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INTRODUCTION
Regenerative medicine has often been mentioned as a promising
future treatment for heart disease. Yet, stimulation of new cardiac
muscle regeneration for the injured mammalian heart by
endogenous or exogenous cells remains a challenge. Current
experimental strategies target manipulations of various cell types
that could potentially supply new cardiac muscle, including the
cardiomyocytes themselves, fibroblasts and various stem or
progenitor cell populations (Bersell et al., 2009; Ieda et al., 2010;
Mercola et al., 2011; Noseda et al., 2011; Passier et al., 2008).

The epicardium is a multipotent cardiac progenitor cell that has
been investigated extensively for its natural developmental
potential. During embryogenesis, the epicardium emerges from the
proepicardial organ (PEO), a mesoderm-derived structure located
at the atrioventricular junction, to cover the myocardium after the
heart has completed looping. Lineage tracing studies in chick have
shown that epicardial and epicardial-derived cells (EPDCs) within
the subepicardial environment can differentiate into several cell
types during heart development, including cardiac fibroblasts,
smooth muscle and pericytes (Dettman et al., 1998; Gittenberger-
de Groot et al., 1998; Manner, 1999; Mikawa and Gourdie, 1996).
Some of these reports indicated additional capacity to form
coronary vascular endothelial cells, although a recent examination
identified sprouting from the sinus venosus as the major source of
this cell type in mouse (Red-Horse et al., 2010).

In addition to being a source of non-myocardial cells, two
independent lineage-tracing studies identified the epicardium as a
significant source of cardiac muscle for the developing mouse
heart. In these studies, Tbx18 and Wt1 regulatory sequences were
used to direct permanent genetic labeling of epicardial tissue using
Cre-loxP technology (Cai et al., 2008; Zhou et al., 2008). These

particular findings, as well as additional data (Limana et al., 2007),
positioned the epicardium as an attractive potential target for
effecting cardiac muscle regeneration in situ after an injury like
acute myocardial infarction. However, earlier genetic fate-mapping
studies in mouse that did not report epicardial contributions to
cardiomyocytes (Merki et al., 2005; Wilm et al., 2005), as well as
a subsequent report indicating that Tbx18 is expressed by
cardiomyocytes during murine development, raised additional
questions regarding this lineage relationship (Christoffels et al.,
2009). Thus, the developmental potential of epicardial cells
remains unresolved.

Over the past 20 years, zebrafish have emerged as a key model
system for embryonic heart development and function. More
recently, it was shown that they also possess a striking natural
capacity for adult myocardial regeneration (Poss et al., 2002).
Notably, after surgical resection of the ventricular apex, epicardial
cells proliferate intensely before incorporating into regenerating
tissue in a fibroblast growth factor (Fgf)- and platelet-derived
growth factor (Pdgf)-dependent manner (Kim et al., 2010; Lepilina
et al., 2006). Although activation and proliferation of spared
cardiomyocytes make a major contribution to regenerated cardiac
muscle (Jopling et al., 2010; Kikuchi et al., 2010), whether
epicardial cells also provide cardiomyocytes during regeneration
has not been examined. Lineage tracing of epicardial cells in
zebrafish thus provides the opportunity to define their contributions
in the settings of embryonic heart development and adult heart
regeneration.

