN cDNA D030016E14 gene   
Rwdd4a RWD domain containing 4A   
LOC384819 similar to spermatogenesis associated 2   
LOC667422 similar to 40S ribosomal protein S16   
LOC623251 hypothetical protein LOC623251   
Ing2 inhibitor of growth family, member 2   
LOC546058 hypothetical protein LOC546058   
4921511I16Rik RIKEN cDNA 4921511I16 gene   
Cldn22 claudin 22   
Wwc2 WW, C2 and coiled-coil domain containing 2   
Dctd dCMP deaminase   
Odz3 odd Oz/ten-m homolog 3 (Drosophila)   
4930555F03Rik RIKEN cDNA 4930555F03 gene   
LOC667495 hypothetical protein LOC667495   
LOC667517 similar to chaperonin containing TCP1   

LOC623872 
similar to ubiquitin-conjugating enzyme variant 
Kua   

LOC623935 
similar to Glyceraldehyde-3-phosphate 
dehydrogenase   

1190028D05Rik RIKEN cDNA 1190028D05 gene   
LOC634248 similar to Retrovirus-related Pol polyprotein   
LOC623993 similar to Calcium-binding protein p22    

Aga aspartylglucosaminidase 

-/- share characteristics of 
human 
aspartylglycosaminuria 

Neil3 nei like 3 (E. coli)   
Vegfc vascular endothelial growth factor C 

-/- embryos die between 
E15.5-E17.5 and the 
jugular lymph sacs do not 
develop; +/- exhibit 
lymphedema, chylous 
ascites, and lymphatic 
hypoplasia 
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APPENDIX C - continued 
 
 

Asb5 
ankyrin repeat and SOCs box-containing 
protein 5   

Spata4 spermatogenesis associated 4   
Wdr17 WD repeat domain 17   

Gpm6a glycoprotein m6a 
-/-  have an increased 
amount of body fat 

LOC667624 similar to ADAM 29 precursor    

LOC667629 
similar to transcription elongation factor B 
polypeptide 3C   

LOC546212 
similar to Transcription elongation factor B 
polypeptide 3   

LOC667640 
similar to Transcription elongation factor B 
polypeptide 3    

LOC547103 
similar to Transcription elongation factor B 
polypeptide 3    

LOC235858 gene model 392, (NCBI)   
LOC382364 gene model 1153, (NCBI)   

LOC664808 
similar to transcription elongation factor B 
polypeptide 3C   

LOC664818 
similar to transcription elongation factor B 
polypeptide 3C   

LOC664834 
similar to transcription elongation factor B 
polypeptide 3C   

LOC664859 
similar to Transcription elongation factor B 
polypeptide 3   

LOC664876 
similar to transcription elongation factor B 
polypeptide 3C   

LOC664916 hypothetical protein LOC664916   
Adam29 a disintegrin and metallopeptidase domain 29   

Glra3 glycine receptor, alpha 3 subunit 

-/- demonstrate decreased 
inflammatory pain 
sensitization 

LOC664812 similar to 40S ribosomal protein S7 (S8)   
Hpgd hydroxyprostaglandin dehydrogenase 15 

(NAD) 
-/- display perinatal lethality 
and fail to remodel the 
ductus arteriosus 

LOC664948 
similar to 26S proteasome non-ATPase 
regulatory subunit 13   

BC088983 cDNA sequence BC088983   
2410004P22Rik RIKEN cDNA 2410004P22 gene   
Fbxo8 F-box only protein 8   

LOC624433 
similar to Probable ATP-dependent RNA 
helicase DDX10    

LOC654355 
glutamate receptor, ionotropic, NMDA2A 
(epsilon 1) pseudogene   

LOC627850 similar to 40S ribosomal protein S7 (S8)   

Hand2 
heart and neural crest derivatives expressed 
transcript 2 

-/- embryos die by E10.5 
from heart failure 
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APPENDIX C - continued 
 
 

Scrg1 scrapie responsive gene 1   
Sap30 sin3 associated polypeptide   

Hmgb2 high mobility group box 2 
-/- males exhibit reduced 
fertility 

LOC547012 similar to Protein C14orf166   

Galnt7 
polypeptide N-acetylgalactosaminyltransferase 
7   

4930431L04Rik RIKEN cDNA 4930431L04 gene   
BC030500 cDNA sequence BC030500   
LOC665116 similar to RuvB-like protein 1   
LOC436042 similar to 3-phosphoglycerate dehydrogenase   
LOC330776 hypothetical gene supported by AK085556   

Aadat aminoadipate aminotransferase 

-/- open eyes early and 
have nervous system 
abnormalities 

Mfap3l microfibrillar-associated protein 3-like   
2700029M09Rik RIKEN cDNA 2700029M09 gene   

