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Abstract
The proepicardium is a transient embryonic structure that is a source of precursors of the
epicardium, coronary smooth muscle cells, and may be a source of coronary endothelial cells
(EC). To better understand proepicardium development a systematic analysis of EC appearance
was performed. Multiple marker analysis showed that EC are present in the mouse proepicardium
at E9.0 through E9.75. Distinct populations of EC were found that were associated with the liver
bud, and the sinus venosus, as well as a population that do not appear to be associated with either
of these structures. There was a temporal increase in the number of EC and temporal changes in
the distribution of EC within the different populations during PE development. These findings
indicate that EC exist in the proepicardium prior to coronary vasculogenesis, and support a model
in which there is a heterogeneous origin for EC in the proepicardium.

Introduction
The proepicardium (PE) is a small “grape-like” transient embryonic structure that gives rise
to lineage precursors that contribute to the epicardium and the vasculature of the heart. In
mouse, the PE is initially present in E9.0 through E9.75 embryos and appears as an
outgrowth of mesothelial cells adjacent to the liver bud (LB) and the sinus venosus (SV) all
illustrated in Figure 1A. As the embryo develops, the cells of the PE migrate to the surface
of the heart where they will begin to form the epicardium. As well as giving rise to the
epicardium, lineage-tracing analysis shows that the PE contributes coronary smooth muscle
cell progenitors to the developing heart as well as cells that will make up part of the annulus
fibrosis (Mikawa and Gourdie, 1996; Dettman et al., 1998; Gittenberger-de Groot et al.,
1998; Vrancken Peeters et al., 1999; Guadix et al., 2006; Zhou et al., 2010). It has also been
suggested that cells of the PE may contribute cardiomyocytes (Cai et al., 2008; Zhou et al.,
2008).

The precise origin of coronary endothelial cells (EC) is incompletely understood. Early PE
lineage analysis using direct PE labeling and quail/chick chimera suggested that the PE
contains cells that contribute to the coronary EC population (Mikawa and Gourdie, 1996;
Perez-Pomares et al., 1998b; Perez-Pomares et al., 1998a; Perez-Pomares et al., 2002a;
Guadix et al., 2006). Further analysis of chick embryos identified EC in the PE that appear
to originate from two highly vascularized adjacent structures: the underlying LB and the
adjacent SV (Vrancken Peeters et al., 1997; Lie-Venema et al., 2005). It is unclear whether
the EC observed in these studies migrate to the heart along with the rest of the PE cells to
contribute to the coronary EC population. Additionally, non-PE origins for coronary EC
have also been suggested. A recent study using transgenic lineage analysis in mice identified
the endocardium as well as the sinus venosus associated with the atria as major sources for
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coronary EC and has questioned the role of the PE as a source for coronary EC (Red-Horse
et al., 2010).

To better understand the origin of the different cell populations that make up the PE and to
determine whether EC are present within the mouse PE, we have undertaken a careful
analysis of PE-associated EC during mouse PE development. Using a cell-type marker
analysis approach, our results indicate that three apparently distinct populations of EC exist
within the PE: 1) a population associated with the developing LB (LB-EC), 2) a population
associated with the SV (SV-EC) and 3) a population of EC that is not associated with either
of these two structures which we have termed PE-EC (Figure 1B). The distribution of EC
within each of these populations was found to differ from E9.0 through E9.75, suggesting
regional differentiation and signaling events occur during PE development. To our
knowledge, this is the first analysis in which EC within the developing mouse PE has been
described in detail. Our analysis provides important information as to the make up of the
cells within the mouse PE.