Here, to explore the natural developmental potential of the
epicardium, we screened several candidate genes for epicardial-
specific expression as a prerequisite for genetic fate-mapping. We
found that zebrafish tbx18 and wt1b regulatory sequences lacked
epicardial specificity within the heart, showing additional activation
in a subset of cardiomyocytes during development or regeneration.
By contrast, a different epicardial marker, tcf21, displayed
epicardial-specific expression throughout development and
regeneration, and was at no point detected within cardiomyocytes.
Using tcf21 regulatory sequences and inducible Cre recombinase
technology, we examined the cellular contributions of the
epicardium during development and regeneration. We found that
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SUMMARY
Recent lineage-tracing studies have produced conflicting results about whether the epicardium is a source of cardiac muscle cells
during heart development. Here, we examined the developmental potential of epicardial tissue in zebrafish during both
embryonic development and injury-induced heart regeneration. We found that upstream sequences of the transcription factor
gene tcf21 activated robust, epicardium-specific expression throughout development and regeneration. Cre recombinase-based,
genetic fate-mapping of larval or adult tcf21+ cells revealed contributions to perivascular cells, but not cardiomyocytes, during
each form of cardiogenesis. Our findings indicate that natural epicardial fates are limited to non-myocardial cell types in
zebrafish.
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larval cells lineage labeled by tcf21 expression gave rise to adult
epicardial cells, subepicardial EPDCs and perivascular cells,
including the smooth muscle of the outflow tract, but did not
differentiate directly or indirectly into cardiomyocytes. Similarly,
cells labeled for tcf21 expression either in larvae or adults
contributed perivascular cells, but not cardiomyocytes, after cardiac
injury and regeneration. Taken together, our results support the
notion that epicardial tissue does not readily acquire a myocardial
phenotype in vivo.

MATERIALS AND METHODS
Zebrafish
Zebrafish at 4-5 months of age were used for ventricular resection surgeries
as described previously (Poss et al., 2002). All transgenic strains were
analyzed as hemizygotes; details of their construction are described below.
Published transgenic strains used in this study were: wt1b:EGFP
[Tg(wt1b:EGFP)li1] (Perner et al., 2007), cmlc2:EGFP
[Tg(cmlc2:EGFP)f1] (Burns et al., 2005), cmlc2:DsRed2
[Tg(cmlc2:DsRed2)pd15] (Kikuchi et al., 2010), fli1:EGFP
[Tg(fli1a:EGFP)y1] (Lawson and Weinstein, 2002), gata5:EGFP
[Tg(gata5:EGFP)pd25] (Kikuchi et al., 2011), cmlc2:CreER
[Tg(cmlc2:CreER)pd10] (Kikuchi et al., 2010), -act2:RSG
[Tg(bactin2:loxP-DsRed-STOP-loxP-EGFP)s928] (Kikuchi et al., 2010) and
gata5:RnG [Tg(gata5:loxP-mCherry-STOP-loxP-nucEGFP)pd40] (Kikuchi
et al., 2010). Animal density was maintained at four fish per liter in all
experiments. For 4-hydroxytamoxifen (4-HT) labeling using tcf21:CreER,
3 days post-fertilization (dpf) embryos were placed in embryo medium
with 4-HT added to a final concentration of 5 M, from a 1 mM stock
solution made in 100% ethanol. After 24 hours, embryos were placed in
fresh 4-HT for an additional 24 hours. For cmlc2:CreER embryos, this
protocol was similar except that embryos were incubated from 2 dpf to 4

dpf. To label adult zebrafish cells, double transgenic strains carrying either
tcf21:CreER or cmlc2:CreER, with either gata5:RnG or -act2:RSG
reporter transgenes, were placed in a small beaker of aquarium water
containing 5 M 4-HT. Fish were maintained for 24 hours in this media,
rinsed with fresh aquarium water and returned to a recirculating aquatic
system.

Construction of transgenic animals
tbx18:DsRed2
The first exon of the tbx18 gene in the BAC clone CH211-197L9 was
replaced with a DsRed2 cassette using Red/ET recombineering technology
(GeneBridges). The recombined BAC was linearized by I-SceI digestion,
and purified DNA was injected into one-cell zebrafish embryos. The full
name of this transgenic line is Tg(tbx18:DsRed2)pd22.

tcf21:DsRed2
The first exon of the tcf21 gene in the BAC clone DKEYP-79F12 was
replaced with a DsRed2 cassette using Red/ET recombineering technology.
The recombined BAC was linearized by I-SceI digestion, and purified
DNA was injected into one-cell zebrafish embryos. The full name of this
transgenic line is Tg(tcf21:DsRed2)pd37.