Clcn3 chloride channel 3 
-/- are similar to neuronal 
ceroid lipofuscinosis 

B230317F23Rik RIKEN cDNA B230317F23 gene   

Nek1 
NIMA (never in mitosis gene a)-related 
expressed kinase 1 

-/- exhibit polycistic kidney 
disease 

Sh3rf1 SH3 domain containing ring finger 1   
LOC664975 similar to 40S ribosomal protein S2   
Cbr4 carbonyl reductase 4   
Palld palladin, cytoskeletal associated protein -/- embryos die between 

E14.5-E15.5 and have a 
neural tube closure defect 

BC013672 cDNA sequence BC013672   
Anxa10 annexin A10   
LOC384830 similar to 60 kDa heat shock protein   
LOC665267 hypothetical protein LOC665267   

Spock3 
sparc/osteonectin, cwcv and kazal-like 
domains proteoglycan 3   

LOC384831 
similar to Glyceraldehyde-3-phosphate 
dehydrogenase   

LOC244495 similar to tripin   
Tll1 tolloid-like -/- embryos die between 

E14.5-16.5, exhibit 
incomplete formation of 
ventricular septum and 
abnormal positioning of the 
heart 

Cpe carboxypeptidase E 
-/- are obese and have 
reduced fertility 

Sc4mol sterol-C4-methyl oxidase-like   
Klhl2 kelch-like 2, Mayven (Drosophila)   

LOC619647 
similar to High mobility group protein 1 (HMG-
1)   

3110005G23Rik RIKEN cDNA 3110005G23 gene   
Trim75 tripartite motif-containing 75   
Trim60 tripartite motif-containing 60   
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APPENDIX C - continued 
 

 
Trim61 tripartite motif-containing 61   
LOC665388 similar to cytoplasmic beta-actin   
LOC665396 similar to Tubulin alpha-3 chain   
LOC665405 similar to ribosomal protein L24   
Vaultrc-ps1 vault RNA component pseudogene 1   
March1 membrane-associated ring finger (C3HC4) 1   
1810029B16Rik RIKEN cDNA 1810029B16 gene   
Tktl2 transketolase-like 2   
Npy5r neuropeptide Y receptor Y5 -/- are slightly obese and 

display an increased 
susceptibility to diet 
induced obesity 

Npy1r neuropeptide Y receptor Y1 -/- are moderately obese 
and exhibit behavioral and 
cardiovascular 
abnormalities 

LOC665443 similar to RNA binding motif protein 7   
BC053440 cDNA sequence BC053440   
LOC665453 similar to FGFR1 oncogene partner 2   
Nat1 N-acetyltransferase 1 Nat1/2-/- demonstrate 

abnormal metabolism of p-
aminosalicylates and 
sulfamethazine 

Nat2 N-acetyltransferase 2 

-/- no abnormal 
developmental phenotype 
detected 

Nat3 N-acetyltransferase 3   
4931420C21Rik RIKEN cDNA 4931420C21 gene   
Sh2d4a SH2 domain containing 4A   
LOC665510 hypothetical protein LOC665510   
4732435N03Rik RIKEN cDNA 4732435N03 gene   
Ints10 integrator complex subunit 10   
Lpl lipoprotein lipase -/- are cyanotic, die within 

two days of birth, and have 
capillaries filled with 
chylomicrons; +/- exhibit 
elevated triglyceride levels 

Slc18a1 
solute carrier family 18 (vesicular monoamine), 
member 1 

-/- no abnormal 
developmental phenotype 
detected 

Atp6v1b2 
ATPase, H+ transporting, lysosomal V1 
subunit B2   

Lzts1 leucine zipper, putative tumor suppressor 1   
LOC665540 hypothetical protein LOC665540   
D10627 cDNA sequence D10627   
LOC665230 similar to Small nuclear ribonucleoprotein F    
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LOC665553 
similar to membrane-associated ring finger 
(C3HC4) 5   

D130040H23Rik RIKEN cDNA D130040H23 gene   

LOC665561 
similar to suppressor of initiator codon 
mutations   

LOC665572 similar to ankyrin repeat domain 26   
LOC665578 hypothetical protein LOC665578   
LOC665583 similar to ankyrin repeat domain 26   
LOC665589 hypothetical protein LOC665589   
AI449175 expressed sequence AI449175   
LOC636741 hypothetical protein LOC636741   
1200003I07Rik RIKEN cDNA 1200003I07 gene   
9830167H18Rik RIKEN cDNA 9830167H18 gene   
D330038O06Rik RIKEN cDNA D330038O06 gene   
Atp13a1 ATPase type 13A1   
Gmip Gem-interacting protein   

Edg4 G-protein-coupled receptor 4 

-/- no abnormal 
developmental phenotype 
detected 

Pbx4 pre-B-cell leukemia transcription factor 4   
Cilp2 cartilage intermediate layer protein 2   
BC028663 cDNA sequence BC028663   
Ndufa13 NADH dehydrogenase (ubiquinone) 1 alpha 

subcomplex, 13 -/- embryos die by E9.5 and 
mitochondria exhibit an 
abnormal morphology 