Results
PECAM-1 positive endothelial cells are present in the mouse PE

Platelet endothelial cell adhesion molecule-1 (PECAM-1), a common EC marker expressed
on the cell surface, was used to analyze the in vivo pattern of EC within tissue (Baldwin et
al., 1994; Drake and Fleming, 2000). To examine the temporal pattern of PECAM-1
expression in the developing PE, we examined embryos at different developmental stages:
E9.0 (16–18 somites), E9.5 (22–24 somites) and E9.75 (26–28 somites). The boundaries of
the PE are based on the expression of the published PE marker gene WT1 and the LB
markers Prox1 for E9.0 and E9.5 and HNF4 for E9.75 (Moore et al., 1999; Li et al., 2000;
Burke and Oliver, 2002; Perez-Pomares et al., 2002b; Tremblay and Zaret, 2005).
PECAM-1 expression was observed in the PE in E9.0, E9.5 and E9.75 mouse embryos
(Figure 2A–C). There were fewer analyzed confocal z-series steps that contained PECAM-1
positive cells in the PE of E9.0 embryos (59.88% ± 9.10) compared to observation in the PE
of E9.5 (86.9% ± 13.06; p value = 0.021) or E9.75 (81.56% ± 8.91; p value = 0.034)
embryos (Figure 2D). These results established that EC are present in the developing PE.
We therefore next wanted to address whether different populations of EC might exist in the
PE. Based on the location of PECAM-1 expression, we identified three distinct populations
of EC in the PE: 1) EC that are associated with the LB (LB-EC), 2) those associated with the
SV (SV-EC), and 3) any EC that are in the PE and not associated with SV or LB (PE-EC) as
illustrated in Figure 1B. As seen in Figure 2A, in E9.0 embryos, PECAM-1 positive cells are
observed surrounding the developing LB with a small number of cells outspreading from the
LB into the PE. EC are also seen extending/spreading from the SV into the PE. Comparison
of the total PECAM-1 positive confocal z-series steps between the three populations reveals
that at E9.0, PECAM-1 expression is more frequent within the SV-EC population (72.91% ±
20.21) than the LB-EC (20.61% ± 20.29; p value = 0.034) or the PE-EC (32.09% ± 25.25; p
value = 0.094) (Figure 2E). In E9.5 embryos, there were EC observed extending from the
SV and the LB as well as EC observed in the PE-EC population (Figure 2B). All three
populations were roughly equally observed (LB-EC 59.22% ± 15.18, SV-EC 53.75% ± 9.73,
and PE-EC 53.50% ± 20.35) (Figure 2E). In E9.75 embryos, PECAM-1 expression is more
frequent within the LB-EC population (58.49% ± 3.82) when compared to PE-EC (36.57%
± 4.02; p value = 0.002) (Figure 2C and E). These observations support the idea that three
different populations of PECAM-1 positive cells are present during PE formation and
migration (E9.0 through E9.75), and that each population appears to have a temporal
distribution that varies as a function of developmental stage of the PE. Interestingly, we did
not observe any PECAM-1 positive cells on the surface of the heart indicating that at E9.5 or
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E9.75, these cells either have not yet migrated or do not migrate to the heart with the rest of
the cells of the PE.

To address the possibility that an increase in EC proliferation could account for the increase
in observed EC in the PE, we examined the proliferation of PECAM-1 positive cells using
phosphohistone H3 (PH3) staining in E9.5 mouse embryos. The proliferation rate of EC was
found to be very low, with an average of 1–3 PECAM-1/PH3 double positive cells per 20μm
section (data not shown). These data indicate that the increase in PECAM-1 positive cells
most likely arises either from de novo differentiation of EC progenitor (angioblasts) or from
migration into the PE from the LB or the SV.

