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A key feature of organogenesis includes tightly regulated patterning of organ-specific vascular 

networks to meet the unique structural and functional requirements of specific organs. Many 

signaling pathways that regulate morphogenesis of major blood and lymphatic vessels have been 

elucidated but little is known about how they are integrated with organ-specific patterns of 

vascularization and endothelial cell differentiation.  

While the intestine appears as a complex, coiled structure, its stereotypical looping 

morphogenesis and reproducible vascular patterning provide a tractable system to rigorously probe 

for factors driving mechanisms of organ-specific vascularization. Gut looping is initiated by 

asymmetric cell behavior across the left-right (LR) axis of the dorsal mesentery (DM), downstream 

of the LR symmetry breaking transcription factor Pitx2. DM suspends the gut tube from the dorsal 

body wall and serves as the sole conduit for vessels supplying and draining the intestine. In 

addition to their critical roles in transport of gas, nutrients and immune cells, the intestinal blood 

and lymphatic vascular networks also have specialized roles of absorbing nutrients through 

specialized capillaries in the intestinal villi. Gut lymphatics are the sole and essential channels for 

absorption and transport of dietary lipids and fat-soluble vitamins, a function that separates them 

from all other lymphatic networks.  



 

I demonstrate that patterning of gut arteries and lymphatic vessels is LR asymmetric and 

Pitx2-dependent, thus coordinated with overall gut morphogenesis.  Pitx2 initiates arteriogenesis 

and subsequent lymphangiogenesis exclusively in the left DM via regulation of Cxcl12-Cxcr4 

chemotaxis. Cxcl12 expression is necessary but not sufficient to drive vascular patterning in the 

absence of Pitx2, indicating a critical dependence on Pitx2-induced microenvironment. 

Unexpectedly, I discovered that gut lymphatic development depends on arteries, contrary to 

the century-old dogma that all mammalian lymphatic vessels form by sprouting from veins. I 

provide evidence for functional and developmental heterogeneity among intestinal lymphatic 

endothelial cells that holds therapeutic promise to selectively target specific lymphatic endothelial 

subsets that contribute differentially to disorders linked to several intestinal functions. Thus, my work 

connects the earliest molecular events in embryo laterality to specific positioning of stereotypical 

organ vasculature, in tight coordination with the overall plan that establishes organ shape.  
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PREFACE 
 

The major focus of my thesis has been unraveling the molecular and cellular origins and 

developmental mechanisms of blood and lymphatic vessels that provide nourishment and drainage 

to the looping intestine.  Despite its essential role in postnatal survival, this system has received 

very little attention until recently. In addition to their essential, life-supporting roles, these blood 

vascular and lymphatic channels are the primary conduits for metastatic spread of colorectal tumor 

cells, while vascular anomalies are the leading cause of congenital birth defects. Gut lymphatics 

constitute the largest lymphoid organ with an organ-specific role of absorption and transport of 

dietary lipids and fat-soluble vitamin. Defects in gut lymphatics are involved in many debilitating 

disorders, including lymphedema, lymphangiectasia, inflammatory bowel disease, hypertension 

and obesity. Yet, the molecular mechanisms governing their specialized functions of remain largely 

unknown. 

My thesis consists of four Chapters. In Chapter 1 (Introduction), I provide historical 

perspective of the vascular system and introduce the origin of embryonic vasculature and the 

genetic mechanisms regulating the formation of blood vessels. I introduce the chicken and mouse 

gut system and its dorsal mesentery, our model system of choice, and the mechanisms responsible 

for the asymmetric gut looping morphogenesis. I end with an introduction of the lymphatic 

vascular network, its discovery, the opposing views of its origins, molecular players that regulate 

lymphatic morphogenesis and clinical implications of lymphatic vascular dysfunction.  

In Chapter 2, building on our recent work of the cellular and molecular control of gut 

looping patterns, I link these events with the early development of blood and lymphatic vessels of 

the gut and show that both are downstream of the conserved LR axis. Leveraging data from laser 

microdissection of the left and right halves of embryonic chicken midgut DM (left: Pitx2 positive 
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vs. right: Pitx2 negative), I unexpectedly discovered that angiogenic markers are present 

exclusively in the left DM. Using targeted misexpression approaches in avian embryos, chick-quail 

chimeras, and transgenic mice I demonstrate that patterning of arteries and lymphatic vessels in the 

mammalian gut is LR asymmetric and Pitx2-dependent, thus coordinated with the overall 

morphogenesis of the gut. I show that Pitx2 initiates arteriogenesis and subsequent 

lymphangiogenesis exclusively on the left side of the DM via regulation of the Cxcl12 ligand and 

its G-protein-coupled chemokine receptor Cxcr4. Cxcl12 expression is necessary but not sufficient 

to drive vascular patterning in the absence of Pitx2, indicating a critical dependence on the Pitx2-

induced microenvironment.  

Unexpectedly, I made the discovery that gut lymphatics also initiate in the left DM and 

arise only after – and dependent on – arteriogenesis, implicating arteries as drivers of gut 

lymphangiogenesis. This finding is contrary to the century-old dogma that all lymphatic 

endothelial cells sprout from venous-derived lymph sacs to form lymphatic vessels. Instead, I 

demonstrate that at least two different sources of lymphatic precursors exist in the DM: the venous-

derived mesenteric lymph sac (MLS) and the previously uncharacterized population of asymmetric 

mesenteric lymphatics (AML). My discovery bears critical therapeutic importance, as distinct 

lymphatic endothelial subsets are thought to contribute differentially to disorders linked to several 

intestinal functions. My findings present a system to rigorously define the underlying biology of 

multiple lymphatic subsets in the intestine. My findings were published in 2014 in the journal of 

Developmental Cell.  

In Chapter 3, I dissect the relationship between the AML and the venous-derived MLS and 

demonstrate that these lymphatic precursor subsets are genetically distinct and serve different 

functions in the digestive tract. For example, whereas the AML formation is dependent on both 
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Pitx2 and Cxcr4, MLS formation is independent of Pitx2 but requires Cxcr4. To begin elucidating 

the specific roles of Pitx2 and Cxcr4 in gut lymphatics, I characterize embryonic gut lymphatic 

development in knockout mice lacking functional Cxcr4 and Pitx2. I demonstrate that loss of the 

left-sided Pitx2 results in defective lymphatic vasculature and ablates lacteals, the specialized 

lymphatic capillaries within the gut villi that absorb all of dietary fats, in the absence of any 

obvious defects in venous-derived MLS formation. Using Cxcr4-/- embryos, I show that the 

lymphatic vasculature is severely impacted in the absence of Cxcr4, including lack of lacteals and 

lymphatic valves that prevent the backflow of lymph, suggesting a function for Cxcr4 separate 

from that of Pitx2. Moreover, I show that livers of suckling Pitx2 and Cxcr4 mutant pups have 

abnormal lipid accumulation supportive of impaired lipid transport upon loss of these genes. I end 

this chapter with a conclusion that Pitx2 and Cxcr4 play distinct and overlapping roles during gut 

lymphatic development that are integral to the specialized lipid absorptive function of gut 

lymphatic vasculature. These findings are currently being prepared for publication.  

In Chapter 4, I briefly summarize my work, while exploring few unanswered questions 

that remain. Extending my current findings, I propose ideas that would help us elucidate factors 

and understand better, the molecular mechanisms underlying gut lymphatic development from 

heterogeneous precursor lymphatic populations. This would offer unprecedented potential for 

future discovery of novel regulators of these processes and new therapeutic strategies to combat 

vascular diseases.  

 

	



 

 1 

	

	

	

	

	

CHAPTER 1: 

  INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 



 

 2 

1.1 A History of Vessels 

The concept of vessels as conduits carrying vital substances for sustaining life was conceived in 

425 B.C by Diogenes of Apollonia, a pre-Socrates natural philosopher (Crivellato, Mallardi et al. 

2006). In his dissections of sheep and cattle, he noted a pair of prominent vessels, one thinner but 

“sturdier” than the other, running through the abdomen, directed caudally to the legs and cranially 

to the head. He proceeded to provide detailed descriptions of the branches emanating from the pair 

of vessels, observing a left-right asymmetry in the distribution of those branches, especially in the 

viscera. He termed all the branches on the right as the hepatic vessels and those on the left as the 

splenic vessels (Crivellato, Mallardi et al. 2006). 

While Diogenes has to be credited for his observations on the asymmetry and for 

establishing the first prototype of the adult vascular circulation, he perceived the vascular network 

as an open system, which originated in the head, where air entered, and ended at the distal ends of 

limbs, through “invisible” pores (Crivellato, Mallardi et al. 2006). This model was later modified 

by Galen of Pergamon, who, using the deductions made by his own dissections and observations 

of many others such as Diogenes and Praxagoras (who first distinguished arteries from veins), 

established the liver as the source of blood in 300 B.C (Aird 2011). He determined that food 

digested in the stomach was delivered to the intestines and absorbed by intestinal veins to be 

transported to the liver and converted into blood. This “natural blood” was distributed to other 

regions through veins, which originated in the liver. Thus, he depicted the circulation of blood as 

moving centrifugally from the liver to the periphery in a unidirectional manner, providing one-

time distribution of the natural blood to other organs, before being lost through invisible emanation 

(Aird 2011). The arteries originated from the heart and carried a mixture of air and blood, also 

known as “vital blood’, formed from the mixing of “natural blood” entering the right side of the 
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heart from the liver and air entering the left side of the heart from the lungs (Aird 2011). The Galen 

model of circulation prevailed for centuries until William Harvey, an English anatomist and 

physician through detailed observations made in animal and human cadavers disputed all previous 

models and set the stage for the current model of closed pulmonary and systemic circulation in 

adults in 1628 (Aird 2011, Widlansky and Malik 2015).  

 

1.2 Embryonic Origin of Vasculature 

While the early anatomists discovered the blood vessels and addressed the questions of blood 

circulation in the early 17th century, it was not until the late 19th and early 20th century that 

embryologists began to question the origin and formation of the vessels during embryonic 

development. Being one of the first functional organ system to form during embryogenesis 

(Rossant and Howard 2002), the complex and intricately branched network of vessels is vital for 

the transport of oxygen and nutrients, and removal of metabolic waste products. Normal 

development of the vertebrate embryo and its subsequent viability depends upon the proper 

development and patterning of the vascular system (Rossant and Howard 2002, Towbin 2015).  

 Vascular development is initiated early during vertebrate embryogenesis with the 

extraembryonic formation of blood islands in the yolk sac and the appearance and aggregation of 

intraembryonic angioblast precursor cells (Baldwin 1996, Rossant and Howard 2002, Vokes and 

Krieg 2015). The blood islands form adjacent to the extraembryonic endoderm within the 

splanchnic mesoderm (Noden 1990, Baldwin 1996, Eichmann, Pardanaud et al. 2002, Vokes and 

Krieg 2015). Within each blood island, the cells in the periphery transform into endothelial cells 

that line vessels, while the cells in the middle become hematopoietic cells (Noden 1990, Rossant 
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and Howard 2002). The blood islands subsequently fuse to form the immature primitive vascular 

plexus, in a process known as vasculogenesis, which is followed by vascular remodeling events to 

establish the complex yolk sac vasculature (Noden 1990, Baldwin 1996, Rossant and Howard 

2002, Vokes and Krieg 2015).   

Formation of intraembryonic vasculature was previously thought to be derived only from 

branching and elongation of the extraembryonic vascular channels into the embryo, in a process 

termed angiogenesis (His 1900). However, many groups have revealed the presence of circulating 

mesodermal cells within the embryo that differentiate to give rise to endothelial progenitor cells, 

which coalesce to form endothelial tubes (Sabin 1917, Noden 1990, Dyer, Farrington et al. 2001, 

Byrd, S et al. 2002, Eichmann, Pardanaud et al. 2002). In addition, extraembryonic endothelial 

progenitor cells can also enter the embryo and assemble into a vascular plexus. Thus, 

intraembryonic vasculature is derived from a combination of in-situ vasculogenesis from locally 

derived endothelial progenitors, vasculogenesis from extraembryonically derived endothelial 

progenitors, and angiogenesis via in-growth of extraembryonic vascular channels (Eichmann, 

Pardanaud et al. 2002, Stapor, De Bock et al. 2015, Vokes and Krieg 2015).  

 

1.3 Genetic Mechanisms Regulating the Formation of Vascular Networks  

The processes involved in the establishment of the primitive vascular plexus in the early embryo 

are tightly regulated through conserved signaling pathways. FGF signaling is thought to be 

required for specification of mesodermal cells into angioblasts and Indian Hedgehog signaling 

from the endoderm specifies both endothelial and hematopoietic fates in both mammals and birds 

(Cox and Poole 2000, Dyer, Farrington et al. 2001, Byrd, S et al. 2002, Rossant and Howard 2002).  
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The Vegf signaling pathway is of paramount importance from the initiation of vascular 

development during embryogenesis to maturation of the vascular networks, and continues to play 

key roles in the maintenance of adult vasculature and in pathogenic conditions (Rossant and 

Howard 2002, Towbin 2015, Vokes and Krieg 2015). Predictably, it is one of the most extensively 

studied pathways in vivo and in vitro, not only to understand its roles in regulating processes of 

vessel formation during embryonic development but also during pathological situations. Hence, 

the Vegf signaling pathways have been a key target for clinical intervention in preventing tumor 

angiogenesis and in promoting revascularization following tissue ischemia for decades (Ferrara 

and Alitalo 1999, Rossant and Howard 2002, Folkman 2007).  

As these initial vessels mature to support circulation, they undergo a chain of discrete 

processes in continuum, including specification into arteries and veins, with subdivisions into large 

vessels, arterioles, venules and capillaries (D'Amore and Thompson 1987, Kassmeyer, Plendl et 

al. 2009), remodeling via sprouting angiogenesis (Carmeliet 2000), intussusception (also termed 

non-sprouting angiogenesis referring to the division of existing vessels by transluminal 

invagination and pillar formation through interstitial tissue) (Djonov, Galli et al. 2000, Patan 

2000), regression, pruning, recruitment of supporting cells to ensure stability of the new vessels, 

collateral arteriogenesis, and leak-proof remodeling without angiogenesis (remodeling of a patent 

primitive arterial plexus to form a mature vessel, without any leakage of blood) (D'Amore and 

Thompson 1987, Cox and Poole 2000, Korshunov 2015). All these processes are regulated through 

conserved signaling pathways, such as the Vegf, Tie/Angpt, PdgfB, TgfB, Notch, and Eph/Efn 

pathways (Rossant and Howard 2002). In addition, non-genetic factors such as hypoxia, flow rate, 

and shear stress are additionally important in shaping the vascular network (Widlansky and Malik 

2015).  
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1.4 Organ-Specific Vascular Patterning 

Many features of embryonic vascular development have been documented through classical 

descriptive (Noden 1990, Drake 2003, Patan 2004) and more recent cellular and molecular 

analyses (Wacker and Gerhardt 2011, Heinke, Patterson et al. 2012, Marcelo, Goldie et al. 2013). 

However, there has yet to emerge a mechanistic model that accounts for the diversity of local 

contexts, multiple lineages, and spatial patterning displayed by the emerging circulatory system. 

This is due in large part to the rapid early emergence and dynamic remodeling of networks deeply 

embedded within both intra- and extra-embryonic tissues, making this system challenging to 

approach experimentally.  

Recently, there have been a handful of studies that have looked into mechanisms regulating 

organ-specific vasculature of the heart, kidneys, brain and eyes (Ara, Tokoyoda et al. 2005, 

Takabatake, Sugiyama et al. 2009, Ping, Yao et al. 2011, Ivins, Chappell et al. 2015). Organ-

specific vascular patterning is critical for establishing a vascular network that is uniquely suited to 

meet the structural and functional requirements of each organ. As an example, the contrasting 

properties of the brain vasculature, which forms a very selective and restrictive environment for 

the passage between the blood circulation and brain, and the renal vasculature that is highly 

fenestrated for efficient filtering of blood, have been long appreciated (Weinstein 2002). While the 

above studies describe various signaling pathways that are unique for patterning the vasculature 

of the different organs, they do not address how these pathways communicate with those that 

coordinate organ morphogenesis.  

Within the last several years, the Kurpios lab has leveraged the chicken and mouse DMs 

as genetically accessible in vivo models to characterize organ-specific vascular development in 

the coiled intestine. Chapter two of this thesis includes a published manuscript that describes a 
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mechanism regulated by Pitx2 driven Cxcr4-Cxcl12 chemotaxis for how patterning of intestinal 

vasculature is achieved and coordinated with asymmetric gut morphogenesis (Figure 1.1) 

(Mahadevan, Welsh et al. 2014). 

                               

 

1.5 Asymmetric Gut Morphogenesis 

The primitive gut is a straight tubular structure divided into foregut, midgut, and hindgut based on 

the arterial supply of each segment (Richard Drake 2014, Kolkman and Geelkerken 2015). As the 

midgut lengthens disproportionately to the embryo, a primary midgut loop, which undergoes a 

highly conserved counterclockwise rotation is formed. In mammals and birds, this 

counterclockwise rotation is initiated by a critical leftward tilt of the gut tube, driven by asymmetric 

cellular behavior across the left-right (LR) axis of the dorsal mesentery (DM), a bridge of mesoderm 

Figure 1.1| Pitx2 coordinates gut and vascular morphogenesis. In the left DM, Pitx2 directly regulates 
Cxcl12-Cxcr4 chemotaxis to initiate arteriogenesis in coordination with gut tilting and subsequent 
lymphangiogenesis. Whereas in the right DM, which has no Pitx2, the chemotactic pathway is absent, 
resulting no vascular development. 
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connecting the gut tube along its entire axial length to the dorsal body wall (Hecksher-Sorensen, 

Watson et al. 2004, Davis, Kurpios et al. 2008, Kurpios, Ibanes et al. 2008).  The embryonic DM 

consists of four molecularly distinct cellular compartments: left epithelium, left mesenchyme, right 

mesenchyme, and right epithelium. The left and right sides of the DM are initially symmetrical, at 

HH17 (2 days post fertilization) but at the onset of tilting of gut tube at HH21 (3.5 days post 

fertilization), exhibit drastic LR asymmetries. The left epithelium becomes more columnar, the 

left mesenchyme undergoes compaction, the right mesenchyme undergoes expansion and the right 

epithelium becomes more cuboidal. Collectively, these cellular changes deform the DM into a 

trapezoidal structure, physically tilting the gut tube leftwards.  Importantly, there are no 

asymmetries in cell number, proliferation or cell death within the DM showing that gut rotation is 

strictly a consequence of differential cell behavior across the LR axis (Davis, Kurpios et al. 2008, 

Kurpios, Ibanes et al. 2008, Welsh, Thomsen et al. 2013).   

 Previous studies in birds and mice have established that Pitx2, a critical homeobox 

transcription factor defining left-right organ asymmetry, is essential to induce the left-specific gene 

expression and cell behavior within the DM (Davis, Kurpios et al. 2008, Kurpios, Ibanes et al. 

2008). Pitx2-null mice are unable to generate the leftward tilt and exhibit randomized chirality of 

gut rotation (Shiratori and Hamada 2006, Davis, Kurpios et al. 2008). While these studies 

highlighted the DM as a central player in the transfer of early LR patterning to intestinal organ 

morphogenesis, the mechanisms by which this initial molecular asymmetry leads to asymmetric 

cell behavior were left unresolved.  

Towards defining these processes, the Kurpios lab made use of the binary cellular 

organization of the DM and its accessibility in chicken embryos to perform laser capture 

microdissection (LCM) and microarray analysis of the four physically distinguishable cellular 
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compartments of the DM.  Analysis of these data provided the foundation to study the mechanisms 

by which initial molecular asymmetry within the DM leads to asymmetric cell behavior to 

ultimately sculpt LR organs. Unexpectedly, they also revealed how early LR molecular asymmetries 

are translated into Pitx2-regulated organ-specific blood and lymphatic vascular patterning of the 

intestines, and provide the foundation for my thesis. 

 

 1.6 The Lymphatic Vascular Network 

Till recently, the lymphatic vasculature has often been overlooked in comparison to the blood 

vasculature. This oversight is due in part to historical difficulties in visualizing lymphatics, a lack 

of appreciation for their subtlety of function, and therefore, less emphasis on developing methods 

and markers to study them (Alexander, Ganta et al. 2010). However, lymphatic biology is currently 

experiencing an enormous renewal in interest and the importance of lymphatics in disease is 

gaining recognition outside of the fields of lymphedema and cancer biology. The intestine is an 

organ which critically depends on adequate lymphatic functioning, and defects in lymphatics 

during embryonic development cause a wide range of debilitating intestinal metabolic 

dysfunctions (Alexander, Ganta et al. 2010). 

 The specialized structure of the lymphatic vascular network allows it to perform a variety 

of important tasks. Proteins and other macromolecules that are circulating under high pressure in 

the bloodstream are constantly filtered out of the arterioles and into the interstitial space. The initial 

lymphatic capillaries that pick up this lymph made up of interstitial fluid, proteins, macromolecules 

and immune cells are single cell layered blind-ended vessels (Zawieja 2009, Kazenwadel and 

Harvey 2016), which have overlapping intercellular junctions that function as rudimentary valves. 
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An increase in interstitial fluid pressure causes these interendothelial valves to open, allowing fluid 

and large sized particles to enter the capillary (Gashev 2010). Once taken up into initial lymphatics, 

lymph is transported into pre-collecting vessels and then larger collecting vessels, from which it is 

pumped back to the blood circulation via the thoracic and right lymphatic ducts (Barrowman and 

Tso 2011, Aspelund, Robciuc et al. 2016).  

 The collecting vessels are specially suited to transport lymph against a pressure gradient. 

Containing numerous valves that serve to prevent backflow of the lymph and reduce the 

hydrostatic pressure gradient within the vessel (Zawieja 2009), and layers of smooth muscle cells 

to generate an intrinsic contractile force pumping and propelling the lymph fluid, these collecting 

vessels work as pumps and conduits. This process is also aided extrinsically by the contraction of 

adjacent skeletal muscles, peristalsis, heart muscle contraction and breathing (Zawieja 2009). In 

lower vertebrates, this pumping process of lymph is performed almost exclusively by numerous 

“lymph hearts”, which have an intrinsic pulsatile action. Thus, lymph does not “drain” down the 

lymphatic network passively as is commonly described, but rather energy is imparted to the lymph 

to move it along the vessels. Consequently, when addressing defects of the collecting vessels, it is 

critical to consider the valves and the “pumps” (Zawieja 2009, Kohan, Yoder et al. 2010). 

 The lymphatic system is not just part of the vascular system, but is also closely integrated 

with the immune system. Immune cells such as the antigen-presenting dendritic cells, T- 

lymphocytes, macrophages and other soluble antigens use the lymphatic vascular network to drain 

into lymph nodes, which are specialized filtering organs of the lymphatic system for initiating an 

immune response. Furthermore, lymphatic hyperplasia has also been linked to inflammation and 

diseases such as inflammatory bowel disease. More immune cells drain to the lymph nodes through 



 

 11 

the hyperplasic vessels, triggering an undesired inflammatory response (Jurisic and Detmar 2009, 

Kerjaschki 2014, Betterman and Harvey 2016).  

Lipid assimilation is the aspect of gastrointestinal function where intestinal lymphatics play 

their most specific and unique role. Dietary lipids, comprising of mainly triglycerides, undergo a 

partial hydrolysis to free fatty acids and monoglycerides in the lumen of the intestines. These units 

are taken up by the enterocytes (cells of the intestinal villi) and resynthesized to triglyceride units. 

The triglycerides, with medium- and long-chain fatty acids, are packaged into chylomicrons. 

Chylomicrons are large lipoprotein particles (~500nm), made up of triglycerides and ApoB 

lipoproteins (Randolph and Miller 2014). The intestinal villi contain specialized lymphatic 

capillaries known as lacteals, which have continuous intercellular junctions, but large pores at the 

tips, which allow entry of the large sized chylomicrons (Kohan, Yoder et al. 2010, Poole, Lee et 

al. 2014, Kvietys 2015). The extracellular milieu of the lacteals also selectively allows the entry 

of chylomicrons and some fatty acid chains, while preventing other large macromolecules from 

entering (Barrowman and Tso 2011). The lacteals transport chyle (containing high levels of 

triglycerides) to the mucosal lymphatics, which then connect to the collecting lymphatic vessels 

in the mesentery that propel the chyle to the thoracic duct (Kazenwadel and Harvey 2016). 

In general, impairment of the lymphatic vascular network, due to defects in or damage to 

lymphatic vessels, valves, or lacteals causes stagnation of interstitial fluid and leads to 

lymphedema, a progressive and lifelong condition, with no current cure. While this is not fatal, it 

usually causes severe sociophsycological burden on the patients and impacts their lifestyle greatly. 

In addition, this accumulation of interstitial fluid has the potential to initiate an inflammatory 

response, causing degeneration of the connective tissues. Defects in intestinal lymphatics are 

generally manifested as chylous ascites, which is the leakage of chyle into the peritoneal cavity 
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(Hosking and Makinen 2007). Clinical implications of intestinal lymphatic defects will be 

discussed in §1.10.  

 

1.7 Discovery of the Lymphatic Network 

Although Gaspero Aselli (1628) is frequently credited with the discovery of “milky-veins” in the 

intestinal mesentery of a well-fed dog, observations regarding the presence of lymphatic vessels 

date back to Hippocrates, who noticed vessels carrying chylos, a milky juice in the intestinal 

mesenteries of dogs, sheep and cattle. Subsequently, Herophilus and Erasistratus, considered the 

founding fathers of human anatomy, after many dissections of well-fed human cadavers termed 

those vessels as “milky arteries” stating that they drained not into the portal vein, but rather into 

‘glands’ which were not identified (these are presumably the mesenteric lymph nodes). However, 

there was no further progress made into understanding the function of these vessels until almost 

2000 years later, in 1622, when Gaspero Aselli rediscovered the milky-white vessels, calling them 

“milky-veins”. He termed the gland which those vessels drained into as “Aselli pancreas” (Chikly 

1997). However, influenced by the Galean liver-centric theory of circulation, he erroneously traced 

the Aselli pancreas as leading into the liver. It was not till 1629 that the thoracic duct was 

‘discovered’ by Jacques Mentel (Choi, Lee et al. 2012). 

The discovery of lymphatic valves was made by Frederik Ruysch and Jan Swammerdam 

in the mid 1600s via wax-castings of carefully preserved lymphatic vessels. Subsequently, many 

others confirmed the presence of the milky-white vessels, thoracic duct and valves in human 

cadavers. However, it was only in the mid 17th century that Jean Pecquet, Thomas Bartholin (who 

coined the term lymphatics) and Olaf Rudbeck independently brought together all observations 
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and recognized that the lymphatic vascular system functions as a unit, draining lymph from various 

tissues to the major lymphatic trunk, the thoracic duct. Importantly, they demonstrated that lymph 

does not flow towards the liver (Barrowman and Tso 2011). 

 

1.8 Opposing Models of the Embryonic Origins of the Lymphatic Vessels 

In the early 20th century, Florence Sabin, using ink-injection experiments, developed the 

hypothesis that lymphatic vessels are derived from veins (Sabin 1902). Budding of endothelial 

cells from veins formed lymph sacs, which radially sprouted further to establish the entire 

interconnected lymphatic network. This was termed the “centrifugal model” (Figure 1.2). 

Subsequently, George Heuer (Heuer 1909), in 1908 hypothesized that intestinal lymphatics were 

derived from the mesenteric lymph sac (MLS), one of the early lymph sacs derived from the veins. 

Contrary to the centrifugal model, George Huntington and Charles McClure, in 1908 (Sabin 1902, 

Huntington and McClure 1910), provided an alternate “centripetal model” (Figure 1.2), via 

detailed reconstruction of histological sections, where peripheral lymphatic vessels formed 

independently of the veins, arising from isolated mesenchymal progenitors or “lymphangioblasts” 

and secondarily established venous connections to facilitate the return of lymph to the 

bloodstream. Since then, studies in multiple models including chicken, frogs, fish, and rodents 

have been undertaken to dissect the cellular origins of the lymphatic vasculature. Although most 

of these support Sabin’s hypothesis of an exclusively venous origin of lymphatics (Putte 1975, 

Wigle 1999, Yaniv, Isogai et al. 2006, Srinivasan, Dillard et al. 2007),  a number of studies, 

including our own, have continued to present evidence for a dual origin (Pudliszewski and 

Pardanaud 2005, Buttler, Kreysing et al. 2006, Mahadevan, Welsh et al. 2014, Wilting and Chao 

2015). 
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Very recently, studies investigating cellular origins of lymphatics in specific organs using 

elegant genetic lineage tracing techniques have provided strong evidence in support of Huntington 

and McClure’s conclusions. What has become clear from these recent studies is that there are 

distinct and tissue-specific differences in the mechanisms by which the lymphatic vasculature 

arises and develops (Klotz, Norman et al. 2015, Martinez-Corral, Ulvmar et al. 2015, Stanczuk, 

Martinez-Corral et al. 2015). 

 

1.9 Molecular Regulation of Lymphatic Vessel Development 

Attempts to understand the process of lymphatic development were hampered by the absence of a 

genetic marker unique to lymphatic endothelial cells. While VegfA and its receptor, VegfR2, were 

found to be of utmost importance for blood vascular development, such a pathway was not 

established for lymphatic vascular patterning (Olsson, Dimberg et al. 2006).  

Figure 1.2| Models of lymphatic development. The centrifugal model (Sabin, 1902) proposed formation of 
lymphatic vessels from vein-derived lymph sacs. The centripetal model (Huntinton and McCLure, 1910) 
hypothesized that lymphatic vessels formed from mesenchymal precursor cells in the periphery and secondarily 
made connection to the deeper veins.   
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VegfR3, a member of the Vegf receptor family, was identified as one of the first markers 

associated with lymphatic endothelial cells. While investigating a function for VegfR3, which bore 

structural resemblance to VegfR1 and VegfR2, but did not bind to VegfA, it was discovered that 

although blood endothelial cells, especially the venous endothelial cells, expressed VegfR3 early 

during development, the expression of Vegfr3 became restricted to lymphatic endothelial cells as 

the embryo matured (Oliver and Alitalo 2005). This established VegfR3 as the first candidate, still 

widely used as a marker, for lymphatics. Point mutations in VEGFR3 in humans are linked to 

Milroy disease (Butler, Dagenais et al. 2007), which is presented as severe swelling of the 

extremities, commonly the legs. VegfR3 was found to bind to VegfC to initiate lymphatic 

endothelial cell sprouting (Boehm and Hilaire 2015, Dashkevich, Hagl et al. 2016). Mice which 

are deficient in VegfC are embryonic lethal and have complete absence of the lymphatic 

vasculature. Notably, VegfC heterozygote mice have hypoplastic, enlarged subcutaneous and 

visceral lymphatic vessels, leading to severe edema. Additionally, newborn VegfC+/- pups had 

chylous accumulation in the abdomen, indicating defects in intestinal lymphatics (Karkkainen, 

Haiko et al. 2004). These support the essential roles of VegfC in normal lymphatic development. 