tcf21:CreER
The first exon of the tcf21 gene in the BAC clone DKEYP-79F12 was
replaced with a CreERT2 cassette using Red/ET recombineering technology.
The same technology was used to replace an endogenous loxP site in the
BAC vector with a cassette containing an I-SceI site, as well as a lens-
specific promoter upstream of EGFP. The -crystallin:EGFP cassette
enables visual identification of transgenic animals by lens fluorescence
(Waxman et al., 2008). The BAC construct was purified and co-injected
with I-SceI into one-cell zebrafish embryos. The full name of this
transgenic line is Tg(tcf21:CreER)pd42.
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Fig. 1. Zebrafish wt1b and tbx18 regulatory sequences drive expression in epicardial and non-epicardial tissue including
cardiomyocytes. (A,B)wt1b:EGFP (green) is detectable in epicardial cells (arrowheads), as well as in ventricular (A) and atrial (B) cardiac muscle
(arrows), where it colocalizes with cmlc2:DsRed2 (red) at 3 days post-fertilization (dpf). (C,D)wt1b-driven EGFP marks a subset of epicardial cells
(arrowheads) in the uninjured adult ventricle, as well as intra-myocardial cells (inset, arrow) that do not express cmlc2:DsRed2 (C). At 3 days post-
amputation (dpa), many wt1b:EGFP+ cells lacking cmlc2:DsRed2 are evident in and around the injury site (D). A subset of these cells are epicardial
(arrowheads), whereas many are intra-myocardial (arrows). Higher magnification of the boxed area is shown in each channel on the right. An
antibody was used to detect EGFP in A-D. (E)tbx18:DsRed2 (red) labels epicardial cells (arrowheads) at 6 dpf, but does not colocalize with
cmlc2:EGFP (green). (F,G)tbx18:DsRed2 has little or no detectable expression in the uninjured adult ventricle (F), but is detectable after injury in
epicardial cells and EPDCs (G, arrows), where it does not colocalize with cmlc2:EGFP. (H)At 7 dpa, tbx18:DsRed2 colocalizes with cmlc2:EGFP in
many cardiomyocytes at the injury site (arrows). Arrowheads indicate epicardial tbx18:DsRed2 fluorescence. An antibody was used to detect DsRed
in E-H. at, atrium; ve, ventricle. Scale bars: 50m. D
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Immunofluorescence
Immunofluorescence was performed as described previously (Poss et al.,
2002). Primary antibodies used in this study were as follows: anti-Mef2
(rabbit; Santa Cruz Biotechnology), anti-Myosin heavy chain (F59, mouse;
Developmental Studies Hybridoma Bank), anti-zf Raldh2 (rabbit; Abmart),
anti-MLCK (K36, mouse; Sigma), anti-GFP (rabbit; Invitrogen), anti-GFP
(chicken; Abcam), anti-DsRed (rabbit; Invitrogen). Secondary antibodies
(Invitrogen) used in this study were as follows: Alexa Fluor 594 goat anti-
rabbit IgG (H+L) for anti-DsRed, Alexa Fluor 633 goat anti-rabbit IgG
(H+L) for anti-Mef2 and anti-zf Raldh2, Alexa Fluor 633 goat anti-mouse
IgG (H+L) for F59 and K36, and Alexa Fluor 488 goat anti-rabbit or chicken
IgG (H+L) for anti-GFP. Fluorescent images were taken using a DM6000
microscope with a Retiga-EXi camera (Q-IMAGING), and confocal images
were taken using a Leica SP2 or Zeiss LSM 710 confocal microscope.

Immunofluorescence detection of EGFP (enhanced green fluorescent
protein) was used for all labeling experiments with the gata5:RnG line,
allowing detection of both nuclear and cytosolic EGFP. The extent to which
cytosolic EGFP was detectable depended on the cell type and animal stage.
Larval epicardial cells had little detectable cytosolic EGFP compared with
nuclear EGFP. Adult heart sections stained for EGFP fluorescence showed
similar cytosolic and nuclear EGFP in epicardial cells, but predominantly
nuclear EGFP in cardiomyocytes. These differences were likely to be based
on different processing methods and effects of fixation between whole
larvae and whole adult hearts, and the nuclear:cytosolic volume ratio

differences between cell types. Both cytosolic (MHC) and nuclear (Mef2)
markers of cardiomyocytes were thus employed in experiments that
assessed potential cardiomyocyte co-labeling.