ERG positive endothelial cells are present in the mouse PE
While PECAM-1 or any other EC surface marker are ideal for describing the pattern of EC
streaming/migration and differentiation, they are problematic for accurate cell number
quantification since EC morphology can vary. To accurately quantitate the number of EC
within each population, we used a nuclear endothelial cell marker ETS-related gene (ERG)
(Vlaeminck-Guillem et al., 2000; McLaughlin et al., 2001; Mohamed et al., 2010). The
boundaries of the PE were also based on the expression of the published PE marker gene
WT1 and the LB markers Prox1 for E9.0 and E9.5 and HNF4 for E9.75 (Moore et al., 1999;
Li et al., 2000; Burke and Oliver, 2002; Perez-Pomares et al., 2002b; Tremblay and Zaret,
2005). ERG was observed to extensively co-express with PECAM-1 within the developing
PE. Therefore we used ERG in conjunction with PECAM-1 to accurately place individual
EC into the same three different populations. ERG expression was observed in the PE and in
all three populations in E9.0, E9.5 and E9.75 mouse embryos (Figure 3A–C and F). Fewer
ERG positive cells were observed in the PE in E9.0 embryos (53.90% ± 14.21) compared to
E9.5 (88.76% ± 9.74; p value = 0.025) or E9.75 (92.92% ± 6.09; p value = 0.012) embryos
(Figure 3D). The average number of ERG positive cells per μm of PE showed a similar
increase over time, with fewer average ERG positive cells observed in E9.0 embryos (0.65 ±
0.15) compared to E9.5 (1.63 ± 0.56; p value = 0.042) or E9.75 (1.46 ± 0.64; p value =
0.100) embryos (Figure 3E).

Comparison of the distribution of ERG positive EC in the different populations over time
reveals a change in temporal distribution of ERG positive cells within the individual
populations similar to the change seen with PECAM-1. At E9.0 there are more ERG positive
SV-EC (69.54% ± 11.16) compared to the other two populations (LB-EC 20.83% ± 18.04; p
value = 0.016, and PE-EC 9.64% ± 9.58; p value = 0.002). A similar trend was observed at
E9.5 with more ERG positive cells in the SV-EC population (56.35% ± 7.29) compared to
the LB-EC (28.96% ± 2.83; p value = 0.004), or the PE-EC (14.68% ± 4.46; p value =
0.001) (Figure 3F). In contrast, by E9.75 there were more ERG positive cells in the LB-EC
population (62.40% ± 4.66) compared to the SV-EC (22.60% ± 10.79; p-value = 0.004) or
PE-EC (15.00% ± 11.24; p-value = 0.003) (Figure 3F). These data indicate that there is an
increase in the total number of EC during PE development from E9.0 through E9.75. Our
data also suggest a shift of EC from being primarily associated with SV at E9.0 and E9.5 to
being primarily associated with LB at E9.75.

The PE contains lineage precursor for various types of cardiac associated cells. To address
whether the ERG positive cells represent a PE cell population that is distinct from the WT1
population, we examined the co-expression of ERG with the nuclear PE marker WT1.
Although WT1 is a commonly used marker for the PE it is not expressed in all cells within
the PE (Supplemental Figure 2) (Moore et al., 1999; Perez-Pomares et al., 2002b). In E9.5
embryos we observed 16.03% ± 6.38 of total ERG cells co-expressed WT1 suggesting that
the majority of EC in the PE represent a distinct non-WT1 population. Numerous studies
indicate that the PE contains lineage precursors for coronary smooth muscle cells (Mikawa
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and Gourdie, 1996; Dettman et al., 1998; Gittenberger-de Groot et al., 1998; Vrancken
Peeters et al., 1999; Guadix et al., 2006). To examine whether smooth muscle cells are
present in the PE, we examine embryos at E9.75 for the expression of smooth muscle
myosin heavy chain (SM-MHC). At E9.75 SM-MHC is not expressed in the PE
(Supplemental Figure 3A). SM-MHC expression is first visible in the heart at E14.5
(Supplemental Figure 3B).