Recently, two studies have demonstrated that conditional deletion of VegfC in adult mice 

specifically affected intestinal lymphatic function, and resulted in atrophy of the lacteals showing 

the absolute requirement of VegfC in maintenance of lacteals in the intestine (Bernier-Latmani, 

Cisarovsky et al. 2015, Nurmi, Saharinen et al. 2015). 

 Genetic evidence supporting Sabin’s venous model of lymphatic development came about 

with the discovery of the homeodomain transcription factor, Prox1 (prospero homeobox 1) (Wigle 

1999). Prox1 expression in a subset of endothelial cells within the cardinal vein caused those cells 

to bud off and form lymph sacs, as had been described by Florence Sabin almost a century ago. 
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Furthermore, in Prox1 nullizygous mice, even though sprouting of endothelial cells from the 

cardinal vein was initially reported, these cells only expressed blood vascular markers. In 

conjunction with overexpression studies which demonstrated that Prox1 is sufficient for conferring 

a lymphatic endothelial cell phenotype on blood endothelial cell, Prox1 was established as a master 

regulator necessary and sufficient for specification of lymphatic endothelial cell identity (Wigle 

1999, Oliver and Srinivasan 2010, Yang and Oliver 2014). Both Prox1+/- and Prox1-/- mice develop 

severe midgestational edema, and Prox1-/- mice are embryonic lethal at E14.5. Since Prox1 gene 

dosage is crucial for postnatal survival, Prox1+/- pups die soon after birth in most genetic 

backgrounds, except the NMRI background, where they live, but develop chylous ascites and adult 

onset obesity (Harvey, Srinivasan et al. 2005). It was shown that the mild effusion of chyle drove 

adipose differentiation, leading to obesity. Indeed, lymph fluid and chylomicrons can stimulate 

adipogenesis (Nougues et al. 1993; Rosen 2002), consistent with chronic lymphedema often being 

associated with tissue fibrosis and accumulation of fat and adipose tissues (Rockson 2009). 

The identification of Prox1 as the master regulator of lymphatics provided a genetic handle 

to manipulate this vascular system. Thus, a number of other genes and signaling pathways, some 

specific to lymphatic vasculature and others shared with blood vasculature, were discovered. 

Lyve1 (Lymphatic vessel hyaluronan receptor 1), expressed in a subset of cells in the veins that 

subsequently express Prox1, is a widely used marker for lymphatics (Oliver and Srinivasan 2010, 

Yang and Oliver 2014). While mice lacking this receptor have normal lymphatic vessels, it was 

found that diphtheria toxin-induced ablation of Lyve1 in adult mice specifically ablated lacteals 

and lymph node vessels, resulting in widespread sepsis (Jang, Koh et al. 2013).  

The Syk/SLP-76 pathway is required for separation of the lymphatic endothelial from the 

venous endothelial network (Ji 2006, Watson, Lowe et al. 2014). Mice with mutations in Syk and 
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SLP-76 display abnormal lymphatico-venous connections and develop lymphedema, chylous 

ascites and chylothorax (Alitalo, Tammela et al. 2005, Hosking and Makinen 2007). Tie-2/Angpt2 

pathway, Clec2, and podoplanin have also been implicated in separation of lymphatic and venous 

vascular networks (Alitalo, Tammela et al. 2005, Fu, Gerhardt et al. 2008, Jakus, Gleghorn et al. 

2014, Pan, Yago et al. 2014, Yang and Oliver 2014, Sweet, Jimenez et al. 2015, Lee and Bergmeier 

2016). Consequently, these mice also develop lymphedema and chyle leakage into peritoneal and 

thoracic cavities. Additionally, other genes including Angpt2, FoxC2, EfnB2/EphB4, Itga9, Cx37, 

Sox18, DLL4 and many others are essential for remodeling and maturation of lymphatic vessels, 

valves and lacteals (Alitalo, Tammela et al. 2005, Hosking and Makinen 2007, Wang, Nakayama 

et al. 2010, Meens, Sabine et al. 2014, Shen, Shang et al. 2014, Yang and Oliver 2014, Zheng, 

Nurmi et al. 2014, Sabine, Bovay et al. 2015). EphB4, FoxC2, Cx37 and Itga9 have been 

specifically implicated in the formation of valves. While valve formation is initiated in these mice, 

they fail to mature and form functional bicuspid valves (Bazigou, Xie et al. 2009, Kanady, 

Dellinger et al. 2011, Sabine, Agalarov et al. 2012, Sabine, Bovay et al. 2015, Zhang, Brady et al. 

2015). DLL4 and EfnB2 are crucial for sprouting and remodeling of the lymphatic vessels 

(Makinen 2005, Niessen, Zhang et al. 2011). DLL4 is additionally required for lacteal maintenance 

(Bernier-Latmani, Cisarovsky et al. 2015). With the increasing awareness of importance of the 

lymphatic vascular network in contributing or underlying various pathologies, there are currently 

many studies that are continuing to identify more genes and mechanisms that initiate, remodel and 

pattern the lymphatic vasculature. 
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1.10 Pathophysiologies Associated with Defects in Gut Lymphatics 

Although tremendous progress has been made in defining the origins and molecular mechanisms 

driving the formation of the major axial lymphatic channels, there is still limited understanding of 

organ-specific origins of lymphatics, and how they are patterned, especially in the context of three-

dimensional organs such as the intestines. Such understanding will facilitate functional 

characterization of specific gut lymphatic networks that are associated with different pathologies. 

Defects in gut lymphatic patterning and structure, lymphatic pump function and lymphatic 

obstruction lead to several debilitating metabolic and inflammatory conditions (Zawieja 2009). 

Inflammatory bowel disease (IBD) and Crohn’s disease (CD), result from an expansion of 

lymphatic vessels in the mucosal and serosal layers (Alexander, Ganta et al. 2010). It is thought 

that lymphatic proliferation in the gut mucosa during inflammation may compensate for lymphatic 

insufficiency due to obstruction, or lymphatic pump failure seen in IBD patients (Alexander, Ganta 

et al. 2010). While polymorphism in exon 2 of human CXCR4 is associated with IBD 

susceptibility, and use of Cxcr4 antagonists is a viable therapeutic option for patients (Xia, Wang 

et al. 2010, Mrowicki, Przybylowska et al. 2011, Werner, Guzner-Gur et al. 2013, Mrowicki, 

Przybylowska-Sygut et al. 2014), it is still unknown how Cxcr4 contributes to the etiology of the 

disease. In Chapter 2 of this thesis, I show that arteries and/or Cxcr4-Cxcl12 axis regulated by 

Pitx2 is required for gut lymphangiogenesis. Building up on this, I characterize lymphatic defects 

seen in Cxcr4-/- neonates in Chapter 3. These studies bring us a step closer in understanding how 

Cxcr4 may contribute to IBD.  

Primary intestinal lymphangiectasia (PIL), is another condition where there is progressive 

loss of protein from the intestines due to elevated lymphatic pressure and lymphatic obstruction. 

PIL results from improperly formed lymph vessels and is diagnosed by small intestine biopsy, 
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which shows dilated lymphatics (Alexander, Ganta et al. 2010). The lymphangiectasia (pathologic 

lymphatic dilation) in PIL, seen as obstructed, distended intestinal lymphatic lacteals, causes the 

gut to leak chyle back into the lumen, with malabsorption of protein (protein-losing enteropathy) 

and fat (Vignes and Bellanger 2008). Intestinal lymphatics in PIL also contain low levels of FoxC2 

and SOX18, two important lymphatic patterning genes but normal levels of Prox1 (Alexander, 

Ganta et al. 2010).  

Nonne-Milroy-Meige syndrome is another form of protein losing enteropathy, 

accompanied by steatorrhea, which reflects failure of intestinal lymphatics to transport 

chylomicrons, chylous ascites and lymphopenia. NMD has been found to be an autosomal 

dominant condition caused by mutations in VegfR3 (Alexander, Ganta et al. 2010).  

Dietary long-chain triglycerides are digested in the gut lumen, absorbed by enterocytes as 

fatty acids and monoglycerides, resynthesized into triglycerides, and assembled into intestinal 

chylomicron particles (Kohan, Yoder et al. 2010). Due to the size of these particles, they can only 

be transported into the lacteals and eventually into the intestinal lymphatics. In contrast, shorter 

chain fatty acids are able to enter the venous portal circulation for processing in the liver. The 

portal transport of long-chain triglycerides is insignificant compared with the lymphatic route. 

However, there pathological conditions where disrupted lymphatic clearance caused by 

obstruction of the mesenteric lymphatic collecting vessels, due to patterning or pumping defects 

lead to lipid accumulation in liver contributing to fatty liver disease (Fujimoto, Price et al. 1991, 

Kurtel, Fujimoto et al. 1991). 

Even though most of these gut-specific lymphatic diseases have been mapped onto 

mutations in genes known to be involved in lymphatic patterning, valve maturation and 

lymphovenous separation, why such mutations should primarily affect the gut remain unresolved. 
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Understanding how lymphangiogenesis is coordinated and integrated with gut morphogenesis 

would provide us with greater insights on gut-specific lymphatic defects. I have exploited the 

chicken embryonic mesentery developed for its extensive genetic and surgical amenability in the 

Kurpios lab and mouse genetic knockout and transgenic models to take the first step in showing 

that the key regulator of gut morphogenesis, Pitx2 is also needed for initiating and patterning gut 

lymphatics. This work has its foundations in Chapter 2 of this thesis and is further explored in 

Chapter 3.   
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LYMPHATIC DEVELOPMENT IN THE INTESTINE 

This work was accepted October 31, 2014 and first published on December 4, 2014, DOI: 
http://dx.doi.org/10.1016/j.devcel.2014.11.002. The manuscript was published as Aparna 
Mahadevan, Ian C. Welsh, Aravind Sivakumar, David W. Gludish, Abigail R. Shilvock, Drew M. 
Noden, David Huss, Rusty Lansford and Natasza A. Kurpios. The left-right Pitx2 pathway drives 
organ-specific arterial and lymphatic development in the intestine. Dev Cell. 2014 Dec 22; 31 (6), 
690–706. Minor modifications have been made for reprint here. N.A.K. and A.M. designed the 
research with additional contributions from D.M.N., D.W.G. and I.C.W; A.M. performed all the 
experiments, I.C.W., A.S., A.R.S contributed data (Figures 2.4AC-H, Figures 2.S4E), (Figures 
2.2A-I, Movie 2S1-3 – not included in this thesis, can be accessed through the Developmental Cell 
website) and (Figures 2.7F-I), respectively; D.M.N, D.H. and R.L. contributed technical expertise 
and tools, D.W.G. performed microarray data analysis. N.A.K, D.M.N. and A.M. wrote the paper. 

 

 

 



 

 32 

2.1 Abstract 

The dorsal mesentery (DM) is the major conduit for blood and lymphatic vessels in the gut. The 

mechanisms underlying their morphogenesis are challenging to study and remain unknown. Here 

we show that arteriogenesis in the DM begins during gut rotation and proceeds strictly on the left 

side, dependent on the Pitx2 target gene Cxcl12. Although competent Cxcr4-positive angioblasts are 

present on the right, they fail to form vessels and progressively emigrate.  Surprisingly, gut lymphatics 

also initiate in the left DM and arise only after - and dependent on - arteriogenesis, implicating 

arteries as drivers of gut lymphangiogenesis. Our data begin to unravel the origin of two distinct 

vascular systems and demonstrate how early L-R molecular asymmetries are translated into organ-

specific vascular patterns. We propose a dual origin of gut lymphangiogenesis, where prior arterial 

growth is required to initiate local lymphatics that only subsequently connect to the vascular system. 

 

2.2 Introduction 

The vascular supply serving the highly coiled gut tube is structurally and functionally complex. 

While arteries and veins are largely congruent distally, proximally they separate in space and 

function, where the arteries connect dorsally to the aorta while veins drain ventrally into the hepatic 

portal system. This separation is present even before DM formation, when the only vessel present 

is a single branch of the dorsal aorta: the cranial (superior) mesenteric artery (CMA). Only later as 

the DM expands during gut looping do additional arterial, then venous branches form in close 

association with the gut wall. This segregation of veins from arteries is essential and unique to the 

gut, and failure to remain fully separated causes portosystemic shunts and the metabolic 
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imbalances that arise when blood drained from the gut bypasses detoxification in the liver 

(Gallego, Velasco et al. 2002).  

 A rich network of lymphatic vessels is also present within the DM.  Unlike peripheral 

lymphatics that follow veins, intestinal lymphatics parallel mesenteric arteries. While intestinal 

lymphatics are essential for immunity and fat absorption, their origin remains elusive (Heuer 

1909).  

 Like most vertebrates, humans have bilateral symmetry, with the majority of body systems 

more or less symmetric. Whereas the gut begins as a symmetrical midline tube, it later loops and 

rotates in a highly conserved, asymmetric pattern necessary for correct packing into the body 

cavity. To avoid strangulation of gut vessels, their development must be coordinated with the 

complex looping that characterizes gut morphogenesis (Figure 2.1A).  In mice and birds, this 

looping is driven by left-sided expression in the DM of the left-right (L-R) symmetry-breaking 

transcription factor Pitx2 (Figures 2.1AB, orange; Figure 2.1D) (Davis, Kurpios et al. 2008).  The 

chicken DM forms on day 2.5 (Hamburger-Hamilton [HH] stage 17, akin to mouse embryonic [E] 

day 10) (Hamburger and Hamilton 1992) and consists of distinct cellular compartments that, via 

specific morphological changes, deform mechanically and swing the attached gut tube leftward. 

This tilt provides a bias for asymmetric gut rotation, disruption of which randomizes gut looping 

(Shiratori, Yashiro et al. 2006, Davis, Kurpios et al. 2008). Importantly, these asymmetries are 

short-lived, and once looping is underway, the wide, asymmetric DM transforms into a thin 

suspensory morphology with no observable L-R asymmetry (Savin, Kurpios et al. 2011).  

 To uncover mechanisms downstream of Pitx2 that cause asymmetric cell behavior, we 

performed laser micodissection of the left and right DM (left: Pitx2-positive vs. right: Pitx2-

negative, Figure 2.1C), when L-R DM asymmetries are observed (Welsh, Thomsen et al. 2013). 
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Unexpectedly, many of the genes with significant L-R differences are associated with arterial and 

lymphatic formation. Using live imaging, chick-quail chimeras, targeted in ovo misexpression, and 

transgenic mice we demonstrate in the DM the left-side restricted formation of transient arteries, 

which quickly remodel and join the CMA to become the permanent arteries supplying the midgut. 

To our surprise, gut lymphatics also initiate in the left DM and arise only after and dependent on 

arteriogenesis, implicating arteries as a driver of gut lymphangiogenesis. Finally, we demonstrate 

that the Cxcl12/Cxcr4 pathway is a target of Pitx2 necessary for vascular morphogenesis in the left 

DM. With these findings, we introduce a system to dissect in vivo the mechanisms that spatially 

pattern blood and lymphatic vessels of the vertebrate gut.  

 

2.3 Results 

2.3.1 Arterial development in the DM is restricted to the left side 

Microarray analyses of the L-R DM revealed that many differentially expressed genes were 

associated with endothelial vessel formation (Figure 2.1C, Figure 2.S1), suggesting that vascular 

patterning was asymmetric in the gut. Among the top candidates were the arterial identity marker 

gap junction alpha-5 protein (Gja5), Notch pathway genes, and markers of haematopoietic cell 

clusters (Cd34 and others, Figure 2.1C, Figure 2.S1). RNA in situ hybridization (ISH, Figures 

2.1EF) using pan-endothelial (PlexinD1) or arterial endothelial probes (Gja5), identified arterial 

cords coursing dorso-ventrally (D-V) between the dorsal aorta (DA) and the gut vascular plexus 

(GP) at the onset of gut rotation (HH20).  Significantly, these were present only on the DM left 

side, within the more densely packed Pitx2-positive left mesenchyme (Figures 2.1EF, red dashed 

box; Figure 2.1D, left-sided Pitx2). No cords were present on the right side within the dispersed 
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mesenchyme (Figures 2.1EF, black dashed box), a phenotype specific to the DM, as endothelial 

vesicles were present bilaterally in adjacent tissues dorsal to the DM (Figure 2.S1) and in the gut plexus 

(Figure 2.1E, Figure 2.S1). This left-sided vascular bias was confirmed with quail endothelial-

specific antibody QH1 (Figure 2.1G, red) and transgenic Tie1:H2B-eYFP quail embryos (Figure 

2.1H, green, Figure 2.1D, model).  

                          

	

Figure 2.1| Arterial development in the DM is restricted to the left side. A Midgut arteriogenesis commences at 
chicken HH20 (mouse E10) in the dorsal mesentery (DM, orange) concomitant with rotation of the gut tube (GT, 
gray), as arterial branches of the cranial mesenteric artery (CMA, a branch of dorsal aorta, DA) first connect to the 
gut plexus. B Gut tube is suspended by DM; Pitx2-drives L-R cellular asymmetries to initiate leftward rotation. C 
Heat map of L-R differentially expressed genes (LE, left epithelia; LM, left mesenchyme; RM, right mesenchyme; 
RE, right epithelia) in the DM leads to a model for the role of Pitx2 (D, ISH, purple) in DM vascular patterning. E,F 
PlexinD1 and Gja5 ISH show presence (left, red box) or absence (right, black box) of arterial D-V cords. G,H QH1+ 
and Tie1+ cords in quail embryos (arrowhead). Scale bars: E-H (50 µm). See also Figure 2.S1. 
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2.3.2 The DM right side becomes avascular during gut rotation	

The gut vascular system derives from incompletely identified progenitors (Pardanaud, Yassine et 

al. 1989) that form a bilaterally symmetric endothelial plexus residing in the left and right 

splanchnic mesoderm (DM precursor) (Thomason, Bader et al. 2012). Thus, we hypothesized that 

existing right-sided endothelium must become excluded to generate the left-sided bias (Figures 

2.1E-H). Time series experiments revealed that, when the gut tube is still open (HH17), a bilateral 

Tie-1-positive endothelial plexus is present in the left and right mesenchymal compartments 

(Figures 2.2AD, green and red arrow). Strikingly, at the onset of cellular asymmetries within the DM, 

endothelial cells within the right mesenchyme become progressively excluded (Figures 2.2BE, red 

arrow). At HH19-20, when the leftward tilt has initiated, only the left-sided D-V endothelial cords 

remain (Figures 2.2CF, green arrow).  

 Ex vivo time-lapse analyses in transgenic quail (Movies 2S1-3 (not included in thesis; please 

access Dev Cell website to view movies); Figures 2.2G-I; Figure 2.S2) showed Tie1 positive cells 

leaving the DM right side at the time of the tilt (Movie 2S1 and 2S3), many of which crossed to the 

left side (Movies 2S2 and 2S3; Figure 2.2I, red arrow). No TUNEL staining was detected in these cells 

or the entire DM, confirming that apoptosis does not contribute to endothelial cell loss (Figures 2.S2H-

J). Therefore, whereas vascular development proceeds in the left DM, endothelial cells on the right 

emigrate, suggesting the right DM is not permissive to vascular development.  

 To further test this, we transplanted fragments of the right (GFP labeled) or left mesentery (RFP) 

from a donor quail at HH17-18, just prior to the right-sided vascular regression, into the head 

mesenchyme of recipient chickens at HH9/10 (Figures  2.2J-M) (Feinberg and Noden 1991). 

Donor quail endothelium from both the left and right sides emigrated from the grafts and populated 

nearby and distant blood vessels of hosts (Figures 2.2N-Q, n=12/20 from left vs. n=14/23 from  
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Figure 2.2| The right side of the DM becomes avascular during midgut rotation. A-F Transgenic quail midgut 
DM transverse sections with Tie1:H2B-eYFP (green) and DAPI (blue) staining. A L-R bilateral vascular 
endothelial plexus is present in the DM at HH17 (green and red arrows). B Vascular plexus on the DM right side 
begins to regress (red arrow). By HH19 (C) the right side is avascular and only the left-sided Tie1+ D-V cords 
remain (green arrow). G-I Still frames from live time-lapse tracking of Tie1:H2b-eYFP cells, illustrating right-
sided (red) regression of vascular endothelium. Nuclei of the left, right and the dorsal aorta endothelium are 
represented as green, red and blue and purple spots, respectively (Imaris). J-Q Chick-quail chimera show 
endothelial progenitors with competence to form vessels are present on both sides of DM. J Dual-labeling of left (RFP) 
and right (GFP) donor quail DM (HH18). K,L,M Marked fragment is grafted onto chicken (HH9/10) where 
indicated, and scored at HH21 (N-O: Hb, hindbrain; Ov, otic vesicle; Ph, pharynx; LCcv, left cranial cardinal vein; 
RCcv, right cranial cardinal vein). Boxed region of N is magnified in O, where right/GFP-derived donor 
angioblasts (QH1, red; GFP co-stain in P) contribute to new vessels indistinguishable from control left/RFP-
derived cells (QH1, green, Q). R Cartoon of right-sided vascular endothelial regression leading to the left-sided 
bias of vascular patterning in the midgut DM. Scale bars: A-F (50 µm); J (100 µm); K,L (200 µm); N (500 µm); 
O-Q (20 µm). See also Movies S1-3 and Figure 2. S2. 



 

 38 

	

	

	

	

	

	



 

 39 

right, p>0.9536). Thus, competent endothelial cells are present bilaterally, but in the right DM are 

unable to execute further development (Figure 2.2R). 

2.3.3 Left-sided D-V cords become the major arteries supplying the midgut and are driven by Pitx2 

Gja5-positive D-V cords first appear coincident with DM formation and onset of gut looping (HH17-

21, Figure 2.3A, orange arrowheads, quantified in Figure 2.3B, orange bars). At HH22, most cords 

remodel ventrally forming a new longitudinal arterial plexus at the junction of the DM and gut 

mesenchyme (Figure 2.3A). Importantly, this plexus coalesces at HH23 forming a highly stereotypical, 

permanent artery that extends cranially connecting the future colon to the CMA (Figure 2.3A, red 

arrow; formation quantified in Figure 2.3B, red curve). This primary longitudinal artery (1°LA) 

becomes the ileocolic artery, the terminal branch of the CMA supplying the cecum, ileum, and 

appendix (human) in the adult. At this stage, three D-V arterial cords located caudally remain in 

the DM and do not remodel until HH25 (Figure 2.3A, orange arrowheads at HH23; quantification 

in Figure 2. 3B). The left-sided bias for DM arterial remodeling and for the final position of the 1°LA 

was confirmed with subsequent transverse sections of Gja5-stained embryos (Figure 2.3F). 

 At HH25, as the intestinal loop elongates ventrally (Figure 2.3C, dashed arrow), the remaining 

D-V cords disappear, and a second arterial plexus forms that extends cranially and is positioned 

halfway between the terminal ileocolic branch point and the dorsal aorta (Figure 2.3C, red arrowheads). 

This secondary longitudinal artery (2°LA) connects to the CMA by HH26 (Figure 2.3C) and becomes 

the middle colic artery, the next branch of the CMA supplying the transverse colon. With further 

intestinal elongation, a third branch arises as an anastomosis between the ileocolic and middle 

colic arteries at HH29 (Figure 2.3C). This right colic artery feeds the distal ascending and proximal 

transverse colon. Thus, vascularization of the intestine is accomplished in the left DM by asymmetric 
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and transient assembly of multiple arterial D-V cords, followed by their remodeling into the permanent 

major arteries supplying the caudal half of the vertebrate midgut (Figure 2.3D, left lateral view of 

embryo; Figure 2.3E, slices of DM/gut tube). The DM asymmetries are evolutionarily conserved 

among birds and mice and require left-sided Pitx2. We examined vascular development in Pitx2+/+, 

Pitx2 +/- and Pitx2-/- mouse embryos, and found that, like chickens, wild type (WT) mice formed 

transient left-sided D-V arterial cords at E10.75 (Figure 2.3G, Figure 2.S3), while reduced Pitx2 

function in -/- and +/- embryos significantly decreased Gja5-positive cords in the DM (Figure 2.3GH, 

n=5, p = 0.0003 +/+ vs. -/-, p< 0.0052 +/+ vs. +/-). Thus, Pitx2 plays a necessary and conserved 

function during arterial patterning in the DM. 

2.3.4 Asymmetric organization of the Cxcr4-Cxcl12 pathway across the L-R axis of the DM 

Of specific interest to gut vasculogenesis is the chemokine Cxcl12, ligand for the receptor Cxcr4. 

Mice lacking Cxcr4 or Cxcl12 display defective DM arteriogenesis (Tachibana, Hirota et al. 1998, 

Ara, Tokoyoda et al. 2005). Indeed, ISH at HH20 confirmed that Cxcl12 is present in the left DM 

mesenchyme surrounding the endothelium (Figure 2.4A). Prior to DM formation and gut closure 

(HH17), when the intervening bilateral endothelial plexus remains, Cxcl12 is also expressed 

bilaterally (Figure 2.4C). Cxcl12 expression subsequently develops D-V asymmetry in the left 

DM, with its highest concentration ventrally where the 1°LA forms at the DM-gut boundary 

(HH23, Figure 2.4D). In contrast, Cxcr4 expression was found in endothelium of the D-V arterial 

cords (Figure 2.4B) and in the intervening vascular plexus bilaterally (Figure 2.S4A). At HH25, 

Cxcr4 expression remained in left-sided 1°LA endothelium (Figure 2.S4B). This finding is consistent 

with previous work illustrating that, in mouse intestine, Cxcr4 is expressed only in arterial 

endothelium.  
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Figure 2.3| Left-sided D-V cords become the major arteries supplying the midgut and are Pitx2-driven. A 
Arteriogenesis time course (1°LA formation) via wholemount ISH (Gja5) in chicken DM (D-V cords, orange 
arrows; 1°LA, red arrow), quantified in B (orange bars show number of D-V cords; red curves show percent 
longitudinal extension of 1°LA). C Time course (2°LA formation): 1°LA connection to CMA is established (1°, 
ileocolic artery, Ic) and precedes initiation of 2°LA (2°, middle colic artery, Mc) as an outgrowth of the 1°LA  (red 
arrowheads in left panel). Subsequent anastomosis of 1° and 2° form the right colic artery (Rc in right panel). D,E 
Model of 1° and 2°LA formation as seen from left lateral view (D) or in transverse (E). F Arteriogenesis in the DM 
initiates on the left (HH21, transverse view) where D-V cords remodel into the 1°LA G, Arterial cords ablated in 
E10.75 Pitx2-/- DM (dashed region); quantified in H (column scatter plot shows individual data and median 
(line); mean number is represented above each data point). Scale bars: A (100 mm); C (100 mm); F (50 mm); 
G (200 mm). See also Figure 2.S3. 



 

 42 

	



 

 43 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure 2.4| Cxcr4-Cxcl12 axis is regulated by Pitx2. Cxcl12 (A) and receptor Cxcr4 (B) expression in left 
mesenchyme and endothelial cells, respectively (ISH). C Cxcl12 is bilateral (HH17) prior to DM 
asymmetries then (D) develops a left ventro-dorsal gradient (HH23). E-L Right DM Pitx2 misexpression 
drives ectopic Cxcl12 expression (F vs. E) and D-V arterial cords (G, Gja5; K, PlexinD1), compared to GFP-only 
control (K vs. I; GFP (H,J,L) labels electroporated cells). Orange arrowheads mark arterial cords (B,G,I,K). M 
‘Double left’ vascular phenotype upon right-sided Pitx2 misexpression (orange arrowheads point to D-V cords, 
red arrows point to 1°LA). N Relative expression levels of Cxcl12 and Cxcr4 in E13.5 Pitx2-/- DM. Scale bars are 
50 um. See also Figure 2.S4.  
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2.3.5 The Cxcr4-Cxcl12 axis is downstream of Pitx2 

Pitx2 is both necessary and sufficient to govern the molecular and cellular character in the left DM 

(Davis, Kurpios et al. 2008, Kurpios, Ibanes et al. 2008). In mice lacking Pitx2, the left DM fails to 

condense, all L-R DM asymmetry is lost and stereotypical gut looping is randomized. In chicken 

embryos electroporated with ectopic Pitx2 on the right side (Pitx2 misexpression), DM cellular 

asymmetries are also lost. The normally loose right mesenchyme is instead densely compacted like 

the left side (a ‘double-left’ phenotype).  

 To learn whether Pitx2 is sufficient to drive Cxcr4-Cxcl12 and vascular program in the DM, we 

misexpressed Pitx2 and GFP on the right side at HH14 (Figures 2.4E-L). GFP-positive cells were 

found only on the right side at HH20 (Figure 2.4H), while GFP alone had no effect on vascular 

development (Figures 2.4I-J). However, consistent with our previous work, Pitx2 expressed on the 

right produced a ‘double-left’ phenotype including ectopic Cxcl12 expression (Figure 2.4F vs. E), 

ectopic formation of Cxcr4- and Gja5- positive arterial D-V cords at HH20 (Figure 2.4G, n=22/24; 

Figure 2.S4C), and two 1°LAs by HH21 (normal left and ectopic right, Figure 2.4M, n=14/16). 

 Similarly, quantitative RT-PCR at E13.5 (Figure 2.4N) and ISH at E12 (Figure 2.S4D) revealed a 

significant reduction in Cxcl12 and Cxcr4 expression in the DM of both Pitx2+/- and Pitx2-/- mutant 

embryos (Fig. 4N, n=3, Cxcl12: p = 0.0281 +/+ vs. +/-, p<0.018 +/+ vs. -/-; Cxcr4: p<0.004 +/+ 

vs. +/-; p<0.0005 +/+ vs. +/-), showing that Pitx2 regulates the Cxcl12-Cxcr4 axis and is necessary 

to initiate DM arteriogenesis. 

 To discern between direct and indirect Pitx2-dependent transcription, we confirmed Pitx2 

binding sites at known Pitx2 targets and predicted conserved sites at the Cxcl12 but not Cxcr4 

locus (Figure 2.S4E). These data agree with recently reported findings from in vivo ChIP-seq of 
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FLAG-tagged Pitx2 binding in mouse cardiac tissue (NCBI Gene Expression Omnibus GSE50401) 

(Wang, Bai et al. 2014); we found five enriched Pitx2-binding peaks surrounding Cxcl12, one of which 

directly overlaps exon 1 of Cxcl12 (Figure 2.S4E). No significant Pitx2 binding was observed at the 

Cxcr4 locus arguing against a role for Pitx2 expression in endothelial cells.  

 These data suggest that Cxcl12 is a direct target of Pitx2 in vivo and that Pitx2-dependent Cxcl12 

expression in mesenchymal cells of the left DM signals to neighboring Cxcr4-positive (Pitx2-negative) 

endothelium to govern their behavior. Thus, Pitx2 appears to orchestrate a microenvironment 

permissive of vascularization, but does not autonomously determine endothelial cell fate decisions.  

