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Abstract

Lymph is returned to the blood circulation exclusively via four lymphovenous valves (LVVs). 

Despite their vital importance, the architecture and development of LVVs is poorly understood. 

We analyzed the formation of LVVs at the molecular and ultrastructural levels during mouse 

embryogenesis and identified three critical steps. First, LVV-forming endothelial cells (LVV-ECs) 

differentiate from PROX1+ progenitors and delaminate from the luminal side of the veins. Second, 

LVV-ECs aggregate, align perpendicular to the direction of lymph flow and establish lympho-

venous connections. Finally, LVVs mature with the recruitment of mural cells. LVV 

morphogenesis is disrupted in four different mouse models of primary lymphedema and the 

severity of LVV defects correlate with that of lymphedema. In summary, we have provided the 

first and the most comprehensive analysis of LVV development. Furthermore, our work suggests 

that aberrant LVVs contribute to lymphedema.

Introduction

Primary lymphedema is caused by mutations in genes that regulate normal lymphatic 

vascular development (Tammela and Alitalo 2010). Currently the only available treatments 

for this disease are palliative approaches like massage and compression. The primary 
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obstacle to advancing new therapies is the limited understanding of lymphatic vascular 

anatomy.

Lymphatic endothelial cells (LECs) are the building blocks of the entire lymphatic 

vasculature. Lymph collected by lymphatic capillaries is drained into collecting lymphatic 

vessels. Lymphatic valves within collecting vessels regulate the unidirectional flow of 

lymph. Collecting vessels then drain lymph into lymph sacs, which return it to the blood 

circulation via lymphovenous valves (LVVs) (Tammela and Alitalo 2010; Srinivasan and 

Oliver 2011). During this process, anchoring filaments regulate lymph uptake by capillaries, 

and perivascular cells that surround collecting lymphatic vessels regulate lymph propulsion 

(Tammela and Alitalo 2010). Lymphatic capillary hypoplasia, improper maturation of 

collecting lymphatic vessels and defects in lymphatic valves are all associated with primary 

lymphedema (Tammela and Alitalo 2010). However, there is limited information regarding 

other lymphatic anatomical structures such as LVVs, anchoring filaments and perivascular 

cells. Further, it is not known whether defects in any of these structures promote 

lymphedema (Chen et al. 2014).

We previously described several important anatomical and molecular characteristics of 

LVVs, which are the first valves to form within the lymphatic vasculature (Srinivasan and 

Oliver 2011). PROX1+ cells are specified in the embryonic cardinal vein around E10 

(Srinivasan et al. 2007). We showed that these cells have the capacity to differentiate into 

both LECs that migrate out from the veins to form the entire lymphatic vasculature or into 

LVV-forming endothelial cells (LVV-ECs) (Srinivasan and Oliver 2011). Mouse embryos 

that are haploinsufficient for the transcription factor PROX1 develop edema at E13.5, a 

stage at which lymphatic valves have not yet formed and LECs are only starting to sprout 

from lymph sacs (Srinivasan and Oliver 2011). At this stage, in addition to the dermal 

edema, the most conspicuous defect in Prox1+/− embryos is a lack of LVVs. This 

observation suggested that LVVs might be critical for proper lymphatic vascular functioning 

(Srinivasan and Oliver 2011). LVV defects have since been reported in mutant mice lacking 

integrin-α5 (ITGA5), CYP26B1 and GATA2, all of which develop severe edema and blood-

filled lymphatics phenotypes (Bowles et al. 2014; Turner et al. 2014; Kazenwadel et al. 

2015). LVVs are the only anatomical positions where lymph comes in direct contact with 

blood, and a recent report showed that platelets function at LVVs to regulate blood-

lymphatic separation (Hess et al. 2014). Despite these findings, the key steps during LVV 

morphogenesis are not well characterized and there is no clear understanding of their three-

dimensional architecture. The molecular mechanisms of LVV development are also not 

completely understood. This knowledge would likely facilitate the diagnosis and treatment 

of LVV defects.

Here, we employed a combination of fluorescence and electron microscopy approaches to 

characterize the structure and development of LVVs. By comparing LVVs with lymphatic 

valves and venous valves (VVs) we have identified similarities and also differences between 

these structures. Further, using four different murine models of lymphedema we show a 

strong correlation between defective LVVs and disease.
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Results

Three-dimensional architecture of LVVs in newborn mice

We had previously described several key anatomical landmarks of lymphovenous valves 

(LVVs) in mouse embryos (Srinivasan and Oliver 2011). These landmarks are schematically 

shown in Supplementary Figure 1. Arteries and lymphatic valves are excluded from this 

figure for simplicity. A total of four LVVs are present in mice, with an “LVV-complex” 

containing two LVVs on either side of the body immediately lateral to the thymic lobules 

(orange structures). One of these locations is enlarged on the left to show the structures. The 

internal jugular vein, external jugular vein and subclavian vein merge together into the 

superior vena cava that drains deoxygenated blood into the right atrium of the heart. Venous 

valves (VV, depicted in green) guard the entry of veins into the junction. The lymph sac is 

split into two vessels by an artery just before entering the venous junction via LVVs 

(magenta). One LVV is located between the subclavian and external jugular veins. The other 

LVV is located between the external jugular vein and internal jugular vein. Using this 

information, we characterized the architecture of LVVs at the ultrastructural level.

We employed ProxTom lymphatic vessel reporter mice in correlative fluorescence and 

scanning electron microscopy (SEM) experiments. In these transgenic mice, the Prox1 

promoter drives expression of the tdTomato (Tom) transgene, which encodes red fluorescent 

protein (Truman et al. 2012). We prepared cross sections encompassing the entire junction 

of veins, including the LVVs, from P0 ProxTom newborn mice (Supplementary Figure 1, 

between the dotted lines). We performed immunohistochemistry on these sections for the 

lymphatic endothelial cell (LEC) marker LYVE1 (lymphatic vessel endothelial hyaluronan 

receptor 1) and for the pan-endothelial cell marker CD31. Subsequently, we visualized the 

immunostained sections by confocal imaging in the anterior-to-posterior orientation (Ant) to 

observe the lymph sacs and the upstream side of LVVs. The samples were also analyzed in 

the posterior-to-anterior orientation (Pos) to observe the venous junction and the 

downstream side of LVVs and VVs en face.

In the Ant orientation, we observed weak Tom and LYVE1 expression in the LECs of the 

lymph sacs (Supplementary Figure 1 Ant, dotted lines). In contrast, we observed strong Tom 

expression in VV (Supplementary Figure 1 Ant, arrowhead) and LVVs (Supplementary 

Figure 1 Ant, white arrows). LYVE1 expression is absent in VVs, but is strongly expressed 

in LVVs (Supplementary Figure 1 Ant, white arrows). We also observed strong Tom and 

LYVE1 expressions in the lymphatic valve seen at the junction of a lymphatic vessel 

draining into the lymph sac (Supplementary Figure 1 Ant, red arrow). The scattered 

LYVE1+ Tom− cells are macrophages.

In the Pos orientation, the site of overlap between Tom+ cells and LYVE1+ cells indicates 

the LVV, the entry point of the lymph sac into the vein (Supplementary Figure 1 Pos, white 

arrows). VVs and the lymphatic valve are also seen (Supplementary Figure 1 Pos, 

arrowheads and red arrow respectively).