Early and late endothelial cell markers are expressed in the PE
The initial appearance of various EC markers reflects the status of EC differentiation,
maturation and vessel morphogenesis (Vittet et al., 1996; Drake and Fleming, 2000;
Ferguson et al., 2005). Early markers such as vascular endothelial growth factor receptor 2
(FLK1) are initially expressed in hematopoietic endothelial progenitor cells (angioblasts),
and its expression is maintained in EC upon differentiation (Millauer et al., 1993;
Yamaguchi et al., 1993). Vascular endothelial cadherin (VE-Cadherin) is a cell adhesion
molecule that is not expressed in endothelial progenitor cells but is expressed in
differentiated EC (Lampugnani et al., 1992). Similarly, PECAM-1 is initially expressed in
differentiated EC, although its expression may precede that of VECadherin (Drake and
Fleming, 2000). Therefore FLK1, PECAM-1 and VECadherin expression were used to
assess the differentiation status of the various EC populations in E9.5 mouse PE. All three
EC markers, FLK1, PECAM-1 and VE-Cadherin, were observed in the PE of E9.5 embryos
(n=3) (Figure 4A–C). To determine if these observations represent different stages of EC
differentiation and maturation, we conducted co-expression analyses with PECAM-1 in
combination with FLK1 or VE-Cadherin (n=3). We observed 100% co-localization of
PECAM-1 expression with FLK1, as well as with VE-Cadherin in the LB-EC, SV-EC and
PE-EC populations (Figure 4D–E). These data suggest that the various EC populations
present in the E9.5 mouse PE are at the same level of EC maturation.

Discussion
The precise origin of the coronary EC still remains unclear. The coronary vasculature was
initially thought to arise from invaginations of the endocardium into the myocardium
(Viragh and Challice, 1981). An extra cardiac origin for the vasculature was subsequently
proposed when it was observed that the appearance of coronary EC closely followed the
appearance of the epicardium (Mikawa and Fischman, 1992; Poelmann et al., 1993). Using
quail/chick chimeras to perform lineage-tracing experiments, coronary EC were shown to
originate from an extra cardiac source termed the PE, which was also known to contribute to
the formation of the epicardium (Viragh et al., 1993; Mikawa and Gourdie, 1996; Dettman
et al., 1998; Perez-Pomares et al., 1998b; Perez-Pomares et al., 1998a; Perez-Pomares et al.,
2004; Guadix et al., 2006; Watanabe et al., 2006). Additional evidence that the PE and PE-
derived epicardial tissues are required for normal coronary vascular formation came from
genetic knock-out studies, studies that ablated the PE, and studies that inhibited PE
migration. When chick PE was ablated or PE migration was mechanically blocked, there
was a reduction or delay in epicardial formation followed by a defect in the formation of the
coronary vasculature (Gittenberger-de Groot et al., 2000; Manner et al., 2005). In α4-
integrin global null mice, PE cells were able to migrate to the heart, however there was a
defect in formation of the epicardium as well as a defective coronary endothelial vascular
formation at E12.5 (Yang et al., 1995). Furthermore, in Fog2 global null mice, the
epicardium was able to form, however there was a loss in coronary vascular formation due
to an inhibition of epicardial epithelial-mesenchymal transition (Tevosian et al., 2000).
Together these studies reinforce a model in which the epicardium and the coronary
vasculature are derived from a common PE origin, and that the PE is required for formation
of the coronary vasculature through its role in epicardial development.
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Since the PE forms adjacent to the highly vascularized LB, it has also been proposed that
avian coronary EC may originate from the underlying LB (Poelmann et al., 1993).
Consistent with this model, LB derived EC are observed migrating to the heart along with
the cells of the avian PE (Poelmann et al., 1993; Vrancken Peeters et al., 1997; Lie-Venema
et al., 2005). A more recent study, using mouse in vivo cre recombinase based lineage-
tracing approaches, has challenged the PE origin of coronary EC (Red-Horse et al., 2010). It
was observed that coronary EC originated primarily from the SV with some coronary EC
also being derived from endocardial invaginations. In contrast to other studies the authors
concluded, based on a Tbx18-cre lineage reporting system, that there was no significant
coronary EC contribution from the PE. Tbx18 is expressed in the PE, although it is unclear
whether the cre reporter used in these studies is expressed in all cells of the PE or in a subset
of cells that may not contribute coronary EC (Kraus et al., 2001; Cai et al., 2008).