2.3.6 The Cxcr4-Cxcl12 axis is necessary for arterial development in the DM  

To specifically address Cxcl12-Cxcr4 function in the DM, we implanted beads soaked in a clinically 

validated Cxcr4 antagonist, AMD3100 (Matthys, Hatse et al. 2001), into the left coelomic cavity prior 

to DM formation at HH14 (Figure 2.5A). This had no effect on DM morphology or Pitx2 expression 

(Figure 2.S5, n=6/6). However, it ablated both the Gja5-positive D-V cords (Figure 2.5B, red arrows 

at HH21) and the 1°LA (Figure 2.5C, red arrows at HH25, n=20/25, p<0.0001). AMD3100 effect was 

specific to the DM vasculature as other nearby channels including the gut plexus were unaffected 

(Figure 2.5D, orange dashed lines, ISH VE-cadherin). Thus, the Cxcr4-Cxcl12 axis is necessary for 

local arterial development in the DM.  
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Figure 2.5| The Cxcr4-Cxcl12 axis is necessary for arterial vascular development in the DM. 
A Targeting of the left DM with AMD3100. Beads are placed into the left coelomic cavity 
(HH14) prior to DM formation to target splanchnic mesoderm. Beads remain intact at HH21 
when embryos are analyzed. Compared to PBS-control beads (B-D), AMD3100-beads ablate 
left arterial cords B, HH21, ISH Gja5, red arrows) and 1°LA C, HH25, red arrows), but leave 
adjacent gut vascular plexus, CMA, and DA, unaffected D, VE-cadherin, HH21). CMA, 
cranial mesenteric artery; GT, gut tube; DA, dorsal aorta. Scale bars are 100 µm. See also 
Figure S5. 
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2.3.7 Cxcl12 expression is not sufficient to drive D-V cord formation in the absence of Pitx2 

To learn whether Cxcl12 can function in the absence of the L-R Pitx2, we targeted the Pitx2-

negative compartment of the DM where D-V endothelial cords secondarily regress, and asked 

whether ectopic misexpression of Cxcl12 can rescue this regression and support arterial vascular 

development in the absence of Pitx2 (Figure 2.6 and Figure 2.S6). As a control, we first overexpressed 

Cxcl12 and GFP in the left, Pitx2-positive, DM, and performed spatiotemporal Gja5 ISH on whole 

embryos to examine DM vascular processes upon ectopic Cxcl12 overexpression. By comparison to 

the endogenous levels of left-sided Cxcl12 in WT embryos, overexpression of Cxcl12 on the left 

resulted in accelerated remodeling of D-V cords (Figures 2.6ABC, gray vs. orange bars) and 

precocious formation of the left-sided 1°LA (HH18 with Cxcl12 vs. HH23 in WT embryos, red arrows 

in Figures 2.6AC, red curve in Figure 2.6B; n=25, p<0.0001). Transverse sections of these left side 

Cxcl12 electroporated embryos verified the left-specific targeting of the DM with GFP and confirmed 

the left-sided bias in the formation of this precocious 1°LA with ISH to Gja5 (Figure 2.6E, red arrow). 

 Next, we misexpressed Cxcl12 and GFP in the right, Pitx2-negative, DM compartment and 

examined whether this can recapitulate the ‘double-left’ DM phenotype we routinely observe with 

ectopic Pitx2 misexpression in the right DM (Figure 2.4M). Unlike the isomerizing effects of Pitx2, 

right-sided Cxcl12 produced normal L-R asymmetric DM morphology (Figure 2.S6A). Importantly, 

it was not sufficient to promote formation of ectopic D-V cords in the right DM at all stages 

examined (HH21 shown, Figure 2.6E; note absence of cords in black dashed box; Figure 2.S6BA). 

Unexpectedly, in these Cxcl12 (right side) electroporated embryos, an ectopic 1°LA developed on the 

right side at the mesentery/gut boundary on an accelerated timetable akin to left Cxcl12 overexpression 

(Figure 2.6ABD, purple vs. gray, p>0.999; Figure 2.6E, red arrow; Figure 2.S6B). No left sided 1°LA 

was formed in these embryos (Figure 2.6E and Figure 2.S6B). 
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 Based upon these findings, we hypothesized that in the embryos electroporated with Cxcl12 

on the right, the ectopic levels of Cxcl12 overcame the chemotactic index of WT Cxcl12 on the left, 

prompting endothelial cell migration toward the right side, and contributing to the formation of a 

right-sided 1°LA (Figure 2.6E, cartoon). Consistent with our hypothesis, Cxcr4-positive 

endothelial cells were found in the 1°LA induced by ectopic (right sided) Cxcl12 (Figure 2.S6B, 

row 4). 

 Furthermore, ISH for Cxcl12 expression in electroporated embryos revealed significantly 

higher levels of the ectopic right-sided Cxcl12 by comparison to the endogenous levels of Cxcl12 

found on the neighboring left side (Figure 2.S6A).  

 To directly test this hypothesis, we performed a dual-targeting experiment to inhibit the formation 

of the left-sided Cxcr4-positive D-V cords and at the same time provide the right side with an ectopic 

source of overexpressed Cxcl12 (Figure 2.6F). If 1°LA formation requires the preceding transient 

D-V cords within the left Pitx2-positive DM compartment, an ectopic right-sided 1°LA should not 

develop in these Cxcl12 (right side) electroporated embryos (Figure 2.6F1). AMD3100-soaked 

(Figure 2.6F1), or PBS (Figure 2.6F2) beads were implanted on the left to inhibit normal D-V cord 

formation as described above, and in the same embryo Cxcl12 was electroporated on the right.  

Compared to PBS bead controls (Figure 2.6F2, n=7/7), Cxcr4 inhibitor-beaded embryos formed 

neither the normal left, nor an ectopic right 1°LA (HH25, Figure 2.6F1, n=7/11, p<0.0128), 

consistent with our hypothesis that only the left-sided endothelial cells are able to form the 1°LA. 

As expected, electroporating Pitx2 instead of Cxcl12 on the right with the left side inhibited was 

able to support arterial development in the right DM, independent of the left side (Figure 2.6F3), 

n=14/14, p<0.0007). As a technical note, the diffusion range of AMD3100 inhibitor does not 

extend beyond the midline boundary of the DM: inhibitor beads placed on the right side of WT 
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embryos have no effect on the normal left-sided vascular assembly of cords and the 1°LA (Figure 

2.S6C, n=17/17, p<0.001).  

 These findings suggest that Cxcl12 expression guides the location of Cxcr4-positive arterial 

endothelial cells in the DM as a necessary angiogenic signal. 1°LA formation requires the preceding 

transient left D-V cords, a process dependent on the Cxcr4-Cxcr12 axis. Although necessary, Cxcr4-

Cxcr12 signaling is not sufficient for this process indicating that Pitx2 must provide the critical 

framework, distinct from those of the adjacent gut vasculature, within which Cxcl12 can function. 

2.3.8 Lymphangiogenesis in the DM is left-sided  

Early studies supported by recent lineage tracing methods proposed that lymphatics are modified 

veins and originate from primary lymph sacs (centrifugal model) (Sabin 1902, Srinivasan, Dillard 

et al. 2007). An alternative model proposed that lymphatic vessels develop from mesenchymal 

precursor cells, independent of veins, and secondarily establish venous connections (centripetal 

model) (Huntington and McClure 1910). In the dorsal regions of the abdomen, an unpaired 

retroperitoneal sac forms from subcardinal veins (SCVs) lying ventral to the aorta beside the root 

of the mesentery (dorsal margin of the DM, Figure 2.S7).  Early 20th century embryologists noted 

that gut lymphatics are first evident as centrifugal branches from the retroperitoneal lymph sac 

after E14 and proposed it to be the sole source of gut lymphatic vessels (Heuer 1909). However, 

recent studies in mice have identified mesenchymal cells with lymphatic endothelial characteristics 

residing locally within the gut tube mesenchyme, far ventral to the retroperitoneal sac. These data 

suggest an alternative origin of intestinal lymphatics (Pudliszewski and Pardanaud 2005, Buttler, 

Kreysing et al. 2006).  
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Figure 2.6| Cxcl12 expression is not sufficient to drive D-V cord formation in the absence of Pitx2. A-E 
Exogenous left (or right) Cxcl12 expression accelerates left-sided D-V remodeling and 1°LA formation. A Lateral views 
of DM arteriogenesis in WT, left-side (C) and right-side (D) Cxcl12 electroporated embryos (Wholemount ISH Gja5), 
quantified in B (bars show number of D-V cords, red curves show percent longitudinal extension of 1°LA). E Transverse 
sections of left-side (top) or right-side (bottom) Cxcl12 electroporated embryos (Gja5 ISH, GFP labels targeted cells) 
show left-sided (top) or right-sided (bottom) location bias in the formation 1°LA (red arrow). Dashed boxes mark the 
presumptive location of the normal left-sided (red) and ectopically formed right-sided (black) D-V arterial cords. Cartoon 
shows proposed model for the left-side dependent formation of the ectopic right-sided 1°LA, tested in a dual L-R 
targeting experiment in F. DM dual targeting (HH25, wholemount ISH Gja5, right lateral view of embryos, summarized 
in cartoons):  (1) left-sided AMD3100-soaked beads with right-sided Cxcl12; (2) PBS beads and right-sided Cxcl12; or 
(3) left-sided AMD3100 beads with right-sided Pitx2 (bottom) demonstrate the requirement of the left side for 1°LA 
formation. Scale bars: A,C,D (100 mm); E (50 mm); F (100mm). See also Figure 2.S6. 
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 Because gut lymphatics course with arteries (not veins), we hypothesized that local 

mechanisms in the left DM that initiate arteriogenesis might similarly induce lymphangiogenesis. 

We initially detected no Lyve1 or Prox1 positive cells in the chicken DM at HH20 when arterial 

D-V cords are still present (Figure 2.7AB, red arrowheads). Both lymphatic markers were weakly 

expressed in the walls of the left and right SCV located beside the root of the mesentery (Figure 

2.7A). Lyve1 was also weakly expressed throughout the midgut vascular plexus (Figure 2.7A, GT) 

as shown in the mouse counterpart.  Hence, at the onset of gut rotation, lymphatic precursors are 

resident in two distant locations: dorsal and ventral to the DM. Strikingly, by HH23, and coincident 

with the formation of 1°LA from D-V cords (Figure 2.7CD, red arrows), we identified a robust plexus 

of Lyve1-positive cells in the left DM. These are first evident ventrally, then extend dorsally 

through the left DM mesenchyme (HH24) (Figure 2.7C, green arrows). This pattern was confirmed 

with Vegfr3 staining (Figure 2.7C) and left lateral views of embryos at HH23 (Figure 2.7E, green 

arrow) revealed a Vegfr3-positive vascular plexus present longitudinally along the mesentery/gut 

border and parallel to the 1°LA (Figure 2.7E, red arrow).  

 At HH26, as the gut loop elongates, the initially wide, short DM transitions into a thin and long 

structure to accommodate the rapid gut elongation (Savin, Kurpios et al. 2011). This stage is 

characterized by the formation of the second arterial branch (2°LA) from the remaining D-V 

arterial cords (Figure 2.7E, Gja5). Coincident with 2°LA formation, we observed that the Vegfr3-

positive plexus extends dorsally within the left DM (Figure 2.7E, green arrow) and towards the 

2°LA (Figure 2.7E, 2°LA; Figure 2.7E, green arrow). It remains connected with the gut vascular plexus 

ventrally and grows new lymphatic cords dorsally that subsequently connect with the right SCV 

(Figure 2.7E, green arrowheads). At HH26, we found Prox1 only in the SCVs, indicating that not 
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all lymphatic precursor cells are Prox1-positive at this stage, consistent with recent studies (van 

Impel, Zhao et al. 2014) (data not shown).  

 At HH27, we detected Prox1 expression in a sub-population of Vegfr3-positive endothelial cells 

that continues extending from the gut vascular plexus dorsally and within the left DM (Figures 

2.7FG, adjacent sections, green dashed box, Figure 2.S7B). Prox1 was also expressed strongly in the 

avian-specific Nerve of Remak, and was distinguished from lymphatic populations by staining for the 

neural marker Hnk-1 (Figure 2.7H, Figure 2.S7B, right column). Prox1 expression was maintained in 

the dorsal region of the abdomen in an endothelial sub-population of the left and right SCV and 

also in a region ventral to the right SCV marked with Vegfr3-positive cells (Figures 2.7FI, blue 

dashed box).  

 Similarly, in WT mice, wholemount immunohistochemistry (IH) and subsequent tissue 

sections revealed the first appearance of a Prox1-positive lymphatic vascular plexus at E10.5 in 

the ventral left DM (Figure 2.7J, Figure 2.S7C). We confirmed the lymphatic identity of this 

population using Prox1-GFP transgenic mice (Choi, Chung et al. 2011) (Figure 2.7K) and double-

IH to the lymphatic endothelial marker Nrp2. These experiments revealed that the Prox1 promoter 

is transcriptionally active in both dorsal (subcardinal vein, blue dashed box in Figures  2.7KL) and 

ventral (left DM, green dashed box in Figures 2.7KLM) locations within the DM. No Prox1-GFP-

labelled cells were detected in the gut DM prior to E10.5 (Figure 2.7J, Figure 2.S7C). Thus, Prox1-

positive lymphatic precursors are resident in two separate locations in two model organisms: in the 

dorsal region of the abdomen (SCVs and dorsal margin of the DM) and in the ventral region of the 

left DM (Figure 2.7N). These results show that gut lymphatics exhibit a left-sided bias, implicating 

the role of Pitx2 during organ-specific lymphangiogenesis.  
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Figure 2.7| Lymphangiogenesis in the DM is left-sided and initiates locally.  ISH during DM arteriogenesis with 
probes specific for arterial (Gja5) and lymphatic  (Lyve1, Vegfr3, and Prox1) markers: transverse (A,C,E right 
column, F-I) and lateral views (B,D,E) of DM/gut tube vibratome slices (B,C,D) or wholemount embryos (E) and 
transverse sections (E). A,B At HH20 only arterial cords are present (red arrowhead and cartoon). C,D At HH23-
24, Lyve1 and Vegr3 mark lymphatics in the ventral left DM (C,D, green arrows; D, cartoon) while 1°LA has 
formed (red arrow). E Left lateral views, HH23 showing lymphatic field (green arrow, Vegfr3) forming along the 
1°LA (red arrow, Gja5). Lymphatic field (green arrow) at HH26 moves dorsally and parallels the 2°LA now formed 
(green arrowheads show dorsal connections of the lymphatic field with the SCV). Gray dashed line/asterisk marks 
location of transverse section. Black dashed arrow shows ventral elongation of the midgut loop. Transverse sections of 
ISH showing left-sided location of the 2°LA (Gja5) and lymphatic field (Vegfr3). F Distinct ventral (green box) 
and dorsal (blue box) populations of chicken DM lymphatics, revealed by Prox1 and Vegfr3 ISH on adjacent 
sections; higher magnifications: ventral (G) and dorsal (I) domains. H Prox1+ avian Nerve of Remak in the ventral 
domain stains Hnk1+, distinct from Prox1+, Hnk1- lymphatics (green box). JK Distinct lymphatic populations (E10-
11) in WT mice (J, anti-Prox1) and in Prox1-GFP transgenic mice (K, anti-GFP). LM Double-IH of Prox1-GFP mice 
with Nrp2 (M shows higher magnification of ventral population from L) N Cartoon model summary of ventral left and 
dorsal lymphatic populations. Scale bars: A-D, E right column, I,J,K (left, right panels), L, M (50 mm); E left 
column, F,G,H (100 mm); K (middle panel) (20 mm). See also Figure 2.S7. 
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2.3.9 Pitx2 is required for lymphatic development in the mouse DM 

 To demonstrate the role of Pitx2 during lymphatic development, we initially assayed for Prox1 

expression in WT and Pitx2 mutant whole intestines using quantitative RT-PCR. Because Pitx2-/- 

embryos die at E14.5 (Lu, Pressman et al. 1999), analyses were performed at E13.5. Prox1 

expression was significantly reduced in Pitx2-/- (Figure 2.8C, n=5, p<0.0007) and Pitx2+/- mutant 

intestines (Figure 2.8C, n=5, p<0.0083). We next performed ISH and double-IH for Prox1 and the 

pan-endothelial marker platelet-endothelial cell adhesion molecule-1 (Pecam-1) in WT and Pitx2 

mutant embryos. Consistent with a previous report (Wigle and Oliver 1999), Prox1 expression was 

seen in lymphatic vessels of the DM at E13.5, which connect ventrally with the gut plexus and 

dorsally with the lymphatic plexus found alongside the CMA (Figures 2.8AB, arrow). Importantly, 

Prox1 expression was absent from all Pitx2-/- mutant mesenteric lymphatics at E13.5 (Figures 

2.8AB, asterisk), suggesting a lack of lymphatic vessels in the Pitx2-/- mouse DM. Strikingly, 

expression of Prox1 in the lymphatic population alongside the CMA remained unchanged in   

Pitx2-/- embryos (Figure 8A, arrowhead), highlighting that this lymphatic endothelium is Pitx2 

independent. We obtained identical results with Vegfr3 expression in WT and Pitx2-null embryos 

(Figure 2.S8A). Furthermore, we observed no phenotype in the formation of dermal lymphatics 

that arise from the paired jugular lymph sacs (Figure 2.8B, insets), a process halted in Prox1 null 

mice (Oliver 2004). Hence, the organ-specific lymphatic phenotype in Pitx2 null mice is distinct 

from that reported with Prox1 loss of function, where all lymphatic structures are absent including 

those alongside the CMA (Wigle and Oliver 1999).  

 These data demonstrate the existence of a separate population of lymphatic progenitors with 

distinct molecular and fate identity that forms local mesenteric lymphatic vessels and is dependent 

on the asymmetric expression of Pitx2.  
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2.3.10 Local lymphangiogenesis in the left DM requires the preceding Pitx2-driven arterial 

program 

To begin addressing mechanisms that might be responsible for lymphangiogenesis in the DM, we 

blocked arterial formation by implanting Cxcr4-Cxcl12-inhibiting AMD3100 beads on the left side. 

Neither the Lyve1- (Figure 2.S8B) nor the Vegfr3-positive lymphatic network developed (Figure 2.8D, 

middle, n=14/19, p<0.0001, orange dashed lines), suggesting that lymphangiogenesis in the DM 

requires prior arteriogenesis or is dependent on Cxcr4-Cxcl12 signaling. Similarly, Prox1/Pecam-1 

expression was absent from all Cxcr4-/- mutant mouse mesenteries (Figure 2.S8C). 

 To uncouple arterial function from the Pitx2-driven Cxcr4-Cxcl12 axis we specifically blocked 

arteriogenesis with a validated Gja5 blocker, quinidine (Picoli, Nouvel et al. 2012). As expected, no 

Gja5-positive 1°LA formed in quinidine-beaded embryos (HH24, Figure 2.8E, red arrow, n=6/9, 

p<0.0045) independent of Cxcl12 expression (Figure 2.S8D). Importantly, quinidine completely 

ablated the Vegfr3-positive lymphatic network (Figure 2.8D, right, orange dashed lines, n=17/25, 

p<0.0001). Consistent with our Pitx2-/- mice data, quinidine had no effect on Vegfr3 expression in the 

chicken lymphatic population alongside the CMA (Figure 2.8D, right, arrowhead, n=18/18). Thus, 

mesenteric lymphatic vasculature forms asymmetrically and is dependent on the prior assembly of the 

arterial vascular network in the left DM, a process downstream of Pitx2. These primitive lymphatics 

subsequently extend dorsally to connect with centrifugal branches of the systemic vascular system 

(Figure 2.8F, model).  
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Figure 2.8| Local lymphangiogenesis in the left DM requires the preceding arterial program, 
driven by Pitx2. A,B Prox1+ mesenteric lymphatic vessels (white arrows, Pitx2+/+) are absent in 
embryos lacking Pitx2 (asterisk in Pitx2-/- panels), as revealed by (A) wholemount ISH and (B) 
immunostaining for Prox1/CD31 at E13.5 in the mouse. Prox1+ cells alongside the CMA wall (white 
arrowhead in A) or of dermal lymphatics (B, insets) are unaffected by Pitx2 loss. C Quantitative RT-
PCR reveals loss of Prox1 expression in whole gut isolates of Pitx2 +/- and Pitx2-/- mouse embryos. 
D Compared to PBS (left panel), the DM (orange dashed regions) is devoid of lymphatic vessels (ISH 
Vegfr3) upon pharmacological inhibition of arteriogenesis, either targeting Cxcr4 (AMD3100, middle 
panel) or Gja5/Cx43 (quinidine, right panel). E Confirmation that arteries (ISH Gja5) in the DM are 
lost upon quinidine treatment (right panel) compared to PBS controls (left panel). F Proposed model: 
Pitx2 directs Cxcl12 in the left DM. This induces endothelial chemotaxis via Cxcr4 and D-V cord 
formation, remodeling and formation of CMA arterial branches. A lymphatic plexus initiates in the 
ventral left DM and, via centripetal extension, connects with centrifugal branches of the systemic 
lymphatics of venous descent. Scale bars are 100 µm. See also Figure 2.S8. 
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2.4 Discussion 

We have leveraged the DM as a genetically accessible in vivo model to characterize vascular 

development in the intestine. Our work demonstrates that 1) arteriogenesis in the midgut is 

commensurate with the onset of gut rotation and proceeds strictly on the DM left side; 2) 

subsequent lymphangiogenesis is left-sided and is dependent upon, arteriogenesis; and 3) Pitx2 

and its target gene Cxcl12 drive the formation of vascular channels in the DM, but Cxcl12 alone 

is insufficient in the absence of a Pitx2-induced microenvironment. Our findings shed light on 

possible mechanisms by which L-R signaling determines organ-specific blood vascular and 

lymphatic situs throughout the embryo.  

2.4.1 Pitx2 patterns blood vessels of the dorsal mesentery  

Our work demonstrates that Pitx2-dependent processes directing initial gut rotation are also 

employed for patterning the vasculature within the midgut DM, and thus provide a mechanism to 

coordinate these two critical morphogenetic processes. Multiple mesenteric arteries form 

transiently on the left side of the DM, then remodel ventrally to form the permanent arterial 

branches of the CMA: the most distal (ileocolic) branch forms first, and as the loop herniates a second 

(middle colic) branch forms, ultimately giving rise to the third (right colic) branch as an anastomosis 

between the ileocolic and middle colic arteries. Interestingly, we observed no vascular events in the 

cranial half of the midgut at the time of rotation suggesting that vascularization of the proximal ileum 

and jejunum is temporally and spatially distinct from the large intestine. Indeed, the vascular pattern 

of the adult jejunum compared to other midgut-derived regions reflects this difference and is a 

consequence of the additional complex looping events in this segment (Savin, Kurpios et al. 2011).  
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 Other asymmetric vascular events are similarly Pitx2-dependent, such as aortic arch remodeling 

(Yashiro, Shiratori et al. 2007), patterning of the azygos and portal veins (Shiratori, Yashiro et al. 

2006) and the asymmetric branches of the celiac artery around the stomach, spleen and pancreas 

(Hecksher-Sorensen, Watson et al. 2004). Recognizing that local cues and effectors may differ among 

organs, our findings underline a conserved mechanism for organ-level vessel patterning in the viscera, 

and invite analysis of other known vascular asymmetries.  

 It is important to note that inhibition of vessel assembly on the right, Pitx2-negative side, is unique 

to the DM and necessary to limit mesenteric vasculogenesis to a singular process (not paired as occurs 

in the gut wall and mesonephros). This may be related to the early exclusion of veins from the DM, to 

prevent shunts between post-hepatic vitelline (portal) and systemic veins.   

2.4.2 Cxcr4-Cxcl12 axis as a target of Pitx2 during organ-specific vascular development 

Our studies begin to address why the essential functions of Cxcl12 are organ-specific and why 

only arterial, not venous, endothelial cell populations require this pathway (Ara, Tokoyoda et al. 

2005). We show that Cxcl12 is a direct target of Pitx2 in vivo; Pitx2 restricts Cxcl12 expression to 

mesenchymal cells within the left DM, where it attracts neighboring Cxcr4-positive endothelial cells 

thereby directing asymmetric arteriogenesis. Although necessary, Cxcr4-Cxcl12 signaling can only 

operate effectively in the context of a Pitx2-induced microenvironment, indicating that additional 

factors are required. A strong candidate is Glypican 3 (Gpc3), the product of a gene mutated in 

Simpson-Golabi-Behmel syndrome, which causes complex vascular and gastrointestinal anomalies 

including gut malrotation (Pilia, Hughes-Benzie et al. 1996). Cxcl12 can bind heparin and heparan 

sulfate (Uchimura, Morimoto-Tomita et al. 2006), which is thought to concentrate an otherwise 

diffusible ligand to form a durable chemotactic gradient (Bulow and Hobert 2006, Lortat-Jacob 2009). 
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Gpc3 expression in the gut DM mirrors the left-sided Pitx2 and Cxcl12 and forced Pitx2 expression on 

the right induces Gpc3 (Welsh, Thomsen et al. 2013).  

 We observed bilateral expression of Cxcl12 in the left and right splanchnic mesoderm prior to DM 

formation (HH17) suggesting that this transient right-sided Cxcl12 is Pitx2 independent.  There 

have been other factors reported to regulate Cxcl12 and include the canonical (Tamura, Sato et al. 

2011) and non-canonical Wnt signaling (Witze, Litman et al. 2008, Tamura, Sato et al. 2011), 

Hypoxia-inducible factor-1 and 2 (Ceradini, Kulkarni et al. 2004, Martin, Diamond et al. 2010), 

and VegfA (Hong, Jiang et al. 2006). Hence, some of these factors may also be responsible for 

regulating Cxcl12 expression independent of Pitx2.  

 Previous work in zebrafish has shown that endothelial expression of Cxcl12a/b in major blood 

vessels directs formation of a spatially parallel trunk lymphatic network alongside preexisting 

blood vasculature (Cha, Fujita et al. 2012). Thus, the interaction of lymphatic precursors with 

established arterial vessels likely represents a conserved mechanism of lymphangiogenesis, a 

process that could shed light on the etiology of diseases associated with lymphatic dysfunction. 

This correlation might further augment our understanding of the angiogenic influences of the 

Cxcr4-Cxcl12 chemokine axis in several inflammatory diseases including IBD (Alexander, 

Chaitanya et al. 2010, Dotan, Werner et al. 2010). Indeed, polymorphism within exon 2 of human 

Cxcr4 is associated with susceptibility to IBD (Mrowicki, Przybylowska-Sygut et al. 2014).  

2.4.3 The embryonic origin of intestinal lymphatic endothelial cells 

Gasparo Aselli discovered lymphatic vessels in the dog mesentery nearly four centuries ago (Aselli 

1627), but the factors governing genesis of these channels remain uncertain.  Multiple studies have 

shown that axial lymphatic vessels originate from lymph sacs; these include seminal work by Sabin 
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(Sabin 1902) and are supported by recent mammalian linage tracing and live imaging in zebrafish, 

demonstrating that lymphatic endothelial progenitors derive from primary lymphatic sacs, of 

venous origin (Yaniv, Isogai et al. 2006, Srinivasan, Dillard et al. 2007). An alternative theory 

pioneered by Huntington and McClure (Huntington and McClure 1910) proposed that while lymph 

sacs might be of venous origin, peripheral lymphatics arise from local lymphangioblasts at a great 

distance from the lymph sacs, establishing the dual origin paradigm that remains today (Wilting, 

Papoutsi et al. 2000, Papoutsi, Tomarev et al. 2001, Pudliszewski and Pardanaud 2005, Buttler, 

Kreysing et al. 2006, Ny, Autiero et al. 2006, Wilting, Aref et al. 2006, Wilting, Buttler et al. 

2007). 

 We find Lyve1-, Prox1-, Vegfr3-, and Nrp2-positive lymphatic precursors in the walls of the 

left and right subcardinal veins (SCVs) located dorsally beside the root of the mesentery. At HH26, 

subpopulations of endothelial cells from the right SCV move ventrolaterally towards the right side 

of the dorsal DM towards the caudal side of the CMA (Figure 2.S7B), suggesting that these cells 

are the precursors of the retroperitoneal lymph sac, observed in the current study and elsewhere to 

descend from the right SCV, and together support the view of a venous origin for primary 

lymphatic sacs (Heuer 1909). Importantly, this dorsally-derived population is Pitx2 independent, 

as Prox1- and Vegfr3-expressing cells were maintained alongside the CMA in Pitx2 knockout 

mice. 

 However, our study identifies an additional population of lymphatic progenitors conserved in 

both the chicken and mouse within the ventral left DM and separated spatially from the SCV and 

temporally from the formation of the retroperitoneal lymph sac (Oliver 2004, Mouta-Bellum, 

Kirov et al. 2009). We show that the appearance of these Lyve1-, Vegfr3-, and subsequently Prox1-

expressing cells requires the prior Pitx2-dependent assembly of arterial mesenteric blood vasculature. 
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Importantly, while Prox1-null mice lack all lymphatics, including the retroperitoneal lymph sac 

and those of the gut (Wigle and Oliver 1999), Pitx2 knockout mice lack Prox1-positive mesenteric 

lymphatics but retain Prox1 expression alongside the CMA, suggesting an organ-specific role for 

Pitx2 during gut mesentery lymphangiogenesis. The existence of a distinct program for intestinal 

lymphangiogenesis is further supported by the recent finding that mice lacking the 

phosphoinositide-3-kinase (PI3K) regulatory subunit 1 alpha (Pik3r1) (Mouta-Bellum, Kirov et al. 

2009) show severe lymphangiectasia specifically in the intestine, a phenotype that was 

independent of the retroperitoneal lymph sac.  

 Taken together, our results provide genetic evidence in support of at least two functionally and 

molecularly distinct lymphatic precursor populations in the intestine. The cellular origins of these 

populations are currently unknown and remain under examination using lineage tracing methods. Our 

work is consistent with the proposed dual origin of lymphatics and supports the principles of local 

embryonic lymphangiogenesis, which seem to be conserved among species and tissues. 

Understanding the developmental mechanisms responsible for organ-intrinsic lymphangiogenesis 

is important, as distinct lymphatic endothelial populations will likely contribute differentially to 

disorders of this exquisite organ system. 

	

2.5 Experimental Procedures 

Animals 

Embryos were collected from Pitx2hd (Lu, Pressman et al. 1999) and Pitx2∆ASE (Shiratori, Yashiro 

et al. 2006) mutant mice, Cxcr4-null mutant mice (Tachibana, Hirota et al. 1998), Prox1-GFP 

transgenic mice from MMRRC (UC Davis), eggs of White Leghorn chickens (Sunrise), Japanese 
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(Strickland) or transgenic Tie1-H2B-YFP quails (Ozark) at appropriate stages. Experiments 

adhered to guidelines of the Institutional Animal Care and Use Committee of Cornell University, 

under the Animal Welfare Assurance on file with the Office of Laboratory Animal Welfare. 

Laser capture microdissection 

Detailed methods are in preparation to be published elsewhere. Briefly, cryosections of 

unfixed/flash frozen WT HH21 chicken DM were arrayed on membrane slides (Leica, 

11505189). The asymmetric morphology of the left and right DM was used to discriminate and 

capture separately each of four compartments. A contrast stain (HistoGene Kit, Arcturus, 

KIT0419) was applied just prior to LCM. GeneSpring-generated expression levels for Pitx2 (left) 

and Tbx18 (right, control) provided initial validation of dissections and analyses (Welsh, Thomsen 

et al. 2013). 

