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Abstract

Recent identification of the neonatal 2nd coronary vascular population (2nd CVP) suggests that a
subset of these vessels form de novo and mature in the inner myocardial wall of the postnatal
heart. However, the origin of smooth muscle cells (SMCs) in the postnatal 2nd CVP remains
undetermined. Using a tamoxifen-inducible Wt1-CreER driver and a Rosa26-RFP reporter line,
we traced the lineage of epicardial cells to determine if they contribute to SMCs of the 2nd CVP.
Late embryonic and postnatal induction of Wt1-CreER activity demonstrated that at these stages
Wt1-labeled epicardium does not significantly migrate into the myocardium to form SMCs.
However, following tamoxifen treatment at an early embryonic stage (E10.5), we detected Wt1l
descendants (epicardium-derived cells, or EPDCs) in the outer myocardial wall at E17.5. When
the 2nd CVP forms and remodels at postnatal stage, these early labeled EDPCs re-migrate deep
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into the inner myocardial wall and contribute to 2nd CVP-SMCs in the adult heart. Our findings
reveal that SMCs in the postnatal 2nd CVP are pre-specified as EPDCs from the earliest wave of
epicardial cell migration. Rather than the re-activation and migration of epicardial cells at later
stages, these resident EPDCs mobilize and contribute to smooth muscle of the 2nd CVP during
postnatal development.
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1. Introduction

The cellular origin and formation of the coronary arteries represents a fundamental question
in the field of developmental and cardiovascular biology. There is debate over the
developmental origin for coronary arteries in the compact myocardium of embryonic heart
[1, 2]. A comprehensive understanding of coronary vessel specification and morphogenesis
could significantly impact future therapeutic strategies targeting angiogenesis in cardiac
injury and regeneration [3-7]. In the embryonic heart, the ventricular wall is composed of
two layers: the compact myocardium (outer myocardial wall, OMW) and the trabecular
myocardium (inner myocardial wall, IMW). The compact myocardium receives oxygen
from coronary vessels that are specified during embryonic development, while the trabecular
myocardium receives oxygen via direct diffusion from the blood within the interior
chambers of the heart. During subsequent development, the trabecular layer becomes
solidified, increasing the compact component of the ventricular wall [8]. Compaction of the
trabecular myocardium blocks the direct contact between the oxygen-rich blood in the heart
chambers and the deeper myocardial layers, therefore the formation of new blood vessels is
required for IMW cardiomyocyte survival in the postnatal heart. We have showed that these
new blood vessels do not form by angiogenic expansion of pre-existing coronary vessels.
Instead, they form de novo by lineage conversion of endocardial cells to coronary vessels
within the IMW [9]. Mirroring the behavior of the coronary vessels forming during early
embryonic stage (1st coronary vascular population, 1st CVP), endocardium-derived
coronary vessels (2nd CVP) form later in the IMW of the heart. The distribution of the 1st
and 2nd CVP is almost mutually exclusive in the adult heart [9]. As a substantial portion of
the 2nd CVP forms de novo during neonatal development, these vessels mature and recruit
smooth muscle cells (SMCs) at later stages. However, the developmental origin of the
smooth muscle cells recruited to the newly formed postnatal 2nd CVP is undetermined,
which remains as an open question in the cardiovascular developmental field [10]. A better
understanding of how these coronary vessels are built during development will provide
important insights for therapeutic research in cardiac diseases and regeneration.
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2. Materials and methods

2.1 Animals

All Animals were used in accordance with the guidelines of the Institutional Animal Care
and Use Committee of the Institute for Nutritional Sciences, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. WT1-CreER, Wt1-GFPCre [11],
Rosa26-RFP [12], Thx18-Cre [13] and ApIn-CreER [14] mice lines were maintained on a
C129/C57BL6/J-mixed background. Tamoxifen (sigma, T5648) was dissolved in corn oil at
the concentration of 20 mg/ml, and mice were given Tamoxifen (0.1-0.15 mg/g body
weight) by oral gavage to trigger lineage tracing at indicated time as described previously
[15].