After identifying the various anatomical structures by fluorescence microscopy as described 

above, the samples were carefully removed from the slides and processed for SEM. In the 
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Ant orientation, the lymph sacs appear positioned like a bird’s nest at the branch point of the 

major veins (Figure 1A, pseudo colored in yellow). An artery is seen splitting the lymph sac 

into two lymphatic vessels. The upstream side of the LVVs is seen as narrow crevices in the 

middle of these vessels (Figure 1A, white and yellow arrows, the higher magnification 

picture of a LVV is pseudo colored in magenta). Cells at the entrance of LVVs appear 

elongated perpendicular to the direction of lymph flow (Figure 1A LVV, arrows). In 

comparison to LVVs, the VV at the entrance of the external jugular vein has a much wider 

opening (Figure 1A, pseudo colored in green). A higher magnification picture of this VV is 

also presented (Figure 1A VV). Cells upstream to the VV in the external jugular vein are 

rectangular in shape and appear to have aligned parallel to blood flow (Figure 1A VV, 

arrowheads and Supplementary Figure 2A). This is expected for endothelial cells exposed to 

laminar blood flow. Arterial endothelial cells are also aligned in the direction of blood flow 

(Supplementary Figure 2B). In contrast, cells on the upstream side of the VV have a round 

morphology (Figure 1A VV, arrows). Cells within the superior vena cava, downstream of 

VVs, also display a round morphology (Supplementary Figure 2A).

We were able to identify the downstream side of a lymphatic valve that is located at the 

entrance of a lymphatic vessel into lymph sacs (Figure 1A, red arrow). At higher 

magnification (Figure 1A LV, pseudo colored in blue), lymphatic valve cells are aligned 

perpendicular to the direction of fluid flow.

SEM in the Pos orientation revealed the downstream side of VV (Figure 1B, green) and 

LVVs (Figure 1B, magenta). VVs have longer leaflets compared to LVVs. At higher 

magnification, cells in the downstream side of VVs and LVVs appear elongated and 

perpendicular to the direction of fluid flow (Figure 1B, white and yellow arrowheads 

respectively). At the opening of the LVVs, we observe cloudy aggregates reminiscent of 

fibrin clots (Figure 1B, red arrowhead).

Unlike venous and lymphatic valves, each of which is composed of a homogeneous 

population of cells, LVVs are formed from a mixed population of endothelial cells: LECs 

from lymph sacs and the PROX1+LYVE1− LVV-forming endothelial cells (LVV-ECs) from 

veins (Srinivasan and Oliver 2011). We performed transmission electron microscopy (TEM) 

using E18.5 embryos, which are developmentally very close to P0 pups, to visualize the 

interaction between LECs and LVV-ECs. In these sections LVV-ECs with distinct nuclei are 

seen on the outer side of the valve (Figure 1C, pseudo colored in magenta). However, very 

few nuclei are seen in the LECs (Figure 1C, pseudo colored in yellow). LECs appear to be 

profoundly stretched within LVVs. An extracellular matrix compartment is seen separating 

the LECs and LVV-ECs (Figure 1C).

In summary, LVVs share some similarities with VVs and lymphatic valves. Cells on the 

downstream side of these valves are elongated and arranged perpendicular to the direction of 

fluid flow. But, some important previously unanticipated differences exist. Most 

conspicuously, VVs have longer leaflets and larger opening compared to LVVs. And, cells 

at the upstream entrance of VVs appear cuboidal whereas the cells at the entrance of LVVs 

appear elongated.
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Characterizing the stepwise morphogenesis of LVVs

Step I: LVV formation is initiated by the differentiation of LVV-ECs—Previous 

work revealed that LVV-ECs are not specified until E12.0 (Hagerling et al. 2011; Srinivasan 

and Oliver 2011). Therefore, we first analyzed E12.0 embryos to understand the 

characteristics of newly formed LVV-ECs. We prepared 12 µm frontal sections of the LVV-

forming region from E12.0 wild-type embryos and analyzed them by immunohistochemistry 

using PROX1 and additional markers that were previously shown to be important for valve 

development (ITGA5, Integrin-α9 (ITGA9), FOXC2 and GATA2) (Petrova et al. 2004; 

Bazigou et al. 2009; Kazenwadel et al. 2012; Lim et al. 2012; Turner et al. 2014; 

Kazenwadel et al. 2015). Supplementary Figure 3 displays a schematic of the major veins 

and the LVV-forming region in E12.0 embryos. A magnified schematic of the LVV-forming 

region is shown in Figure 2A. These cartoons incorporate our findings, below. The results of 

our expression analyses for E12.0 and all subsequent stages are summarized in Figure 10.

At E12.0 external jugular vein and LVVs are located perpendicular to the internal jugular 

vein and superior vena cava. Based on the expression of valve markers we observed the 

earliest LVV rudiments at this stage (Figure 2B-E and Supplementary Figure 4). LVV-ECs 

have not yet invaginated into the vein. We were unable to identify any direct connection 

between the vein and lymph sac in E12.0 embryos, suggesting that lymphatic drainage has 

not yet begun. Consistent with other reports, we observed blood cells within lymph sacs of 

E12.0 embryos (Figure 2B, arrowheads) (Francois et al. 2012). Expression of PROX1, 

FOXC2 and GATA2 are significantly higher in LVV-ECs compared to LECs and the 

remaining PROX1+ LEC progenitors on the vein. PROX1 expression in the LVV-ECs is 5-

fold higher than that in the LEC progenitors on the vein and 1.5-fold higher than that in the 

LECs. FOXC2 expression in the LVV-ECs is 3.3-fold higher than that in the LEC 

progenitors and 9.5-fold higher than that in the LECs. Similarly, GATA2 expression in the 

LVV-ECs is 2.9-fold higher than that in the LEC progenitors and 4.6-fold higher than that in 

the LECs. Expressions of ITGA9 and ITGA5 also appear to be upregulated in the LVV 

rudiments (Figure 2 and Supplementary Figures 4, 5). The pan-endothelial cell junctional 

molecule CD31 also appears to be expressed at higher levels in LVV-ECs compared to 

LECs of the lymph sacs. In contrast, no obvious differences were observed in the expression 

of LYVE1 between LECs and LVV-ECs. Podoplanin (PDPN), which regulates blood-

lymphatic separation (Fu et al. 2008; Bertozzi et al. 2010; Uhrin et al. 2010; Hess et al. 

2014), is expressed in the LECs, but not in LVV-ECs. VEGFR3, the cognate receptor 

tyrosine kinase for lymphangiogeneic growth factor VEGFC (Tammela and Alitalo 2010), is 

expressed in all LECs and appears to be weakly expressed in LVV-ECs. VEGFR3 

expression also appears to be increased in the LECs that are in close proximity to LVV-ECs. 

Furthermore, we observed only one Ki67+ cells among 125 LVV-ECs from 3 embryos that 

we analyzed. In contrast, 64% (230 out of 357) of LECs in the nearby lymph sacs are Ki67+. 

This result suggests that cell proliferation does not accompany LVV-EC differentiation 

(Supplementary Figure 5).

Next, we wanted to visualize the LVV-ECs at high resolution using SEM. Based on our 

findings above, we reasoned that LVV-EC clusters are best-visualized en face in sagittal 

sections. Indeed, confocal imaging of sagittal sections of ProxTom embryos co-
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immunostained for CD31 and VEGFR3 revealed two loose clusters of 

Tomhigh;VEGFR3+;CD31+ cells (Figure 2F, arrows). The artery that is normally seen in 

between the two LVVs at P0 is also observed at this stage (Figure 2F, dotted lines). We used 

the same section to perform SEM as described above (Figure 2F). SEM revealed individual 

LVV-ECs with squamous morphology delaminating from the wall of the vein (Figure 2F, 

pseudo colored in magenta). These delaminating LVV-ECs aggregate one on top of another 

with numerous filopodia-like projections, suggestive of cell migration.

Some variability is observed in the development of LVVs. A few (2 out of 8 embryos 

analyzed) E12.0 embryos have only formed the anterior LVV-EC cluster, suggesting that 

this cluster forms earlier than the posterior cluster. SEM of this cluster also revealed 

structures indicative of active cell migration (Supplementary Figure 6). Cells in the region 

where the second LVV-EC cluster would form have not yet upregulated Tom expression and 

remain flat like the rest of the venous endothelium. In summary, the above results indicate 

that LVV-ECs, and the LECs that are in their vicinity, have a distinct molecular identity at 

E12.0.