In ovo targeting and quail-chick transplants  

Avian embryos were electroporated with pCAG-GFP or –mCherry (HH14), using 5x10ms pulses 

of 30V (Welsh, Thomsen et al. 2013). Slices of HH20 quail embryos (150µm, Vibratome 800, 

McIlwain) were dissected into ~50x50x150µm GFP- or RFP+ pieces, and grafted into surgical 

excavations of the mesenchyme abutting the midbrain of HH9-10 chicken hosts (Noden 1988). 

For pharmacological inhibition of Cxcr4, vehicle (PBS) or 5mg/ml AMD3100 (A5602, Sigma) 

was adsorbed onto AG beads (143-1255, Bio-Rad) overnight at 4°C. For inhibition of Gja5, vehicle 

(DMSO) or 40mM quinidine (22600-10G-F, Sigma) was adsorbed onto AG beads overnight at 

room temperature. The beads were placed into the coelom through an opening in the ectoderm and 

somatic mesoderm made with fine forceps. Dual targeting was performed by DNA microinjection 



 

 67 

and electroporation to first target the left splanchnic mesoderm (Welsh, Thomsen et al. 2013) 

(HH14), followed by the placing of inhibitor beads (HH16).  

Histochemical analyses 

Embryos were processed for immunohistochemistry (IH) on sections (Welsh, Thomsen et al. 2013) 

or wholemount IH (Betterman, Paquet-Fifield et al. 2012). Antibodies included: QH1 (DSHB), 

GFP (ab290, Abcam), RFP (Rockland, 600-401-379), N-term Prox1 (AF2727, R&D), PECAM 

(CD31, 553371, BD Bioscience), HNK1/CD57 (C6680, Sigma), Nrp2 (A567, R&D) and 

AlexaFluor anti-goat, anti-mouse or anti-rabbit 568, anti-rabbit 488, and streptavidin 594 

conjugates. Images were taken using a Zeiss Observer.Z1/Apotome or Discovery.V12 microscope 

with AxiocamHRc, CoolSNAP HQ2 or MYO cameras. Confocal images were taken in a Leica 

TCS SP5 system using a Plan Achromat 20X/0.7 objective. TUNEL was performed using the in 

situ cell death detection kit (Roche, 12156792910).  

Statistical Analysis 

D-V cords were counted and percent formation of the 1°LA was calculated as total length 

formed/length spanned by 7 somites caudal to the CMA (midgut region).  JMP Pro 10.0 was used 

to generate means with Student’s t-test (Fig. 6B, 4N, 8C), Tukey-Kramer HSD test for multiple 

pair-wise comparisons (Fig. 3H), Fisher’s Exact test for inhibitor and dual-targeting data and 

Pearson’s Chi-squared test for quail-chick transplant data; error bars are standard error of the mean.  

Explant culture and live imaging  

Midgut slices of 200µm (HH17 Tie1:H2B-YFP quails) were made using Vibratome 800, 

(McIlwain). Explant live imaging was adapted from (Gros, Hu et al. 2010, Heller, Kumar et al. 

2014). Briefly, midgut explants were suspended in warm recovery media (F12, 10mM HEPES, 
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1% Pen-strep; Invitrogen) and sealed against a matTek glass- (Movie S1 and S2) or Lumox Teflon-

bottom dish (Sarstedt) (Movie S3) using a small volume of 1% low melting point agarose/F12. 

Images were captured every 7 minutes for 18 hours on a Zeiss LSM 780/Plan-Apo 20×/0.8 setup 

in an air- and stage-heated 5% CO2 (Movie S3) or for periods of 6-10 hours using a Leica SP5/Plan-

Apo 20×/0.7 setup in a heated, 5% CO2 (Movie S1 and S2). 

Image Analyses  

Imaris 7.6.1 (Bitplane) was used for filtering, background subtraction and for transformation of 

confocal image stacks into volume-rendered four-dimensional movies. Nuclei were segmented in 

3D, labeled with spot objects and tracked by manually specifying the nuclei location for each time 

point. Tracks were visualized with dragon tails (Movie S1 and S2), showing the object path over 

the previous 20 frames. This was verified with ImageJ. All movies were compiled using Adobe 

Premiere Pro. 

Quantitative Real-Time PCR 

Total RNA was extracted from resected whole gut (including mesentery and vasculature) of E13.5 

mouse embryos using RNeasy Mini Plus (Qiagen), and subject to cDNA synthesis using the ABI 

High Capacity cDNA RT kit. TaqMan probes (Applied Biosystems; Cxcl12- Mm00445553_m1, 

Cxcr4-Mm01996749_s1, Pitx2-Mm00440826, Prox1-Mm00435969_m1) were used to quantify 

transcript abundance using the Applied Biosystems 7500, normalized to ß-Actin levels. JMP Pro 

10.0 was used to calculate means using the Student’s t-test.  
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2.8 Supplemental Figures 

These supplemental figures with their legends accompany chapter 2. 

										 	

 

 

 

Figure 2.S1| Validation of laser capture microdissection transcriptional analyses of the 
chicken DM. In situ hybridization at HH21, using indicated probes.  Scale bars: 50 µm. 
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Figure 2.S2| Live imaging setup for time lapse of transient D-V cords and TUNEL 
assay. A Tie-1 H2B-YFP transgenic quails with wholemount view (B) of D-V endothelial 
cords. C Embryos are sliced into 150 �m transverse sections and then (D) embedded in low 
melting point agarose for imaging on glass-bottom culture plates. E Example of YFP fluorescent 
tissue slice, showing bilateral (left panel) and left-sided (right panel) endothelial cords; these 
panels are simplified in a cartoon model (G). (H-J) TUNEL assay of Tie-1 H2B-YFP transgenic 
quails demonstrating in H the absence of TUNEL-positive cells (red) in the DM and in Tie-1 
H2B-YFP expressing endothelial cells (green, arrowhead); TUNEL-positive cells in the 
apoptotic mesonephros (MSN, boxed region of H is magnified in I) and in the limb bud AER 
(apical ectodermal ridge, J, from the same embryo as H). 
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Figure 2.S3| Analysis of arterial vasculogenesis in mice. Asymmetric formation of D-V cords in mice 
at E.10.75 (Gja5). Scale bar: 50 µm.  
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Figure 2.S4| Analysis of Cxcr4-Cxcl12 expression downstream of Pitx2. A ISH at HH14 (chicken) 
reveals Cxcr4 expression (left panel) in Tie1-expressing (H2B-YFP, right panel) endothelial cells of the 
bilateral intervening plexus (black arrowheads). B Later, Cxcr4 expression is found both in the 10LA and 
gut plexus, but not the CMA. C, Misexpression of Pitx2/GFP in the right DM (right panel GFP marks 
electroporated cells) causes left isomerism (“double-left” phenotype) including double Cxcr4-positive 
arterial cords (orange arrowheads) and duplicated 10LA  (red arrows). D Loss of Cxcl12 expression in the 
DM of Pitx2-/- mouse (E12.0), with left lateral (top two rows) and transverse views shown (third row). 
Positive control tissue from matched embryos (bottom row) reveals Cxcl12 staining in the scleratome. E 
Pitx2 binding at vascular network genes in vivo. (1-2) 5 enriched Pitx2 binding peaks surround Cxcl12 (1), 
one of which directly overlaps with exon 1 on Cxcl12 (2). (3-4) No significant Pitx2 binding is observed at 
the Cxcr4 locus, the promoter of the adjacent gene Dars contains an enriched peak (3) but no peaks are 
observed in the promoter proximal region of Cxcr4 (4). ChIP-seq data derive from published transgenic 
FLAG-tagged Pitx2 binding in 12-week mouse cardiac tissue (NCBI Gene Expression Omnibus (GEO) 
data repository accession GSE50401): top green track shows normalized ChIP-seq tag numbers (y-axis) 
and the user supplied track below shows peaks with at least 4-fold enrichment over input control indicated 
as vertical black bars. RefSeq gene models are indicated in blue, while bottom track shows PhastCons 
vertebrate conservation score in green. Scale bars:  A 50um; B 100um. 
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Figure 2.S5| Side-specific effects of AMD3100 inhibitor-soaked beads on Pitx2 
expression and DM morphology. AMD3100 has no effect on normal left-sided 
Pitx2 expression (left panel) or cellular morphology (right panel) of the DM. 
Scale bars: 50 um.  
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Figure 2.S6| Cxcl12 is not sufficient to drive vessel formation in the absence of Pitx2. A Misexpression of 
Cxcl12 (pCAG-Cxcl12/pCAG-GFP) on the right side via co-electroporation produces normal L-R DM cellular 
morphology (fast green), results in ectopic levels of Cxcl12 that exceed those on the left side (ISH, Cxcl12), 
and is not sufficient to promote formation of ectopic D-V cords in the right DM (ISH, Gja5, black dashed box). 
B Results of left-sided and right-sided targeting of Cxcl12 in the DM at HH21 (ISH, Gja5, model cartoon 
included). Transverse views shown to appreciate L-R situs and lateral view (Cranial-Caudal) to appreciate the 
extent of 10LA formation. (1) Wild type DM showing left-sided D-V cord (orange arrowhead) and 10LA 
formation (red arrow). (2) ‘Double-left’ phenotype with right-sided Pitx2 electroporation (GFP) showing left- 
and right-sided D-V cords and two 10LA. (3) Right-sided Cxcl12 electroporation (GFP) showing ectopic 10LA 
forming on the right side as a result of accelerated remodeling of the left-sided, Cxcr4-positive (4) D-V cords 
(see also Fig. 6). This result is in contrast to (2) highlighting an important functional difference between Pitx2 
and Cxcl12 in the DM. (5) Left-sided Cxcl12 electroporation (GFP) showing accelerated formation of 10LA as 
a result of accelerated remodeling of the left-sided D-V cords. C The diffusion range of AMD3100 inhibitor 
does not allow it to cross the midline boundary of the DM: inhibitor beads placed on the right side (middle 
panel, right lateral view) have no effect on the normal left-sided assembly of endothelial cords (right panel, 
arrowhead) and 10LA (left panel, arrow). Bead positions are indicated. Scale bars: A-B 50um; C 100um. . 
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Figure 2.S7| Lymphatic marker expression in tissues surrounding the DM. A Prox1-GFP-marked 
lymphatic anlagen in the retroperitoneal lymph sac (RLS), caudal cardinal veins (CCV) and non-lymphatic 
staining in the sympathetic trunk (ST) and neural tube (NT). B Adjacent transverse sections showing that 
location of lymphatic anlagen (green arrows) in three different HH27 chicken embryos, marked by Prox1 
(left column) and Vegfr3 (middle column) is spatially distinct from Prox1-expressing cells of the avian-
specific Nerve of Remak (Hnk1-positive, right column). C Top row Wholemount (left) and transverse 
views (right) of wild type mouse DM stained with anti-Prox1; lymphatic plexus is first visible ventrally 
(white arrows, higher magnification inset) that extends dorsally. Bottom row Absence of Prox1-GFP 
reporter signal in mouse cranial or caudal DM prior to E10.5, revealed by transverse section of E10 Prox1 
transgenic reporter mice. Scale bars: A-B 50um. 
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Figure 2.S8| Local lymphangiogenesis in the left DM requires the preceding Pitx2-driven arterial 
program. A Vegfr3 expression (ISH) is absent from Pitx2-/- mutant DM at E13.5 but remains unchanged 
along the CMA. B, Cxcr4/Cxcl12-inhibiting AMD3100 beads (right panel) on the left side of the chicken 
DM abrogate the Lyve1-positive network (HH23), compared to PBS beads (left panel). C Wholemount double 
immunohistochemistry for Prox1 (green) and PECAM/CD31 (red) reveals loss of Prox1 staining (asterisk) in 
the DM of Cxcr4-/- mutant mouse embryos at E13.5 (middle panel) compared to wild type littermates (left 
panel). Peripheral limb lymphatics are unchanged in matched embryos (right column). D Arteriogenesis-
inhibiting Quinidine beads on the left side of the chicken DM have no effect on Cxcl12 expression (HH21). 
Scale bars: A 50um; B-D 50um. 
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CHAPTER 3: 

DUAL ORIGIN OF INTESTINAL LYMPHATIC VASCULATURE VIA INTEGRATION 

OF PITX2 AND CXCR4-CXCL12 CHEMOTAXIS 

The work described in this chapter is a continuation from the previous chapter, where 
heterogeneous origins for gut lymphatics was discovered. It is focused on further exploring the 
functional roles of Pitx2 and Cxcr4 in intestinal lymphatics. It is currently being written up as a 
manuscript, and with additional experiments will be completed by Aparna Mahadevan and Natasza 
A. Kurpios.  
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3.1 Abstract 

For over a century, the dogma has been that all lymphatic vessels, including the intestinal 

lymphatics form from sprouting of venous-derived lymph sacs. We recently challenged this by 

discovering a distinct population of lymphatic precursors that arises locally within the left side of the 

gut dorsal mesentery spatially distinct from the mesenteric lymph sac (MLS), and is dependent on 

the left-right Pitx2. We refer to this lymphatic progenitor subset as the asymmetric mesenteric 

lymphatics (AML). Our findings implicated at least two distinct mechanisms of intestinal lymphatic 

development in the gut. Using genetically engineered mice, we demonstrate that AML formation is 

dependent on a Pitx2-driven Cxcr4-Cxcl12 signaling pathway. However, venous-derived MLS 

formation is independent of Pitx2 but requires Cxcr4. To begin elucidating the specific roles of Pitx2 

and Cxcr4 in gut lymphatics, we characterized embryonic lymphatic development in mice lacking 

functional Cxcr4 and Pitx2. We show that loss of the Pitx2-dependent AML results in defective 

lymphatic vasculature and ablates lacteals, the specialized lymphatic capillaries that absorb all dietary 

fats. Characterizing Cxcr4-/- embryos, we show absence of lacteals and impaired lymphatic valves, 

suggesting a function for Cxcr4 similar to, yet distinct from that of Pitx2. Moreover, we show that 

livers of suckling Pitx2 and Cxcr4 mutant pups have abnormal lipid accumulation supportive of 

impaired lipid transport upon loss of function of these genes. Thus, Pitx2 and Cxcr4 play distinct and 

overlapping roles during gut lymphatic development that are integral to the specialized lipid absorptive 

function of gut lymphatic vasculature. Collectively, our work reveals functional and developmental 

heterogeneity among intestinal lymphatics and demonstrates that distinct mechanisms drive their 

morphogenesis.  
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3.2 Introduction 

The intestines perform an essential role in the absorption and transport of nearly all dietary 

nutrients and fat-soluble vitamins.  A unique organ-specific, extensive and complex blood and 

lymphatic vascular network enables the intestines to fulfill these functions. Despite its important 

role in survival, the gut vascular system has received little attention.   

The intestinal vasculature can be classified into the mesenteric vasculature and the vascular 

capillaries that are intrinsic to the gut tube itself. The mesenteric vasculature courses through the 

dorsal mesentery (DM), a mesodermal structure that suspends the gut tube and serves as the sole 

conduit for all vessels that supply and drain the intestines (Haglund and Bergqvist 1999). The 

mesenteric arteries connect the superior mesenteric artery (SMA), a branch off the dorsal aorta, to 

the gut tube arterial plexus to ensure sufficient oxygenated and nutrient rich vascular supply to the 

gut tube (Figure 3.1A). The mesenteric veins run parallel to the mesenteric arteries distally (near 

the gut tube), but proximally (distant from the gut tube) they are spatially distinct and drain into 

the hepatic (liver) portal system (Haglund and Bergqvist 1999, Gupta, Sinha et al. 2015). 

Maintaining a complete segregation of venous from arterial channels is essential and unique to the 

gut system, and failure to achieve this can lead to hepatic encephalopathy as blood, not detoxified 

by the liver enters the systemic circulation (Gallego, Velasco et al. 2000). 

The formation of mesenteric arteries was previously hypothesized to occur via sprouting 

angiogenesis from the SMA to connect to the gut tube arterial plexus (Ara, Tokoyoda et al. 2005). 

However, we have recently shown that sprouting angiogenesis is not involved in the formation of 

arterial branches. Instead, DM arterial branches arise locally via organ-specific vascular 

remodeling of a primitive arterial plexus restricted to the left side of the DM adjacent to the gut 

tube, and only subsequently connect with the SMA (Mahadevan, Welsh et al. 2014) (Figure 3.1A). 
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Moreover, we have also shown that this asymmetric arterial vascular remodeling is tightly 

coordinated with the conserved rotation of the intestine regulated by the left-right (LR) symmetry 

breaking Pitx2 transcription factor (Mahadevan, Welsh et al. 2014) (Figure 3.1A). Thus, Pitx2-

dependent processes directing initial gut rotation are also employed for patterning the vasculature 

within the midgut DM, and thus provide a mechanism to coordinate these two events. 

 Pitx2 also directs Cxcl12-Cxcr4 signaling axis in the left DM to drive vascular remodeling 

of the primitive arterial plexus that gives rise to mesenteric arteries (Mahadevan, Welsh et al. 

2014). Cxcl12 is a chemokine ligand and Pitx2 target that binds to Cxcr4, a G-protein-coupled-

receptor, to activate the PI3K/AKT pathways to induce activation of Rho and Rac GTPases, 

mediating cytoskeletal rearrangements responsible for cell migration  (Ping, Yao et al. 2011, Wang 

and Knaut 2014).  Loss of Pitx2, or Cxcl12-Cxcr4, leads to aberrant patterning of mesenteric 

arterial branches and significant reduction in their number, but has no effect on the formation of 

the venous vasculature (Tachibana, Hirota et al. 1998, Ara, Tokoyoda et al. 2005, Mahadevan, 

Welsh et al. 2014). Thus, LR signaling determines organ-specific blood vascular situs throughout 

the embryonic gut.  

In vertebrates, the vascular network has two components: the blood and lymphatic vascular 

network systems, both of  which serve vital but non-overlapping functions (Matheson, Wilson et 

al. 2000, Miller, McDole et al. 2010, Choi, Lee et al. 2012). Lymphatic vessels serve crucial roles 

in the regulation of tissue fluid (lymph) homeostasis and immune cell trafficking (Kerjaschki 

2014). Within the intestine, gut lymphatic vasculature has the unique and essential role of 

absorbing and transporting dietary lipids in the form of chyle from the gut to the thoracic duct, the 

largest lymphatic vessel, before entering the bloodstream (Kim, Sung et al. 2007, Jurisic and 

Detmar 2009, Kerjaschki 2014). In addition to their life-supporting roles, lymphatic channels are 
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the primary conduits for metastatic spread of colorectal tumor cells and lymphatic defects cause a 

wide range of debilitating disorders including lymphedema, lymphangiectasia, hypertension, 

inflammatory bowel disease, and obesity (Jurisic and Detmar 2009, Kazenwadel and Harvey 

2016).  

The lymphatic vasculature of the digestive system consists of the mesenteric collecting 

lymphatic vessels and the lymphatic capillary network located within the intestine (Figure 3.1B). 

Inside the intestinal villi, digested carbohydrates and amino acids from the enterocytes are 

absorbed into blood capillaries (veins) for distribution to the liver. In contrast, digested lipids are 

absorbed as chyle into lymphatic capillaries known as lacteals (Kohan, Yoder et al. 2010). Lacteals 

drain chyle into the mucosal lymphatics within the gut wall, which are subsequently connected to 

the mesenteric collecting lymphatics (Miller, McDole et al. 2010) (Figure 3.1B right). Collecting 

lymphatics contain anatomically distinct, bicuspid luminal valves spaced at regular intervals to 

prevent retrograde lymph flow (Figure 3.1B left). These vessels are also covered by muscle layers 

that control the transport of lymph by contraction and relaxation of the vessel wall. The functional 

unit of the collecting lymphatic system is called a lymphangion—the segment between two 

adjacent valves—and these are arranged in series to propel lymph forward  (Zawieja 2009, Gashev 

2010, Chakraborty, Davis et al. 2015). 

Early 20th century studies supported by recent lineage tracing methods proposed that 

lymphatic vessels arise from a subset of cells that bud from the embryonic veins to form lymph 

sacs and that further radial sprouting from these sacs generates an entire lymphatic network (Sabin 

1902, Srinivasan, Dillard et al. 2007). Other investigators objected to these findings and developed 

the alternative view that lymphatic endothelium differentiates locally from primitive  



 

 90 

	

	

	

	

	

	

	

	

Figure 3.1| Development and components of intestinal lymphatics.  A (Top) Model showing initiation of 
arteriogenesis and subsequent lymphangiogenesis exclusively on the left side of the ventral DM via Pitx2 
regulation of Cxcr4-Cxcl12 chemotaxis. In the dorsal DM, lymphatic endothelial cells sprout from the subcardinal 
vein to give rise to the venous derived mesenteric lymph sac in the mesenteric root (MLS). (Bottom) Lymphatic 
progenitor cells of AML form a lymphatic plexus in the ventral left DM, aligned adjacent to the primary 
longitudinal artery and gives rise to centripetal extensions, while the MLS located at the mesenteric root, gives 
rise to centrifugal extensions that is guided by the SMA. Dotted lines indicate the plane of section that is shown 
in top row. B Intestinal lymphatic vasculature can be broadly classified into two subsets – the mesenteric 
collecting lymphatic vessels located in the mesentery which have contractile activity and numerous valves to 
pump and mediate the one-way movement of absorbed lipids through the rest of the lymphatic system (left) 
and the lymphatic lacteal network located in the gut tube (right). Lacteals are specialized lymphatic capillaries 
located at center of the villi that absorb dietary lipids. They are connected to the mucosal lymphatics within 
the gut wall, which are subsequently connected to the mesenteric collecting lymphatic vessels. 
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mesenchymal cells and secondarily establish venous connections to facilitate the return of lymph 

to the bloodstream (Huntington and McClure 1910, Wilting, Aref et al. 2006, Buttler, Ezaki et al. 

2008). In the gut mesentery, similar, venous-derived lymph sac known as the mesenteric lymph 

sac (MLS) was considered to be the sole origin of lymphatic endothelial cells for almost a century 

(Heuer 1909) until our recently published data suggested additional sources (Mahadevan, Welsh 

et al. 2014). Unexpectedly, we identified a spatially distinct population of lymphatic endothelial 

cells within the left compartment of the chicken and mouse DM adjacent to the gut tube (ventral 

DM) that arises at a great distance from the MLS population located in the dorsal DM (Figure 3.1). 

We refer to this new population as asymmetric mesenteric lymphatics (AML). Absence of Pitx2 

or inhibition of arterial plexus remodeling within the left DM results in deficient gut lymphatics in 

mice and chicken embryos, implicating distinct mechanisms of intestinal lymphatic development 

in the DM (Mahadevan, Welsh et al. 2014). Most recently, studies of lymphatic vascular 

development in specific organs using genetic tracing techniques reveal heterogeneous sources of 

lymphatic endothelial cells and support the existence of tissue-specific differences in the 

mechanisms by which the lymphatic vasculature arises and develops (Klotz, Norman et al. 2015, 

Stanczuk, Martinez-Corral et al. 2015). These findings bear critical potential therapeutic importance, 

as unique lymphatic endothelial subsets are thought to contribute differentially to several intestinal 

disorders (Alexander, Ganta et al. 2010). 

Here, we sought to understand how Pitx2 and Pitx2 driven Cxcl12-Cxcr4 signaling pathway 

affect gut lymphatic development and function by examining Pitx2 and Cxcr4 mutant mice. We 

demonstrate that both Pitx2 and Cxcr4 are required for the formation of AML in the left DM. 

Strikingly, the formation of MLS requires Cxcr4 but is independent of Pitx2 function, suggesting that 

AML and MLS are genetically and functionally heterogeneous. We show that loss of the asymmetric 
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Pitx2 expression affects lymphatic vascular remodeling and maturation of the mesenteric collecting 

lymphatics and their valves, and ablates lacteals, in the absence of any obvious defects in venous-

derived MLS formation. Furthermore, we discover previously uncharacterized, severe gut lymphatic 

defects in Cxcr4 mutant mice that bear similarities and differences to those observed in Pitx2 

mutants. Importantly, we show that livers of suckling Pitx2 and Cxcr4 mutant pups have abnormal 

lipid accumulation supportive of impaired lymphatic lipid transport in these mutants. Collectively, our 

experiments show that Pitx2 and Cxcr4 play distinct and overlapping roles during gut lymphatic 

development that are integral to the specialized lipid absorptive function of gut lymphatic vasculature. 

We propose that heterogeneous sources of gut lymphatic endothelial progenitors have different 

developmental potential dependent on Pitx2 and Cxcr4 and that both sources are required to 

establish intestinal lymphatic vasculature. 

 

3.3. Results 

3.3.1. Formation of the asymmetric mesenteric lymphatics (AML) is Pitx2-dependent 

The mesenteric lymph sac (MLS), has long been considered to be the exclusive source of lymphatic 

endothelial cells populating the intestinal lymphatics (Heuer 1909). However, we recently 

discovered that within the gut and associated mesenteries of chicken and mice embryos, a distinct 

population of lymphatic precursors, which we refer to as asymmetric mesenteric lymphatics (AML) 

arises locally at a great distance from the MLS. This population of immature lymphatic endothelial 

progenitor cells resides in the left side of the DM and is located adjacent to the gut tube at mouse 

embryonic day (E) 10.5  (Mahadevan, Welsh et al. 2014). Since Pitx2 is a key left-specific 

regulator of gut development (Davis, Kurpios et al. 2008, Kurpios, Ibanes et al. 2008, Savin, 
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Kurpios et al. 2011, Welsh, Thomsen et al. 2013), we hypothesized that the left-sided AML is 

Pitx2-dependent. To examine the formation of MLS and AML in the absence of Pitx2, we deleted 

both alleles of Pitx2 in a Prox1-promoter directed GFP reporter mouse (Choi, Chung et al. 2011). 

Prox1, is the master regulator of lymphatic development. Moreover, we confirmed the lymphatic 

identity of MLS and AML with double-immunohistochemistry to another lymphatic endothelial 

marker Neuropilin 2 (Nrp2) (Yuan, Moyon et al. 2002, Martyn and Schulte-Merker 2004)). In the 

wild type (WT) embryo, the AML is first detected at E10.5 and forms an elongated (ventral-to-

dorsal) vascular plexus by E11.0 (Figures 3.2AD) (Mahadevan, Welsh et al. 2014). Pitx2-/- embryos 

lacked Prox1GFP+ AML at both E10.5 and E11.0 (Figures 3.2AD, H) (n=3, p<0.0001). 

Interestingly, we noticed that the number of Prox1GFP+ cells in the MLS was slightly, but 

significantly, increased in Pitx2-/- embryos compared to WT controls at E10.5 (n=3, p<0.001) and 

E11.0 (n=3, p=0.045) (Figure 3.2G). These data indicate that Pitx2 drives the selective formation of 

the AML in the gut DM but is dispensable for MLS development.  

3.3.2. The Cxcr4-Cxcl12 axis is required for the formation of AML and MLS 

The Cxcr4-Cxcl12 pathway functions downstream of Pitx2 in patterning the intestinal mesenteric 

arteries and is required for subsequent gut lymphatic development (Mahadevan, Welsh et al. 2014). 

Pitx2 restricts Cxcl12 ligand expression to the left DM, where it guides the location of Cxcr4 receptor-

positive arterial endothelial cells in the DM and directs asymmetric arteriogenesis. To learn whether 

the Cxcr4-Cxcl12 axis is also selectively required for AML formation we investigated AML and 

MLS development at E10.5 in Cxcr4-/- mice, using Prox1GFP+ transgenic background as 

described above. Similar to our results from Pitx2-/- mice, we noticed that Prox1GFP+ AML were 

missing from the left DM compartment of Cxcr4-/- embryos (Figures 3.2AC; n=3, p<0.0001). 

Shortly after, at E11.0, we noted few Prox1GFP+/Nrp2+ lymphatic endothelial cells populating 
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the Cxcr4-/- DM (Fig. 3.2BD; n=3, p<0.0001). However, unlike the WT AML, which form an 

organized ventral-to-dorsal vascular plexus restricted to the DM left side, Prox1GFP+/Nrp2+ 

lymphatic endothelial cells were randomly scattered on both sides of the DM. We conclude that 

Cxcr4 is important for lymphatic endothelial cell migration towards the left side of the DM, 

contributing to the formation of the AML. However, it does not seem to affect lymphatic 

endothelial cell specification as indicated by the maintenance of Prox1/Nrp2 expression in the 

absence of Cxcr4.  

In addition to affecting the AML formation, loss of Cxcr4 resulted in a severely reduced 

MLS population with significantly fewer Prox1GFP+/Nrp2+ cells in Cxcr4-/- embryos (Figures 

3.2AD; n=3, p<0.0001 for both) (E10.5 and 11.0). This is in striking contrast to the Pitx2 loss-of-

function phenotype where only the AML was noticably impacted. Thus, these results indicate that 

Cxcr4-/- mutants display a more global effect on gut lymphatic cell populations in contrast to    

Pitx2-/- embryos, which show a specific defect in the formation of the AML. 

3.3.3. Lymphatic endothelial cells derived from the AML and MLS are genetically heterogeneous 

and have specific migratory behavior  

Our experiments thus far illustrate that while loss of Pitx2 results in the specific loss of the AML, 

Cxcr4 affects the formation of both AML and MLS. This observation suggests a molecular and 

functional heterogeneity between the lymphatic endothelial cells in these two lymphatic subsets. 

This is further supported by our recent live imaging data showing distinct migratory behaviors of the 

endothelial cells of AML and MLS ex vivo (Sivakumar and Kurpios, unpublished).   

We first sought to determine whether the heterogeneity of AML and MLS is influenced by 

their microenvironment, or whether these cells are committed and poised to respond to cues from  
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Figure 3.2| AML formation is dependent on both Pitx2 and Cxcr4 while MLS formation is 
independent of Pitx2 but requires Cxcr4. A IHC for Prox1GFP (green) co-stained with Nrp2 (red) in 
midgut sections of WT, Pitx2

-/-
 and Cxcr4

-/-
 embryos E10.5. Pitx2

-/-
 embryos lack Prox1GFP

+ve
 cells in 

AML while Cxcr4
-/-

 embryos lack Prox1GFP
+ve

 cells in AML and MLS B IHC for Prox1GFP, Nrp2 in 
midgut sections showing AML and MLS development in WT, Pitx2

-/-
and Cxcr4

-/-
 embryos at E11.0.  CD 

Higher magnification of AB. Yellow arrows show Prox1GFP+ve/Nrp2+ve cells. EF Models showing 
perturbations to AML and MLS in E10.5 and E11.0 embryos. Green arrows indicate Prox1GFP+ve cells. 
GH Plot showing number of Prox1GFP

+ve
, Nrp

+ve
 cells in AML and MLS of WT, Pitx2

-/-
, Cxcr4

-/-
 at 

E10.5 and E11.0. Error bars represent standard error of mean.  
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a specific microenvironment. To do this, we modified our previously published quail-chick grafting 

experiments (Mahadevan, Welsh et al. 2014) to allow grafting of mouse-derived lymphatics in chicken 

hosts and leveraged Prox1-GFP lymphatic reporter mouse embryos as transplant donors to read out 

GFP+ lymphangiogenesis in chicken hosts (Figure 3.3A). We transplanted fragments of the ventral 

left DM (containing AML) and the neighboring dorsal DM (containing MLS) from donor mouse 

embryos at E10.5-E11.0 into the lateral mesoderm (DM precursor) of HH15 chicken hosts (Winters, 

Thomason et al. 2012). Hosts were incubated until HH25 (4 days post fertilization) – a stage 

corresponding to the time where AML and MLS are readily apparent in the chicken embryo 

(Mahadevan, Welsh et al. 2014), and processed for Prox1-GFP expression (Figure 3.3C). 