In this study we used the expression WT1 to demark the boundaries of the PE. WT1 is
commonly used as a PE marker (Moore et al., 1999; Perez-Pomares et al., 2002b). Various
inducible and non-inducible WT1-CRE mouse models have been recently generated (Zhou
et al., 2008; Zhou et al., 2010; del Monte et al., 2011). WT1-CRE lineage analysis has
identified lineage positive cells that co-express with EC markers however the rate of co-
expression is very low indicating that the WT1-CRE lineage cells are likely not the primary
source of coronary EC (Zhou et al., 2008; Zhou et al., 2010; S. Cossette unpublished
observations). During our analysis we observed that WT1 it is not uniformly expressed
throughout the PE, consistent with the idea that the PE contains a heterogeneous populations
of cells (Supplemental Figure 2). Furthermore, WT1 was found to be minimally co-
expressed with EC in the PE (16.03% of the total EC population in the PE). These
observations, along with the WT1-CRE lineage analysis of Zhou et al., allow us to
hypothesize that the PE may contain coronary EC precursors that are originate from non-
WT1 population of PE cells.

Based on the above studies, we believe it is likely that there are multiple possible origins of
coronary EC (PE, LB, SV and/or endocardium). While the precise contribution of the PE to
the coronary vasculature is still unclear, many studies suggest the PE contains a
heterogeneous population of cells that are specified to differentiate into various cell types
such as epicardial cells, smooth muscle cells, perivascular fibroblasts, cardiomyocytes and
EC (Mikawa and Gourdie, 1996; Dettman et al., 1998; Gittenberger-de Groot et al., 1998;
Vrancken Peeters et al., 1999; Guadix et al., 2006; Zhou et al., 2010). To address further the
origin of EC in the PE, we have in the current study systematically examined their
appearance in the developing mouse PE. Our study has identified three apparently different
populations of EC within the PE that appear to have distinct origins: a population associated
with the developing LB (LB-EC), a population associated with SV (SV-EC) and a
population of that is not associated with either of these two regions (PE-EC) as illustrated in
Figure 1B. Further, the relative contribution of these populations to the PE appears to
dynamically change during PE development.

Similar to what was observed in the chick (Vrancken Peeters et al., 1997; Lie-Venema et al.,
2005), we observed mouse EC migrating into the PE from the adjacent SV and the LB. In
contrast to what is seen in the chick, we did not detect any EC that may have migrated with
PE cells onto the surface of the heart at E9.5 or E9.75 (Figure 2B–C, 3B–C and 4A–E).
Although we were unable to detect EC migration to the heart, it is possible that EC
migration from the PE mainly occurs at later times during PE development. By E9.75 PE
migration has begun and is not complete until E10.0 to E10.5. Analysis at these later
embryonic stages may result in the identification of migrating EC with the PE cells. Another
hypothesis is that undifferentiated angioblasts, which are not detected by our analysis, are
able to migrate to the heart.
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In our analysis we also observed EC that are not associated with the SV or the LB. The
precise origin of these cells, designated PE-EC, remains to be determined. One possibility is
that the PE-EC may have initially migrated from the SV and the LB and subsequently lost
contact with these structures. Alternatively they may reflect a population that has undergone
differentiation from EC progenitors (angioblasts) that reside within the PE. Previous studies
in avian systems suggest the presence of angioblasts within the PE (Perez-Pomares et al.,
1998a; Perez-Pomares et al., 2004; Guadix et al., 2006; Watanabe et al., 2006). However,
the presence of resident angioblasts in the mouse PE remains uncertain. EC progenitor
analysis using FLK1 expression in conjunction with PECAM-1 and VE-Cadherin expression
at E9.5 has so far failed to identify any undifferentiated angioblasts at this stage and also
suggest that the EC present in the PE represent the same level of EC maturation (Figure 4A–
E). However, it remains possible that there exists a population of EC progenitors in the PE
that express low levels of FLK1 that is undetectable by immunofluorescence. Further
analysis using additional early angioblast markers, more sensitive expression analyses such
as flow cytometry of dissociated PE cells and lineage tracing experiments are needed to
further address whether there are resident EC progenitor cells in the PE at these embryonic
stages.