RESULTS
Regulatory sequences of tcf21, but not wt1b or
tbx18, are epicardial-specific during cardiac
development and regeneration
To facilitate lineage-tracing experiments, we first examined
candidate gene regulatory sequences for their ability to drive
expression specifically in larval and adult zebrafish epicardial cells.
We obtained a wt1b:EGFP reporter strain (Perner et al., 2007) and
generated a DsRed2 transgenic reporter strain with BAC sequences
containing zebrafish tbx18, shown previously to be induced during
heart regeneration (Lepilina et al., 2006). In 3 day post-fertilization
(dpf) larvae, we detected wt1b-driven EGFP in most epicardial cells,
in the process of fully covering the heart at this age, and also
occasionally in ventricular and atrial cells expressing cmlc2-driven
EGFP, a marker of cardiomyocytes (Fig. 1A,B). In adult hearts, we
noticed that a low proportion of epicardial cells expressed
wt1b:EGFP in the absence of injury, as did low numbers of small,
intra-myocardial cells that are likely to be hematopoietic cells (Fig.
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Fig. 2. Zebrafish tcf21 regulatory
elements drive epicardial-specific
expression. (A-C)Cardiac tcf21:DsRed2
expression (white) at 3 dpf (A), 6 dpf (B)
and adult (C) stages. Asterisks indicate
extracardiac expression in A and B. Inset in
C shows enlargement of area in yellow
box. (D,E)tcf21:DsRed2+ epicardial cells
(magenta) within the adult ventricular wall,
assessed for wt1b:EGFP (D) or antibody
staining for Raldh2 (E; green) colocalization.
Arrowheads and arrows in C-E indicate the
outer (epithelial) epicardial cell layer and
EPDCs, respectively. (F-I)tcf21:DsRed2
(magenta) and cmlc2:EGFP (green)
expression in distinct cells of 6 dpf (F-H)
and adult (I) ventricles. An antibody was
used to detect DsRed in F-H; this antibody
also failed to detect DsRed2+EGFP+ cells in
adult tcf21:DsRed2; cmlc2:EGFP ventricles
(data not shown). (J-N)tcf21:DsRed2
(magenta or red) and cmlc2:EGFP (green)
expression also mark distinct cells during
regeneration. Arrows indicate
tcf21:DsRed2+ nuclei in M and N. 
(O-R)tcf21:DsRed2 (magenta or red) and
fli1:EGFP (green) do not colocalize in
uninjured or regenerating adult ventricles.
Insets in P and Q are enlarged views of
boxed areas. Dashed lines indicate
approximate amputation planes. at, atrium;
ba, bulbus arteriosus; ve, ventricle. Scale
bars: 100m for A-C; 10m for D-H,R;
50m for I-Q.
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1C). After resection of the ventricular apex, wt1b:EGFP was induced
in most epicardial cells at 3 days post-amputation (dpa), in addition
to many intra-myocardial cells both distant from and within the
wound site (Fig. 1D). tbx18-driven DsRed2 expression was weak in
the larval heart, detectable only in epicardial cells at 3 and 6 dpf (Fig.
1E; data not shown). Few tbx18:DsRed2+ epicardial cells were

detected surrounding the uninjured adult ventricle, but injury induced
DsRed2 fluorescence in most epicardial cells (Fig. 1F,G).
Interestingly, confocal analysis revealed that many cmlc2:EGFP+

cardiomyocytes adjacent to the injury site expressed tbx18:DsRed2
at 5-7 dpa (Fig. 1H), indicating that tbx18 regulatory sequences are
activated in a subset of cardiomyocytes that participate in

RESEARCH ARTICLE Development 138 (14)

Fig. 3. gata5 and tcf21 regulatory
sequences drive expression that
overlaps in the zebrafish
epicardium. (A-E)A gata5:EGFP;
tcf21:DsRed2 larva at 6 dpf. Insets
are magnified images of the areas in
white boxes in B-D. A single
confocal slice visualizing
gata5:EGFP; tcf21:DsRed2 ventricles
shows colocalization limited to the
epicardium (E, arrowhead). Each
channel of the image is shown on
the right (E). (F,G)The gata5:RnG
indicator line efficiently reports
induced Cre-mediated
recombination in cardiomyocytes.
cmlc2:CreER; gata5:RnG adults
treated with 4-HT, showing EGFP
labeling in Mef2+ cardiomyocytes
nuclei of uninjured (F) and
regenerated (G, brackets) cardiac
tissue. Arrowheads in insets indicate
EGFP immunofluorescence. Scale
bars: 10m for E; 50m for F,G.