Importantly, we observed that mouse MLS GFP+ donor cells reproducibly incorporate into the 

subcardinal vein (the vessel of origin of the MLS) in chicken hosts located in the dorsal DM 

(Figures 3.3BC). In striking contrast, mouse AML GFP+ donor cells were found only in the ventral 

DM region on the left side, a Pitx2-regulated DM boundary where chicken AML resides (Figure 

3.3BC). Thus, lymphatic endothelial cells from the AML and MLS are differentially committed 

and can only respond to cues from a specific microenvironment (Pitx2-dependent and –

independent, respectively). 

3.3.4. Pitx2 is required for vascular remodeling of the primary mesenteric collecting lymphatic 

vessels 

To begin dissecting the differential contribution of AML and MLS to gut lymphatics, we sought 

to examine gut lymphatic development in Pitx2-null embryos, which specifically lack AML. 

However, Pitx2 -/- embryos die at E14.5 due to arrested cardiac function (Lu, Pressman et al. 1999) . 

precluding analysis of gut lymphatics beyond E14.5. To circumvent the early embryonic lethality 
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associated with loss of all Pitx2 (Pitx2-/-), we used Pitx2∆ASE/∆ASE mice, in which a conserved 

enhancer ASE, which regulates asymmetric expression of the Pitx2c isoform, has been deleted 

(Shiratori, Yashiro et al. 2006).The Pitx2∆ASE/∆ASE embryos fail to manifest most, but not all, of the 

Figure 3.3| Chick-mouse chimera shows that AML and MLS are differentially committed and can only 
respond to cues from their specific microenvironments. A AML/MLS fragments from Prox1GFP+ve embryos 
are surgically grafted onto the left lateral mesoderm of donor chicken embryos (HH14/HH15) and assayed for 
localization of Prox1GFP at HH25. B Localization of endogenous chicken AML and MLS as shown by ISH for 
VegfR3, showing AML clearly restricted to left ventral DM, while MLS sprouting from the right subcardinal vein 
in the right dorsal DM. Red asterisk in B, right panel shows regressing left subcardinal vein(SCV-L) C Prox1GFP 
(green) cells on transplanted embryos reveal that mouse AML donor cells were found to be incorporated in the 
left ventral DM where chicken AML forms while the mouse MLS donor cells were incorporated into the right 
subcardinal vein (SCV-R) of chicken hosts. The mesentery has been outlined in white dashed lines.  
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left-sided Pitx2c expression and survive for almost three days after birth, allowing analysis of the 

gut lymphatic system.  

First, we confirmed that akin to Pitx2-/- embryos, Pitx2ASE/ASE embryos lacked AML but 

showed normal development of MLS (Figure 3.4AB, n=3), allowing us to use the Pitx2∆ASE/∆ASE 

embryos to investigate gut lymphatics in the absence of AML.  

The initial mesenteric lymphatic network is non-functional and composed of highly 

branched vessels of similar diameter (Sweet, Jimenez et al. 2015). After E16.0, this initial 

lymphatic plexus remodels to form a hierarchical set of lymph-collecting functional vessels present 

at birth, in which smaller vessels near the gut wall feed into larger vessels that are more distant 

from the gut wall (Sweet, Jimenez et al. 2015) (Figure 3.5).  

In Pitx2∆ASE/∆ASE embryos at P0, while the larger mesenteric lymphatic vessels appeared 

morphologically similar to those of WT embryos (data not shown), smaller vessels near the gut 

wall failed to remodel. To quantify these lymphatic defects in Pitx2∆ASE/∆ASE pups, we referred to 

the Strahler ordering system of collecting mesenteric lymphatic vessels (Strahler 1957, Fleury, 

Gouyet et al. 2001) (Figure 3.5A). The lymphatic vessels near the gut tube are classified as the 

primary vessels. Several primary vessels come together at a node and drain into a secondary vessel. 

These coalesce at a node to drain into the tertiary vessel, which is the most distant from the gut 

tube, and which drains directly into the MLS (Figure 3.5A) (Fleury, Gouyet et al. 2001, Sweet, 

Jimenez et al. 2015). Moreover, the average width of the primary vessels is significantly lesser 

than that of the secondary vessels, which in turn have a smaller diameter than the tertiary vessels. 

Thus, the hierarchy of the collecting lymphatic vessels can be quantified by measuring the width 

of the vessels within each order.  
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Using Prox1 as a marker of lymphatic vessels, we first showed that WT mesenteric 

lymphatics at P0 adhere to the above vascular organization with primary, secondary and tertiary 

vessels measuring 20, 50 and 110µm in diameter (Figures 3.5BG).  We next examined vessel 

diameter in Pitx2∆ASE/∆ASE pups. Consistent with our initial observations, we discovered that the 

Figure 3.4| Pitx2
∆ASE/∆ASE

 deletion mimics lymphatic phenotypes of Pitx2
-/-

 embryos. A IHC for Prox1GFP 
(green) co-stained with Nrp2 (red) in midgut sections of WT, Pitx2

-/- 
and Pitx2

∆ASE/∆ASE
 embryos at E11.0 showing 

that Pitx2 ASE deletion mice embryos selectively lack the Prox1GFP+ve population of AML, similar to Pitx2-null 
embryos. B Plot showing number of Prox1GFP

+ve
, Nrp

+ve
 cells in AML and MLS of WT, Pitx2

-/-
, Pitx2

∆ASE/∆ASE
 

embryos.  Error bars represent standard error of mean. 
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primary lymphatic vessels closest to the gut tube are severely affected by ASE deletion. Unlike 

the WT primary vessels, which have a uniform diameter, the primary vessels in the Pitx2∆ASE/∆ASE 

mutants clustered into three groups (Figure 3.5G). The first group of vessels had an average 

diameter of ~5 µm (Figure 3.5B, white arrow, 3.5G), the second with an average width of ~20 µm 

(Figure 3.5B, pink arrow, 3.5G) and the third found at ~ 40 µm width (Figure 3.5B, yellow arrow, 

3.5G). Interestingly, the secondary vessels further from the gut tube were only slightly (but 

significantly) affected with diameters of 49.89 ± 0.46 µm for WT vs. 54.7± 0.74µm in 

Pitx2∆ASE/∆ASE pups (Figure 3.5G, p < 0.0001), and tertiary vessels being indistinguishable from 

WT controls (105.9 ± 1.8 µm for WT vs 105.5 ± 1.7 µm for Pitx2∆ASE/∆ASE; p = 0.87).  Thus, ASE 

deletion appears to mainly affect the size of primary lymphatic vessels. 

Additional insight into mesenteric lymphatic remodeling can be obtained by measuring the 

number of branch points formed by the mesenteric lymphatic vasculature or the number of 

collateral vessels within each hierarchy (Ferdinand, Lilian et al. 1996). Hence, we counted branch 

points of primary, secondary and tertiary WT and Pitx2∆ASE/∆ASE mesenteric lymphatics at P0 and 

showed that Pitx2∆ASE/∆ASE lymphatics maintained a significantly higher number of primary (but 

not secondary, data not shown) branch points (primary: 6 vs. 3.5; n=3 embryos, p<0.001). 

Moreover, the number of collateral loops was also significantly higher in the primary vessels of 

Pitx2∆ASE/∆ASE mutants (17 vs. 11, n=3 embryos, p<0.0001) (Figure 3.5CE). Taken together, these 

data are consistent with a failure to remodel mainly the primary lymphatic vessels in the absence 

of ASE.  
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3.3.5. Cxcr4 loss-of-function disrupts the global patterning of mesenteric collecting lymphatic 

vessels 

We next analyzed mesenteric collecting lymphatic vessels in Cxcr4-/- mice, where morphogenesis 

of both AML and MLS subsets is affected. We found that Cxcr4-/- mutants showed lymphatic 

defects that were more severe and distinct from those we observed in Pitx2∆ASE/∆ASE mutants (P0, 

Figure 3.5C-G). In some cases, several lymphatic vessels were blind ended and failed to extend 

and connect to neighboring vessels. Importantly, all three orders of mesenteric lymphatic vessels 

were affected by the loss of Cxcr4. The primary mesenteric collecting lymphatics showed severe 

reduction of the number of branch points and collateral loops (Figure 3.5C-F). Similarly, the 

secondary and tertiary vessels also failed to remodel and mostly existed as primitive vascular beds 

(Figure 3.6C). Finally, the lack of overall vascular hierarchy was confirmed by measuring the 

diameters of the primary, secondary and tertiary vessels, which had a broad range and overlapped 

with each other (Figure 3.5G). Thus, Cxcr4 loss-of-function disrupts the global patterning of all 

mesenteric collecting lymphatic vessels. 

3.3.6. Perturbed alignment of mesenteric lymphatic vessels with arteries in the Pitx2∆ASE/∆ASE and 

Cxcr4-/- mutant pups 

Unlike peripheral lymphatics that follow veins, mature mesenteric lymphatic collecting vessels run 

exclusively alongside arteries. This precise alignment of lymphatic vessels along the mesenteric 

arteries is an important aspect in guiding collecting mesenteric lymphatic vessels towards the 

thoracic duct, the largest collector of lymph. As expected, mature Prox1-positive mesenteric 

lymphatic vessels were closely associated with mesenteric arteries in WT P0 pups (Figure 3.6A). 

However, we noted that the lymphatic-arterial alignment of age-matched Pitx2∆ASE/∆ASE and Cxcr4-/- 

mutants was disorganized (Figure 3.6BC). We hypothesized that lymphatic defects observed in both 
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Figure 3.5| Remodeling of collecting mesenteric lymphatic vessels is perturbed in WT, Pitx2
△△ASE/△△ASE 

, 
Cxcr4

-/- 
P0 pups. A Schematic of Strahler ordering system, and branchpoints and collateral numbers. Area in 

dashed box on left magnified on right, showing arcade loops and branchpoints.  B Primary vessels in WT P0 
pups, showing fewer branchpoints and colateral loops, with model representing data. C Primary vessels in P0 
Pitx2

△ASE/ △ASE
 pups, showing increased branchpoints and arcade loops, with model representing data. White 

arrow, arrowhead and yellow arrow indicate primary branch vessels of varying thickness (refer to text for more 
details) D Primary, secondary and tertiary vessels in P0 Cxcr4-/- pups appear as primitive vascular bed. EF 
Quantification of number of arcade loops and primary vessel branchpoints in WT, Pitx2

△ASE/ △ASE 
, Cxcr4

-/- 
P0 

pups. G Diameters of collecting mesenteric lymphatic vessels at all three levels of hierarchy in in WT,  
Pitx2

△ASE/ △ASE 
, Cxcr4

-/- 
P0 pups.  
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mutants affect the final alignment of mesenteric collecting lymphatics with arteries. Using Prox1 

immunohistochemistry and Pecam1 staining (labels blood vessels) (Jackson 2003) we sought to 

carefully characterize the lymphatic-arterial alignment in the Pitx2∆ASE/∆ASE and Cxcr4-/- mutant pups 

at P0 across the different hierarchies.  

In WT pups at P0, most remodeled mesenteric lymphatic vessels align adjacent to one side 

of an artery, while the vein is aligned to the other side of the artery, forming a mature and physically 

distinct lymphatic-artery-vein (LAV) vascular pattern (Figure 3.6ADE). In some cases, the less 

mature WT lymphatic vessel remains physically attached to both sides of the artery forming a 

lymphatic-artery-lymphatic-vein (LALV) bundle (Figure 3.6ADE). In the least mature lymphatic 

bundles, the lymphatic vessel wraps around the artery and vein (LAVL), and in the WT pups at 

P0, represents only a small fraction of all lymphatic vessels (Figure 3.6ADE). In contrast to this 

WT alignment, nearly half of all lymphatic vessels in Pitx2∆ASE/∆ASE mutants presented as immature 

LAVL bundles (48% in Pitx2∆ASE/∆ASE vs. 9.7% in WT; Figure 3.6BDE, p<0.005). Furthermore, 

the percentage of mature LAV alignment, most frequently observed in vessels of WT pups, was 

rarely seen in Pitx2∆ASE/∆ASE mutants (11% in Pitx2∆ASE/∆ASE vs. 70% in WT; Figure 3.6BDE, 

p<0.005). Collectively, these data suggest that lymphatic vascular remodeling is an important 

event for establishing the final alignment of the mature lymphatic vasculature and that ASE 

deletion affects these important events. 

We next examined lymphatic vessel alignment in Cxcr4-/- mutant pups at P0. It has 

previously been shown that loss of the Cxcr4 receptor disrupts arterial formation in the mesentery 

but has no effect on veins (Tachibana, Hirota et al. 1998, Ara, Tokoyoda et al. 2005). Consistent 

with reduced number of arteries upon loss of Cxcr4, no LAV alignments were observed in      

Cxcr4-/- pups and only ~10% of all vascular bundles showed LALV arrangement in common with  
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Figure 3.6| Perturbation of mesenteric lymphatic arterial alignment in Pitx2
∆ASE/∆ASE

 and Cxcr4
-/-

 
neonates (P0).  A IHC for Prox1(green) co-stained with PECAM1 (red) identifies lymphatic-arterial alignment 
types in WT pups, mostly in LAV or LALV alignment. B IHC with Prox1 and PECAM1 identifies lymphatic-
arterial alignment types in Pitx2

∆ASE/∆ASE
 (mostly in LAVL) and (C) Cxcr4

-/- 
pups. D Quantification of 

proportion of vessels that display the different alignments seen in WT ,
 
Pitx2

∆ASE/∆ASE
 and Cxcr4

-/-
 pups. E 

Models comparing the vessel alignments of WT, Pitx2
∆ASE/∆ASE

 and Cxcr4
-/- 

pups. L-lymphatic; A-artery; V-
vein. Arteries are represented in red, veins in blue and lymphatics green in the models.  
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WT pups (Figure 3.6CDE). Instead, majority of the mesentery collecting lymphatic vessels in the 

absence of Cxcr4 aligned with veins forming aberrant patterns not previously reported in WT 

mesenteries (LV, LVVL, LVV, LVLV, LVL) (Figure 3.6CDE). 

3.3.7. Lymphatic valve development is disrupted in Pitx2ΔASE/ΔASE and Cxcr4-/-pups 

A critical feature of lymphatic collecting vessel maturation is the formation of valves. The 

lymphatic valves, composed of two semilunar leaflets are crucial for preventing retrograde flow 

of lymph (Petrova, Karpanen et al. 2004, Sabine, Agalarov et al. 2012). Lymphatic valve formation 

initiates at E16.0 with defined cell clusters of increased expression of Prox1 (Prox1Hi lymphatic 

endothelial cells, LECs) along one side of the lymphatic vessel (initiation, stage 1) (Sabine, 

Agalarov et al. 2012, Levet, Ciais et al. 2013). This is followed by coalescence of the Prox1Hi 

LECs to form a ring-like constriction (circularization and constriction, stage 2). Finally, most of 

the Prox1Hi LECs elongate and form the leaflet-like valve structure, critical to the function of 

lymphatic valves (elongation and maturation, stage 3) by P0 (Figure 3.7A-D), which can be 

visualized by integrin alpha 9 (Itga9) staining, a marker for mature lymphatic valves.  

To learn whether Pitx2 and Cxcr4 regulate formation of the lymphatic valves we examined 

these structures in WT, Pitx2∆ASE/∆ASE and Cxcr4-/- mice using Prox1 and Itga9 expression. 

Compared with their WT littermates, less than 20% of lymphatic valves reached maturity in 

Pitx2Δ
ASE/

Δ
ASE mutant (Figure. 3.7BCF; n = 49, p<0.0001). This effect on valve maturation in 

Pitx2∆ASE/∆ASE mutants affected primary, secondary and tertiary lymphatic vessels (data not shown).  

Thus, Pitx2 appears to play an important global role in valve maturation of all lymphatic 

vasculature. 
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Interestingly, we also noted a slight but significant increase (1.5-fold) in the valve density 

in Pitx2ΔASE/ΔASE mutants by comparison to their WT siblings (Figure 3.7H; 2.8/mm in WT vs. 

4.4/mm in Pitx2ΔASE/ΔASE, n=151, p<0.0001). This increase was specific to valves of primary 

mesenteric collecting vessels (Figures 3.7CGHI), which also have increased number of 

branchpoints (Figure 3.5F). Previous studies have shown increased oscillatory shear stress at 

branchpoints, which triggers overexpression of Prox1 and initiates valve formation in those regions 

(Sabine, Agalarov et al. 2012, Sweet, Jimenez et al. 2015, Sabine, Saygili Demir et al. 2016). 

Hence, the increase in the number of valves in Pitx2ΔASE/ΔASE mutants may be explained by the 

increased number of branchpoints of primary mesenteric collecting vessels in these mice.  

In P0 Cxcr4-/- pups, there was a statistically significant decrease in valve density by 

comparison to WT controls, as measured by Prox1 expression (Figures 3.7GH; 2.8/mm in WT vs 

1.9/mm in Cxcr4-/-, n= 109, p <0.0001). Moreover, almost all lymphatic valves (90%) were 

arrested at stage 1 (Figures 3.7EF; n=100, p<0.0001) further evidenced by the lack of Itga9-

positive leaflets critical to valve function (Figures 3.7CI). In summary, ASE deletion delays 

lymphatic valve maturation whereas loss of Cxcr4 results in early arrest of valve morphogenesis 

as evidenced by drastic loss of Itga9-positive valves.  

3.3.8. Pitx2 and Cxcr4 are necessary for the formation of lacteals within the gut tube 

Nearly all dietary lipid is transported in chylomicrons from the gut to the blood through the 

lymphatic system by entering specialized lymphatic vessels, known as lacteals, in the villi of the 

intestine (Figure 3.8A, Figure 3.1B). In doing so, the lymphatic vasculature allows postprandial 

lipid to be available for storage and energy throughout the body before it arrives at the liver. 

Lacteals form during late embryogenesis and in the early postnatal period (Kim, Sung et al. 2007), 

but little is known about the molecular regulation of lacteal morphogenesis.  
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Figure 3.7| Analysis of collecting mesenteric lymphatic valves in Pitx2
∆ASE/∆ASE and Cxcr4

-/-
  pups. A 

Developmental time kinetics of valve formation and maturation and B corresponding schematic. C 
Morphology of valves in WT, Pitx2

△ASE/ △ASE 
, Cxcr4

-/- 
P0 mesenteric vessels analyzed with respect to 

Prox1Hi expressing lymphatic endothelial cells. D Itga9 expressing leaflet-like, matured morphology of 
valves in WT P1 pups. E Morphology of immature valves in Pitx2

△ASE/ △ASE 
P1 pups assayed with Itga9. F 

Itga9 staining showing morphology of immature valves in Cxcr4
-/- 

P1 pups. G Density of valves at each 
stage of maturation for WT, Pitx2

△ASE/ △ASE 
, Cxcr4

-/- 
P0 pups based on Prox1-Hi LECs. H Valve density in  

collecting mesenteric lymphatic vessels from primary, secondary and tertiary branches at P0 based on 
Prox1Hi expressing cells for WT, Pitx2

△ASE/ △ASE 
, Cxcr4

-/- 
P0 pups. I Valve density in  collecting mesenteric 

lymphatic vessels from primary, secondary and tertiary branches at P1 based on Itga9 expression for WT, 
Pitx2

△ASE/ △ASE 
, Cxcr4

-/- 
pups.  
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In order to determine whether Pitx2 and Cxcr4 are required for lacteal development we 

characterized lymphatic vasculature within the gut tube in Pitx2ΔASE/ΔASE and Cxcr4-/- mutants 

using Lyve-1 expression as a marker of gut wall lymphatic vasculature (Jang, Koh et al. 2013). 

Compared to WT P0 pups, we discovered a striking reduction in the number of Lyve1+ 

lacteals within the villi of both Pitx2ΔASE/ΔASE and Cxcr4-/- mutants (Figures 3.8A-D; 14/20 in WT, 

5/20 in Pitx2ΔASE/ΔASE, 2/20 in Cxcr4-/-). In addition, the few lacteals that formed in the mutant pups 

were shorter, with significantly fewer number of Lyve1+ lymphatic endothelial cells per lacteal 

(Figures 3.8ABCE; 12 in WT, 3 in Pitx2ΔASE/ΔASE, 3 in Cxcr4-/-, n=3, p<0.0001 for both).  

Lacteals drain chyle into the submucosal lymphatics within the gut wall, which are 

subsequently connected to the mesenteric collecting lymphatic vessels (Miller, McDole et al. 

2010). We noted that the morphogenesis of submucosal lymphatics was also perturbed in 

Pitx2ΔASE/ΔASE and Cxcr4-/- mutants. In Pitx2ΔASE/ΔASE pups, the submucosal layer lymphatics 

appeared collapsed (Figures 3.8ABF; 1.96 µm diameter in Pitx2ΔASE/ΔASE vs. 4.39 µm in WT, n=3, 

p<0.0001). However, the submucosal lymphatics of Cxcr4-/- mutants were more dilated and 

irregular than WT controls (Figures 3.8ACF; 11.25 um in Cxcr4-/- vs. 4.39 um in WT, n=3, 

p<0.0001). Thus, both Pitx2 and Cxcr4 are required for the morphogenesis of the lymphatic 

vasculature within the gut tube, including lacteals.  

3.3.9. Pitx2 and Cxcr4 are integral to the specialized lipid absorptive function of gut lymphatic 

vasculature  

We hypothesized that the above defects in mesenteric and gut tube lymphatic vascular 

development lead to defective lipid transport. Examination of P2.5 Pitx2ΔASE/ΔASE mutant pups just 

after nursing revealed excessive accumulation of chyle within the collecting mesenteric lymphatic 
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vessels compared to age-matched WT control pups (Figure 3.9A, left, middle). Moreover, in 

Pitx2ΔASE/ΔASE mutants, the lymphangions, a segment of the collecting lymphatic vessel that lies 

between two valves, appeared severely swollen, consistent with defective lymphatic valve function 

and in agreement with valve maturation defects we previously observed in these mutants.  

 

 

 

	

 

Figure 3.8| Characterization of gut tube lymphatic vasculature of Pitx2
∆ASE/∆ASE and Cxcr4

-/- 
pups at P0. A 

Lyve1 (green) and Pecam1 (red) staining showing transverse section of WT gut tube (left). Yellow dashed box 
shows magnified villi with lacteal (center) and blue dashed box shows submucosal lymphatics (magnified, right). 
B Overall decrease in number of villi with lacteals in Pitx2

∆ASE/∆ASE
 gut tube (left), with short stunted lacteals 

(center, yellow dashed box magnified from left) and thin submucosal lymphatic vessels (right, blue dashed box 
magnified from left).  C Overall decrease in number of villi with lacteals in Cxcr4

-/-
 gut tube (left). Lacteals are 

short and stunted (center, magnified dashed yellow box from left). Submucosal lymphatics vessels are dilated 
(right, magnified blue dashed box from left). DEF Quantification of Lyve1+ villi , number of Lyve1+ cells per 
villus, and thickness of gut mucosal lymphatics in WT ,

 
Pitx2

∆ASE/∆ASE
 and Cxcr4

-/-
 pups. Lacteals have been 

outlined with white dashed lines. 
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Examination of P2.5 Cxcr4-/- pups also revealed excessive chyle accumulation in the 

mesenteric collecting vessels in comparison to WT pups of the same age (Figure 3.9A, left, right). 

However, unlike Pitx2ΔASE/ΔASE, the accumulation was not segmented, consistent with the absence 

of functional valve leaflets that normally define a lymphangion (Figure 3.9A, right). Moreover, 

we observed leakage of milky chyle from mesenteric collectors and along the gut tube, a phenotype 

most often indicative of lymphatic vascular dysfunction (Figures 3.9A-right, B). Collectively, 

these data suggest defective lipid transport upon loss of Cxcr4 and ASE deletion. 

Whereas short- and medium-chain fatty acids secreted from enterocytes are taken up by 

blood capillaries (veins) for distribution to the liver (hepatic portal circulation), lacteals absorb 

long-chain fatty acids as chylomicrons via the lymphatic route (Fujimoto, Price et al. 1991). The 

portal (liver) transport of long-chain triglycerides is usually insignificant compared with the 

lymphatic route, except under pathological conditions, where direct transport of chylomicrons to 

liver leads to fatty liver disease (Fujimoto, Price et al. 1991). Strikingly, staining for neutral lipids 

with oil-red-o revealed extensive post-prandial lipid accumulation in the livers of both 

Pitx2ΔASE/ΔASE and Cxcr4-/- pups with and no detectable levels of lipids in WT livers, implying 

further defects in fat absorption (Figure 3.8D). Furthermore, this lipid accumulation was not 

observed in embryonic E14.5 livers in WT and both mutants (Figure 3.8D). This post-prandial 

lipid accumulation was confirmed with biochemical triglyceride assay, which revealed elevated 

triglyceride levels in the livers of P2.5 Cxcr4-/- and Pitx2ΔASE/ΔASE mutants in comparison to WT 

livers of the same age (Figure 3.9C, n=3, p=0.005, Pitx2ΔASE/ΔASE; n=3, p=0.024 Cxcr4-/-). 

Collectively, Pitx2 and Cxcr4 are integral to the specialized lipid absorptive function of gut lymphatic 

vasculature.  
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Figure 3.9| Characterization of lipid transport in Pitx2
∆ASE/∆ASE and Cxcr4

-/-
  pups . A Chyle accumulation in 

post-prandial intestines of WT,
 
Pitx2

∆ASE/∆ASE and Cxcr4
-/- 

P2.5  pups nursed for at least 12 hours post birth. B Chyle 
leakage from Cxcr4-/- mutant P2.5 pups. Absent in WT littermates. C Quantification of triglyceride levels in the 
livers of Cxcr4

-/-
 and Pitx2

ΔASE/ΔASE
 mutants in comparison to WT controls. D Comparison of Oil red O staining for 

neutral lipids in the livers of both Pitx2
ΔASE/ΔASE

 and Cxcr4
-/-

  between P0 and P2.5 reveal extensive post-prandial 
lipid accumulation in mutants but not in WT pups. Oil red O staining in E14.5 embryonic livers demonstrates no 
lipid accumulation prior to feeding.   
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3.4 Discussion 

Intestinal lymphatics have vital roles in not only trafficking of immune cells and maintaining fluid 

homeostasis, but they are also essential for the absorption and transport of dietary lipids through 

the lacteals and the mesenteric collecting lymphatic vessels (Oliver and Alitalo 2005, Kerjaschki 

2014, Betterman and Harvey 2016). This heterogeneity in function reflects a requirement for 

unique subsets of lymphatic progenitor cells which contribute to assembly of different components 

of the intestinal lymphatic vasculature. For nearly a century, the mesenteric lymph sac (MLS) at 

the root of the mesentery was considered the sole pool of lymphatic progenitor cells to build the 

entire intestinal lymphatic network (Heuer 1909). However, our recent discovery of a population 

of lymphatic endothelial cells, asymmetrically located in the left DM (AML), spatially distinct 

from the MLS (Mahadevan, Welsh et al. 2014) and the identification of the hemogenic 

endothelium by Stanczuk et. al (Stanczuk L, Martinez-Coral, I et al. 2015) as a non-venous origin 

for intestinal lymphatics provided evidence for heterogeneous origins. We demonstrate that Pitx2, 

the key transcription factor driving LR asymmetric gut looping morphogenesis and the formation 

of gut arteries, is required for embryonic AML but dispensable for MLS formation. At later stages 

of embryogenesis, we find that Pitx2 regulates multiple aspects of intestinal lymphatic 

development including patterning, remodeling, and proper formation of the functional units of 

intestinal lymphatics, the lacteals and valves. Additionally, we demonstrate for the first time, an 

essential requirement of the Cxcl12-Cxcr4 signaling pathway in mammalian intestinal lymphatic 

function. Collectively, we show that Pitx2 and Cxcr4 play distinct and overlapping roles during gut 

lymphatic development that are integral to the specialized lipid absorptive function of gut lymphatic 

vasculature.  
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3.4.1 Pitx2 drives AML lymphangiogenesis and is essential for the specialized lipid transport function 

of gut lymphatics 

Our initial observations showed that Pitx2-/- embryos examined at E13.5 lack all mesenteric 

lymphatics in the absence of any obvious defects in venous-derived MLS formation (Mahadevan, 

Welsh et al. 2014). This suggested, but did not prove, that formation of the AML in the left DM is 

dependent on Pitx2. We now show that loss of Pitx2 specifically affects AML while the MLS 

population remains relatively unaffected proving that Pitx2 drives the selective formation of the AML 

in the gut DM. Pitx2-/- embryos die at E14.5 due to arrested cardiac function (Lu, Pressman et al. 1999),  

precluding functional analysis of the lymphatic system beyond E14.5. To circumvent the embryonic 

lethality associated with Pitx2 loss-of-function, we obtained Pitx2∆ASE/∆ASE mice, which fail to 

manifest most, but not all of the left-sided Pitx2c expression (Shiratori, Yashiro et al. 2006). 

Importantly, Pitx2∆ASE/∆ASE embryos survive for 2-3 days after birth and pups nurse successfully as 

evidenced by the milk-rich stomach content allowing functional analysis of the gut lymphatic system. 

While these mice displayed a loss of the AML, our qPCR data of Pitx2c expression levels in 

Pitx2∆ASE/∆ASE intestines revealed that Pitx2c is not completely absent from the intestines, but is 

reduced by ~50%, creating a hypomorph for Pitx2c (data not shown).  

Pitx2 is known to orchestrate its morphogenetic effects in a dosage dependent manner. It 

has been shown previously that high levels of Pitx2c are required for midgut development and that 

a slight decrease in Pitx2c expression is sufficient to disrupt gut looping morphogenesis (Liu, Liu 

et al. 2001). Loss of AML in Pitx2∆ASE/∆ASE indicated that this decrease in dosage of Pitx2 is 

sufficient for perturbing Pitx2 regulation of lymphatic development. Indeed, we show that in 

Pitx2∆ASE/∆ASE pups, the primary mesenteric collecting lymphatics have severe remodeling defects 

with increased number of branchpoints and perturbations in lymphatic-artery alignment. We 
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observed lymphatic valve defects as evidenced by immunohistochemistry and accumulation of 

chyle within the collecting lymphatics, indicating impaired lymphatic function. Significantly, we 

observed a striking reduction in the numbers of lacteals in the Pitx2∆ASE/∆ASE neonate guts, showing 

that Pitx2 is required for the morphogeneis of lacteals. In agreement with this, we also observed 

disrupted clearance of triglycerides via the lacteal-mesenteric collectors-thoracic duct route.  

Instead we noticed abnormal lipid accumulation in the livers, indicating Pitx2 requirement for 

specialized gut lymphatic function. It is important to note that these lymphatic-defect associated 

phenotypes were observed not in the absence of Pitx2, but at reduced levels, suggesting that a 

complete knockout of Pitx2c will likely result in more severe phenotypes. 