With this knowledge we next analyzed E11.5 embryos to gain a better understanding about 

the progenitors that give rise to LVV-ECs. We prepared 12 µm frontal sections of E11.5 

embryos in the dorsal to ventral orientation and analyzed them as described above. As 

expected we did not observe ITGA9 expression in the PROX1+ cells on the vein 

(Supplementary Figure 7A-C). In contrast, PROX1, FOXC2 and GATA2 showed 

heterogeneous expression pattern. PROX1 expression is significantly enriched in the LECs 

located outside the cardinal vein and in the LEC progenitors located dorsally on the cardinal 

vein (Supplementary Figure 7, arrows). Francois et al named these progenitor cells as the 

pre-lymphatic cluster (PLC) (Francois et al. 2012). An artery is observed at a posterior and 

ventral position with respect to the PLC (Supplementary Figure 7, yellow arrows). Based on 

this landmark we speculate that the progenitors of LVV-EC are located in the cardinal vein 

at this vicinity (Supplementary Figure 7, dotted lines). Interestingly, PROX1 expression is 

much weaker in these cells in comparison to LECs and the dorsal LEC progenitors 

(Supplementary Figure 7A-H). Little or no significant differences are observed in the 

expression of FOXC2 and GATA2 within the PROX1+ cells on the vein (Supplementary 

Figure 7C-G, I, J). However, both FOXC2 and GATA2 are significantly downregulated in 

LECs. In summary, these results confirm that LVV-EC differentiation has not occurred at 

E11.5.

Step II: LVV-ECs aggregate and elongate to form LVVs—At E12.5, approximately 

12 hrs after the differentiation of LVV-ECs, the external jugular vein has rotated clockwise 

by 45° towards internal jugular vein (Supplementary Figure 3 and Figure 3A). We observed 

at least one open connection between the lymph sacs and veins via the LVV (Figure 3B, red 

arrow). Blood cells are rarely observed in lymph sacs at E12.5. Immunohistochemistry on 

frontal sections of E12.5 embryos revealed that the expression patterns of PROX1, PDPN, 

VEGFR3, FOXC2, GATA2 and ITGA9 are similar to E12.0 (Figure 3B and data not 

shown). VEGFR3 expression appears to be higher in the LECs that are close to LVV-ECs, 

and the expression of ITGA9 appears to be higher at the interface of LECs and LVV-ECs. 
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LYVE1 is expressed in LECs and in some venous endothelial cells, but is specifically 

excluded from LVV-ECs.

Next we investigated E12.5 ProxTom embryos by correlative fluorescence microscopy and 

SEM, as described above. We prepared sagittal sections of embryos, co-immunostained for 

VEGFR3 and CD31, and imaged them together with Tom. Confocal microscopy revealed 

that the Tomhigh cells have aggregated into more compact and clearly distinct clusters 

(Figure 3C). SEM on the same samples revealed that LVV-ECs have assumed an elongated 

morphology perpendicular to the direction of blood flow (Figure 3C and Supplementary 

Figure 8). Very few filopodia-like projections, if any, were observed suggesting that the 

cells are not migratory.

Step III: LVVs undergo gradual maturation with the recruitment and 
differentiation of mural cells—By E14.5 the remodeling of veins has ceased and the 

overall arrangement of major veins is similar to that described above for P0 newborn mice 

(Figure 1). The external jugular vein has rotated further clockwise towards the midline. 

External and internal jugular veins are almost parallel to each other and to the superior vena 

cava. The LVVs are now positioned vertically above the junction of jugular and subclavian 

veins. After E14.5 the most conspicuous change in this lymphovenous junction is the 

development of VVs, which become clearly visible at E16.5. A schematic representation of 

this region in the frontal orientation at E16.5 is presented Supplementary Figure 3 and in 

Figure 4A.

We collected E14.5, E16.5 and E18.5 embryos and evaluated the expression of various LEC 

and LVV-EC markers by immunohistochemistry. PROX1, CD31 and the valve markers 

GATA2, FOXC2, ITGA9 and ITGA5 are strongly expressed in LVVs and VVs at these 

stages (Supplementary Figure 9). At E14.5, VEGFR3 and PDPN are strongly expressed in 

LECs within the lymph sac and LVV (Figure 4B). As before, VEGFR3 expression appears 

to be stronger in LECs that are in close proximity to LVV-ECs. After E14.5 we observed a 

gradual reduction in the expression of PROX1, VEGFR3 and PDPN in the LECs of lymph 

sacs. However, these LEC markers remain strongly expressed within LVVs at all time points 

(Figure 4B, arrows). The downregulation of LEC markers in collecting lymphatic vessels is 

known to coincide with the recruitment of mural cells (Makinen et al. 2005). Thus, we 

evaluated the expression of LYVE1 together with mural cell markers PDGFRβ, smooth 

muscle α-actin (SMA), smooth muscle cell-myosin heavy chain 11 (MYH11) and NG2 by 

immunofluorescence (Figure 5). PDGFRβ is considered as the earliest marker for the entire 

mural cell lineage (Armulik et al. 2011). SMA and MYH11 are markers for a subset of 

mural cells known as vascular smooth muscle cells (Majesky et al. 2011). NG2 is a marker 

for another subset of mural cells known as pericytes (Armulik et al. 2011).

Similar to VEGFR3 and PDPN, a gradual downregulation of LYVE1 in lymph sacs is 

observed between E14.5 and E18.5 (Figure 5). At E14.5 several PDGFRβ+ cells are seen 

surrounding the lymph sacs (Figure 5A, red arrowheads). A few PDGFRβ+ cells are also 

seen in the LVVs (Figure 5A, arrows). However, these cells do not express SMA, MYH11 

or NG2 (Figure 5D, G, J) suggesting that the PDGFRβ+ cells are undifferentiated 

mesenchymal progenitors.
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At E16.5, the only obvious change in the expression of PDGFRβ is its presence in VVs 

(Figure 5B, white arrowheads). However, at this stage numerous SMA+, MYH11+ and 

NG2+ cells are seen in the lymph sacs, LVVs and VVs suggesting that these are 

differentiated mural cells (Figure 5E, H, K, red arrowheads, white arrows and white 

arrowheads respectively).

At E18.5 the expression pattern of all mural cell markers within LVVs and VVs is similar to 

that at E16.5 (Figure 5C, F, I, L, white arrows and white arrowheads respectively). In the 

lymph sac, expression of PDGFRβ and MYH11 is comparable to that at E16.5 (Figure 5C, I, 

red arrowheads). In contrast SMA+ cells have increased in lymph sacs (Figure 5F, red 

arrowheads). And, due to a tremendous increase in the expression of NG2 in the 

mesenchymal compartment we are unable to conclusively determine whether this marker is 

increased in the mural cells surrounding the lymph sacs (Figure 5L).

We confirmed the presence of interstitial cells within the LVV by TEM (Supplementary 

Figure 10, pseudo colored in brown). The presence of enlarged secretory endoplasmic 

reticulum (Supplementary Figure 10, arrows) suggest that these are cells with mural/

myofibroblast-like characteristics that produce extra cellular matrix components (Phan 

2002).

In summary, we have determined that mesenchymal cells are recruited to lymph sacs and 

LVVs. The maturation of lymph sacs into a collecting lymphatic vessel-like structure is 

associated with the differentiation of mesenchymal cells into mural cells. To the best of our 

knowledge mural cells have not been reported so far in lymphatic or venous valves. In fact, 

lymphatic valves were shown to lack SMA+ cell coverage and precocious mural cell 

recruitment was suggested to inhibit lymphatic vessel maturation (Petrova et al. 2004). 

However, a recent publication reported the occasional presence of cells with fibroblast-like 

characteristics within the lymphatic valves (Kanady et al. 2011). Whether they are similar to 

the mural cells observed in LVVs and VVs remains to be determined.