Tssk6 testis-specific serine kinase 6 

-/- males are infertile; +/- 
have a reduction in sperm 
count 

Gatad2a GATA zinc finger domain containing 2A   
LOC665649 similar to Nucleoside diphosphate kinase B   
9130404D08Rik RIKEN cDNA 9130404D08 gene   
Sf4 splicing factor 4   
Tm6sf2 transmembrane 6 superfamily member 2   
Hapln4 hyaluronan and proteoglycan link protein 4   

Cspg3 chondroitin sulfate proteoglycan 3 
-/- exhibit defects in long 
term potentiation 

Rfxank 
regulatory factor X-associated ankyrin-
containing protein   

2310073E15Rik RIKEN cDNA 2310073E15 gene   
Mef2b myocyte enhancer factor 2B   
2310045N01Rik RIKEN cDNA 2310045N01 gene   
BC021367 cDNA sequence BC021367   
2900084M01Rik RIKEN cDNA 2900084M01 gene   
Sfrs14 splicing factor, arginine/serine-rich 14   

Homer3 homer homolog 3 (Drosophila) 
-/- show sensitivity to 
cocaine 
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Ddx49 DEAD (Asp-Glu-Ala-Asp) box polypeptide 49   
Cope coatomer protein complex, subunit epsilon   
Lass1 longevity assurance homolog 1 (S. cerevisiae)   
Gdf1 growth differentiation factor 1 -/- exhibit embryonic and 

neonatal lethality, situs 
inversus, cardiovascular 
abnormalities 

Upf1 
UPF1 regulator of nonsense transcripts 
homolog (yeast) 

-/- embryos die by E7.5; +/- 
are reported to be normal 

Comp cartilage oligomeric matrix protein 

-/- no abnormal 
developmental  phenotype 
detected 

Crtc1 CREB regulated transcription coactivator 1   
Klhl26 kelch-like 26 (Drosophila)   
5330410G16Rik RIKEN cDNA 5330410G16 gene   
Crlf1 cytokine receptor-like factor 1 -/- neonatal lethality, 

behavioral defects, nervous 
and hematopoietic system 
abnormalities 

2810428I15Rik RIKEN cDNA 2810428I15 gene   

Uba52 
ubiquitin A-52 residue ribosomal protein fusion 
product 1   

2810422J05Rik RIKEN cDNA 2810422J05 gene   
Fkbp8 FK506 binding protein 8 -/- embryos die by E13.5, 

display and nervous system 
and eye abnormalities 

Ell elongation factor RNA polymerase II -/- embryos die by E6.5 
Isyna1 myo-inositol 1-phosphate synthase A1   
Ssbp4 single stranded DNA binding protein 4   
Lrrc25 leucine rich repeat containing 25   

Gdf15 growth differentiation factor 15 

-/- no abnormal 
developmental phenotype 
detected 

Pgpep1 pyroglutamyl-peptidase I   

Lsm4 
LSM4 homolog, U6 small nuclear RNA 
associated (S. cerevisiae) -/- embryos die by E6.5 

Jund1 Jun proto-oncogene related gene d1 -/- demonstrate growth, 
behavioral, cardiac and 
immune system 
abnormalities 

LOC637079 similar to KIAA1683   
Pde4c phosphodiesterase 4C, cAMP specific   

Rab3a RAB3A, member RAS oncogene family 
-/- and +/- exhibit a 
shortened circidian period 

BC051227 cDNA sequence BC051227   
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Ifi30 interferon gamma inducible protein 30 

-/- demonstrate a reduced 
efficiency of antigen 
processing 

Pik3r2 
phosphatidylinositol 3-kinase, regulatory 
subunit, polypeptide 2 

-/- have hypoglycemia and 
hypoinsulinemia 

Mast3 
microtubule associated serine/threonine 
kinase 3   

Il12rb1 interleukin 12 receptor, beta 1 
-/- exhibit immune system 
abnormalites 

Arrdc2 arrestin domain containing 2   

Kcnn1 
K intermediate/small conductance calcium-
activated channel   

A230052G05Rik RIKEN cDNA A230052G05 gene   
1810023B24Rik RIKEN cDNA 1810023B24 gene   

Slc5a5 
solute carrier family 5 (sodium iodide 
symporter), member 5   

Rpl18a Ribosomal protein L18A   
Snora68 small nucleolar RNA, H/ACA box 68   
Bpy2ip1 BPY2 interacting protein 1   
LOC665828 similar to cactin CG1676-PA   
LOC626532 similar to ankyrin repeat domain 26   
LOC665858 similar to inversin   

LOC621377 
similar to adenine phosphoribosyltransferase 
(APRT)   

2410004L22Rik RIKEN cDNA 2410004L22 gene   
Myo9b myosin IXb   

 