3.4.2	Pitx2 and Cxcr4 play similar and distinct roles in gut lymphatics. 

In Cxcr4 mutants, we and others have shown that arterial patterning in the mesentery is severely 

affected (Tachibana, Hirota et al. 1998, Takabatake, Sugiyama et al. 2009, Mahadevan, Welsh et 

al. 2014). In zebrafish, Cxcr4 expressing lymphatic endothelial cells are guided by arteries 

expressing the Cxcl12 ligand (Cha, Fujita et al. 2012). Thus, the Cxcr4-Cxcl12 axis may provide 

the molecular basis for the anatomical co-alignment of lymphatic and arterial blood vessels in the 

mesentery. Our preliminary observation of Cxcl12 expression alongside arteries supports the cell 

autonomous role for Cxcr4 for lymphatic-arterial co-alignment. Whereas Cxcr4 is initially 

expressed in arterial endothelial cells, it remains unknown whether Cxcr4 expression becomes 

restricted to lymphatic endothelium at a later stage. Characterizing lymphatic development in 

Cxcr4 mutants surprisingly revealed that the Cxcl12-Cxcr4 pathway can perform Pitx2-dependent 

and Pitx2-independent functions resulting in similar and distinct lymphatic phenotypes in Cxcr4-/- 

and Pitx2∆ASE/∆ASE mutants, and suggesting that Cxcr4 has lymphatic function beyond blood vessel 

patterning. For example, loss of Cxcr4 resulted in loss of LR patterning of AML in the presence 
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of Pitx2 suggesting that Cxcr4 functions downstream of Pitx2 in the left DM to pattern AML. 

However, unlike Pitx2 null embryos, Cxcr4-/- embryos had severely reduced MLS, suggesting a 

Pitx2-independent role in regulating intestinal lymphatics. In addition, like ASE mutants, Cxcr4-/- 

embryos developed mispatterned mesenteric lymphatic collectors and had no lacteals. However, 

unlike the Pitx2∆ASE/∆ASE mutants, the Cxcr4-/- mesenteric lymphatic collectors lacked integrin 

alpha 9+ valves and had significantly dilated submucosal lymphatics. While both Pitx2∆ASE/∆ASE 

and Cxcr4-/- mutants accumulated lipids in the liver suggestive of defective lymphatic lipid 

transport, the structure of the chyle-filled Cxcr4-/- collectors, albeit altered by comparison to WT, 

was not segmented like the Pitx2∆ASE/∆ASE mutants. Importantly, chyle leaked from the Cxcr4-/- 

intestines and mesenteric collectors, suggesting compromised lymphatic endothelial barrier in 

these mutants. Therefore, while there are similarities in the roles played by Pitx2 and Cxcr4 in 

establishing functional gut lymphatics, there are also aspects that are unique to the Cxcr4 mutant 

and investigating the specific requirement of Cxcr4 in lymphatic endothelial cells is currently 

being pursued in our lab using floxed Cxcr4 allele and Prox1-Cre lymphatic driver.  

3.4.3 Direct role of Pitx2 in gut lymphangiogenesis 

We have shown previously that Cxcl12 is a direct target of Pitx2 in vivo and that Pitx2-dependent 

Cxcl12 expression in mesenchymal cells of the left DM signals to neighboring Cxcr4-positive (Pitx2-

negative) endothelium to govern their behavior. Thus, Pitx2 appears to orchestrate a 

microenvironment permissive of vascularization, but does not autonomously determine 

endothelial cell behavior. Similarly, we speculate that the lymphatic defects we observe upon loss 

of Pitx2 highlight a non-cell autonomous Pitx2 function. In support of this, Pitx2 expression has 

not been previously documented in blood vascular or lymphatic endothelial cells (Chen, Martino 

et al. 2016). Interestingly, our recent preliminary analysis of the in vivo chromatin 
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immunoprecipitation-sequencing (ChIP-Seq) of FLAG-tagged Pitx2 binding in neonatal mouse 

cardiac tissue identified an enriched Pitx2 binding peak upstream of the Prox1 promoter, 

suggesting that Pitx2 can regulate Prox1 expression (data not shown). Thus, the direct role of Pitx2 

in lymphatic endothelial cells warrants further investigation.  

The specific requirement for Pitx2 during AML lymphangiogenesis supports the notion 

that the AML and MLS subsets are functionally heterogeneous within the intestine. However, 

while we have gained important insights into the role of Pitx2 regulation of intestinal lymphatics, 

we currently lack tools to delineate the specific contribution of the Pitx2-dependent AML to gut 

lymphatic function. What we are missing are a set of genes expressed in various lymphatic subsets 

that distinguish them from other lymphatics, and can be used to drive reporter genes or 

recombinases to compromise candidate gene function in the mouse. Towards this end, our lab is 

currently pursuing RNAseq to identify molecular candidates that determine the fates and 

functional properties of specific lymphatic progenitor subsets. These cells may open new 

possibilities for repairing damaged lymphatic vessels, and restoring lymphatic function following 

cancer surgery, lymphedema or tissue trauma, by facilitating the specific targeting of certain types 

of lymphatic vessels. 

 

3.5 Experimental Procedures 

Animals 

Embryos were collected from Pitx2hd (Lu, Pressman et al. 1999), Pitx2∆ASE (Shiratori, Yashiro et 

al. 2006) mutant mice, Cxcr4-null mutant mice (Tachibana, Hirota et al. 1998) and Prox1-EGFP 
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transgenic mice purchased from the Mutant Mouse Regional Resource Centers (MMRRC, UC 

Davis).  

Immunohistochemistry 

Freshly isolated embryos were fixed in 4% PFA, embedded in OCT and cryosectioned into 15 um 

thick sections.   The frozen tissue sections air dried and stored in -80 until further use. Before use, 

these embryos were equilibrated to room temperature by incubating in room temperature for 10 

mins and were rehydrated by washing them in PBS. This was followed by incubation with blocking 

solution (1% bovine serum albumin and 0.3% Triton- X100 in phosphate-buffered saline (PBST) 

for three hours. This is followed with incubation using primary antibodies for PROX1 (1:200, R& 

D systems, AF2727), LYVE-1 (1:100, Abcam), Nrp2 (1:100, R & D) Pecam1 (1:100, BD sciences) 

and GFP(1:500, Abcam), diluted in blocker overnight at 4 C. following this , 3 washes are given 

using PBST before re-incubating the slides with corresponding Alexaflour conjugated secondary 

antibodies(1:500)  for 3 hours at RT.   

Neonatal mesenteric lymphatics were studied using whole-mount immunostaining described 

below. The intestines were isolated and fixed in 4% PFA overnight. The following day, the samples 

were given 3 X PBS washes followed by incubation with blocking solution to prevent nonspecific 

antibody binding by incubating them in blocking solution (1% bovine serum albumin and 0.3% 

Triton- X100 in phosphate-buffered saline (PBST) overnight at 4 C. We then incubated tissues 

with antibody to Prox1 (1:100),rat PECAM1(1;100)  diluted in blocking solution overnight at 4 C. 

This was followed up with six one hour washes with PBST and then then incubated with 

corresponding Alexa flour conjugated secondary antibodies (1:500) diluted in blocking solution 

overnight. This is once again followed with six one hour washes with PBST. Following this, the 
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intestines attached to the mesentery were carefully cut into smaller pieces, and mounted on slides 

within a 0.5mm spacer (Invitrogen).  

Quantification and Statistics 

Quantifications and vessel measurements were carried out in blind using ImageJ software (NIH) 

as described: Manual counting of Prox1 GFP+ve and the Nrp2 + cells were carried out aided by 

cell counter plugin of ImageJ. Quantification of vascular hierarchy was performed by subdividing 

the mesenteric lymphatic vascular tree into 3 groups based on the Strahler ordering system- where 

branches closest to the gut tube were termed primary, the coalescing of primary vessels gave rise 

to secondary vessels and more distal from the gut, coalescing of secondary vessels gave rise to 

tertiary vessels. The vessel diameters were quantified by measuring distance using the line tool in 

ImageJ software. Each vessel was measured at three different points and the average length of 

these measurements was taken as the vessel diameter. Quantification of lymphatic valve density 

was performed by counting the number of PROX1HI clusters of LEC as a single valve. This 

number was divided by total lymphatic vessel length in a given image to express them as valve 

densities. The quantification of arcade loops was carried out by counting the number of smallest 

lymphatic capillaries/ lymphatic capillary loops where the loops are defined as the smallest 

interconnections that yield a closed circuit. The quantification of branch points was carried out by 

counting the nodes in the arcade network. For lacteal quantifications, to get the average number of 

villi with lyve1 positive cells, the villi positive for lyve1 positive cells were counted from 20 

sections of the villi per pup and counted across a minimum of 3 different embryos representing 

each genotype. The width of the gut mucosal lymphatics was quantified by measuring width of 

lyve1 positive region located at the base of the villi. 5 measurements were made per sections, and 

values from three different sections per embryo were average to represent the measurement for 
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that embryo. Data shown are expressed as mean ± SEM, and number of samples per condition are 

indicated in figure legends. 2-tailed unpaired Student’s t test was performed for calculating 

statistical significance. P values less than 0.05 were considered statistically significant. 

Imaging 

Freshly dissected whole mount gut tube and mesentery carrying chyle were imaged using a Zeiss 

Discovery.V12 microscope with Axiocam HRc camera. Z stacks of whole mount gut immunos 

(600 um thick explants) were obtained in a Zeiss 710 confocal system using a Plan Achromat 40X 

water immersion objective and tiling. Section immunos of lacteals and brightfield imaging for oil 

red O was done using a Zeiss Observer.Z1/Apotome with a CoolSNAP HQ2 camera.  

Oil red O staining 

 To visualize lipid accumulation in the livers of neonatal pups, the oild red O staining as described 

by (REF) was followed. Briefly, liver lobes from neonatal P0 pups were isolated, flash- frozen, 

embedded in OCT and cryosectioned into 10 um thick cryosections. The cryosections were then 

incubated with oil redo O for 10 mins, followed by counterstaining with Mayer’s hematoxylin for 

10 seconds and rinsed in tap water for 30 mins before mounting using gelvatol.  

Biochemical Triglyceride Assay  

Lipid levels in the neonatal liver were investigated by quantifying the hepatic synthesis of 

triglycerides in WT and mutants following the protocol described in (REF). Briefly, 0.02 gms of 

liver tissue was dissected from neonatal pups at P0, flash frozen and stored in -80C before use. 2 

ml of chloroform:methanol (2:1 v:v) was added to sample and homogenized using the tissue lyser 

(Qiagen). The homogenized extract was equilibrated 20 min at room temperature and then 

centrifuged it to remove cellular debris. 250 ul of 50 mM NaCl was added to the cellular 
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supernatant and thoroughly mixed. The different phases were then separated by centrifugation to 

facilitate the extraction of lipids in the organic phase. To 100 ul of lipid extract from the organic 

phase, 20 ul of a 50% Triton-X100 solution was added. Chloroform was then removed via 

evaporation by air drying at 37C for 30 min. After resuspending sample in double-distilled water, 

we determined the levels of triglycerides, using the triglyceride determination kit (Sigma TR0100), 

as directed by the manufacturers. 

Transplants 

E10.5/E11 transgenic Prox-1 GFP embryos were isolated, and transverse slices of the midgut 

(~50X50X150 um) was generated using the Mcilwain tissue chopper. The VML and MLS were 

further dissected out from these slices  and grafted into surgical excavation of the left lateral plate 

mesodrem of HH15 chicken hosts (Noden 1988).The host embryos were harvested at stage HH25 

( 4 days post fertilizations) and sectioned and followed up with immunostaining for GFP antibodies 

to detect Prox1-GFP positive cells from the donor.  
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CHAPTER 4:  

SUMMARY AND FUTURE DIRECTIONS 
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4.1 Summary 

Vascular patterning is an intrinsic and critical component of organ-morphogenesis, essential for 

maintaining structural and functional integrity of the organ. As such, it is a process that has to be 

closely coordinated and integrated with organ development (Weinstein 2002). Both lymphatic 

vessels and blood vessels in different organs exhibit remarkable heterogeneity and plasticity, 

reflecting an organ-specific specialization (Nolan, Ginsberg et al. 2013).  

My work has led to the discovery that Pitx2, a key regulator of the asymmetric looping 

morphogenesis of the intestine, also plays a significant role in the initiation of gut specific 

vascularization. I have shown that concomitant with the initiation of cellular asymmetries to drive 

the looping morphogenesis of the gut, Pitx2 regulates the Cxcl12-Cxcr4 chemotactic axis to induce 

formation of left-sided transient arterial vessels that later remodel to form the permanent arteries 

of the gut (Mahadevan, Welsh et al. 2014). This Pitx2 mediated arteriogenesis is also critical for 

the formation of a previously unidentified pool of lymphatic endothelial progenitor cells (AML). 

This population of LECs is spatially distinct from the MLS, previously considered the sole origin 

for gut lymphatics (Heuer 1909) and provides the first evidence for heterogeneous origins of gut 

lymphatics.  

 

4.2 Investigating role of Pitx2 in gut lymphatics 

4.2.1 Lymphatic-endothelium specific function of Pitx2 

The intestinal lymphatics form the largest lymphatic network of the body. In addition to serving as a 

conduit for immune cells, intestinal lymphatics are the essential channels for absorption and transport 

of dietary lipids, a function that distinguishes them from all other lymphatic networks (Kim, Sung et 
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al. 2007, Kerjaschki 2014). The diversity of intestinal lymphatic functions reflects a requirement for 

their heterogeneous origins. Following our discovery of the AML, a non-venous hemogenic origin for 

intestinal lymphatics was identified, supporting our finding of non-MLS origins of intestinal 

lymphatics (Stanczuk, Martinez-Corral et al. 2015). We show that the formation of AML is dependent 

on Pitx2c, the asymmetrically expressed isoform of Pitx2.  Intriguingly, while vessel-associated Pitx2 

has been documented (Shang, Yoshida et al. 2008), endothelial-specific expression of Pitx2 has 

never been characterized. Our collaborators recently profiled chromatin landscapes using ATAC-

seq (Assay for Transposase-Accessible Chromatin with high-throughput sequencing) (Buenrostro, 

Giresi et al. 2013) on isolated neonatal cardiac endothelium (Cdh5-PAC-CreERT2), which 

revealed active transcription of Pitx2. Consistent with a role of Pitx2 in endothelial cells, Prox1 

expression is significantly reduced in Pitx2-/- and Pitx2+/- embryonic intestines (Mahadevan, Welsh et 

al. 2014), while bioinformatics analysis of the in vivo chromatin immunoprecipitation-sequencing 

(ChIP-Seq) of FLAG-tagged Pitx2 binding in neonatal mouse cardiac tissue identified an enriched 

Pitx2 binding peak upstream of the Prox1 promoter (Figure 5.1A), indeed suggesting that Pitx2 

can directly regulate Prox1 activation. Deleting Pitx2 specifically in endothelial cells using a 

Prox1-Cre driver, which we possess would definitely address this issue. Pitx2loxP mice are readily 

available from our collaborators.  

4.2.2 Dosage of Pitx2c in regulation of gut lymphatics 

While Pitx2-/- embryos failed to initiate gut lymphangiogenesis (Mahadevan, Welsh et al. 2014), 

Pitx2∆ASE/∆ASE displayed delayed lymphatic formation and remodeling and failure of mesenteric 

collectors to align with arteries. Quantitative PCR assaying for expression levels of Pitx2c in 

Pitx2∆ASE/∆ASE embryonic intestines revealed that while Pitx2c expression is reduced by ~50%, it is 
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not completely absent from the intestines (Figure 4.1C),  indicating that proper gut 

lymphangiogenesis, like LR organ morphogenesis, depends on Pitx2 dosage (Liu, Liu et al. 2001).  

 Importantly, this reduction is sufficient to cause impaired lipid absorption and transport.  However, 

it is unlikely that Pitx2∆ASE/∆ASE accurately reflects the gut lymphatic defects that might arise due to 

complete absence of Pitx2c, which would be better demonstrated with analysis of Pitx2c-/- mice, which 

are available from our collaborators (Jim Martin, Baylor). Intriguingly, Pitx2c-/- mice, while not 

embryonic lethal, become cyanotic and die shorty after birth. Lymphatic function has recently been 

demonstrated to be essential for lung inflation at birth (Jakus, Gleghorn et al. 2014),  suggesting 

that Pitx2c coordinates organ and lymphatic development in other organ systems besides the intestines.  

4.2.3 Non-endothelial functions of Pitx2 in regulating functional gut lymphatics 

Collecting lymphatic vessels are composed of individually contracting units known as lymphangions. 

Each lymphangion is lined with a functionally unique form of smooth muscle that provides vessel tone 

and allows the vessel to contract (Zawieja 2009, Chakraborty, Davis et al. 2015). Thus, under normal 

conditions, lymph is transported against a pressure gradient primarily through contractile lymphatics 

by means of the periodic contraction of the lymphatic smooth muscle (Zawieja 2009). Besides 

defective valve morphogenesis, the segmented accumulation of chyle seen in the collecting mesenteric 

lymphatics of Pitx2∆ASE/∆ASE pups, could also arise from defects in muscle recruitment or contractility, 

suggesting that Pitx2 may function to recruit smooth muscle cells to the lymphatic walls or may directly 

function to affect their contractility. It has also been shown that smooth muscle cells are involved in 

pruning of primitive lymphatic vascular beds to establish the mature lymphatic vascular network – a 

process which is affected in Pitx2∆ASE/∆ASE mutants (Korshunov 2015). Pitx2 is documented to be 

highly expressed in vascular smooth muscle and functions early during smooth muscle cell 
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differentiation (Shang, Yoshida et al. 2008). Hence investigating the distribution of smooth muscles 

using vascular smooth muscle actin antibodies in Pitx2 mutants would provide us with greater insight 

into the role played by Pitx2 in recruitment of smooth muscle actin to gut lymphatics. Interestingly, 

my preliminary data in Pitx2∆ASE/∆ASE gut wall show reduced smooth muscle actin in the inner 

circular muscle layer of the intestinal wall (Figure 4.2, arrow) and adjacent to the lacteals (Figure 

4.2, arrowhead), consistent with previous observations in other systems (Dong, Sun et al. 2006, 

Shang, Yoshida et al. 2008). Peristalsis in the mouse has been hypothesized to be an extrinsic 

factor that drives lymph flow through the mesenteric collectors (Zawieja 2009). Thus, it is possible 

that the loss of smooth muscle actin in the gut may be a reason for defective lymph transport in 

the Pitx2∆ASE/∆ASE pups.  

4.2.4 Pitx2 regulation of the VegfC-VegfR3 pathway 

The VegfC-VegfR3 signaling pathway is essential to the formation of all lymphatic vessels 

including the lacteals (Petrova, Karpanen et al. 2004, Nurmi, Saharinen et al. 2015). On binding 

to VegfC, VegfR3 dimerizes and activates downstream PI3K signaling (Olsson, Dimberg et al. 

2006). VegfC knockout mice are embryonic lethal and exhibit severe lymphedema, a key indicator 

of defective lymphatic function. However, postnatal deletion of VegfC (Nurmi, Saharinen et al. 

2015) was shown to result in specific regression of the specialized lacteal lymphatic vessels within 

the intestinal villi, without lymphatics of other organs. In addition, genetic targeting of the 

VegfR3/PI3K kinse pathway via LEC-specific deletion of the p110a catalytic subunit of PI3K 

resulted in organ-specifc defects in gut lymphatic vessels with minimal, less pronounced defects 

in other lymphatic vascular networks (Stanczuk, Martinez-Corral et al. 2015). It is tempting to 

speculate that these gut-specific defects are driven by Pitx2. Indeed, in vivo FLAG-tagged Pitx2 

ChIP-Seq dataset revealed enriched Pitx2 binding sites in the promoter region of VegfC 
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demonstrating that Pitx2 can directly regulate VegfC expression (Figure 4.1B).  This is consistent 

with our preliminary quantitative real-time PCR analysis of E13.5 intestinal samples from WT and 

Pitx2∆ASE/∆ASE embryos demonstrating that VegfC is significantly downregulated in Pitx2∆ASE/∆ASE 

mutants (Figure 4.1C). Notably,  heterozygous VegfC+/- pups have similarly reduced levels of 

VegfC as Pitx2∆ASE/∆ASE mutants, and exhibit similar gut lymphatic phenotypes (Karkkainen, Haiko 

et al. 2004). Thus, reduced VegfC dosage due to reduced Pitx2c is likely sufficient to disrupt 

lymphangiogenesis.  

         

 VegfC is known to be expressed by the smooth muscle cells of arteries (Karkkainen, Haiko et 

al. 2004), and by arterial endothelial cells (Partanen, Arola et al. 2000). Colocalization of VegfC with 

either smooth muscle cell or arterial endothelial cell markers would confirm the identity of cells 

expressing VegfC. With Dr. Jim Martin, we will discern between direct and indirect regulation of 

VegfC by Pitx2 using Pitx2-FLAG ChIP-seq in embryonic intestines. Interestingly, VegfC is also 

expressed in a smooth muscle adjacent to the lacteals and in the inner circular muscle layer of the 

gut wall (Bernier-Latmani, Cisarovsky et al. 2015, Nurmi, Saharinen et al. 2015). Our preliminary 

Figure 4.1|Pitx2 regulation of Prox1 and VegfC/VegfR3. Pitx2 binding site on Prox1 (A) and VegfC (B) in the 
mouse neonatal heart. Total Pitx2-FLAG binding is represented by the red track while the black bars represent 
high confidence Pitx2 binding sites enriched over background binding. C qPCR showing relative expression levels 
of Pitx2c, VegfC and VegfR3 in E13.5 intestines from Pitx2∆ASE/∆ASE mutants, heterozygotes and WT.  
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data show reduced smooth muscle actin staining of these muscle types in the Pitx2∆ASE/∆ASE mutants 

(Figure 4.2), entertaining the possibility that Pitx2 regulates gut and/or vascular muscle function 

via VegfC. In addition, arterial specific excision of Pitx2 with Cx40Cre, which is currently in our 

possession would also shed light on whether or not Pitx2 has a role in regulating arterial-endothelial 

VegfC expression. 

                                          

 

 

4.3 Delineating lymphatic and arterial specific roles of Cxcr4 

In our Cxcr4-/-intestines we observed lymphatic phenotypes similar to, but also distinct from, those 

observed in Pitx2∆ASE/∆ASE mutants. The most strikingly different phenotypes were the absence of 

collecting vessel valve leaflets, enlarged submucosal lymphatic vasculature, leakage of chyle, and 

severe overall disorganization in collecting mesenteric lymphatic vessel patterning. These defects 

could be attributed to roles of Cxcr4 in lymphatic endothelia or could be a secondary consequence of 

defects in arterial patterning seen in Cxcr4-/- mutants (Bussmann, Bos et al. 2010, Cha, Fujita et al. 

2012). To distinguish lymphatic vs. arterial cell autonomous functions of Cxcr4, Cxcr4 will be deleted 

specifically in lymphatic endothelial cells using the Prox1Cre driver and in arterial endothelial cells 

using the Cx40Cre driver independently. Our preliminary observation of the 

Figure 4.2| Smooth muscle actin (SMA) expression in Pitx2∆ASE/∆ASEP2 gut sections. Pitx2∆ASE/∆ASE 

mutant pups show reduced expression of smooth muscle actin the circular muscle (arrow) and around 
the villus capillaries (arrowhead). 
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Prox1CreERT2/Cxcr4loxP/loxP mutants show that they die shortly after birth due to cyanosis suggesting 

a specific role of Cxcr4 in lung LEC (Jakus, Gleghorn et al. 2014). Further characterization is currently 

being carried out to determine how this lesion affects gut lymphatic patterning and function.  

4.4 Dissecting differential contributions of AML and MLS subsets to gut lymphatics 

The discoveries of heterogeneous, non-venous derived, tissue-specific origins of LECs that 

contribute to the lymphatic vasculature of not only the intestine (Mahadevan, Welsh et al. 2014, 

Stanczuk, Martinez-Corral et al. 2015), but also the skin (Martinez-Corral, Ulvmar et al. 2015), 

heart (Klotz, Norman et al. 2015) and viscera (Nicenboim, Malkinson et al. 2015) has changed the 

notion that all lymphatics have a venous origin and has revamped our understanding of the 

mechanisms of embryonic lymphatic vessel formation. It is now clear that there are distinct and 

organ-specific differences in the mechanisms by which the lymphatic vasculature arises and 

develops. However, we still lack an adequate understanding of specific molecular differences 

between the different lymphatic endothelial progenitor pools, how they contribute to formation of 

lymphatic vessels with unique organ-specific adaptations, and how the establishment and 

maintenance of these distinct vessels are regulated (Ulvmar and Makinen 2016).  

Likewise, although my current work has provided us with further understanding of the 

functional role of Pitx2 and Cxcr4 in gut lymphatics we still do not have the tools to delineate the 

specific contributions of AML and MLS to different components of gut lymphatics. What we are 

missing is a set of genes expressed in each lymphatic subset that distinguishes them from each 

other in the gut and mesentery and from other lymphatic beds – genetic markers that can be used 

to drive reporters or recombinases to compromise candidate gene function in specific subsets of 

lymphatic progenitors in the mouse intestine to delineate their specific contributions. An unbiased 
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approach using RNA-seq of ventral and dorsal lymphatics in the mouse DM (Figure 4.3) to profile 

the transcriptome of these heterogeneous populations of LECs would provide us with a catalog of 

genes unique to each subset. Such identification of the unique genetic signature of the distinct 

lymphatic populations via this approach can greatly enhance our understanding of the mechanisms 

                                         

involved in formation of intestinal lymphatic network which may provide new therapeutic avenues 

for repairing damaged lymphatic vessels, and restoring lymphatic function following cancer 

surgery, lymphedema or tissue trauma, by facilitating the differential targeting of specific types of 

lymphatic vessels.   

 

 

 

 

 

Figure 4.3| Laser capture microdissection of different lymphatic subsets of intestinal lymphatics. Briefly, 
the MLS (dorsal) and the AML(ventral) subset will be dissected out from E11.0 mice dorsal mesenteries 
separately via laser capture microdissection. RNA isolated from the dissected tissues will be used for RNA-seq 
to obtain unique transcriptional profiles of the two different subsets.  
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A1 RNA IN-SITU HYBRIDIZATION ON TISSUE SECTIONS 
 
Summary 

Section RNA in situ hybridization is a procedure used to determine the spatial expression of a gene 

of interest within a section of tissue. When tissue from embryos across different stages of 

development are used, a temporal profile of the gene is also obtained. The protocol that has been 

used was obtained from Dr. Jimmy Hu (UCSF) and modified to suit different embryonic tissue. 

All the images of RNA in-situ hybridization in this thesis has been performed using this protocol.  

 
Materials 
 
Reagents 

1. 2% and 4% paraformaldehyde dissolved in 1 XPBS to be prepared just before use 
2. Autoclaved RO water or nuclease free water 
3. 10X PBS, autoclaved 
4. RNA polymerase (SP6 (10810274001-Sigma), T7 (10881767001-Sigma) or T3 

(11031163001-Sigma)) with transcription buffer 
5. DIG labeling mix (11277073910-Sigma) 
6. Glycogen (10901393001- Roche) 
7. 0.5M EDTA, pH 8.0 
8. 3M Sodium acetate (pH 5.5) 
9. RNAse Inhibitor (3335399001-Roche) 
10. RNAseZAP (available from Sigma, Invitrogen, etc. Any of those are fine) 
11. 20X SSC (15557036 –Invitrogen) pH to 5.5 with citric acid (autoclaved) 
12. Ethanol  
13. Xylenes  
14. 30% Sucrose (dissolved in 1XPBS and filtered)  
15. OCT embedding media (25608-930-VWR) 
16. 1N hydrochloric acid (from 10N stock solution) 
17. Triethanolamine (90279-500ML-Sigma) 
18. 50X Denhardt’s solution (D2532-5ML-Sigma) 
19. CHAPS (220201-1GM-Calbiochem, via Sigma) 
20. Yeast tRNA (AM7119-Thermofisher) 
21. Proteinase K (03115879001-Roche) 
22. Maleic acid (M0375-500G-Sigma) 
23. 5X MAB 
24. Goat serum. (Needs to be heat inactivated) (16210064-Thermofisher) 
25. Blocking reagent (11096176001-Sigma) 
26. BMPurple (11442074001-Roche via Sigma) 
27. Gelvatol 
28. Anti-Digoxygenin AP (11093274910-Roche) 
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Tools 
1. Superfrost slides 
2. Slide mailers (yellow/green in the Kurpios Lab) 
3. Humidifying black boxes and trays 
4. Plastic coverslips cut from “egg waste” bags and treated with RNAseZAP 

 
Procedure 
 
Synthesis of RNA antisense probes 

1. Use 0.5 to 1ug of linearized DNA template in a 20ul reaction with 1ul of appropriate 
RNA polymerase, 2ul DIG labeling mix, 2ul transcription buffer and 1ul RNAse 
inhibitor. 

2. Incubate at 37°C for 2.0 hours. 
3. Stop the reaction with 2ul of 0.5M EDTA, 1ul glycogen, 11.5ul 3M sodium acetate, 80ul 

nuclease free water and 250ul chilled 100% ethanol. 
4. Mix and precipitate RNA at –80°C overnight. 
5. Spin down at 4°C for 20 min, remove the supernatant and air-dry the pellet. 
6. Dissolve the pellet in 70ul of RNA storage solution. (Run 1ul of the probe in a 1% 

agarose gel to check quality and approximate quantity of probe). Store probe in –80°C. 
 
Preparation of tissue samples 

1. Dissect mice or chicken embryos of the required stage in PBS and immediately fix in 4% 
PFA (mice embryos) or 2% PFA (chicken embryos) overnight at 4°C. 

2. Wash embryos 3 X 10 minutes in 1 X PBS at room temperature. 
3. If embedding in paraffin, bring embryos though series of ethanol gradients (25% in PBS, 

50% in PBS, 75% in water and 100%). Ensure embryos are immersed and allowed to 
equilibrate for at least 10 minutes in each gradient. Proper dehydration is critical. Follow 
steps 4 – 8. 

4. Wash embryos in 1:1 ratio of 100% ethanol: xylene for 10 mins. 
5. Wash embryos 2 X 15 mins in 100% xylene. 
6. Wash embryos in 1:1 ratio of xylene:paraffin for 15 mins at 65°C. 
7. Wash embryos in paraffin 3 X 45 mins at 65°C. 
8. In an embedding mold, align embryos as required in paraffin and let it solidify. These 

blocks of embryos can be stored at room temperature till they are ready to be sectioned 
9. If embryos are to be embedded in OCT to obtain frozen sections, then after washing fixed 

embryos in 1XPBS, bring them through series of sucrose gradients (25% of 30% sucrose, 
50% of 30% sucrose, 75% of 30% sucrose and 30% sucrose). Embryos should be washed 
in each gradient till they sink to the bottom of the vial, implying they have been 
equilibrated. Leave embryos in 30% sucrose overnight. Follow steps 10-11. 