To analyze LVV-ECs at higher resolution, we prepared transverse sections from E14.5, 

E16.5 and E18.5 ProxTom embryos. These sections were analyzed by confocal fluorescence 

microscopy followed by SEM in the Pos orientation (Figure 6). We identified LVVs using 

both approaches (Figure 6A-C, arrows and 6D-F, pseudo colored in magenta), and observed 

only subtle changes during this time interval. LVVs do not invaginate further into veins. 

However, LVV-ECs become thinner and more elongated (Figure 6D-F). We propose that 

LVV-ECs are stretched due to the overall increase in the diameter of veins during this time 

window. Whether the mural cells recruited to the valves during this interval play any role in 

this morphogenetic process is not known.

During this same E14.5-E18.5 time window, VVs undergo dramatic morphogenesis near 

LVVs (Figure 6A-C, arrowheads and 6D-F, pseudo colored in green). At E14.5 VVs are not 

observed; however, several layers of cells can be seen delaminating at the rim of the veins 

(Supplementary Figure 11A-C). This likely corresponds to stages 0–1 of VV development, 

as previously described by Bazigou et al (Bazigou et al. 2011). At E16.5 the VV at the 

entrance to the internal jugular vein appears as a circular shelf (Figure 6E, red arrowhead), 
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corresponding to stage 2 of VV development (Bazigou et al. 2011). The VV at the entrance 

of the external jugular vein appears with a commissure and corresponds to stage 3 (Figure 

6E, white arrowhead) (Bazigou et al. 2011). By E18.5, the VV at the entrance of the external 

jugular vein is in stage 4 of its development and has a dome shaped structure (Figure 6F)

(Bazigou et al. 2011). Cell shape changes accompany VV morphogenesis as well. At E14.5 

delaminating cells appear round because of the clearly visible cell body (Supplementary 

Figure 11B, C). At E16.5 cells at the tip of VVs are elongated (Supplementary Figure 11D, 

arrowheads). In contrast, cells lying underneath on the downstream side of VVs are round 

(Supplementary Figure 11D, arrows). By E18.5 and at P0 all of the cells on the downstream 

side of VVs are elongated (Supplementary Figure 11E, F, arrows). Thus, although VVs and 

LVVs express similar genes at this stage of development, their structure and morphology are 

quite distinct. Specifically, VVs add multiple layers of cells and are wide open, whereas 

LVVs are compact and contain fewer cells (Figure 6F).

LVVs are defective in multiple mouse models of primary lymphedema Having characterized 

the stepwise development of LVVs, we asked if LVVs are defective in mouse models of 

primary lymphedema.

Prox1: As described above, PROX1 expression is enriched in LVV-ECs. The increased 

expression of PROX1 in restricted cells within the vein at E12.0 is the first clear sign that 

LVV morphogenesis has begun. We previously showed that Prox1 dosage is critical for the 

differentiation of LVV-ECs and for the development of LVVs (Srinivasan and Oliver 2011). 

We first wanted to recapitulate these findings using our confocal and SEM approaches. We 

sectioned wild-type ProxTom and ProxTom;Prox1+/− E16.5 embryos. We immunostained 

these sections for LYVE1 and CD31, followed by confocal imaging in the Ant and Pos 

orientations as described in Supplementary Figure 1. In the Ant orientation, the lymph sacs 

of ProxTom;Prox1+/− embryos are much smaller compared to that of wild-type control 

littermates (Supplementary Figure 12A, B). Additionally, LECs from ProxTom;Prox1+/− 

embryos express higher levels of LYVE1 than their control littermates, implying a defect in 

lymph sac maturation. Formation of VV at the entrance of external jugular vein is arrested in 

the mutants (Supplementary Figure 12A, B, arrowheads). In the Pos orientation, LVVs, 

where LYVE1+ LECs intersect with LYVE1− LVV-ECs, are clearly present in control 

embryos (Supplementary Figure 12C, arrows). Nearby VVs are also observed 

(Supplementary Figure 12C, arrowheads). Tom expression is enriched in both LVVs and 

VVs. In contrast, Tom expression was much weaker in a similar section from 

ProxTom;Prox1+/− embryos, and a connection between lymphatic vessels and vein was not 

observed (Supplementary Figure 12D). VV at the entrance of internal jugular vein is absent 

in Prox1-heterozygotes.

We analyzed eight LVV-complexes from E16.5 ProxTom;Prox1+/− and wild-type ProxTom 

embryos by SEM. Again, we observed LVVs and VVs in control embryos but not in 

Prox1+/− embryos (Supplementary Figure 12E, F). Identical results were obtained from 

seven samples. In one sample we observed a valve-like opening, although it is much smaller 

than the LVVs seen in control embryos (data not shown).
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In conclusion, the analyses of Prox1+/− embryos by confocal imaging and by SEM validated 

our previous finding that these embryos lack LVVs. Our analysis has also revealed an 

additional previously unknown defect (lymph sac maturation) in Prox1+/− embryos.

Foxc2: FOXC2 is necessary for the maturation of collecting lymphatic vessels and for the 

formation of lymphatic valves therein (Petrova et al. 2004). To determine if FOXC2 is also 

necessary for the development of LVVs, and to test the hypothesis that a defect in LVVs 

could contribute to lymphedema, we generated Foxc2+/− mice in which one Foxc2 allele is 

replaced with the cDNA for CreERT2 (please see Methods for more details). In C57BL/6 

background we observed a variable phenotype in Foxc2+/− embryos. Approximately 50% of 

Foxc2+/− embryos develop severe edema by E14.5, whereas the remaining heterozygous 

embryos were grossly normal (Figure 7A-C). At this stage, lymph sacs and LVVs are 

present, but collecting lymphatic vessel maturation has not taken place and lymphatic valves 

are not yet formed (Norrmen et al. 2009). We were able to identify LVV-ECs and LVVs in 

normal-looking, but not in edematous, Foxc2+/− E14.5 embryos by immunohistochemistry 

(Figure 7D-F). However, normal-looking Foxc2+/− embryos contain only one LVV 

compared to two in the LVV-complex of wild-type control embryos. We confirmed these 

results by performing SEM using 3 wildtype, 4 normal-looking Foxc2+/− and 2 edematous 

Foxc2+/− embryos (Figure 7G-I). Thus, the edematous phenotype correlates with the LVV 

defect.

We next analyzed E14.5 wild-type control and Foxc2−/− homozygous embryos. We found 

that Foxc2−/− null embryos are edematous and their lymph sacs are dilated (Supplementary 

Figure 13A, B). Although Prox1+ LVV-ECs are observed in Foxc2+/+ wild-type embryos, 

these cells are completely absent in Foxc2−/− null embryos. We obtained identical results 

with a previously reported Foxc2 knockout model (data not shown) (Iida et al. 1997).

Connexin37: The gap junction molecule Connexin37 (Cx37) is a putative target gene of the 

transcription factor FOXC2 and is expressed in lymphatic valves and VVs (Kanady et al. 