2.2 Immunostaining

3. Results

Immunostaining was performed as described previously [16]. Briefly, hearts or embryos
were collected and washed in cold PBS, fixed in 4% PFA at 4 °C for 0.5-1 h, depending on
the mice age. After washing 3 times in PBS (10 min each time), hearts or embryos were
dehydrated in 30% sucrose at 4 °C over night, and then embedded in OCT (Sakura) for
frozen sectioning. 8-10 um thickness slides were collected on positively charged slides,
treated with blocking buffer (5% normal donkey serum in PBS with 0.1% triton X-100) for
30 min at room temperature, and then incubated with primary antibodies at optimized
dilution over night at 4 °C. The first antibodies were obtained from companies: PECAM
(BD Pharmingen, 5,53,370, 1:500), smooth muscle actin (SMA, Sigma, F3777, 1:500),
smooth muscle 22 alpha (SM22, Abcam, ab14106, 1:100), smooth muscle myosin heavy
chain (SM-MHC, Biomedical technology, BT-562, 1:100), estrogen receptor (ESR, Abcam,
ab27,595, ready-to-use), VE-Cadherin (R & D, AF1002, 1:100), RFP (Rockland,
600-401-379, 1:1000), beta-galactosidase (beta-GAL, MP biomedicals, 55,976, 1:5000).
Following washing out the primary antibody, signals were developed with Alexa fluorescent
second antibodies and nuclei were visualized by 4’6-diamidino-2-phenylindole (DAPI,
Vector labs) included in the mounting medium. For weak signals, secondary antibodies
conjugated with HRP enzyme were used and tyramide signal amplification (PerkinElmer)
method was used to amplify the signal as described previously [17]. Images were taken by
Olympus confocal system (F\V1200) or Zeiss confocal system (Zeiss 510).

The postnatal 2nd CVP forms in the IMW during neonatal development. Throughout the
transition from adolescence to adulthood, many of these vessels gradually become mature
coronary arteries and recruit stabilizing cells, such as SMCs or pericytes. In the postnatal 4
weeks old (P4w) Apln-CreER; Rosa26-RFP heart, ApIn-CreER genetic labeling of the 1st,
but not the 2nd, CVP demarcates the outer myocardial wall (OMW) from the inner
myocardial wall (IMW, Fig. S1A) [9]. We could clearly detect SMCs of the 2nd CVP in the
IMW (Fig. S1B, C2). To reveal the developmental origin of these newly recruited SMCs, we
crossed mice harboring an inducible epicardial-specific Cre, Wt1-CreER [11] with Rosa26-
lox-stop-lox-RFP reporter line (Rosa26-RFP) [12]. Postnatal day 1 (P1) tamoxifen induction
of Wt1-CreER activity leads to robust labeling of the neonatal epicardium and ectopic
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labeling of endothelial cells (Fig. 1B). Recent reports demonstrated that Wt1 is also
expressed in coronary endothelial cells in addition to epicardium [18-20]. Therefore, Wt1-
CreER labeling of endothelial cells at this stage likely results from Cre expression driven by
Wt1 within this endothelial cell population, rather than trans-differentiation of Wtl1-labeled
epicardial cells. While worth noting, our study here focuses on the origin of SMCs of the
2nd CVP, and this ectopic endothelial labeling by Wt1-CreER (following induction at P1)
did not significantly influence the outcome of this study and this finding was therefore not
pursued.

To determine the contribution of the neonatal epicardium within the neonatal OMW to
SMCs of the 2nd CVP, we collected P8w-P16w Wt1-CreER; Rosa26-RFP mouse hearts
after tamoxifen treatment at P1 (Fig. 1A). While this regimen induced significant epicardial
labeling (Fig. 1B), epicardium-derived non-endothelial cells (RFP*;PECAM™) were sparsely
detected in either the IMW or OMW (<5%). Similarly, Wt1-CreER labeled SMCs were
rarely observed in the IMW and OMW. In the myocardium, the Wt1- lineage (RFP*) was
almost exclusively confined to coronary vascular endothelial cells (Fig. 1C). We also used
smooth muscle 22 alpha (SM22) and smooth muscle myosin heavy chain (SM-MHC) to
verify that labeled postnatal epicardial cells do not contribute to smooth muscle cells (Fig.
S2). These data suggested that while the 2nd CVP matures and recruits new SMCs
postnatally, postnatal epicardial cells do not contribute significantly to these new SMCs.