Analysis of the temporal expression of PECAM-1 and ERG in PE identified a temporal
increase in the overall number of EC in the PE from E9.0 through to E9.75 (Figure 2D and
3D–E) as well as a change in the pattern and number of EC in each population (LB-EC, SV-
EC and PE-EC) during PE development (Figure 2E and 3F). Based on these observations,
we propose a model in which the SV at E9.0 provide the majority EC to the PE with some
EC being derived from de novo differentiation and migration of resident angioblasts
surrounding the LB and within the PE itself (Figure 5A). At E9.5 the SV remains the largest
contributor of EC, however with the expansion of the LB there is also an increase of EC in
the LB-EC population (Figure 5B). By E9.75 the LB has extensively invaded into the PE
and is now the largest contributor of EC either from direct migration or the merging with
resident SV-EC and PE-EC (Figure 5C). Our model is consistent with observations in avian
systems of EC migration into the PE from the SV and LB (Lie-Venema et al., 2005). Our
results have elucidated the dynamics of PE development, however, to understand the
molecular mechanisms underlying EC differentiation and migration during these earliest
steps of coronary vasculogenesis a more careful examination of the expression of pro-
angiogenic and vasculogenic factors is needed.

An open question that remains to be addressed is the exact origin of the EC within the
different populations. Do PE-associated EC originate from de novo differentiation of
angioblasts, or do they originate by a migration of EC from the SV or the LB? To address
whether increased proliferation may account for the increase in the number of EC in the PE
we examined PH3 co-expression (data not shown). We found no significant PH3 expression
in EC, which is consistent with longstanding observation by Mikawa and colleagues. Our
studies support a model in which the increase in EC number in the PE is mainly due to
migration of EC from LB and SV in E9.5 PE (data not shown). Another question that
remains to be addressed is whether the subpopulations of EC in the PE identified in our
study contribute to the coronary vasculature, or whether there might be an as yet to be
determined PE population of undifferentiated EC progenitors (angioblasts) that is able to
migrate to the heart and differentiate into coronary EC. To properly address this issue a
more careful inducible cre based lineage tracing analysis will be required.

In summary, we have identified three apparently distinct EC populations within the
developing PE that display a change in developmental pattern between E9.0 and E9.75.
While these studies have documented the appearance of EC in the PE, it remains to be
determined by other more robust lineage tracking approaches whether these EC are able to
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migrate to the surface of the heart along with the rest of the cells of the PE as well as the
extent to which these EC contribute to the actual coronary vasculature.

Experimental Procedures
Mice

The mice were housed in the Medical College of Wisconsin Biological Resource Center,
and all experiments were performed in accordance with an IACUC approved animal
procedure protocol. Wild-type mixed background mice were mated and the presence of a
vaginal plug the following morning was assessed. If a vaginal plug was observed, the
females were determined to be pregnant and the resulting embryos were designated E0.5.

Embryo Harvest
Embryos were collected at the following stages: E9.0 (16–18 somites), E9.5 (22–24 somites)
and E9.75 (26–28 somites). Staged embryos were fixed in 4% paraformaldehyde for 30–45
minutes and immediately subjected to cryo-embedding.

Sectioning
Whole embryos were embedded in a 1:1 (20% sucrose in PBS:OCT) solution. An entire
embryo was subjected to thick sectioning (20–30 μm) and placed on a single slide for
analysis. The embryo sections were subjected to immunofluorescence analysis as previously
described (Battle et al., 2006; Holtz and Misra, 2008). The following reagents were used:
EC surface markers anti-platelet endothelial cell adhesion molecule-1 (PECAM-1; BD
Bioscience, 550274 and R&D Systems, AF3628), anti-vascular endothelial-cadherin (VE-
Cadherin; BD Bioscience, 550548), and anti-vascular endothelial growth factor receptor 2
(FLK1; BD Bioscience, 550549), EC nuclear marker anti-ETS related gene (ERG; Santa
Cruz, sc-353), PE nuclear marker anti-Wilm's Tumor 1 (WT1; DAKO, m3561), LB nuclear
markers anti-prospero homebox 1 (Prox1; Abcam, ab11941 and ab37128), and anti-hepatic
nuclear factor 4 (HNF4; Santa Cruz, sc-8987), as well as the smooth muscle cell marker
smooth muscle myosin heavy chain (SM-MHC; Biomedical Technologies BT-562).