Fig. 4. Efficient and specific induced epicardial labeling in tcf21:CreER; gata5:RnG zebrafish. (A,B)tcf21:CreER; gata5:RnG larvae incubated
with vehicle (A) or 4-HT (B) at 3-5 days post-fertilization (dpf) and visualized at 6 dpf, indicating 4-HT-induced labeling of the larval epicardium
(green). Confocal projections of 10m z-stacks are shown. (C,D)Confirmation of epicardial specificity at 6 dpf embryos, assessed by Myosin heavy
chain (MHC) and Mef2 staining. Arrows indicate an epicardial cell nucleus in each image. (E,F)30 days post-amputation (dpa) ventricles from adult
tcf21:CreER; gata5:RnG animals treated with vehicle as larvae (E) or adults (F). Occasional epicardial labeling (E, asterisks) was observed in injured or
uninjured hearts. Arrowheads indicate apical regenerate. (G,H)4-HT treatment at larvae or adult stages specifically labeled the majority of adult
epicardial cells. at, atrium; ba, bulbus arteriosus; ve, ventricle. An antibody was used to detect EGFP in these experiments. Scale bars: 10m for A-
D; 100m for E-H. D
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regeneration. Because tbx18 and wt1b regulatory sequences were not
active in epicardial tissue at all life stages, and as they were activated
in subpopulations of cardiomyocytes and other non-epicardial cells,
they did not meet prerequisites for lineage tracing the epicardium.

Tcf21 (also known as capsulin, Pod1 and epicardin) was identified
as a basic helix-loop-helix transcription factor expressed in the PEO,
epicardium and other mesoderm-derived tissues during embryonic
mouse development (Hidai et al., 1998; Lu et al., 1998; Quaggin et
al., 1999; Robb et al., 1998). tcf21 is also expressed in the epicardium
of zebrafish larvae (Serluca, 2008). To visualize the activity of tcf21
regulatory sequences, we generated a BAC transgenic DsRed2
reporter line. DsRed2 fluorescence was detected in most epicardial
cells at 3 dpf (Fig. 2A), as well as in other non-cardiac structures. By
6 dpf, through larval development and in mature adult animals, the
entire heart was surrounded by tcf21:DsRed2+ epicardium (Fig.
2B,C). In adult ventricles, tcf21:DsRed2 was expressed throughout
the outermost (epithelial) epicardial cell layer and subepicardial
EPDCs (Fig. 2C,D). The epicardial (and endocardial) marker Raldh2
(Aldh1a2 – Zebrafish Information Network) was detected only in
epithelial tcf21:DsRed2+wt1b:EGFP+ cells, consistent with findings
indicating raldh2 downregulation after epicardial epithelial-
mesenchymal transition in developing avian embryos (Perez-
Pomares et al., 2002) (Fig. 2D,E). The tcf21:DsRed2+ epicardial
domain, and often the subepicardial domain, appeared contiguous
around the ventricle, suggesting representation of all ventricular
epicardial cells. However, as it remains possible that there is more
cell type diversity in the epicardium than is commonly appreciated,
we cannot rule out the existence of occasional epicardial cells that
do not activate tcf21 regulatory sequences. Thus, zebrafish tcf21
regulatory sequences drive robust, epicardial-specific expression
within the larval and uninjured adult ventricle.