10. Wash embryos in 1:1 ratio of 30% sucrose:OCT for 30 mins. 
11. Embed embryos after aligning them as required in the 30% sucrose/OCT mix, and place 

the molds containing the embryos in 2-methylbutane, cooled with liquid nitrogen. Ensure 
that methylbutane does not enter the cavity containing the embryos. Once the 30% 
sucrose/OCT mix has solidified, immediately wrap the mold with the embryos in 
aluminum foil and store at –80°C till they are ready to be sectioned. Store slides in -80C 
after sectioning. 
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In-situ hybridization 
Pretreatment and hybridisation, Day 1 
Solutions to be prepared before starting: 

- Prehybridization solution: 50 % formamide, 5xSSC pH 5.5, 1xDenhardt`s, 0.1% 
Tween 20. Chaps and tRNA can be used only in the hyb solution. 

- Hybridization solution: prehyb. solution with 0.1% Chaps, 50 ug/ml tRNA. Add 1-2 
ug probe/ml (normally 3-6ul of the probe/ml).  

1. Bake paraffin-sectioned slides at 60°C for 30 mins. 
2. Dewax slides in xylene, 2x for 10 min, RT (room temperature).  
3. Wash slides in 100% ethanol 2 x for 5 min, RT. 
4. Rehydrate slides through a ethanol/ H2O series by dipping slides into the dilution: 75%, 

50% and 25%. Use autoclaved RO water.  
5. Wash with PBS 2x5 min at RT. (Start with this step if using frozen sections) 
6. Postfix in 4% PFA for 20 min at RT (save the 4% PFA for step 11). 
7. Wash 2x 5 min PBS at RT. 
8. Digest with 10 ug/ml Proteinase K in PBS at 37°C for 10 min.  

This step varies with the thickness of sections used and the developmental stage of the 
embryos. 10 mins at 37°C works well for 10um sections of HH21 chicken embryos or E10.5 
mice embryos. See Table A1 for more details. 
 
            Table A1: Proteinase K incubation periods for sections 

Embryonic Stage E9.0-E11.0 E11.5-E12.5 E13.0-E15.0 Neonate gut 
Section thickness/um 10 15 10 15 15 15 
Incubation time/mins 10 15 12 17 20 20 

 
9. Stop digestion with a quick PBS wash at RT. 
10. Wash in PBS, 5 min, RT. 
11. Fix in 4% PFA, 5 min, RT (reuse the same solution from step 5). 
12. Wash in PBS, 5 min, RT. 
13. Wash in 0.1 N HCl (1N HCl diluted in autoclaved RO water), 15 mins, RT, shaking. 
14. Wash 2x 5 min in PBS, RT. In the meantime, add acetic anhydride to 0.25% V/V to 0.1 

M triethanolamine (TEA), pH 8.0. For 20 slides you need 200 ml 0.1 M triethanolamine 
and 0.5 ml acetic anhydride. (Dilute 1M TEA in autoclaved RO water for 0.1M TEA) 

15. Wash, with 0.1M TEA +acetic anhydride for 10 mins at RT. 
16. Wash in PBS, 5 min, RT.  
17. Wash in autoclaved RO water, 5 min, RT. 
18. Pehybridization. Put slides into a humidifying tray and cover the slides with prehybridization 
solution (about 500 ul) and incubate at 65°C, 2 h.  
Place paper towels dipped in 5X SCC, 50% formamide in the bottom and prewarm at 65° C for 
30 min before using it. This provides a humid atmosphere that prevents evaporation of the 
solutions. 
19. Take off prehybridization solution. Add 100ul hybridization buffer to each slide and cover 
with plastic coverslips. Seal humidifying box with electrical insulation tape and incubate o/n at 
66°C. 
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Post-hybridization washes and antibody incubation, Day 2 
Solutions to be prepared: 
       -Blocking solution: 10% Sheep serum in MABT/1% blocking reagent. Make just before use 
 - Ab solution: Anti-DIG Alkaline phosphatase (1:2000 final), in MABT/1%Blocking 
reagent/1% heat inactivated goat serum. Prepare together with blocking solution 
 - MABT: 100 mM Maleic acid, 150 mM NaCl, 0.1 % Tween-20. Use NaOH pellets to 
bring pH to 7.5. Make fresh from 5X MAB on day of use. 
 - SDS: 10%  in water. 
 - Solution I: 50% Formamide, 5x SSC, pH 5.5, 1% SDS, in water. 
 - Solution II: 50% Formamide, 2x SSC pH 5.5, 0.2% SDS, in water. 
 
1. Carefully remove plastic coverslips (they should slide away easily). Put slides back in a mailer 
and wash 2 x 30 mins with prewarmed Solution I at 66°C.  
2. Wash 2 x 30 mins with prewarmed Solution II at 65°C. 
3. Cool down for 5-7 mins at RT. 
3. Wash 3 x 5 min in MABT at RT (Reuse MABT from second wash to set a humidifying tray). 
7. Preblock embryos in blocking solution for 2-3 hours at RT, in humidifying box.  
8. Remove blocking reagent, add Ab solution on the slide (300 ul) and leave them at 4°C o/n in 
the humidifying box.  
 
Post-antibody washes and colorimetric substrate incubation, Days 3-7 
Solutions needed 
- MABT: As above. 
- NTMT: 100 mM Tris HCl. pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1 % Tween-20. 
 
1. Put slides back into yellow mailers. Wash 3 x with MABT for 10 min at RT. 
2. Do hourly washes with 1X MABT for 5-6 h, and leave the slides overnight in 1XMABT. 
3. Wash 3 x 10 min with NTMT. Reuse NTMT from second wash to set a humidifying tray. 
4. Aliquot sufficient BMPurple (500ul/slide) into a 15mL tube and centrifuge at 4500RMP for 
5mins at 4° C. Carefully add BMpurple to the slides, avoiding the pellet.  
5. Incubate sections in BMPurple at RT in the dark, in humidified tray.  The reaction may take 
up to a week to be completed. Monitor every few hours.  
6. Stop the reaction with PBS, 2 x at RT. 
7. Postfix in 4 % PFA, 15 min, RT. 
8. Wash 2 x 5 min PBS, RT. 
9. Give a quick rinse with RO water and mount with prewarmed Gelvatol. 
10. Image. 
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A2 RNA In-situ hybridization on whole embryos 
 
Summary 

Whole mount RNA insitu hybridization is a procedure used to determine the spatial expression of 

a gene of interest within a whole embryo, or a thick slice of the embryo, or whole organs and hence 

also gives a 3-dimensional perspective of the expression profile, which is useful when studying 

vascular networks. When tissue from embryos across different stages of development are used, a 

temporal profile of the gene is also obtained. The protocol that has been used was obtained from 

the Tabin Lab and modified to suit different embryonic tissues. All the images of whole mount 

RNA in-situ hybridization in this thesis has been performed using this protocol.  

The procedure for synthesis of the antisense RNA probes has been described in A1. 

 
Materials 
 
Reagents 

1. 2% and 4% paraformaldehyde (CAT#) dissolved in 1 XPBS to be prepared just before 
use 

2. Autoclaved RO water or nuclease free water 
3. 10X PBS, autoclaved 
4. 10X TBS 
5. RNAseZAP (available from Sigma, Invitrogen, etc. Any of those are fine) 
6. 20X SSC (15557036 –Invitrogen), pH to 4.5 with citric acid (autoclaved) 
7. Yeast tRNA (AM7119-Thermofisher) 
8. 100mg Heparin stock 
9. Proteinase K (03115879001-Roche) 
10. Goat serum. (Needs to be heat inactivated) (16210064-Thermofisher) 
11. Blocking reagent (11096176001-Sigma) 
12. BMPurple (11442074001-Roche via Sigma) 
13. Anti-Digoxygenin AP (11093274910-Roche) 

 
Procedure 
 
Embryo/organ isolation 

1. Isolate embryos in chilled PBS. 
2. Process embryos in the following manners depending on the rationale of experiment 

quickly and efficiently. 
a. To allow analysis of left-right gene expression, with a 3-dimensional perspective, 

slice the embryos transversely into 400 um slices using the MCilwain Tissue 
chopper, and sort out the appropriate slices.  

b. For looking at gene expression in the dorsal mesentery in whole embryos, remove 
the lateral body wall to allow better probe penetration.  
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c. For chicken embryos HH30 and older, and mice embryos E14.5 and older, dissect 
out individual organs for use in the in-situ hybridization procedure. 

3. Fix the samples in 4%PFA overnight at 4°C 
4. Wash samples 3 X 10 mins in 1 XPBS 
5. Wash samples 1 X10 min in 1 X PBS/0.1% Tween-20 (PBST) 
6. Dehydrate samples in series of methanol gradients in PBST (25%, 50%, 75%, 100%). 

Allow samples to be immersed for at least 10 mins in each gradient. The samples can be 
stored for upto one month in 100% methanol in -20°C 

In-situ hybridization 
Pretreatment and hybridization, Day 1 
Solutions needed:  

- Hybridization buffer: 50% formamide , 5X SSC, pH 4.5, 1% SDS , 50 mg/ml yeast 
tRNA , 50 mg/ml heparin  

1. Equilibriate samples in MeoH to room temperature and wash them with 6% Hydrogen 
peroxide (30% diluted in methanol) for 1hour at RT. This decolorizes the sample; 
however, the samples must be dehydrated in methanol for this step. 

2. Rehydrate the samples to PBST. Allow samples to be immersed for at least 10 mins in 
each gradient. 

3. Digest samples with of Proteinase K (10ug/ml) in PBST at 37°C. Duration of incubation 
varies with the developmental stage of the samples and is provided in Table A2. 

 
                              Table A2: Proteinase K incubation duration for whole mount samples 

Sample HH17-19 
E9.0-E10.0 

HH21-HH23 
E10.25-E11.0 

E11.25-
E12.0 

HH25-HH27 
E12.5-E13.5 

E14.0 and beyond 
intestines (mice and 
chickens) 

Duration/ 
mins 

8 10 12 15 18 

 

4. Stop the reaction with 2mg/ml of Glycine in and incubate samples in ice for 10 mins. 
5. Wash in PBST, 2X5 mins. 
6. Postfix the samples in 4% PFA/0.2%glutaraldehyde solution in PBST for 20 minutes at 

room temperature. 
7. Wash in PBST 3 X 5 mins.  
8. Immerse samples in a mixture of 1: 1 PBST and hybridization solution for 10 mins room 

temperature. Add PBST to samples, and then add equal volume of hybridization 
solution and very gently twirl the vials containing the samples, allowing the solutions 
to slowly mix.  

9. Immerse samples in hybridization solution for 10 mins. 
10. Replace with fresh hybridization and incubate for at least 2 hours at 70°C. 
11. Remove hybridization solution and replace with fresh hybridization solution containing 

1-2ug/mL of the appropriate probe. Probe quantity varies with the general efficiency of 
the probe being used, and will have to be optimized by the experimentalist.  

12. Incubate for 16-18 hours at 70°C. Ensure vials are tightly capped.  
 
Stringency washes and antibody incubation, Day2 
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Solutions needed: 
- Solution I (50% formamide, 5X SSC pH 4.5, 1 % SDS in autoclaved RO water). 

Prewarm to 70°C. 
- Solution III (50% formamide, 2X SSC pH 4.5, 0.1% Tween in autoclaved RO 

water). Prewarm to 65°C  
- Blocking solution: 10% heat inactivated goat serum/ 1XTBST for chicken samples. 

Add 0.1% Boehringer blocking reagent in addition to 10% heat inactivated goat 
serum for mice samples. 

- Antibody solution: Anti-DIG AP added at a dilution of 1:2000 to TBST/ 1% heat 
inactivated goat serum. 

- 1 X TBST (Dilute 10X TBS in autoclaved RO water and add 0.1% Tween-20). 
 

1. Remove hybridization solution with probe and store it in -20C/-80C to be reused.  When 
reusing probes, warm up the hybridization solution/probe mix to 70C.  

2. Wash samples in Solution 1, 3 X 30 mins at 70°C. 
3. Wash samples in Solution III, 3 X 30 mins at 65°C. 
4. Allow samples to cool down to room temperature after last wash. 
5. Wash samples 3 X 5 mins in 1 X TBST. 
6. Meanwhile prepare blocking solution and antibody solution.    
7. Incubated samples in the blocking solution at room temperature for at least an hour.  
8. Remove the blocking solution and add the antibody solution. Incubate overnight at 4°C.  

Post-antibody washes and colorimetric substrate reaction, Day 3-7 
Solutions needed: 
- TBST: As above. 
- NTMT: 100 mM Tris HCl. pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1 % Tween-20. 
 

1. Remove antibody solution and wash in 1X TBST for 3X 5 mins each. 
2. Thereafter wash samples in TBST hourly/bi-hourly and leave samples at 4°C in TBST 

overnight. Repeat over 2 days.  
3. Wash in 1:1 TBST-NTMT mix for 10 min, RT. 
4. Wash 3 X 10 mins in NTMT. 
5. Aliquot sufficient BMPurple (500ul/vial) into a 15mL tube and centrifuge at 4500RMP 

for 5mins at 4°C. Carefully add BMpurple to the samples, avoiding the pellet.  
6. Incubate sections in BMPurple at 4°C in the dark. The reaction may take up to a week.  
7. Stop the reaction with PBS, 2 x at RT. Postfix in 4 % PFA, 30 mins, RT. Wash 2 x 5 min 

PBS, RT and store in PBS. Ideally, image within a week. Samples can be stored for 
months at 4°C in the dark.  
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A3. SECTION IMMUNOHISTOCHEMISTRY ON QUAIL/CHICKEN EMBRYOS 
 
Summary 

Immunohistochemistry is a procedure used to determine the spatial distribution of a protein of 

interest within a tissue section. The protocol that is listed was developed in the Kurpios Lab by Dr. 

Natasza Kurpios and has been optimized for avian tissue. All the images of immunohistochemistry 

performed on chicken or quail tissue in this thesis has been performed using this protocol.  

The procedure for preparation of tissue sections is detailed in A1.  

 
Materials 
 
Reagents 
 

1. Goat serum. (Needs to be heat inactivated) (16210064-Thermofisher) 
2. 10X PBS 
3. Dapi nuclear counterstain (D1306-Thermofisher) 
4. Prolong Antifade mounting media (P10144-Thermofisher) 
5. Autoclaved RO water 
6. Antigen unmasking solution (H-3300-VectorLabs) 

 

Procedure 

Solutions needed: 

- Blocking solution: 3% heat inactivated goat serum/PBSTT 
- PBSTT (1XPBS/0.1% Tween-20/0.03%TritonX-100) 

1. Bake paraffin-sectioned slides at 60°C for 30 mins 
2. Dewax slides in xylene, 2x for 10 min, RT (room temperature).  
3. Wash slides in 100% ethanol 2 x for 5 min, RT. 

4. Rehydrate slides through an ethanol/water gradient series by dipping slides into the 
graded dilutions: 75%, 50% and 25%. Use autoclaved RO water.  

5. Wash with autoclaved RO water 2 X 10 mins at RT. 
6. Antigen-retrieval: Prepare 1:100 dilution of working antigen unmasking solution in water. 

Transfer slides to mailer containing working antigen unmaking solution. Microwave slides in 
antigen unmasking solution till the solution almost boils, but DOES NOT boil over.  

Note: whatever the size of mailer being used, put 2 into the microwave, and fill any empty slots 
in the racks with balance slides to ensure even heat distribution. Also prevents boiling over of 
the solution. 
7. Remove mailer from microwave and wrap it with 2 layers of aluminum foil. Leave in 37°C 

for 15 mins. Take out and cool for 10min @ 4°C with lids removed. 
8. Wash 3 X 5mins in 1XPBS. (Start here for frozen sections) 
9. Wash with PBSTT for 15 mins. 
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10. Transfer slides to humidified tray and add 500ul of blocking solution to each slide. Incubate 
at RT for 45 mins -1 hour. 

11. Remove blocking solution and add primary antibodies diluted in blocking solution. The 
dilutions of antibodies to be used with other details of the primary antibodies are listed in 
Table A3. Incubate for the recommended time at the suggested temperature. Ensure tray is 
well humidified and seal with parafilm if incubating at 37°C. 

 
    Table A3: Primary antibodies used in quail/chicken embryos 

Protein of 
interest 

Antibody 
catalog 
number 

Concentration 
of primary 
antibody 

Host Duration of 
incubation 

Temperature 
of incubation 

GFP Ab290 
(abcam) 

1:1000 Rabbit Overnight 37°C 

QH1 Qh1-s 
(DSHB) 

1:1 Mouse Overnight  4°C 

HNK-1 C6650 
(Sigma) 

1:500 Mouse Overnight 4°C 

 
12. Remove primary antibodies and wash 3 X 10 mins with PBSTT at RT. 
13. Meanwhile prepare appropriate secondary Alexafluor antibodies in 1:500 dilution in 

blocking solution. Add Dapi in a 1:1000 dilution for counterstain. Filter this solution 
using a 0.22um syringe filter. This step is important for preventing appearance of non-
specific speckles. 

14. Place the slides in the humidified tray and add secondary antibodies. Incubate for 30 
minutes at RT. 

15. Wash in PBSTT 3 X 10 mins at RT. 
16. Wash in PBS 2 X 5 mins. 
17. Rinse in RO water. 
18. Mount slides using Prolong antifade, and store in a cool dark place. 
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A4. SECTION IMMUNOHISTOCHEMISTRY ON MICE EMBRYO/GUT TUBE 
CRYOSECTIONS 
 
Summary 

Immunohistochemistry is a procedure used to determine the spatial distribution of a protein of 

interest within a tissue section. The protocol that is listed was provided by Drs. Natasha Harvey 

and Kelly Betterman. It has been modified to suit the requirements of the Kurpios Lab, particularly 

for the vascular project. All the images of immunohistochemistry performed on mice tissue in this 

thesis has been performed using this protocol.  

 
Materials 
 
Reagents 

1. Bovine serum albumin (A3059-Sigma) 
2. 10X PBS 
3. 10X TBS 
4. Dapi nuclear counterstain (D1306-Thermofisher) 
5. Prolong Antifade mounting media (D1306-Thermofisher) 
6. Autoclaved RO water 

 
Tools 

1. Spring scissors 
 
Procedure 
 
Sample dissection and processing 

1. For whole mouse embryos, E9.0-E12.5, follow procedure detailed in A1. 
2. Following extraction of the intestines from E14.5-P3 mice, carefully cut 0.3-0.5cm of the 

duodenum, jejenum, ileum and colon using spring scissors, without tearing the 
mesentery. 

3. Fix samples in 4%PFA/PBS o/n at 4°C. 
4. Wash 3 X 10 mins with 1X PBS. Be careful not to lose gut tube samples as they ae 
5. Bring samples through series of sucrose gradients (25% of 30% sucrose, 50% of 30% 

sucrose, 75% of 30% sucrose and 30% sucrose). Samples should be washed in each 
gradient till they sink to the bottom of the vial, implying they have been equilibrated. 
Leave samples in 30% sucrose overnight at 4°C. 

6. Wash samples in 1:1 ratio of 30% sucrose:OCT for 30 mins. 
7. Embed samples after aligning them as required in the 30% sucrose/OCT mix, and place 

the molds containing the embryos in 2-methylbutane, cooled with liquid nitrogen. Ensure 
that methylbutane does not enter the cavity containing the embryos. Once the 30% 
sucrose/OCT mix has solidified, immediately wrap the mold with the embryos in 
aluminum foil and store at –80°C till they are ready to be sectioned. Store slides in -80°C 
after sectioning. 
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Immunohistochemistry 
1. Thaw and air-dry selected slides for 10 mins at room temperature. 
2. Wash slides in 1x TBS-0.1% Tween20 (TBS-T) for 30 mins. 
3. Remove excess (TBS-T) from slides by blotting with a ‘Kimwipe’ and place slides in a 

humidified tray. 
4. Add 500µl of blocking solution (PBS/1% BSA/0.3% TritonX-100) per section and 

incubate in a humidified chamber for 2-3 hours. 
5. Remove blocking solution and replace with primary antibodies diluted in blocking 

solution. Incubate overnight at room temperature in a humidified chamber. Primary 
antibody dilutions and other details are given in Table A4. 

 
                     Table A4: Details of primary antibodies used 

Protein of interest Antibody catalog 
number 

Concentration of 
primary antibody 

Host 

Anti-phospho-Histone 
H3 anti-Caspase 3 
(activated) 

Ab3623(abcam) 1:500 Rabbit 

aSMA Qh1-s 
(DSHB) 

1:1 Mouse 

Lyve1 Ab14917 
(Abcam) 

1:250 Rabbit 

Pecam1 553370 
(BD Pharmingen) 

1:100 Rat 

Prox1 AF2727 
(R&D) 

1:100 Goat 

ApoB MAB4124 
(R&D) 

1:100 Mouse 

ApoB  From Patrick Tso 1:500 Goat 
ApoAIV From Patrick Tso 1:500 Goat 
Nrp2 AF567 

(R&D) 
1:100 Goat 

Muc2 H-300 
(Santa Cruz) 

1:100 Rabbit 

 
6. Tip off primary antibodies and wash slides 3x10 mins in TBST. 
7. Remove excess TBS-T and add appropriate Alexafluor secondary antibodies at a dilution 

of 1:500 in blocking solution) and incubate for 2-3 hours at room temperature in a 
humidified chamber. 

8. Wash slides 3x10 mins in TBST. Rinse slides briefly in water to remove salts. 
9. Air-dry slides 1-2 mins. Mount using ProLong antifade.  
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A5. WHOLE MOUNT IMMUNOFLUORESCENCE ON MICE EMBRYOS AND 
INTESTINES 
 
Summary 

Immunofluorescence is a procedure used to determine the spatial distribution of a protein of 

interest within an embryo. The protocol that is listed has been developed by Aparna using a 

combination of techniques suggested by Drs. Natasha Harvey and Kelly Betterman (Australia) and 

John Hatch (currently in Tabin Lab, Harvard). All the images of immunofluorescence performed 

on mice tissue in this thesis has been performed using this protocol.  

 
Materials 
 
Reagents 

1. 10X PBS 
2. Bovine serum albumin (A3059-Sigma) 
3. Prolong Antifade mounting media (D1306-Thermofisher) 

 
Tools 

1. Spring scissors 
2. Siliconized glass petri dishes 
3. Spacers (S24735-Thermofisher) 
4. Minutae insect pins (RS-6083-10-Roboz) 

 
Procedure 
 
Sample dissection 

1. For embryos E10.0 – E12.5, remove lateral body wall upon dissection. For embryos older 
than E13.5 upto neonate, P3, dissect out the intestines.  

2. Fix in 4% PFA overnight at 4°C. 
3. Wash thoroughly with 1X PBS, 5 X 15 mins. For intestines, leave in 1 X PBS overnight. 

Samples can be left in PBS at 4C for a week, but NOT longer.  
 
Immunofluorescence 
Solutions needed:  
PBT: 1XPBS/0.3% TritonX-100 
Blocking solution: 1%BSA in PBT 
 

1. Permeabilise samples in PBT for 30 mins (embryos) – 3 hours (intestines). 
2. Block embryos in Blocking solution o/n at 4ºC. 
3. Add primary Abs in block and incubate at RT for 4 hours then o/n at 4 ºC. Primary 

antibody dilutions are given in Table A5: 
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                     Table A5: List of primary antibodies with details 
Protein of interest Antibody catalog 

number 
Concentration of 
primary antibody 

Host 

Integrin alpha 9 Ab3623(abcam) 1:100 Goat 
Alpha smooth muscle 
actin 

Qh1-s 
(DSHB) 

1:1 Mouse 

Lyve1 Ab14917 
(Abcam) 

1:250 Rabbit 

Pecam1 553370 
(BD Pharmingen) 

1:100 Rat 

Prox1 AF2727 
(R&D) 

1:100 Goat 

Nrp2 AF567 
(R&D) 

1:100 Goat 

VegfR3 H-300 
(Santa Cruz) 

1:100 Rabbit 

GFP Ab290 (Abcam) 1:250 Rabbit 
 

4. Wash 6x 1hr in PBT at RT.  
5. Add appropriate Alexafluor secondary antibodies in blocking solution (1:500) and 

incubate at 4ºC o/n. 
6. Wash 6x 1hr in PBT at RT and o/n at 4ºC. 
7. Wash in 1XPBS, and postfix lightly in 2% PFA for 10 mins at RT. 
8. Wash 2 X 10 mins in 1XPBS. 
9. Image staining under stereoscope in a siliconized glass dish. This is the 1st round of 

imaging. Use minutae insect pins to pin down embryos/intestines for better exposure to 
areas of interest for imaging. Leave embryos/intestines pinned at the most ideal position 
after imaging, exposing the areas of interest.  

10. Remove PBS and refix in 4%PFA overnight at 4°C. 
11. Wash 2 X 5 mins in 1XPBS. 
12. Using spring scissors and forceps, carefully dissect pieces of the intestines/embryo. 
13. Have slides with spacers ready for use. Place trimmed samples within the cavity created 

by the spacers and remove excess PBS. (One sample/cavity) 
14. Add antifade mounting media till cavity is completely filled, and carefully lower glass 

coverslips, making sure no air bubbles are trapped, and the sample does not float 
away/fold over. This takes practice and comes with experience.  

15. The samples are now ready for confocal imaging.  
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A6. PLASMID DNA ELECTROPORATION OF CHICKEN AND QUAIL EMBRYOS 
 
Summary 

Plasmid DNA electroporation is a powerful genetic manipulation technique employed to 

ectopically express of a gene. A high field strength of electric pulse is used to transiently generate 

pores in the cell membrane, allowing plasmid DNA to enter into an organism. In the Kurpios Lab, 

this technique is regularly used on chicken and quail embryos and has been standardized to target 

either sides of the dorsal mesentery specifically. This technique has been extensively used in 

Chapter 2 of this thesis.  

 

Materials 

Reagents 
1. 10X PBS 
2. Midi-prep of plasmid DNA to be electroporated. 
3. Carboxymethylcellulose (C5013-500G-Sigma) 
4. Fast Green (M377-03-J.T Baker) 
5. Autoclaved RO water 
6. Melted paraffin 
7. Pen-Strep 100X solution (SV20010-Fisher) 

 
Tools 

1. Electrodes made from platinum wires 
2. Pulled capillary needles 
3. Needles (24G and 18G) 
4. Syringe (1mL and 10mL) 
5. Round 10mm coverslips 
6. Heating block 
7. Packing tape 
8. Small, fine painting brush (No. 3) 

 

Procedure 

Egg set up and incubation 
1. Electroporation of the DM is done at HH13-HH14. So set up the eggs in the 37°C incubator 

accordingly. 
2. Window the chicken eggs the day before electroporating. Do not window quail eggs. 
3. On the day of electroporation, stage the embryos through the windows for chicken eggs 

prior to electroporating.  
4. For quail eggs, window on the day of electroporation and stage as the eggs are windowed.  
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Windowing quail eggs 
1. Gently insert a 24G needle to the pointy end of the egg attached to a 1mL syringe and pull 

out 0.8-1mL of albumin. 
2. Using a pair of sharp curved scissors, cut a <1cm wide hole on the top of the egg. 
3. Check the stage of the embryo; if it is between HH13-HH14, proceed to electroporate. 
4. Otherwise, place a 1cm round glass coverslip on top of the hole. Make sure coverslip does 

not fall into the egg and perturb the developing embryo. 
5. Using a paintbrush, gently brush molten paraffin (use heating block to keep it melted) 

around the coverslip, sealing the hole.  
Note: Using a tape to cover the hole does not work for quail embryos as the embryos dehydrate 
rapidly, even with sufficient humidity in the incubator.  
 

Electroporation 
 Solutions needed: 

- 3X Lunatic mix (0.5% carboxymethylcellulose, 3X fast green, 3X PBS, 3mM MgCl2) 
- 1X PBS with 1X Pen-Strep mix 

1. Prepare electroporation mix as follows: 
- 10ug of plasmid DNA 
- 5ul of Lunatic mix 
- up to 15ul with autoclaved RO water 

2. Draw some of the mix into a pulled capillary needle attached to a rubber tubing with a 
“pipette tip” mouthpiece for blowing. Keep this to the side carefully, ensuring the needle 
does not break. 

3. Open the windowed eggs, and add 4-5 drops of PBS/Pen-Strep to the embryo. 
4. Using a 24G needle, carefully remove the vitelline membrane without harming the embryo 

or disrupting any vasculature. (Note: the vitelline membrane feels more elastic in quails, 
so more force/tact might be needed to remove it, but be very careful not to harm the 
embryo). 

5. Gently introduce the mix into the left or right (or both) coelomic cavity of the embryo. 
6. Place the electrodes on either side, positioned slightly below the embryo.  
7. For chicken embryos, introduce 3 X 50mV pulse twice to allow DNA to be taken in. For 

quails, introduce 5 X 30mV pulse twice. Ensure positive and negative electrodes are 
placed on the correct sides of the embryo.  

8. Add 4-5 drops of PBS/Pen-Strep gently using a dropper and seal the chicken/quail egg 
accordingly. The PBS/Pen-Strep reduces chances of infection to the embryo. 

9. Return egg to the 37°C incubator and wait to embryo to develop to required stage before 
isolation. 

 
Note: When targeting both sides of the dorsal mesentery simultaneously, the side which is 
electroporated second tends to be more strongly electroporated.  
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A7. SURGICAL INSERTION OF CHEMICAL-SOAKED RESIN BEADS 
 
Summary 

While plasmid DNA electroporation, described in A6 allows for quick ectopic expression of genes, 

another method to investigate the function of a gene would be to silence its function. Although this 

can be achieved via introducing siRNA, an alternate method is to use chemical inhibitors that block 

function of the gene product. AMD3100, an inhibitor for Cxcr4, used in Chapter 2 of this thesis is 

an example of how this technique was employed.  

 

Materials 
 
Reagents 

1. 1X PBS from 10X PBS stock 
2. Pen-Strep (SV20010-Fisher) 
3. Resin beads (143-1255-BioRad) 
4. Inhibitor (e.g. AMD3100) 
5. Lunatic mix (described in A6) 

 
Tools 

1. Dumont 55 forceps 
2. Blunt forceps, levelled 
3. 24G needle 

 
Procedure 
 

1. Set up the chicken eggs as described in A6. Insertion of beads is done at HH14-HH15; 
hence set the eggs up accordingly. 

2. Weigh 0.2-0.3g of the beads into a 1.5mL centrifuge tube. 
3. Wash beads 3X with 1mL of 1XPBS by centrifuging at 5000G for 1 min each time. 
4. Add appropriate concentration of inhibitor and allow beads to soak in inhibitor overnight 

at RT, with gentle rotation of the tube. Make sure the beads do not crack; the jagged 
edges make it more difficult to insert them.  

5. Add 5ul of Lunatic mix to 200ul of the inhibitor/beads mix and let the tube rotate for 
another 2 hours at RT, till the beads are no longer colorless. 

6. Remove vitelline membrane from eggs as described in A6 to access the lateral plate 
mesoderm. 

7. Make a clean incision on the lateral plate mesoderm using the Dumont 55 forceps 
8. Pipette ~5ul of the beads with a 10ul pipette into the egg, on top of the embryo 
9. Using the Dumont 55, hold the incision open, while nudging the beads into the cavity 

gently using the blunt levelled forceps. Crack the very last bead to be inserted into half 
using the blunt forceps, and insert it with the flat edge facing the incision. This prevents 
the beads from rolling out.  
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10. If the beads have been properly inserted (Figure A1), then they should not come out on 
adding 4-5 drops of PBS/Pen-Strep. 