2011; Sabine et al. 2012). Cx37−/− null mice display dilated lymph sacs and lymph reflux, 

indicating that this target is required for proper development and lymphatic function 

(Kanady et al. 2011). Lymphatic valve-forming cells are specified in Cx37−/− embryos 

(Sabine et al. 2012); however, most of these cells do not undergo proper morphogenesis into 

mature lymphatic valves (Kanady et al. 2011; Sabine et al. 2012). Indeed, very few 

lymphatic valves are observed in the mesenteric lymphatic vessels of Cx37−/− embryos 

(Kanady et al. 2011). We wanted to determine if CX37 is necessary for LVV-EC 

differentiation. We found that CX37 is expressed in both LECs and LVV-ECs by 

immunohistochemistry in E16.5 wild-type embryos (Supplementary Figure 14). We next 

analyzed the LVV-forming region in E16.5 Cx37−/− embryos. The expression of PROX1, 

FOXC2, VEGFR3 and ITGA9 are not affected in the LVV-ECs of Cx37−/− embryos (Figure 

8 and data not shown). However, LVV-ECs do not invaginate into the veins in these mutant 

embryos. Thus, although CX37 is not required for LVV-EC differentiation, it is required for 

their proper morphogenesis. Furthermore, FOXC2 plays a CX37 independent role in 

specifying LVV-ECs.
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Gata2: Mutations in GATA2 cause Emberger syndrome and the carriers are predisposed to 

leukemia and lymphedema (Ostergaard et al. 2011; Kazenwadel et al. 2012). GATA2 

expression in mice is enriched in lymphatic valves (Kazenwadel et al. 2012). As shown 

above, GATA2 is expressed in LVV-ECs from the earliest developmental time point. Based 

on these data, we wanted to determine if GATA2 is required for the formation of LVVs. We 

were unable to analyze LVVs in Gata2−/− embryos since they die prior to LVV formation, at 

E10 (Tsai et al. 1994; Khandekar et al. 2007). Therefore, we took a time-specific deletion 

approach to overcome the early lethality of Gata2−/− embryos. A transgenic vascular 

endothelial cell-specific, tamoxifen-inducible CreERT2 line (TgVE) was recently reported 

(Lim et al. 2012). This line was generated using an endothelial cell-specific regulatory 

element of Gata2 (Khandekar et al. 2007). Using VE-mCherry we determined that this 

regulatory element is active in both LECs and LVV-ECs. Additionally, by lineage tracing 

we determined that TgVE is active in both LECs and LVV-ECs (Supplementary Figure 15). 

Conditional deletion of Gata2 using TgVE resulted in severe lymphedema and blood-filled 

lymphatics (Lim et al. 2012). We analyzed sections from E13.5 TgVE;Gata2f/− embryos 

treated with tamoxifen at E10, and from control E13.5 Gata2+/− heterozygous embryos. We 

found that TgVE;Gata2f/− embryos display reduced PROX1 expression within the LVV-

forming region compared to control embryos (Figure 9A-D, arrows). The expression of the 

LVV-EC markers FOXC2, VEGFR3 and ITGA9 are also reduced or eliminated in the LVV-

forming region of TgVE;Gata2f/− embryos relative to control embryos (Figure 9C-F, arrows 

and data not shown). We conclude that properly differentiated LVV-ECs are absent in 

TgVE;Gata2f/− embryos, a result that is consistent with a recent report (Kazenwadel et al. 

2015).

In conclusion, LVVs are defective in multiple models of primary lymphedema. Importantly, 

phenotypically obvious lymphedema correlates with the complete absence/deformation of 

LVVs.

Discussion

Lymph is returned to the blood circulation exclusively via LVVs, which are the first valves 

to form within the lymphatic vasculature. Large volume of lymph (1–2 liters) pass through 

LVVs everyday in average human adults (Tammela and Alitalo 2010). LVVs also prevent 

blood from entering the lymphatic vessels (Hess et al. 2014). Due to their strategic location, 

time of formation, and functional significance, we wanted to understand their structure and 

role in lymphatic vascular functioning. We characterized the development of LVVs using 

innovative imaging techniques and clinically relevant mouse models. We present the first 

and the most comprehensive information about the molecular and structural events during 

LVV morphogenesis. Our work suggests that defects in LVV contribute to lymphedema. 

Here we discuss some novel insights about the morphogenesis of LVVs. We also highlight 

some unanswered questions and therapeutic opportunities.

Stepwise morphogenesis of LVVs—Our data support a three-step developmental 

mechanism for LVVs (Figure 10). By using mutant models we have gained insights into the 

molecular mechanisms that are operating in each of these steps.
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Step I: Delamination of LVV-ECs—At E12.0 LVV-ECs delaminate from veins as loose 

clusters of cells. Based on our observations, we hypothesize that two closely related 

processes generate LVV-ECs. First, PROX1+ progenitors are specified in the LVV-forming 

region of the vein. SOX18, COUP-TFII and PROX1 are necessary progenitor specification 

(Wigle and Oliver 1999; Francois et al. 2008; Srinivasan et al. 2010; Srinivasan and Oliver 

2011). Second, PROX1, FOXC2 and GATA2 are upregulated in these progenitors, leading 

to their differentiation into LVV-ECs.

PROX1 overexpression in cultured blood endothelial cells reprograms them into LECs 

(Hong et al. 2002; Petrova et al. 2002; Srinivasan et al. 2014). Then why do some PROX1+ 

progenitors differentiate into LVV-ECs and not LECs? The PROX1+ cells on the cardinal 

vein are undifferentiated progenitors. We previously demonstrated that these progenitors at 

E10.5 have the capacity to differentiate into both LVV-ECs and LECs (Srinivasan and 

Oliver 2011). Existing data suggests that VEGFC regulates the migration of cells from the 

vein to cause their differentiation into LECs (Karkkainen et al. 2004). In contrast, oscillatory 

fluid flow might be controlling the differentiation of progenitors into LVV-ECs (Sabine et 

al. 2012). We speculate that the progenitors that give rise to LVV-ECs are located more 

ventrally in the cardinal vein in comparison to those that give rise to LECs (Supplementary 

Figure 7). It is possible that the dorsal and ventral progenitor populations are differentially 

exposed to the two lineage-determining signals.

The delamination of LVV-ECs into the lumen of vein is reminiscent of the endothelial to 

mesenchymal transition that occurs during cardiac valve formation (Armstrong and Bischoff 

2004). Interestingly, FOXC2 and its cofactor NFATC1 are both necessary for cardiac valve 

formation (Chang et al. 2004; Seo and Kume 2006; Norrmen et al. 2009). Whether FOXC2 

plays a role in the delamination of LVV-ECs remains to be tested. Nevertheless, based on 

the observed phenotype of Cx37−/− embryos we speculate that Cx37, a target of FOXC2, is 

necessary for this step.

Step II: Organization of LVV-ECs into LVVs—Next, LVV-ECs elongate, interact with 

each other and organize themselves perpendicular to blood flow. The signals that regulate 

these steps are currently not known. Such highly coordinated cell behaviors most likely 

involve specialized pathways. Planer cell polarity is one such pathway that was recently 

reported to operate during lymphatic valve development (Tatin et al. 2013). Molecules 

involved in cytoskeletal organization such as Rho, Rac and Cdc42 might play important 

roles in this process.

Step III: Maturation of LVVs—Interstitial cells with mural cell characteristic are present 

in cardiac valves and are thought to play important role in matrix secretion, cell-cell 

communication, wound repair and contractility. Such SMA+ cells are absent from lymphatic 

valves (Petrova et al. 2004). Here we have shown that between E14.5 and P0, LVVs mature 

with the recruitment of mural cells into the valve leaflets. This coincides with the maturation 

of lymph sacs into a collecting lymphatic vessel-like structure. On the left side of the body, 

the mature lymph sac connects with the thoracic duct, the largest collecting vessel of the 

body. The collecting vessel on the right side likely drains lymph from the lungs (para 

tracheal lymph plexus) and the upper right side of the body. The recruitment of mural cells 
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is likely critical for the proper morphogenesis and functioning of LVVs and could involve 

the interplay of factors such as PDGFB, ANG1, ANG2 and their cognate receptors (Adams 

and Alitalo 2007). In the future it will be important to determine if mutations in these factors 

abrogate LVV formation or functioning.

We found that Prox1+/− embryos have smaller lymph sacs that do not mature properly. This 

phenotype may arise from a direct role of PROX1 in the LECs, or indirectly from a defect in 

the lymph flow caused by the absence of LVVs. Alternatively, a critical mass of LECs may 

have to be present in lymph sacs before they differentiate.