We reasoned that the initiation of 2nd CVVP formation or trabecular compaction might trigger
a temporal or developmental signal that induces epicardial migration prior to the formation
of the neonatal 2nd CVP [9]. Therefore, we induced epicardial labeling at E14.5 before the
2nd CVP forms in the IMW. Induction of Wt1-CreER activity at E14.5 efficiently labels
(95.56 £ 2.03%) epicardial cells 24 h later (E15.5, Fig. 2A-B). We observed a subset of
coronary endothelial cells that were also RFP*, but this was likely due to the ectopic
expression of WT1 in endothelial cells at E15.5 [18-20]. We also collected hearts later at
P8w—P16w and found that E14.5 tamoxifen induction failed to efficiently label SMCs in
either the IMW or OMW (<5%), yet the epicardium was almost completely RFP* (Fig. 2C).
Furthermore, epicardial cells labeled at late embryonic stage do not contribute to SM22* or
SM-MHC cells in the adult heart (Fig. S3). Collectively, these data suggested that the late
embryonic stage epicardium does not contribute to SMCs of the postnatal 2nd CVP.

Finally, we traced the contribution of the early epicardium, just as it is forming, to the
postnatal 2nd CVP SMCs. At E9.5, the proepicardium migrates onto the surface of the heart
to form a single epicardial cell layer [11, 21]. We induced tamoxifen at E10.5 to label this
newly formed epicardium (96.11% + 1.67% labeling), before these cells migrate into the
myocardium to form epicardium-derived cells (EPDCs, Fig. 3A-B). Using this strategy, we
observed EPDCs have migrated into the compact myocardium at late embryonic stage
(E17.5, Fig. S4), without any confounding contribution to the endothelial cells. A subset of
these early EPDCs form coronary smooth muscle cells or pericytes that remain close to
endothelial cells of 1st CVP, but few adopted an endothelial cell fate (Fig. S4). At this later
embryonic stage, these EDPCs remained largely in the compact myocardium (OMW). We
also noticed that a few migrated into the trabecular myocardium (IMW) (Fig. S4), which is
in consistent with data from chicken model in which a few EPDCs could home to the inner
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myocardial trabecular layer [22]. When we examined the fate of these early epicardial cells
in the adult stage, EPDCs were detected in the IMW and contribute to smooth muscle of 2nd
CVP (Fig. 3C), suggesting EPDCs from OMW invade into IMW and contribute to SMCs
(Fig. 3E). By immunostaining of SM22 or SM-MHC, we confirmed that these EPDCs
contribute to smooth muscle cells of 2nd CVP in adult heart (Fig. S5). Quantification
determined that more than 80% of SMCs within the 2nd CVP in the IMW were derived from
these EDPCs (RFP*) labeled at E10.5 (Fig. 3D).

To study when these EDPCs begin to form SMCs of 2nd CVP, we examined P1, P4, P7
Wt1-CreER; Rosa26-RFP hearts that receive tamoxifen at E10.5. We did not detect any
smooth muscle cells in the inner myocardial wall at P1 (Fig. S6A). At P4, we could detect
weak expression of SMA, suggesting the differentiation of EDPCs into smooth muscle cells
start at P4 (Fig. S6B). At P7, SMA™ cells could also be detected in the EPDCs in the inner
myocardial wall (Fig. S6C). These data demonstrated that smooth muscle cells in the inner
myocardial wall were differentiated from EPDCs in the neonatal stage.

Since proepicardial or epicardial cells are heterogenous population that may have different
differentiation potential in developing hearts [23], we therefore used another epicardial
marker TBX18 to study if Thx18* epicardial cells contribute to the SMCs of 2nd CVP. We
crossed Thx18-Cre [13] with Rosa26-RFP [12] and perform lineage tracing of epicardial
cells. In P14 weeks' adult Thx18-Cre; Rosa26-RFP hearts, Thx18-derived EPDCs contribute
to the most of coronary SMCs in the inner myocardial wall (Fig. 4), confirming that
epicardium is the major source for the SMCs of 2nd CVP.