11. Seal the egg and return it to the 37°C incubator. 
12. Allow embryos to develop till desired stage. 

 
Note: If this technique is used in combination with electroporation, perform the electroporation 
first, at HH13, allow the embryo to recover till it reaches HH15, and then surgically insert the 
beads. 
 

                                                                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1| Surgical insertion of inhibitor-soaked beads. Beads (in dark blue) aligned along 
the left celomic cavity, through an incision made on the lateral plate mesoderm of an HH15 

chicken embryo. 
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A8. TRANSPLANT EXPERIMENTS – PAINTING, CUTTING AND PASTING 
 
Summary 

Transplant experiments are classic experimental embryology techniques used to test models of 

signaling and interaction between different tissues in developing embryos. It is also used to 

determine the influence of the microenvironment on different cell types and can be extended to 

study cell-type specification (Zattara, EE 2015, Schoenwolf, GC 2001). Transplants can be 

categorized as (i) autograft (within individual) vs. allograft (within species) vs. xenograft (between 

species); (ii) homotopic (same location) vs. heterotopic (different locations); (iii) isochronic (donor 

and host at same developmental stage) vs. heterochronic (different developmental stages).  

Arguably, the most famous example of transplants experiments is the series of xenografts between 

urodele embryos that led to the discovery of the Spemann-Mangold organizer (Spemann and 

Mangold, 1924). In this thesis, transplant experiments have been used in both Chapters 2 and 3. In 

Chapter 2, a heterotopic (DM to head mesenchyme), heterochronic (HH18 to HH10) xenograft 

(quail to chick) was carried out, to determine if the endothelial cells in the right DM still had the 

potential to contribute to vessel formation if transplanted into a more permissive 

microenvironment. In Chapter 3, a homotopic (DM to Lateral plate mesoderm, precursor to DM), 

heterochronic (E11.0 (mouse) to E2+/HH15 (chicken)), xenograft (mouse to chicken) was carried 

out to investigate the potential of different subsets of lymphatic progenitor cells located at a 

distance from each other to migrate to their respective environments on transplant into the 

precursor of the DM. An important requirement of transplant experiments is to be able to 

distinguish the donor and host tissue post transplant. Hence the donor tissue is generally “painted” 

mostly by using reporter genes such as GFP or RFP.  While transplant experiments are 

conceptually simple, they are technically challenging due to the very small size of the embryos 

and some limitations on the tools available. As such, the tools listed below have been customized 

for the experimenter’s (Aparna’s) preference after performing multiple transplant experiments and 

are by no means the only tools that can be used. The experimenter’s creativity in tool-making is 

indeed an important aspect of these classical experiments (Schoenwolf GC, 2001).  

 
 
 
 
 



 

 159 

Materials 
 
Reagents 

1. 1 X PBS 
2. 100X Pen-Strep (SV20010-Fisher) 
3. Neutral red (N7005-1G-Sigma) 
4. India ink (Pelikan fountain india ink, waterproof – dilute to 1% in PBS) 
5. Clear albumin from chicken egg (collected at the time of windowing) 

 
Tools 

1. Sharp forceps (either Dumont 55 or extra fine 5) 
2. Blunt levelled forceps (any old forceps, levelled) 
3. Siliconized glass petri dishes 
4. Microsurgical knives 
5. Hooked forceps (must be sharp) 
6. Sharp tungsten needles to be molded and shaped as preferred 
7. Moria pin holders 
8. Low-binding 10ul pipette tips 
9. Stereoscope with good cameras and fluorescent filters 
10. McIlwan tissue chopper 

 
Procedure 
 
Preparation of neutral red/agarose drops 

1. Add 1g agar to 100mL cold H2O. Bring to full boil, stirring constantly. Allow to cool 
briefly (few seconds). 

2. Add 0.02g (or 0.01g) (try 0.02g first and if staining is too much, re-make with 
0.01g) neutral red. Stir briefly. 

3. Drop onto clean slides with glass pipette (see Figure A2) and allow to dry overnight 
at RT. 

4. Store them at 4˚C. 
 
Preparing donor quail embryos:  
Note: Quail embryos tend to develop slightly faster than chicken embryos. 

1. Set up quail eggs in the incubator. Ensure temperature is at 38°C and humidity is at 
least 85%.  

2. Allow embryos to develop for 2 days to reach the right stage for electroporations 
(HH13). 

3. Take eggs out, and window each egg just before electroporating the embryo. 
4. Window and electroporate embryos as described in A6. Both left and right sides are 

electroporated with a different reporter to distinguish them.  
Electrporate the side which you wish to transplant second, because the second electroporation  
generally tends to be better electroporated than the first.  
Tie1-H2B-YFP quails, which already have the endothelial cells labelled with YFP can also be 
used for the transplant experiments. These experiments, while not mentioned in the thesis were 
done to assay if the left-sided endothelial cells are specified to form the DV cords on transplant 
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to the left lateral plate mesoderm of an earlier staged host embryo. The transgenic quail embryos 
were collected at HH20 for this purpose.  
Additionally, with quail embryos, there are quail-specific antibodies such as QH1, which can be 
used to distinguish the quail donor cells from the chicken host cells. 
 
Preparing donor mice embryos 

1. The Prox1-GFP transgenic mice embryos were used. These mice embryos have the 
lymphatic endothelial cells labelled with GFP.  

2. Dissect mice embryos at E10.75-E11.0 
 
Preparing the host embryos 

1. Set up chicken eggs in the incubator. Ensure temperature is at 38°C and humidity is at 
least 85%. 

2. 33 – 35hrs later, take the eggs out and window them. Collect ~10ml of albumin in a 
glass vial for later use. 

3. Accurately stage the embryos under the stereoscope. At initial stages, 1% India Ink 
can be injected beneath the blastoderm to provide contrast and aid in staging. 

4. Seal the embryos using transparent masking tape and write down stage on the tape. 
The embryos should be at HH10 exactly for a transplant into the head mesenchyme, 
and HH15 for transplant into the lateral plate mesoderm. Younger embryos can be 
returned to the incubator to allow further development.  

5. Embryos of the right stage can be left at room temperature. 
 
Note: It is important to coordinate the setting up of quail and chicken eggs such that both the 
donors and embryos are of the appropriate stages at about the same time. The quail embryos 
can be kept at room temperature for not more than 2hrs if they reach the desired stages before 
the chicken embryos. Similarly, the chicken embryos can be kept at room temperature for not 
more than 4-6 hours if they reach the desired stage before the quail embryos. When doing 
mouse-chick transplants, the transplant procedure has to start once the mouse embryos have 
been isolated; hence the chicken eggs must be set up accordingly with this in mind. Aim to 
complete the transplants in ~6-8hrs. Also do not transplant into host embryos just taken out 
from the incubator. From experience, ‘cooler’ hosts tend to have a higher survival rate post 
transplant than warmer hosts. This is because warmer hosts get dehydrated more quickly. 
 
Transplanting 

1. Isolate the donor embryos. Cut off the heads and the curved part of the tail such that 
the embryo is straight. This results in better slices.  

2. Chop the embryos to 150um slices using the tissue chopper.  
3. Collect the slices in a siliconized glass petri dish. The silicon base is to prevent 

damage to the fine point of surgical instruments. Always keep the slices on ice, and 
aim to use them within 6-8 hours.  

4. Before doing anything to these tissues, prepare the host embryos 
5. Remove the vitelline membrane as described in A6. Carefully cut a small rectangular 

piece of neutral red/agarose (using closed forceps), just large enough to cover the 
region where the donor tissue will be inserted. Gently place on embryo for 2-5 
minutes.  
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6. Remove the neutral red/agarose piece. The region of the embryo should be a faint red, 
allowing for easier visualization. Using a sharp tungsten needle, create an incision in 
the region to be transplanted. Then, using the plastic lid of a 6cm petri dish, cover the 
window of the host egg to prevent dehydration and keep it aside while cutting the 
donor tissue to be transplanted. 

7. Using microsurgical knives/tungsten needles (or whichever tool is convenient) trim 
the donor tissue to be transplanted. (The DM in this cae). It should not be too large, 
that it will not fit in through the incision, neither should it be too small that it will 
crumble when trying to insert it through the incision.  

8. Using a low binding 10ul pipette tip, and a 10ul pipettor, carefully suck up the 
isolated piece of tissue and verycarefully release into the chicken egg that was 
prepared earlier.  

9. Always look through the microscope when releasing the tissue so that it is as close to 
the site of transplant as possible. It is very hard to move around a small piece of tissue 
within the egg without ‘harming’ the embryo. 

10. Using a less fine tungsten needle, push the donor tissue into the incision created 
earlier, and, very quickly pull the needle out. It has to be quick and it takes some 
practice to gauge the actual speed, to prevent the donor tissue from coming out with 
the needle.  

11. Once you have successfully inserted the tissue, add a drop of albumin collected 
earlier gently at the site of transplant. This not only provides some resistance to 
infections, but also behaves as a “glue” to prevent the transplanted donor tissue from 
coming out. Also add a few drops of PBS/Pen-strep if transplanting into HH15 host 
embryos. This is not needed for HH10 host embryos at the time of transplant.  

12. Seal the egg with masking tape, and return it to the 38°C incubator. Make sure 
temperature and humidity are right. Allow the host embryos to develop for the 
required number of days till the desired stage is reached.  Addition of antibiotics (3-4 
drops of PBS/Pen-Strep) daily for this period of time is recommended.  

 

                                                 
 
 

Figure A2| Preparation of neutral red/agarose 
drops. The prepared neutral red/agarose mix is 
dropped onto a glass plate using a glass plate, and 
allowed to spread out to ~1cm drops. Small slivers 
(dashed black lines) are cut out using forceps when 
being used.   
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A9. OIL-RED-O STAINING 
 
Summary 
 
Oil-red-o (ORO- C26H24N4O) is a fat soluble diazol dye which stains neutral lipids (triglycerides, 

diacylglycerols and cholesterol esters) and cholesteryl esters within a tissue but not biological 

membranes. The staining works on the principle that ORO is minimally soluble in the solvent 

(isopropyl alcohol) it is initially dissolved in and this solubility is further decreased by dilution of 

ORO in water before use. Thus, this hydrophobic dye moves from the solvent to associate with the 

lipids within the tissue sections. The procedure listed below is from Mehlem A, et.al. (Mehlem A, 

Hagberg CE, et al. 2013) and has been slightly modified for use in neonate and embryonic tissue.  

 
Materials 
 
Reagents 

1. Oil-red-o (00625-Sigma) 
2. OCT embedding media (25608-930-VWR) 
3. Liquid nitrogen 
4. Gelvatol 
5. Isopropyl alcohol 
6. Autoclaved RO water 
7. Mayer’s hematoxylin (ab128990-Abcam) 

 
Procedure 
 
Preparation of oil-red-o stock and working solutions 

1. Add 2.5g of ORO to 400mL of isopropyl alcohol 
2. Mix the solution by magnetic stirring for 2hrs at RT 

This stock solution can be stored at RT for up to 6 months 
3. Add 1.5 parts of ORO stock solution to 1 part autoclaved RO water 
4. Allow the solution to stand for 10 mins at 4°C, during which time, it will become thicker. 
5. Filter the solution through 45um filter to remove precipitates. 

The working solution should be used within 6 hrs. 
 
Tissue collection and embedding 

1. Dissect out livers and intestines as described in A4, but do not add 4% PFA 
2. Place samples in labelled 2ml Eppendorf tubes and immediately snap-freeze them in 

liquid nitrogen. 
3. The samples can be stored in -80°C for six months. 
4. Using curve forceps, remove samples from the Eppendorf tubes and place it in 

embedding mold containing 100% OCT. 
5. Align samples as quickly as possible and proceed to cryo-freeze them as described in A4. 

With methylbutane and liquid nitrogen. 
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6. The blocks can be stored in -80°C for up to 6 months before being sectioned. 
7. When sectioning samples, be very careful as the samples have not been fixed. Use new 

blades, make sure the cutting surface is clean and slowly section them as they have a 
tendency to rip. 

8. The sections can be stored at -80°C for up to 6 months. 
 
Oil red O staining 

1. Thaw out the sections at room temperature for 10 minutes for equilibration with room 
temperature. 

2. Incubate the sections with working solution of Oil Red O solution at RT for 5 minutes. 
3. Counterstain the sections with Mayer’s hematoxylin for 10 seconds. 
4. Rinse the sections under running tap water for ~30 minutes. Care should be taken so that 

the sections are not harmed by it. This is best done by placing the sections in a slide 
holder filled with water and letting the tap water fall gently in the corner of the slide 
holder. 

5. Mount the slides with Gelvatol and place coverslips on them.  
6. The images need to be captured with the bright filed microscope within a maximum of 

two days of completion of staining to avoid precipitation of the ORO dye.  
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A10. TUNEL ASSAY 
 
Summary 
 
TUNEL (Terminal deoxynucleotidyl transferase (TdT) dUTP Nick End Labeling assay detects 

apoptotic cells that undergo degradation during late stages of apoptosis. It is based on the ability 

of TdT to label the blunt ends of double-stranded DNA breaks. Since DNA damage is not only a 

feature of apoptosis, but also necrosis, TUNEL assays are usually supplemented with 

immunohistochemistry for apoptosis induced protease, caspase 3. Although the TUNEL kit from 

Roche recommends performing the assay on paraffin sections, the procedure described here uses 

cryosections, and is adopted from Kyrylkova et.al (Kyrylkova K, Kyryachenko S, et al 2012). 

 
Materials 

1. TUNEL kit (12156792910-Sigma) 
2. 1X PBS 
3. Plastic coverslips (Used in A1) 
4. 4% PFA in PBS 
5. Proteinase K (10mg/mL stock) (03115879001-Roche) 
6. Cryosectioned samples 
7. DAPI nuclear counterstain (D1306-Thermofisher) 
8. Prolong Antifade mounting media (D1306-Thermofisher) 

 
Procedure 
Make sure to have 1 slide for positive control, and 1 for negative control 

1. Thaw out section at RT for 10 minutes. 
2. Wash three times in PBS for 10 minutes each. 
3. Fix in freshly made 4% PFA-PBS for 5 minutes 
4. Wash sections 2X 5 min in PBS 
5. Treat sections with 10 ug /ml proteinase K for 10 minutes at room temperature. 
6. Wash sections 1X 5 min in PBS 
7. Re-fix sections with 4% PFA –PBS for 5 minutes. 
8. Wash sections 2X 5 mins in PBS 
9. While washing make  

a. Label solution (50 ul per slide) 
b. TUNEL reaction mix (450 ul of label solution and 50 ul of enzyme solution ) 

(500 ul for 10 slides) 
c. 3U/ ml DNAseI recombinant in 50 mM Tris HCL-pH7.5, 1 mg/ml BSA 

10. For the positive control slide add 9c and incubate at 10 minutes in room temperature. 
Other slides can remain in PBS. 

11. Wash the positive control slide 2X in PBS. 
12. Add 50 ul of 9b. TUNEL reaction mix to all slides except negative control. 
13. Add 50 ul of 9a. label solution to the negative control slide. 
14. Cover all slides with plastic coverslip. 
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15. Incubate in humidified chamber for 60 minutes at 37°C in dark. 
16. Wash 3X 5 min in PBS. 
17. Incubate for 10 min in DAPI (1:2000 in PBS) 
18. Wash 3X 5 min in PBS 
19. Rinse in water. 
20. Mount using prolong Antifade. 
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A11. TRIGLYCERIDE ASSAY 
 
Summary 
 
While the Oil-red-o staining provides a visual indication of neutral lipids within a tissue, it is not 

easy to quantify the amounts of lipid using that technique. This biochemical triglyceride assay that 

allows us to measure the amount of glycerol produced after hydrolysis of the triglycerides allows 

quantification of the levels of triglyceride within a tissue, serum or blood plasma. This procedure 

involves enzymatic hydrolysis by lipase of the triglycerides to glycerol and free fatty acids.5 The 

glycerol produced is then measured by coupled enzyme reactions. Triglycerides are first 

hydrolyzed by lipoprotein lipase to glycerol and free fatty acids. Glycerol is then phosphorylated 

by adenosine-5’-triphosphate (ATP) forming glycerol-1-phosphate (G-1-P) and adenosine- 5’-

diphosphate (ADP) in the reaction catalyzed by glycerol kinase. G-1-P is then oxidized by glycerol 

phosphate oxidase to dihydroxyacetone phosphate and hydrogen peroxide (H2O2). Peroxidase 

catalyzes the coupling of H2O2 with 4-aminoantipyrine and sodium N-ethyl-N-(3-sulfopropyl) m-

anisidine (ESPA) to produce a quinoneimine dye that shows an absorbance maximum at 540 nm. 

The increase in absorbance at 540 nm is directly proportional to triglyceride concentration of the 

sample. (Adapted from: https://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Sigma/Bulletin/tr0100bul.pdf).  

 

Materials 
1. 2mL round bottom microcentrifuge tubes 
2. Weigh boats 
3. Clean/sterile scalpel blades or razor blades 
4. Forceps 
5. Chloroform/Methanol (2:1, v/v): 60ml/30ml 

            Make enough for the amount of samples you have.  Stir continuously in glass beaker on 
stir plate. 4mL for each sample. 

6. 50 mM NaCl:  0.292g NaCl (FW 58.44) in 100 ml dH2O 
7. Triton-X Soln (1:1, v/v): 500ul Triton-X 100 and 500ul Chloroform 
8. Cuvettes	

 
Procedure 
Weighing and preparing samples 

1. Dissect and process liver samples as described in A12. 
2. Gather liver samples and place in an ice bucket to keep samples cold and prevent tissue 

degradation. 
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3. Label 2mL round bottom microcentrifuge tubes (for the beads) with the sample 
information.  Be sure to label these tubes in more than one spot because chloroform is 
used as a solvent for the Triglycerides and easily removes permanent marker.  Place these 
tubes on ice to chill them for tissue preservation. 

4. Take labeled 2mL microcentrifuge tube and wipe dry with a Kimwipe to remove excess 
water from ice.  Then place the tube on the analytical balance and tare the balance.  It is 
essential to do this for every sample tube and to do so on the analytical balance. The 
weight being measured is 20mg which very small.  There is a variation in the 
manufacturing of the microcentrifuge tubes, so each one varies in weight by bout 5-10 
mg, which can account for half of the sample weight.  For the same reasoning, also 
remove the water on the outside of the tubes. 

5. Transfer the 2mL microfuge tube back into the ice.  Transfer the liver sample from the 
sample tube to a clean small weigh boat with forceps.  Cut a representative piece of 
approximately 20mg from the sample and transfer it to the 2mL microcentrifuge tube.  
Wipe the tube with a Kimwipe to remove the water, and check the weight.  If the weight 
is approximately 20mg, about 19-23mg. (0.020g). Ensure that the liver sample is in the 
bottom of the tube.  

6. Record the weight and then place a steel bead into the tube.  
7. After all samples are weighed and recorded proceed to homogenization. 
8. To homogenize, flash freeze the sample and the steel bead in liquid nitrogen.  Then 

vortex the two together on the highest speed.  Place the samples on ice again. 
9. Then proceed by pipetting 1.8 mL of the chloroform methanol mixture into each tube.  

For accurate pipetting, it is useful to pipette up and down a couple times to prevent the 
chloroform from dripping out of the pipette. (Make sure volume added is 1.8mL) 

10. Then ensure that all of the tubes are sealed and then use the tissue homogenizer (in David 
Lin’s Lab) to homogenize the tissues on 30 Hz for 5 mins.    

11. After tissue is homogenized place tubes in rack on the shaker at RT for 10 mins. 
12. Centrifuge at 4000 rpm for 10 min 
13. Remove 1ml supernatent from each tube and transfer to microfuge tubes.   
14. Add 250ul of 50mM NaCl, vortex and let sit for ~30min at RT until separated out. 
15. Take a 100 µu aliquot from the lower phase (make sure this quickly/accurately pipetted) 

and add 20ul of the Triton-X100/Chloroform mixture, mix. 
16. Air dry sample at 37°C heat block for 30min-1hr, leaving 20ul of Triton solution on the 

bottom. 
17. Resuspend in 80ul of ddH2O and vortex. 
18. Perform metabolite assay according to instructions: use 10ul for the TG assay using 

Sigma kit, make sure each sample is vortexed immediately before pipetting the 10ul.   
       
Sigma Assay 

1. Prepare the triglyceride and glycerol reagents from the procedures. 
a. Free glycerol reagent- Add 40mL of nuclease free water to the larger of the two 

containers.  Make sure that you do not lose any of the powder.  Then invert 
several times but do not shake or vortex.  Then wrap with aluminum foil to 
protect from light.  (Shelf life 60 days if stored in fridge) 

b. Triglyceride Reagent- Add 10 mL of nuclease free water to the smaller of the two 
bottles labeled triglyceride reagent, and invert several times but do not shake.  
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This contains enzymes and can be functionally degraded upon application of 
mechanical stress. Wrap with aluminum foil to protect from light. Shelf life 60 
days. 

2. Estimate the volume of glycerol reagent to be used. (0.8ml * amount of samples + 0.8 mL 
for blank + 0.8 mL for the glycerol standard.+ 0.8*2 for pipetting errors.  Do the same for 
the triglyceride reagent using 0.2 mL instead of 0.8 mL).  

3. Warm these to 370C which is the temperature of the reaction. Do not expose solutions to 
light.  

4. Label semi-microcuvettes with sample number, or blank/glycol standard.   
5. Pipette 0.8 mL of the warmed glycerol reagent into each cuvette.   
6. Add 10ul of sample to the sample cuvettes, and mix gently by inversion.  Add 10ul of 

water and glycerol standard to the blank and standard cuvettes respectively. 
7. Incubate samples for 5 mins at 37°C.   
8. Blank the spectrophotometer using water at wavelength of 540nm wavelength.  Proceed 

with recording the initial absorbance of samples, blanks and standards.   
9. Pipette 0.2mL of warmed triglyceride reagent into each cuvette and mix gently by 

inversion. 
10. Incubate for 5 minutes or more at 37°C. 
11. Read and record the final absorbance of each cuvette at 540 nm using water as a blank.   
12. Proceed with calculations. 

a. The concentration of the standard is listed on the bottle of the glycerol standard 
and should be about 0.26 mg/mL 

b. The value provided is the mg of triglycerides/ milliliters of chloroform methanol 
solution used for the lipid extraction, 1.8mL. Multiply the value by 1.8 to get total 
triglycerides/ sample. 

c. Then divide by the weight of each sample in grams to get triglycerides/ g of 
sample.   
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A12. MICE GENOTYPING 
 
Summary 
 
In this thesis, three different types of mutant mice and one transgenic mouse have been used. While 

the Cxcr4 (Tachibana K, Hirota S, et al. 1998) and Pitx2 mutant mice (Lu M-F, Pressman C et al, 

1999; Shiratori H, Yashiro K, et al, 2006) were created by replacing a critical component necessary 

for the function of the resulting gene product with a Neomycin cassette, the Prox1GFP transgenic 

mouse was created by insertion of a modified BAC (GENSTAT project at The Rockfeller 

University) so as not to interfere with the normal functioning of the Prox1 gene product. The 

strategies behind determining the genotype for each of the abovementioned mice is explained in 

the figures below, with the accompanying legends.  

 

                    

                                

                               

 

 

 

 

 

 

Figure A3| Targeting and genotyping strategies for Pitx2HD mice. (Top) shows the WT allele, while (bottom) 
shows the mutant allele. All of exon 5 and part of exon 6, which span the homeodomain region have been replaced 
with a neomycin cassette. The black boxes represent exons and black lines show introns. Arrows show 5”-3’ 
orientation of the gene. The forward primer (FwdP - GAG CTG TGC AAG AAT GGC TTT GGG CCG CAG,) 
for the WT allele is nested in exon 5 while the reverse primer (RevP – TGT CAT ATC CAG TCA AAC ATT TGT 
GGG CGT) is within exon 6. This amplifies an 800bp product from the WT allele and no product from the mutant 
allele. The FwdP (CGG ACA CTT GAG CGC AGC CC) for the mutant allele lies within the 4th intron, while the 
RevP (GCC ACT CCC ACT GTC CTT TC) targets the Neomycin, amplifying a product of ~300bp from the 
mutant allele and none from the WT allele.   
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Figure A4| Targeting and genotyping strategies for Pitx2ΔΔ
ASE mice. (Top) shows the WT allele, while (bottom) 

shows the mutant allele. The ASE asymmetric enhancer element has been replaced with a neomycin cassette. 
The black boxes represent exons and black lines show introns. Arrows show 5’-3’ orientation of the gene. The 
forward primer (FwdP –CTT TTC CTC GGC CCT GTT CC) and the reverse primer (RevP – ATT CCA GGA 
GCC AAG AAC GG) for the WT allele amplify 500bp of the ASE enhancer element within intron 5. The FwdP 
(CGC TCC AAA GGC CTA CTT CC) for the mutant allele lies within neomycin, while the RevP (CCT AGA 
GGA TCA AGG GGC AC) targets intron-exon boundary of intron 5 and exon 6, amplifying a product of ~300bp 
from the mutant allele and none from the WT allele.   

Figure A5| Targeting and genotyping strategies for Cxcr4 mutant mice. (Top) shows the WT allele, while 
(bottom) shows the mutant allele. Most of exon 2 has been replaced with a neomycin cassette. The black boxes 
represent exons and black lines show introns. Arrows show 5’-3’ orientation of the gene. The common forward 
primer (FwdP –AGA CAG ACG TGA GAA AAA CAA GGT T) lies within the intron. The WT reverse primer 
(RevP –TGA TGA AGT AGA TGG TGG GCA GGA A) is in exon 2. This amplifies a 500bp product from the 
WT allele. The Mut RevP (GTT CGA ATT CGC CAA TGA CAA GAC G) lies within the neomycin cassette. 
This amplifies an 800bp region from the mutant allele.    

Figure A6| Targeting and genotyping strategies for Prox1GFP transgenic mice. The BAC RP23-360I16 
was modified to contain the GFP sequence immediately upstream of Prox1 ATG such that the expression of 
GFP woud be driven by Prox1 regulatory elements. This modified BAC was inserted into ES cells to generate 
the Prox1GFP mice. The genotyping PCR identifies mice with the modified BAC transgene. The forward primer 
(FwdP –GAT GTG CCA TAA ATC CCA GAG CCT AT) lies upstream of the ATG start codon, within the 
Prox1 promoter and the reverse primer (RevP – GGT CGG GGT AGC GGC TGA A) is within the GFP 
sequence, amplifying a product of 450bp. The black boxes represent exons and black lines show introns. Arrows 
show 5’-3’ orientation of the gene. 
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A13 ARTIFICIAL FEEDING OF MICE PUPS 
 
Summary 
 
As mentioned in in Chapters 1 and 3, the intestinal lymphatics have a unique and extremely 

specialized function of lipid absorption and transport. As such, defects in the functional units of 

intestinal lymphatic, such as the lacteals, collecting vessels and valves invariably lead to problems 

in lipid transport and absorption. These defects can be traced/observed with the use of lipid tracers 

– fluorescent dyes conjugated to fatty acid chains. In addition, these problems can also be 

exacerbated/ameliorated by modifications to the diet (i.e. high fat diet, diet rich in long chain fatty 

acid, no fat diets, etc). While feeding the tracer dyes and modified diets to mice more than two 

weeks old is generally not an issue, this becomes difficult if the mice pups do not survive for more 

than 2-3 days. The only source of nutrition for these pups is from their mother’s milk. However, 

modifying the fat composition of the mother’s milk is extremely tricky and may not be reliable. 

Hence, the alternative is to artificially nurse the pup with ‘modified milk formulae’ suited for the 

purpose of the experiment. This technique was introduced to the Kurpios Lab by the Cornell 

Wildlife Center, and has been modified for artificially feeding very small pups. Although the 

procedure has been described for the feeding of BODIPY FL C16, a long chain fatty acid with a 

tracer to follow the route of lipid transport, the same would apply for any formula being artificially 

bottle-fed to the mice pups.  

 
Materials 
Reagents 

1. BODIPY FL C16 (D3821, Life Technologies, reconstituted to 5ug/uL in DMSO) 
2. INTRALIPID solubilizing agent (I-141 - Sigma) 

 
Tools 

1. 1.0mL insulin syringe 
2. ‘Catheter’ for mice pups to suckle on. This is tricky, and requires some creative thought. 

The catheter used here is shown in Figure A7. The important features of the catheter are 
that (i) it should fit the syringe and (ii) the tip should be soft and malleable enough for the 
pups to suckle on.  

3. Medium sized (6cm) plastic weigh boats 
4. Heating pad 
5. Facial cotton  
6. Table lamp 
7. Heating plate with a beaker of water kept warm at 37°C 
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Procedure 
Preparing the formula (For feeding of BODIPY tracer) 

1. Measure 500uL of INTRALIPID solubilizing agent into a 1.5mL microfuge tube and 
incubate it in a 37°C water bath for 15-20 mins. The mice pups like their milk warm.  

2. 20ul of the 5ug/uL reconstituted BODIPY is added to the warmed INTRALIPID 
solubilizing agent. (100ug of Bodipy in 500ul of Intralipid --> final concentration of 
reconstituted Bodipy in Intralipid is 0.2ug/ul).  

3. Gently draw in the BODIPY/INTRALIPID mix into the syringe, avoiding air bubbles. 
4. Keep the syringe immersed in the beaker of water heated to 37°C so that the 

BODIPY/INTRALIPID mix remains warm. 
 
Preparing the nest for the mice pups 

1. Fluff up some facial cotton and spread them on a plastic weigh boat, with the ID of the 
pup written on the outside of the boat. 

2. Prepare as many nests as there are pups 
3. Place the nests on a heating pad to keep them warm, under a table lamp, for additional 

warmth. Pups which get cold tend to die. 
 
Feeding the pups 

1. Hold the pup gently in your hands. Massaging their bellies and head encourages them to 
open their mouth. 

2. Bring the catheter close to their mouth (touching their mouth) and slowly push out some 
the BODIPY/INTRALIPID mix from the syringe. 

3. Once the pups get used to the the BODIPY/INTRALIPID mix, they voluntarily start 
suckling from the catheter, at which point, continue pushing the syringe plunger 
extremely very slowly and with great caution such as not to injure the pups. 

4. For a mouse pup from a C57/BL6 strain, 2hrs post feeding is sufficient to observe 
transport of the tracer through the mesenteric collecting vessels. This varies with the 
strain of mice. Time the interval between feeding of subsequent pups accordingly, taking 
into account, the time required for imaging of the tracer dye in the previous pup. 

5. Euthanize pup after sufficient time has elapsed and image the intestinal lymphatics 
 
  

                   
 
 
 

Figure A7| Tools for artificially nursing P0-P3 mice 
pups. (Left) Catheter used for delivering milk to mice 
pups. The tip should be soft enough for pups to suckle on. 
(Right) Catheter attached to a 1.0mL insulin syringe. 
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