Similarities and differences between LVVs and other valves—Work from the labs 

of Tatiana Petrova and Taija Makinen have provided important insights into the 

development of VVs and LVs. Their work suggests that VVs and LVs are largely similar in 

their molecular profile and developmental characteristics (Bazigou et al. 2011). LVVs form 

in close proximity to the earliest VVs that form within jugular and subclavian veins. By 

comparing LVVs with the nearby VVs we have identified both similarities and differences 

between them.

LVVs have a much smaller opening compared to VVs and lymph valves (Figure 1). Second, 

the morphogenesis of LVVs is unique. LVV-ECs are specified before lymphatic drainage 

into veins is initiated. Newly specified LVV-ECs inside the vein and LECs that are outside 

the vein undergo a series of coordinated remodeling steps to form LVVs and establish a 

connection between blood and lymphatic vessels. In contrast, VVs and lymphatic valves are 

each composed of one cell type and form within vessels in which fluid flow is already taking 

place.

Despite such major differences, LVVs express the same set of markers as VVs and lymph 

valves. In fact, in most of our mouse models of primary lymphedema, both VV and LVV 

development are defective, highlighting the conservation of some basic developmental 

mechanisms. Our work also clarifies some controversies regarding valve development. 

Sabine et al. reported that fluid flow triggers the differentiation of lymphatic valve-forming 

cells by promoting a rounded morphology in LECs (Sabine et al. 2012). In contrast, Tatin et 

al. suggested that elongation of LECs is the first step of lymphatic valve development (Tatin 

et al. 2013). We have found that LVV-ECs are transiently squamous at the time of their 

delamination from veins (Figure 2F). Shortly afterwards, LVV-ECs have a large cell body 

and an elongated cytoplasm (Supplementary Figure 8). VV-forming cells also have a similar 

morphology at the beginning of valve morphogenesis (Supplementary Figure 11). Therefore, 

at this stage valve-forming cells could be called cuboidal or elongated depending on whether 

a nuclear (i.e. Sabine et al.) or cytoplasmic (i.e. Tatin et al.) marker is used to visualize 

them. However, considering the morphology of the entire cell, it is more appropriate to state 

that the valve-forming cells are elongated at this stage.

Clinical relevance—We have identified LVV defects in four different mouse models of 

primary lymphedema. LVVs are the first anatomical structures to form within the lymphatic 

vasculature after the differentiation of LECs. All of the presented mouse models develop 

obvious edema by E14.5, prior to the formation of lymphatic valves and the maturation of 
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collecting lymphatic vessels. The only obvious defects we could identify were the LVV 

defects. So, while LVVs may not be sufficient for lymphatic vascular functioning (Coxam et 

al. 2014; Klein et al. 2014; Outeda et al. 2014), our data suggest that defective LVVs are 

incompatible with normal lymphatic physiology.

Indeed, analyzing LVV structure is likely to have prognostic value in predicting 

lymphedema. Based on our findings it is tempting to speculate that human primary 

lymphedema patients (with mutations in FOXC2 or GATA2) are born with abnormal LVVs. 

These patients have sufficient lymphatic vascular function until LVV function falls below a 

critical threshold, triggering the onset of disease. The capacity to identify these subtle 

defects in LVVs by non-invasive approaches could be powerful in predicting the likelihood 

of developing lymphedema. Correcting LVV defects in a timely manner might prevent the 

progression of lymphedema. It appears to be technically feasible to locate LVVs (Seeger et 

al. 2009); whether such approaches could evolve to detect subtle LVV defects remains to be 

seen. We observe both LVV and VV defects in most of our mouse models of lymphedema. 

Therefore, identifying VV defects might play a surrogate role in predicting LVV defects.

In conclusion, we have provided novel information regarding the morphogenesis of LVVs at 

high resolution. We hope that our findings will provide the necessary structural and 

molecular framework to facilitate the diagnosis of LVV defects and to assist in developing 

strategies to repair those defects.

Methods

Mouse models—ProxTom, Prox1+/GFPCre (Prox1+/−), Foxc2+/−, Gata2+/−, TgVE;Gata2f/f 

and Cx37+/− mice were reported previously (Tsai et al. 1994; Iida et al. 1997; Simon et al. 

1997; Srinivasan et al. 2010; Lim et al. 2012; Truman et al. 2012). We generated a new 

Foxc2+/CreERT2 mouse line by replacing the open reading frame of Foxc2 with a cDNA for 

CreERT2 (Cyagen Biosciences, Santa Clara, CA, USA). The 5` and 3` UTR’s were kept 

intact. Standard Southern Blot and PCR approaches verified proper targeting to the Foxc2 

locus. The neomycin selection cassette was flanked by FLP sites and was removed by 

breeding the properly targeted mice with R26-Flpase mice (Jax Stock number 009086) 

(Raymond and Soriano 2007). Immunohistochemistry on Foxc2CreERT2/CreERT2 samples 

with anti-FOXC2 antibody (see below) further confirmed proper targeting and deletion of 

Foxc2. All mice were housed and handled according to the institutional IACUC protocols.

Immunohistochemistry—For vibratome sections, embryos were fixed in 4% 

paraformaldehyde (PFA) at 4°C overnight (E12.0 to E14.5) or for 72 hours (E16.5 and 

E18.5). After washing several times in PBS embryos were embedded in 7% low melting 

point agarose (Life technologies, Grand Island, NY, USA), and 500 or 800 µm sections were 

prepared using vibratome (Leica, Buffalo Grove, IL, USA) and immunostained as described 

previously (Yang et al. 2012). The sections were mounted with polyvinyl alcohol mounting 

medium with DABCO (Sigma-Aldrich, St. Louis, MO, USA) and then visualized with a 

LSM 710 confocal laser-scanning microscope (Zeiss, Oberkochen, Germany). Subsequently, 

3-D confocal stacks were reconstructed using Imaris 7.7.1 software (Bitplane, Zurich, 

Switzerland).
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For cryosections, embryos were fixed in 4% PFA as described above and embedded in 

Tissue-tek O.C.T (Sakura, Alphen aan den Rijn, The Netherlands). 12 µm sections were 

prepared using cryotome and immunohistochemistry was carried out as described 

previously. For Cx37 staining, unfixed embryos were quick frozen in O.C.T and 12 µm 

sections were prepared using cryotome. Immunostaining for Cx37 was described previously 

(Kanady et al. 2011; Munger et al. 2013). After mounting, the sections were visualized with 

Eclipse 80i microscope (Nikon, Tokyo, Japan) equipped with Zyla sCMOS camera (Andor 

Technology, Belfast, UK) and analyzed using NIS-Elements BR software (Nikon, Tokyo, 

Japan). Semi-quantitative measurement of fluorescent signal intensity was carried out using 

ImageJ (NIH, Bethesda, USA) as described recently (Potapova et al. 2011). Briefly, the 

regions of interest (the nuclei of cells) were individually selected and the mean intensity was 

measured after background correction. Statistical significance was measured using 

GraphPad Prism (GraphPad Software Inc, San Diego, USA).

Antibodies—Primary antibodies used for immunostaining were as follows: rabbit anti-

PROX1 (AngioBio, San Diego, CA, USA); goat anti-human PROX1 (R&D Systems, 

Minneapolis, MN, USA); rat anti-mouse FOXC2 (Furumoto et al. 1999); goat anti-mouse 

VEGFR3 (R&D Systems, Minneapolis, MN, USA); hamster anti-mouse podoplanin 

(Biolegend, San Diego, CA, USA); goat anti-mouse LYVE1 (R&D Systems, Minneapolis, 

MN, USA); rat anti-mouse CD31 (BD Pharmingen, San Jose, CA, USA); goat anti-mouse 

ITGA9 (R&D Systems, Minneapolis, MN, USA); rat anti-mouse ITGA5 (BD Pharmingen, 

San Jose, CA, USA); goat anti-mouse GATA2 (R&D Systems, Minneapolis, MN, USA); 

rabbit anti-mouse CX37 (Life technologies, Grand Island, NY, USA); rabbit anti-bovine 

MYH11 (Biomedical Technologies Inc, Stoughton, MA, USA); goat anti-mouse PDGFRβ 

(R&D Systems, Minneapolis, MN, USA): Cy3-conjugated monoclonal anti-SMA (Sigma-

Aldrich, St. Louis, MO, USA); and rabbit anti-rat NG2 (EMD Millipore, Billerica, MA, 

USA). The following secondary antibodies were used: Cy3-conjugated donkey anti-rabbit 

(Jackson ImmunoResearch Laboratories, West Grove, PA, USA); Cy5-conjugated donkey 

anti-rat (Jackson ImmunoResearch Laboratories, West Grove, PA, USA); Alexa 488-

conjugated donkey anti-goat (Life technologies, Grand Island, NY, USA); Alexa 488-

conjugated goat anti-chicken (Life technologies, Grand Island, NY, USA); Alexa 488-

conjugated donkey anti-rat (Life technologies, Grand Island, NY, USA); Alexa 647-

conjugated goat anti-hamster (Life technologies, Grand Island, NY, USA).