We next assessed uninjured and injured tcf21:DsRed2 animals
for potential expression in other cardiac cell types during
development and regeneration. tcf21:DsRed2 did not colocalize
with cmlc2-driven EGFP at 6 dpf and 4 months of age, indicating
no expression in cardiomyocytes of the developing or mature
ventricle (Fig. 2F-I). After resection of the apex of the adult
ventricle, tcf21:DsRed2+ cells with mesenchymal morphology were
observed in the injury site and regenerating tissues from 7 to 30
dpa (Fig. 2J-L). Although tcf21:DsRed2+ cells were closely
associated with cardiomyocytes, confocal analysis confirmed the
lack of cmlc2:EGFP expression in these cells (Fig. 2M,N).
Similarly, tcf21:DsRed2 did not colocalize with fli1-driven EGFP,
a marker of endocardial and vascular endothelial cells, in uninjured
and regenerating cardiac tissue. Instead, fli1:EGFP-expressing
vascular endothelium was closely associated with, and often
surrounded by, tcf21:DsRed2+ cells, indicative of a perivascular
cell phenotype (Fig. 2O-R). Together, these results indicate that
zebrafish tcf21 regulatory sequences activate expression that is
specific to the epicardium and absent from myocardial and
endocardial/endothelial cells.

tcf21+ cells do not acquire myocardial fate during
heart development
Studies that fate-mapped epicardial cells during murine development
used the Wt1 or Tbx18 regulatory sequences to drive Cre
recombinase expression, combined with a ubiquitous lineage-tracing
reporter line (Cai et al., 2008; Zhou et al., 2008). To fate-map
zebrafish epicardial cells, we generated a transgenic line with tcf21
regulatory sequences driving a tamoxifen-inducible Cre
recombinase. We crossed this strain with an indicator line,
gata5:RnG, to tag cells with a nuclear localization signal-tagged
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Fig. 5. Adult progeny of labeled larval
epicardial cells. (A)Schematic of the
experimental design. (B,C)Portions of the
ventricle from the lineage-traced heart,
stained with an antibody for EGFP (green)
and muscle markers (red). Lineage-labeled
EGFP+ cells (arrows in inset) did not
colocalize with cytosolic Myosin heavy chain
(MHC; B) or nuclear Mef2 (C; n10). The
small EGFP+ region at the bottom of the
inset of B is a thin strand of epicardial cytosol
partially overlaying myocardial cytosol. A
structure like this cannot be resolved by
confocal imaging in processed tissue
sections, but has neither the size nor
morphology of a cardiomyocyte. Moreover,
EGFP fluorescence was never observed in
Mef2+ nuclei. (D,E)Portions of the atrium
from the lineage-traced heart, stained with
an antibody for EGFP (green) and muscle
markers (red). Lineage-labeled EGFP+ cells
(arrow in inset) did not colocalize with MHC
(D) or Mef2 (E) (n10). (F-I)EGFP+ cells in the
outflow tract colocalize with Myosin light
chain kinase (MLCK; red), a smooth muscle
marker (F-H). This colocalization was not
observed in coronary vascular smooth muscle
(I). An antibody was used to detect EGFP in
these experiments. Scale bars: 50m for B-
H; 10m for I.
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EGFP after excision of loxP-flanked stop sequences (Kikuchi et al.,
2010). gata5 was expressed throughout the heart and endoderm-
derived organs in larval and adult zebrafish (Fig. 3A-E), and
gata5:RnG efficiently reported recombination-induced myocardial
EGFP expression in combination with the cardiomyocyte-specific
cmlc2:CreER line (Fig. 3F,G) (Kikuchi et al., 2010). Thus, through
the overlapping expression domains of tcf21 and gata5, we expected
precise labeling of epicardial cells (Fig. 3E). We incubated
tcf21:CreER; gata5:RnG double transgenic larvae with 4-
hydroxytamoxifen (4-HT) at 3-5 dpf, a time point at which PEO-
derived epicardial cells have completely enveloped the heart during
zebrafish development (Serluca, 2008). An antibody against EGFP
was used to increase sensitivity of detecting labeled cells within
tcf21:CreER; gata5:RnG tissue, and detected nuclear and
occasionally cytosolic EGFP in labeled cells (see Materials and
methods). Most cell nuclei with apparent epicardial morphology and
position were labeled by this treatment, and no cells expressing
cytosolic Myosin heavy chain (MHC) or the nuclear localized
myocardial transcription factor Mef2 were labeled (Fig. 4A-D).