Previous work showed that PDGFRB is required for EPDCs differentiation into coronary
SMCs, as knockout of PDGFRB leads to complete blockade of coronary SMCs formation
[24]. We therefore tested if PDGFRB is expressed in EDPCs in the inner myocardial wall
before they differentiate into SMCs. Immunostaining of PDGFRB and RFP on P1 Wt1-
CreER; Rosa26-RFP heart sections showed that a subset of EPDCs in the inner myocardial
wall express PDGFRB before they start to differentiate into mature SMCs at P4 (Fig. S7).
Similar to the SMCs in embryonic compaction myocardium [24], PDGFRB signaling may
also regulate the differentiation of EDPCs to form SMCs of 2nd CVP in postnatal heart.

4. Discussion

The developmental origin of different components of the coronary arteries remains an
unsolved question in the cardiovascular developmental research. The recent identification of
the 2nd CVP suggests a new program of coronary artery formation during development [9,
25]. A more detailed understanding of the proper formation and maturation of the 2nd CVP
may suggest new mechanistic insights to some forms of congenital heart diseases, such as
noncompaction of the ventricular myocardium. While the origin of endothelial component
of the 2nd CVP is ventricular endocardium, the cells that contribute to the smooth muscle of
the 2nd CVP remains undetermined. Herein, our lineage tracing study reveals that the
developmental origin of SMCs of the 2nd CVP in the postnatal heart is derived from EPDCs
during the earliest wave of epicardial migration.
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The migratory potential of epicardial cells during early embryonic stages of development is
well documented [21, 22, 26]. The migration of these epicardial cells and their derivatives
EDPCs at proper timing is essential for normal coronary vessel development [27]. EPDCs
are known to migrate from the epicardium at E10.5-E13.5, and ultimately reside in the
OMW to form smooth muscle cells and pericytes of the 1st CVP during embryogenesis [21,
28, 29]. Later, during postnatal development, these EPDCs residing within the OMW
populate the IMW and contribute to the new SMCs in the IMW, where the 2nd CVP locates
(Fig. 4E). Epicardial cells gradually lose their migratory potential at later embryonic stages
(after E14.5). The temporal window between E10.5 and E14.5 is coincident with the
migration of subepicardial coronary vascular endothelial cells into the developing
myocardial wall to form the intramyocardial coronary vessels [1, 9, 30]. It remains unknown
whether subepicardial endothelial cells and EPDCs share common guidance cues, or is
governed by distinct signaling pathways during 1st and 2nd CVP formation. In addition, it is
likely that SMCs of the 2nd CVP is derived from the de-differentiation and re-differentiation
of the 1st CVP SMCs, which merits further investigation in future studies. In the context of
injury to the adult heart, such as myocardial infarction, epicardial cells increase their
proliferation and the epicardial layer thickens, but interestingly these cells do not migrate
into myocardium [31, 32]. Recent reports showed that administration of thymosin 4 and a
modified mMRNA encoding VEGF-A could reactivate the epicardial migration following
injury [33, 34]. Moreover, heterogeneity in the fetal epicardium is linked to coronary artery
integrity, and distortion of the coronaries epicardial origin predisposes to adult onset disease
[35]. It is also intriguing to investigate what molecular mechanisms regulate the differential
ability of the epicardium to migrate and undergo EMT at early versus late embryonic stage
and neonatal stages of development. The mobilization of EPDCs residing in the OMW to
enter the IMW and their contribution to the smooth muscle of the 2nd CVVP may also involve
signals that regulate myocardial compaction and neovascularization.
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Fig. 1.

Ep?icardial cells labeled at P1 rarely contribute to SMCs of the 2nd CVP. (A) Strategy
showing tamoxifen induction (P1) and analysis of adult Wt1-CreER; Rosa26-RFP mice. (B)
Immunostaining of ESR (a surrogate for Wt1), the lineage marker RFP and DAPI on
sections of P2 Wtl1-CreER; Rosa26-RFP hearts following administration of tamoxifen at P1.
Scale bars, 100 pm. (C) Immunostaining for RFP, PECAM, SMA and DAPI on sections of
P10w Wt1-CreER; Rosa26-RFP hearts. Wt1-CreER labels coronary endothelial cells (RFP
+; PECAM+, arrowheads), but very few vascular SMCs (SMA+; RFP-, arrows) in the IMW
or OMW. Scale bars, 0.5 mm. LV, left ventricle; IMW, inner myocardial wall; OMW, outer
myocardial wall. Representative figure of 4 individual samples. (D) Quantification of the
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percentage of epicardial cell labeling or SMCs labeled by Wt1-CreER (RFP). Compared to
the robust epicardial cell labeling, few SMCs in the IMW and OMW were labeled in adult
hearts following tamoxifen administration at P1. n = 4.
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Fig. 2.