Images were captured using a Nikon Eclipse 90i microscope equipped with a Nikon C-1
Confocal and EZ C1 imaging software. Z-series were obtained for each 20–30μm section.
Image processing was performed in Adobe Photoshop CS4.

Cytometric Analysis
To determine whether the SV or LB contribute EC to the PE, EC within the PE area were
assigned to 3 different populations: 1) EC that are associated with the LB (LB-EC), 2) EC
associated with the SV (SV-EC), and 3) any EC that were in the PE and not associated with
SV or LB (PE-EC) (Figure 1B). The boundaries of the PE was defined by the expression of
the PE marker gene WT1 and the LB markers Prox1 and HNF4 (Moore et al., 1999; Li et
al., 2000; Burke and Oliver, 2002; Perez-Pomares et al., 2002b; Tremblay and Zaret, 2005).
PECAM-1 is a commonly used EC surface marker (Baldwin et al., 1994; Drake and
Fleming, 2000). For this reason PECAM-1 expression is ideal for determining the pattern of
EC streaming/migration as well as examining the pattern of EC differentiation. To establish
the expression pattern of PECAM-1 within PE, whole embryos at E9.0 (n=3), E9.5 (n=5)
and E9.75 (n=3) were sectioned to provide complete examination of the PE and surrounding
structures. Sections were subjected to confocal z-series analysis in 2μm increments, with an
average of 45 steps per E9.0 embryo and 70–75 steps per E9.5 and E9.75 embryo. Individual
steps containing PECAM-1 positive cells within PE were scored. Scoring entailed the
detection of PECAM-1 positive cells and assignment to one or more population. The
percentage of PE steps containing PECAM-1 positive cells was calculated using the number
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of steps scored to contain PECAM-1 positive cells within the PE divided by the total number
of PE steps as defined by WT1 positive staining. The extent of PECAM-1 positive steps
within the three different populations (LBEC, SV-EC and PE-EC) was calculated using the
number of steps containing PECAM-1 positive cells in a particular population divided by the
total number of steps containing PECAM-1 positive cells in one or more of the three
populations. See supplemental information for details (Supplemental Figure 1A).