To assess the progeny of larval epicardial cells, we allowed
labeled larvae to mature to adults and assessed EGFP
immunofluorescence. EGFP+ cells covered the adult ventricular
surface and subepicardial area, but never populated the inner
trabecular myocardium (Fig. 4E,G; Fig. 5B,C). Similarly, atrial
labeling was confined to the epicardial surface (Fig. 5D,E). These

results suggest that larval epicardial cells give rise to a high
percentage of adult epicardial cells and EPDCs. Immunofluorescence
revealed that these EGFP+ cells expressed neither MHC nor Mef2
(Fig. 5B-E). We also used a second indicator line, -act2:RSG, to
detect potential myocardial contributions. -actin2-driven expression
in the heart is limited to myocardial cells, and the -act2:RSG line
was shown to label cardiomyocytes with particularly high efficiency
in combination with the cmlc2:CreER line (Kikuchi et al., 2010). By
contrast with hearts from cmlc2:CreER; -act2:RSG animals treated
with 4-HT as larvae, tcf21:CreER; -act2:RSG hearts displayed no
EGFP labeling (see Fig. S1A-D in the supplementary material).
Thus, our data indicated no contributions by epicardium to cardiac
muscle during zebrafish development.

We also examined the contribution of tcf21-expressing larval cells
to the adult bulbus arteriosus and coronary vessels. Interestingly,
EGFP+ cells were found in subepicardial areas of the bulbus
arteriosus, where the labeled cells had distinct morphology from
epicardium and expressed the smooth muscle marker Myosin light
chain kinase (MLCK) (Fig. 5F-H). These cells ostensibly arose from
larval epicardium and not larval smooth muscle, as tcf21:DsRed2
was not detected in smooth muscle of the larval bulbus arteriosus
(data not shown). Also, EGFP+ cells enveloped MLCK-positive
smooth muscle cells within large vessels of the ventricle (Fig. 5I).
Thus, larval tcf21+ epicardial cells contribute to adult epicardial
tissue and perivascular cell types, but not cardiomyocytes.
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Fig. 6. Epicardial cells contribute
vascular support cells during heart
regeneration. (A)Schematic of the
experimental design. (B,C)Lineage-
labeled EGFP+ cells (arrows, green) did
not colocalize with Myosin heavy chain
(MHC; B, red) or Mef2 (C, red) in 30
days post-amputation (dpa) regenerates
of the larvally labeled animals (brackets;
n20). (D,E)EGFP+ cells (arrowheads)
surrounds a vessel within the larvally
labeled regenerate. Asterisk marks
vascular lumen. (F)Schematic of the
experimental design. (G,H)Lineage-
labeled EGFP+ cells (arrows) did not
colocalize with MHC (G) or Mef2 (H) in
30 dpa regenerates of the adult-labeled
animals (brackets; n6). (I,J)EGFP+ cells
(arrowheads) surround a vessel within
the adult-labeled regenerate. Asterisk
marks vascular lumen. An antibody was
used to detect EGFP in these
experiments. Scale bars: 50m for
B,C,G,H; 10m for D,E,I,J.
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tcf21+ epicardial cells contribute perivascular cells
but not cardiomyocytes during heart regeneration
To examine epicardial contributions during cardiac regeneration,
we grew 4-HT-labeled tcf21:CreER; gata5:RnG or tcf21:CreER;
-act2:RSG larvae to 4-5 months of age and resected ventricular
apices (Fig. 6A). We found a substantial number of EGFP+ cells
within 30 dpa tcf21:CreER; gata5:RnG regenerates; however, these
cells did not express myocardial markers (Fig. 6B,C). Instead,
confocal analysis identified EGFP-labeled cells with a
mesenchymal appearance similar to DsRed2+ perivascular cells in
regenerating tissue of the tcf21:DsRed2 reporter line (Fig. 6D,E).
Furthermore, we detected no EGFP+ cardiomyocytes in
tcf21:CreER; -act2:RSG regenerates (see Fig. S1E,F in the
supplementary material).