Ep?icardial cells labeled at E14.5 rarely contribute to SMCs of the 2nd CVP. (A) The
experimental strategy for pulse-and-chase lineage tracing studies, with tamoxifen induction
(the pulse) at E14.5 and analysis (the chase) from postnatal 8 weeks (P8w) to P16w in Wt1-
CreER; Rosa26-RFP mice. (B) The active expression domain of WT1, as determined by
ESR (estrogen receptor), and the Wtl1-lineage, as determined by expression of the RFP
reporter, in sections of E15.5 Wt1-CreER; Rosa26-RFP embryonic hearts. Nuclei are stained
by DAPI. Tamoxifen was injected at E14.5. Labeling efficiency was calculated as the
percentage of RFP + ESR + epicardial cells in total number of ESR + epicardial cells. n = 4.
Scale bars, 100 pm. (C) Immunostaining of RFP, SMA, PECAM and DAPI on sections of
Wt1-CreER; Rosa26-RFP hearts. Wt1-CreER labels coronary endothelial cells (RFP+;
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PECAM+, arrow-heads) but very few vascular SMC (RFP+; SMA+, arrows) in the IMW or
OMW. Scale bars, 0.5 mm. LV, left ventricle; IMW, inner myocardial wall; OMW, outer
myocardial wall. Representative figure of 4 individual samples. (D) Quantification of the
percentage of epicardial cell labeling or smooth muscle cell (SMC) labeling by Wt1-CreER
mediated lineage tracing (RFP+). Compared with robust epicardial cell labeling, few SMCs
were labeled in the IMW and OMW. n = 4.
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Fig. 3.

Early embryonic epicardial cells contribute to SMCs of the 2nd CVP. (A) A schematic figure
depicting the experimental time-course shows tamoxifen induction (at E10.5) and endpoint
analysis (at postnatal 8 weeks, P8w to P16w) of Wt1-CreER; Rosa26-RFP mice. (B)
Following tamoxifen administration at E10.5, Wt1-CreER; Rosa26-RFP embryos were
harvested at E11.5. Active WT1 expression was assessed by ESR immunostaining, and
epicardial cell genetic labeling was determined by RFP. Nuclei were stained with DAPI.
Labeling efficiency was calculated as the percentage of RFP + ESR + epicardial cells
divided by the total number of ESR + epicardial cells. Scale bars, 100 um. Li, liver; a,
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atrium; v, ventricle; oft, outflow tract. (C) Immunostaining of RFP, SMA, PECAM and
DAPI on P10w Wt1-CreER; Rosa26-RFP heart sections. Smooth muscle cells (SMCs) of
coronary arteries in both the inner (C1) and outer myocardium wall (C2) were derived from
Wt1+ epicardial cells labeled at E10.5 (arrows). Scale bars, 0.5 mm. LV, left ventricle; IMW,
inner myocardial wall; OMW, outer myocardial wall. Representative figure of 4 individual
samples. (D) Quantification of panels in “C” shows the contribution of the Wt1-CreER
lineage to the epicardium and SMCs. n = 4. (E) A hypothetical model illustrating epicardial
cell (green) migration (black arrows) and establishment of EPDCs (red) in the compact
myocardium at E10.5-E13.5 (left panel). Postnatally, a subset of these resident EPDCs (red)
migrate (black arrows) from the OMW into the IMW to form the SMCs of the 2nd CVP.
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Fig. 4.

Tt?xlS + epicardial cells contribute to smooth muscle cells of 2nd CVP. (A, B)
Immunostatining for RFP, PECAM and SMA on Thx18-Cre; Rosa26-RFP heart sections
shows Thx18 + epicardial cells contribute to smooth muscle cells but not endothelial cells of
2nd CVP (arrowheads). Arrows indicate the magnified images of boxed regions. Scale bars,
100 pm.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 August 14.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1 Animals
	2.2 Immunostaining

	3. Results
	4. Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