Transmission Electron Microscopy—E18.5 mouse embryos were fixed in a mixture of 

2% PFA and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C for 2 days. The 

fixed embryos were processed for vibratome section as described above. 1 mm thick 

sections that contain the LVV-complex were collected and trimmed into 1 mm cubes to 

remove other tissues regions. The samples were post-fixed in 1% osmium tetroxide for 90 

minutes and 1% tannic acid for 1 hour. The samples were subsequently dehydrated 

gradually in increasing concentrations of ethanol and embedded in epoxy resin (Electron 

Microscopy Sciences, Hatfield, PA, USA). Semi-thin (500 nm) and ultra-thin (70 nm) 

sections were obtained using an ultramicrotome (RMCMT-7000, Boeckler Instruments Inc, 

Tuscon, AZ, USA) equipped with a diamond knife. Semi-thin sections were stained with 

Epoxy tissue stain (Electron Microscopy Sciences, Hatfield, PA, USA) and analyzed with a 

Geng et al. Page 15

Dev Biol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Eclipse E800M microscope (Nikon, Tokyo, Japan). Ultrathin sections were stained with 

uranyl acetate and lead citrate before being viewed with a Hitachi H-7600 electron 

microscope equipped with a 4 megapixel digital monochrome camera and AMT-EM image 

acquisition software (Advanced Microscopy Techniques, Danvers, MA, USA).

Scanning Electron Microscopy—Both freshly prepared vibratome sections or those 

used for immunohistochemistry and confocal microscopy analyses were fixed in 2% 

glutaraldehyde in 0.1 M cacodylate buffer for 2 hours. After washing profusely in PBS, the 

sections were post fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 2 hours and 

subsequently dehydrated in a graded ethanol series. The sections were further dehydrated in 

hexamethldisilazane (HMDS) and allowed to air-dry overnight. Dry sections were sputter-

coated with Au/Pd particles (Med-010 Sputter Coater by Balzers-Union, USA) and observed 

under Quanta SEM (FEI, Hillsboro, OR, USA) at an accelerating voltage of 20KV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Characterization of lymphovenous valve (LVV) morphogenesis at the molecular 

and ultrastructural levels.

• Newly formed LVV-forming endothelial cells (LVV-ECs) delaminate from the 

vein in the luminal direction.

• LVV-ECs reassemble, align perpendicular to fluid flow and establish 

lymphovenous connections.

• Maturation of LVVs involves the recruitment of mural cells.

• LVV defects are associated with lymphedema.
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Figure 1. Organization of cells in the lymphovenous valve (LVV) complex of newborn mice
(A) SEM in the anterior-to-posterior (Ant) orientation shows lymph sac (pseudo colored in 

yellow), upstream sides of LVVs (white and yellow arrows), VV within EJV (pseudo 

colored in green) and the downstream side of a LV (pseudo colored in blue). At higher 

magnification, LVVs appear to have a smaller opening compared to VV. And, cells at the 

entrance of LVVs are elongated perpendicular to the direction lymph flow, which is away 

from the reader. Cells within EJV are seen aligned parallel to the direction of blood flow 

(VV, arrowheads). Instead, cells within VV are cuboidal (VV, arrows). (B) SEM in the 

posterior-to-anterior (Pos) orientation shows the downstream side of LVVs (magenta) and 

VVs (green). White arrow indicates EJV and yellow arrow indicates SCV. At higher 

magnification cells in both LVVs and VVs (yellow and white arrowheads respectively) 

appear elongated. Cells on the downstream side of LVs are also elongated (A, LV, arrows). 

Fibrin clots at the entrance of LVVs are also seen (red arrowhead). (C) TEM shows thin and 

elongated lymphatic endothelial cells in the upstream end of LVVs (yellow). LVV-forming 

endothelial cells on the veins are in magenta.

Statistics: n= 4 for A, B. n= 2 for C.

Abbreviations: LS, lymph sac; A, artery; IJV, internal jugular vein; EJV, external jugular 

vein; SCV, subclavian vein; SVC, superior vena cava.

Scale bars: 50 µm for A (Ant, VV) and B; 10 µm for A (LVV, LV) and 1 µm for C.
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Figure 2. At E12.0 LVV-forming endothelial cells (LVV-ECs) delaminate from the veins in the 
luminal orientation
(A) Organization of veins and lymph sacs (LS) in the frontal orientation at this first step of 

LVV development. Lymphatic endothelial cells (LECs) and LVV-ECs that form LVVs are 

in yellow and red respectively. The remaining LECs that form LS and venous endothelial 

cells are in green and blue respectively. EJV is perpendicular to IJV and SVC. (B) 

Immunohistochemistry for the indicated markers in the region from panel A. LVV-ECs are 

indicated by arrows. PROX1 is expressed at higher level in LVV-ECs compared to LECs. 

FOXC2 and GATA2 are expressed almost exclusively in LVV-ECs. In contrast, PDPN is 

restricted to LECs. VEGFR3 is higher in LVV forming LECs compared to LVV-ECs and 

the rest of LECs. ITGA9 is strongly expressed in the LVV forming LECs and LVV-ECs. 

Arrowheads point to the blood cells seen within the lymph sacs. (C-E) After performing 

immunohistochemistry on sections as described above, the fluorescent signals produced by 

antibodies were measured in arbitrary units (a.u.) using ImageJ software. PROX1 (C), 

FOXC2 (D) and GATA2 (E) are expressed at significantly higher levels in LVV-ECs 
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compared to LEC progenitors and LECs. (F) 800 µm sagittal section of an E12.0 ProxTom 

embryo was immunostained and imaged by confocal microscopy. Two loose clusters of 

Tomhigh LVV-ECs are seen within the vein. Dotted line represents the artery located 

between the LVV-ECs clusters. SEM of the same section revealed delaminating LVV-ECs 

that overlap each other (pseudo colored in magenta) in both anterior (white arrow) and 

posterior (yellow arrow) clusters.

Statistics: n= 3 for B; n= 6 for F. For panels C-E, the indicated numbers of cells from a 

single embryo were analyzed. This data is representative of three-independent experiments. 

**** p<0.0001.

Abbreviations: LS, lymph sac; IJV, internal jugular vein; EJV, external jugular vein; SCV, 

subclavian vein; SVC, superior vena cava.

Scale bars: 50 µm for B and the top two panels of C; 10 µm for the bottom two panels of C.
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Figure 3. At E12.5 LVV-EC clusters invaginate into the veins and elongate perpendicular to 
blood flow
(A) Schematic of the LVV complex in frontal orientation at E12.5. This is the second step of 

LVV development. Cells are color coded as in Figure 2. Note that the EJV has rotated 

clockwise towards IJV by 45°. (B) Immunohistochemistry revealed that the LVV-ECs 

(white arrows) have invaginated into the veins. And, a connection between LS and veins is 

seen (red arrow). LYVE1 is excluded from LVV-ECs at E12.5. Expression pattern of other 

markers is identical to that at E12.0. (C) Confocal imaging followed by SEM of an 800 µm 

sagittal section from a E12.5 ProxTom embryo revealed two compact Tomhigh LVV-EC 
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clusters. Cells in both anterior (white arrow) and posterior (yellow arrow) clusters have 

elongated perpendicular to the direction of blood flow. The long arrow indicates the 

direction of flow in IJV. The flow from EJV and SCV are towards the reader. Dotted line 

indicates the artery between the two LVVs.