PECAM-1 exhibits cell surface expression, and it is therefore not an optimal marker to
quantitate individual ECs. Consequently, individual cells were quantitated using the nuclear
EC marker ERG (Vlaeminck-Guillem et al., 2000; McLaughlin et al., 2001; Mohamed et al.,
2010). Since the pattern of PECAM-1 positive EC may differ from the actual number of EC,
we used ERG in conjunction with PECAM-1 to quantitate the number of cells within the
developing PE and within each population. For analysis of ERG positive PEs, whole
embryos at stages E9.0 (n=3), E9.5 (n=3) and E9.75 (n=3) were imaged and positive cells
were counted in either 2 or 6μm increment confocal z-series steps. Careful attention was
paid to ensure that a single cell/nuclei was counted only once. The percentage of PE steps
that contained ERG positive cells was calculated in the same manner as described for
PECAM-1. The relative extent of ERG positive expression between each of the three
individual populations (LB-EC, SV-EC, and PE-EC) was determined by calculating the
number of individual ERG positive cells in a particular population divided by the total
number of individual ERG positive cells in all three populations. To determine the average
number of cells per micron (μm) of PE, the total number of ERG positive cells in the PE was
divided by the total width of the PE analyzed. The percentage of ERG positive cells that co-
express WT1 was determined by calculating the number of ERG and WT1 co-expressing
cells divided by the total number of individual ERG positive cells. See supplemental
information for more details (Supplemental Figure 1B).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A Illustration displaying the relative location of the PE in comparison to the LB and the SV.
Ventral diagram of an E9.5 mouse PE with the PE depicted in green, the SV in red, and the
LB in blue. B Illustration displaying the different populations of EC within the mouse E9.5
PE. Depiction of a sagittal section of an E9.5 mouse PE with the green area signifying the
PE region, based on WT1 expression. Blue signifies the developing LB. Heart is located in
the upper left demarked by a maroon line. Red line demarks EC and vessels. Light blue
ovals depict EC associated with the LB (LB-EC), pink ovals depict EC associated with SV
(SV-EC) and dark green ovals depict EC not associated with the SV or LB (PE-EC).
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Figure 2.
PECAM-1 positive cells are present in the developing mouse PE. A–C Immunofluorescence
analysis of sagittal sections. A E9.0 16–18 somite (16–18S), B E9.5 22–24 somite (22–24S)
and C E9.75 26–28 somite (26–28S) mouse embryos. Sections were stained with the PE
marker WT1 (green), EC marker PECAM-1 (red) and LB markers Prox1 or HNF4 (blue). D
Percentage of PE confocal step that contain PECAM-1 positive cells in developing mouse
PE. E Percentage of PECAM-1 positive confocal steps that contain one or more PECAM-1
positive cells in the three different EC populations (LB-EC, SV-EC and PE-EC). White
dashed line demarks the border of the heart. Yellow dashed line demarks the border of the
LB. Pink dashed line demarks the SV. Yellow arrows indicate examples of LB-EC, pink
arrow indicate examples of SV-EC and white arrows indicate examples of PE-EC. Scale
bars = 50μm * p value ≤ 0.05 # p value ≤ 0.1
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Figure 3.
ERG positive cells are found in the developing mouse PE. A–C Immunofluorescence
analysis of sagittal sections. A E9.0 16–18 somite (16–18S), B E9.5 22–24 somite (22–24S)
and C E9.75 26–28 somite (26–28S) mouse embryos. Sections were stained with the PE
marker WT1 (blue), EC markers ERG (green) and PECAM-1 (red). The expression of Prox1
and HNF4 was omitted in these figures to more clearly visualize the co-expression of
PECAM-1 and ERG along with the PE marker WT1. D Percentage of PE confocal steps that
contain ERG positive cells in developing mouse PE. E Average number of ERG positive
cells per mm of PE width. F Percentage of ERG positive cells within the individual EC
populations (LB-EC, SV-EC and PE-EC). White dashed line demarks the border of the
heart. Yellow dashed line demarks the border of the LB. Pink dashed line demarks the SV.
Yellow arrows indicate examples of LB-EC, pink arrow indicate examples of SV-EC and
white arrows indicate examples of PE-EC. Scale bars = 50μm * p value ≤ 0.05 # p value ≤
0.1
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Figure 4.
Early and late EC marker positive cells are found in E9.5 mouse PE. A–E
Immunofluorescence analysis of sagittal sections from E9.5 22–24 somite (22–24S) mouse
embryos. A–C Sections were stained with the PE marker WT1 (green), LB marker Prox1
(blue), EC markers A Flk1 (red) B VE-Cadherin (red) C PECAM-1 (red). D–E Flk1 and
VE-Cadherin positive cells also co-express PECAM-1 in the E9.5 mouse PE. Sections were
stained with WT1 (blue), PECAM-1 (green) and D FLK1 (red) E VE-Cadherin (red). White
dashed line demarks the border of the heart. Yellow dashed line demarks the border of the
LB. Scale bars = 50μm
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Figure 5.
Schematic model of EC involvement in the developing mouse. Individual panels depict
sagittal sections of A E9.0, B E9.5 and C E9.75 mouse PEs. See Figure 1B for description of
symbols and colors. A In E9.0 PE, angioblasts within the PE and on the surface of the LB
begin to differentiate into EC. EC from the SV migrate into the PE and provide the majority
of EC to the PE. B In E9.5 PE, the LB is expanding and is now fully surrounded by EC and
there is an increase in LB-EC however SV-EC is still the largest population of EC in the PE.
WT1 positive PE cells begin to migrate to the surface of the heart. C In E9.75, the LB has
greatly expanded into the PE. The LB is now the largest contributor of EC within the PE.
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