Although 4-HT treatment of tcf21:CreER; gata5:RnG larvae
labeled the majority of adult epicardial cells, it remained possible
that a population of epicardial cells with a distinct developmental
potential arises in late larval or adult animals. To address this
possibility, we incubated 3- to 4-month-old tcf21:CreER;
gata5:RnG animals with 4-HT for one day and assessed progeny
during regeneration (Fig. 6F). Although the majority of the adult
epicardium appeared to be labeled in uninjured ventricles (Fig.
4F,H), and many EGFP+ EPDCs and perivascular cells were
observed in 30 dpa regenerates, we detected no EGFP+ cells with
myocardial marker expression (Fig. 6G-J). We performed similar
experiments with tcf21:CreER; -act2:RSG zebrafish that had been
treated with 4-HT at adult stages, and did not detect EGFP+

cardiomyocytes in regenerated tissues (see Fig. S1G in the
supplementary material). Our results indicate that the zebrafish
epicardium is a source of perivascular support cells, but not cardiac
muscle, during heart regeneration.

DISCUSSION
The extent to which epicardial cells act as a natural source of
cardiac muscle during development or regeneration has been an
unanswered question. Recent experiments in mice used genetic
fate-mapping to indicate that epicardial cell have in vivo myogenic
properties (Cai et al., 2008; Zhou et al., 2008), a result that was not
reported in other epicardial lineage-tracing studies in mouse and
chick (Dettman et al., 1998; Gittenberger-de Groot et al., 1998;
Manner, 1999; Merki et al., 2005; Mikawa and Gourdie, 1996;
Wilm et al., 2005). Here, to help clarify this issue, we investigated
the developmental potential of epicardial cells in a third model
system, zebrafish, shown recently to be amenable to Cre-based
fate-mapping approaches. A key component of our study is the
identification of a specific epicardial marker, tcf21. From our
comparisons of zebrafish wt1b, tbx18 and tcf21 regulatory
sequences, tcf21 emerged as the only marker with robust, epicardial
expression that was never detected in cardiomyocytes themselves.

Whereas natural myocardial potential was attributed to
embryonic murine Tbx18+ and Wt1+ epicardial cells, our genetic
fate-mapping data exposed no similar property of the tcf21+ larval
zebrafish epicardium. They instead suggest that epicardial cells,
defined morphologically and not by marker expression, are
unlikely to represent a source of cardiomyocytes during zebrafish
heart development. These distinct results can be explained by the
notion that developmental roles of epicardial cells have evolved
differently in mammals versus teleosts. However, lineage-tracing
experiments in avians also did not report epicardial-to-myocardial
transitions. As many fundamental aspects of heart development are
similar across species, the results might also be explained by
activation of murine Tbx18+ and Wt1+ regulatory sequences in non-

epicardial precursors of cardiomyocytes, or in cardiomyocytes
themselves. Inducible, genetic fate-mapping of the murine
counterpart of the tcf21+ population will be helpful to understand
better the natural potential of epicardial cells during vertebrate
development.

Our data indicate that epicardial cells give rise to vascular
support cells in large vessels of the zebrafish ventricle, as well as
smooth muscle in the bulbus arteriosus. These perivascular
contributions are consistent with what has been reported in other
species. Interestingly, the smooth muscle contributions of the
larvally labeled epicardium to the bulbus arteriosus are limited to
several layers situated under the epicardium. A large portion of
smooth muscle in this structure was not labeled in tcf21 fate-
mapping experiments, and thus appears to have a cellular origin
distinct from the epicardium.

Regeneration of new cardiac muscle in zebrafish was reported
to occur largely through the activation and proliferation of
cardiomyocyte populations (Jopling et al., 2010; Kikuchi et al.,
2010), a finding now supported by direct lineage-tracing of both
the myocardium and the epicardium. Neovascularization occurs
concomitant with new muscle creation after removal of the
ventricular apex, and is important for continued regeneration.
Our data reveal that epicardial cells contribute a large amount of
perivascular cells during neovascularization of regenerating
muscle, substantiating inferences from a previous study that did
not involve lineage-tracing approaches (Lepilina et al., 2006).
Although our findings indicate that epicardial cells are not a
natural source of cardiomyocytes for regenerative therapies of
the diseased heart, it remains possible that such a property can
manifest from these cells through their experimental
manipulation.
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