Statistics: n= 3 for B. n= 8 for C.

Abbreviations: LS, lymph sac; IJV, internal jugular vein; EJV, external jugular vein; SCV, 

subclavian vein; SVC, superior vena cava.

Scale bars: 50 µm for B and the first two panels of C; 10 µm for the last two panels of C.
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Figure 4. Between E14.5 and P0, VVs are formed and LEC markers are gradually 
downregulated in lymph sacs
(A) This is the third and final step of LVV development between E14.5 and P0. The 

schematic depicts the overall arrangement of the LVV complex in frontal orientation. The 

only obvious change during this interval is the appearance of VVs at E16.5. VVs are in 

magenta. Rest of the cells is color coded as in Figure 2. (B) Immunohistochemistry revealed 

that the LEC markers VEGFR3 and podoplanin (PDPN) are gradually downregulated in 

LSs. However, they remain strongly expressed in the LECs that form LVVs (arrows).

Statistics: n= 3 for each developmental stage.
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Abbreviations: LS, lymph sac; IJV, internal jugular vein; EJV, external jugular vein; SCV, 

subclavian vein; SVC, superior vena cava.

Scale bars: 50 µm for B and 1 µm for C.
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Figure 5. Mural cells are progressively recruited to lymph sacs, LVVs and VVs
Mural cells are progressively recruited to lymph sacs, LVVs and VVs. LVV-forming region 

of E14.5, E16.5 and E18.5 embryos were analyzed using mural cell markers. PDGFRβ (A-

C) is a pan-mural cell marker. SMA (D-F) and MYH11 (G-I) are vascular smooth muscle 

cell markers. NG2 is a pericyte marker (J-L). At E14.5, PDGFRβ+ cells are is seen 

surrounding the lymph sacs (A, red arrowheads) and within LVVs (A, white arrows). Other 

mural cell markers are not seen in lymph sacs or LVVs at this stage (D, G, J). At subsequent 

developmental time points, downregulation of LEC marker LYVE1 in lymph sacs coincides 

with the expression of mature mural cell markers (red arrowheads). Scattered mural cells are 

also seen within LVVs (white arrows) and VVs (white arrowheads). Yellow arrows and 

yellow arrowheads point to the arterial and venous perivascular cells respectively. And, red 

arrows point to the muscles.

Statistics: n= 3 for each developmental stage.

Abbreviations: LS, lymph sac; IJV, internal jugular vein; EJV, external jugular vein; SCV, 

subclavian vein; SVC, superior vena cava.

Scale bars: 50 µm
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Figure 6. LVV-ECs undergo limited change while VVs rapidly develop between E14.5 and E18.5
(A-C) Confocal imaging of LVV-complex from ProxTom embryos in the Pos orientation 

reveals LVVs (arrows). VVs are seen at E16.5 and E18.5 (arrowheads). (D-F) SEM of the 

same samples reveals LVVs (pseudo colored in magenta) and VVs (pseudo colored in 

green). Higher magnification picture of the boxed areas are shown in the adjacent panels. 

The overall structure of LVVs remains stable in this time window. LVV-ECs appear to 

become more elongated with time. Diameter of venous junction increases during this time 

period. (D) VVs are not seen at E14.5. (E) At E16.5 VV at the entrance of IJV appears as a 
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circular shelf (stage 2 according to the scheme of Bazigou et al., 2011). A commissure is 

clearly seen in the VV located in EJV (arrowhead) suggesting developmental stage 3. (F) At 

E18.5 VV of EJV is dome shaped and fully matured (stage 4).

Statistics: n= 10 for A, D; n= 12 for B, E; n= 3 for C, F.

Abbreviations: T, thymus; IJV, internal jugular vein; EJV, external jugular vein.

Scale bars: 10 µm for E, G and I. 50 µm for the rest.
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Figure 7. Variable penetrance of edema phenotype in Foxc2+/− embryos correlates with defective 
LVVs
Approximately half of the Foxc2-heterozygoes embryos generated in C57BL/6 background 

are grossly indistinguishable from wild type embryos (A, B). The other half develops edema 

(C, arrows) by E14.5. Analysis of frontal sections from these embryos revealed one LVV in 

the normal-looking Foxc2+/− embryos (E, arrow). The edematous embryos lack LVVs (F, 

arrowheads). (G-I) SEM of the LVV-complex from control embryos revealed two LVVs (G, 

magenta) in control and one LVV (H, magenta) in non-edematous Foxc2-heterozygote 
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embryos. In contrast, no LVVs are seen in edematous Foxc2-heterozygoes (I). Instead, a few 

elongated cells with the characteristics of LVV-ECs are seen (magenta).

Statistics: n= 3 for A-G; n = 4 for H; n = 2 for I.

Abbreviations: SVC, superior vena cava; SCV, subclavian vein; LS, lymph sac; IJV, internal 

jugular vein.

Scale bars: 50 µm
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Figure 8. LVV-EC invagination is defective in Cx37−/− embryos
(A-F) E16.5 Cx37+/+ and Cx37−/− embryos were sectioned and analyzed after 

immunostaining for the indicated markers. LVVs (arrows) and VVs (arrowheads) are seen in 

Cx37+/+ embryos. LVV-ECs are observed in the valve-forming region of Cx37−/− embryos 

(yellow arrows) but they do not invaginate into veins to form clear LVVs or VVs.

Statistics: n= 2 for A, C and E; n = 4 for B, D and F.

Abbreviations: A, artery; LS, lymph sac; IJV, internal jugular vein; EJV, external jugular 

vein; SCV, subclavian vein; SVC, superior vena cava.
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Scale bars: 50 µm
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Figure 9. GATA2 is necessary for the proper differentiation of LVV-ECs
(A-F) E13.5 Gata2+/− or TgVE;Gata2f/− (in which Gata2 is conditionally deleted from all 

endothelial cells using CreERT2 after tamoxifen injection at E10.0) embryos were analyzed 

using the indicated markers. A-D are 12 µm frontal cryosections. PROX1 (A, C arrows) and 

FOXC2 (C, arrows) are strongly expressed in LVV-ECs of Gata2+/− embryos. In contrast, 

PROX1 (B, D arrows) and FOXC2 (D, arrows) are weakly expressed in the LVV-forming 

region of TgVE;Gata2f/− embryos. E and F are projections of 100 µm thick frontal 
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cryosections imaged by confocal microscopy. LVVs (E, arrows) seen in Gata2+/− are absent 

in TgVE;Gata2f/− embryos (F, arrows).

Statistics: n= 3.

Abbreviations: LS, lymph sac; IJV, internal jugular vein; SCV, subclavian vein; SVC, 

superior vena cava.

Scale bars: 50 µm.
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Figure 10. Summary of the morphological, cellular and molecular mechanisms controlling LVV 
morphogenesis
LVVs morphogenesis occurs in a stepwise manner. Step I: LVV-ECs (red) are specified 

from venous endothelial cells (blue). Step II: LVV-ECs and LECs (yellow) invaginate into 

the vein. Step III: Mural cells are recruited in between LECs and LVV-ECs. The expression 

pattern of various markers is indicated below the respective schematics.

Abbreviations: LVV-EC, LVV-forming endothelial cell; LECs, lymphatic endothelial cell; 

H-higher expression; L-lower expression; *-modest expression is observed in all LECs. 

However, expression appears to be enriched in the LECs that are juxtaposed to LVV-ECs.
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