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a b s t r a c t

Myocardial infarction (MI) leads to a severe loss of cardiomyocytes, which in mammals are replaced by

scar tissue. Epicardial derived cells (EPDCs) have been reported to differentiate into cardiomyocytes

during development, and proposed to have cardiomyogenic potential in the adult heart. However,

mouse MI models reveal little if any contribution of EPDCs to myocardium. In contrast to adult

mammals, teleosts possess a high myocardial regenerative capacity. To test if this advantage relates to

the properties of their epicardium, we studied the fate of EPDCs in cryoinjured zebrafish hearts. To

avoid the limitations of genetic labelling, which might trace only a subpopulation of EPDCs, we used

cell transplantation to track all EPDCs during regeneration. EPDCs migrated to the injured myocardium,

where they differentiated into myofibroblasts and perivascular fibroblasts. However, we did not detect

any differentiation of EPDCs nor any other non-cardiomyocyte population into cardiomyocytes, even in

a context of impaired cardiomyocyte proliferation. Our results support a model in which the

epicardium promotes myocardial regeneration by forming a cellular scaffold, and suggests that it

might induce cardiomyocyte proliferation and contribute to neoangiogenesis in a paracrine manner.

& 2012 Elsevier Inc. All rights reserved.
Introduction

In response to myocardial infarction (MI), the most common
cause of heart failure in humans, cardiomyocytes undergo
ischemic cell death and are replaced by scar tissue. Finding ways
to replenish the lost myocardium is a key research goal, and
potential sources of exogenous or resident stem cells are being
evaluated for their capacity to differentiate into functional and
electrically-coupled cardiomyocytes (Alexander and Bruneau,
2010; Mercola et al., 2011).

The role of the epicardium during myocardial regeneration has
attracted growing interest (Vieira and Riley, 2010). In the adult,
the epicardium constitutes an epithelial layer enveloping the
heart. During development, a subset of epicardial cells undergoes
epithelial-to-mesenchymal transition (EMT), invading the sube-
picardial space to give rise to epicardial derived cells (EPDCs)
(reviewed in Carmona et al., 2010; Perez-Pomares and de la
Pompa, 2011). The epicardium of the developing heart expresses
Wilm’s tumor suppressor gene 1 (Wt1), which promotes epicardial
EMT (Kreidberg et al., 1993; Martinez-Estrada et al., 2010; Moore
et al., 1999; von Gise et al., 2011). In mice, lineage tracing showed
that Wt1þ cells give rise to smooth muscle cells of the coronary
ll rights reserved.
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vasculature and to fibroblasts (intracardiac fibroblasts and fibro-
blasts of the tunica adventitia and the annulus fibrosus). In
addition, Wt1þ cells were found to contribute 4% of the total
number of cardiomyocytes, predominantly populating the intra-
ventricular septum, but also in ventricular wall and atria (Zhou
et al., 2008). Similar results were obtained by fate mapping cells
expressing T box transcription factor 18 (Cai et al., 2008).
However, although Tbx18 is expressed in epicardial cells, expres-
sion has also been reported in the developing myocardium,
casting doubt on its usefullness as an epicardial reporter gene
(Christoffels et al., 2009). A third gene broadly expressed in the
epicardium is Tcf21 (also known as Pod1, capsulin, and epicardin)
(Hidai et al., 1998; Lu et al., 1998; Quaggin et al., 1999; Robb et al.,
1998). Genetic lineage tracing in mouse and zebrafish showed
that Tcf21þ cells give rise to intracardiac fibroblasts, but not to
coronary smooth muscle or endothelial cells (Acharya et al., 2011;
Kikuchi et al., 2011a). These genetic lineage tracing analyses
appear to conflict with experimental evidence from chick that
EPDCs are the major progenitor source of coronary vascular
endothelial cells, but this has recently been resolved by the
discovery of scleraxis- and semaphorin3D-expressing EPDCs in
the developing mouse heart that give rise to endothelial cells of
the coronary vasculature (Katz et al., 2012). The non or incom-
plete overlap of fate maps found with these lines suggests that
none of them labels the entire epicardial cell pool and thus
supports the idea that the epicardium is a mixture of cells with
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differing gene expression profiles. In addition, the contribution of
EPDCs to the developing myocardium has not been confirmed in
the chick or zebrafish (Kikuchi et al., 2011a; Manner, 1999). This
discrepancy might reflect inter-species divergence or simply the
differing experimental approaches used to study EPDC fate. EPDC
fate studies would therefore benefit from the use of a more
unbiased lineage-tracing approach.

Several animal models of MI show that the early response to
heart injury includes a reactivation of epicardial genes usually
expressed only during development, such as Tbx18 and Wt1

(Lepilina et al., 2006; Limana et al., 2009). While reactivation of
these genes is organ-wide initially, it later becomes restricted to
the site of damage, suggesting that signals emanating from the
injured area (IA) control epicardial responses. Concomitantly, the
epicardium undergoes EMT and proliferates, leading to the for-
mation of a thickened epicardial cap covering the injured myo-
cardium (González-Rosa et al., 2011; Kim et al., 2010; Smart et al.,
2010; Zhou et al., 2011a). Unlike the situation during develop-
ment, in response to injury EPDCs remain on the heart surface and
do not invade the myocardium (Zhou et al., 2011a, b). This
observation suggests a role for the epicardium during the healing
process, supported by the finding that EPDCs secrete proangio-
genic factors such as VEGFA and CXCL12 and thus control
neoangiogenesis through a paracrine action (Zhou et al., 2011a).

In addition to its trophic function, the epicardium might thus
be a source of progenitor cells for the repair of injured cardiac
tissue. Cells positive for the stem-cell markers c-kit and CD34
have been detected in the subepicardial space in fetal and adult
human hearts (Limana et al., 2007). In culture, these cells can
acquire a myocardial, endothelial or smooth muscle phenotype
(van Tuyn et al., 2007). Recent lineage-tracing experiments
analysing Wt1-progeny revealed that upon MI in mice epicardial
cells give rise to fibroblasts, myofibroblasts and smooth muscle
cells, which accumulate in the thickened epicardial cap. However,
Wt1þ cells do not differentiate into endothelial cells or cardio-
myocytes (Zhou et al., 2011a).

Unlike adult mammals, the hearts of urodeles and teleosts
have a high regenerative capacity (reviewed in Ausoni and Sartore
(2009). Upon ventricular resection of the adult zebrafish heart,
cardiomyocytes partially dedifferentiate and proliferate to give
rise to de novo cardiomyocytes (Jopling et al., 2010; Kikuchi et al.,
2010). The recent genetic tracing of EPDCs with a tcf21 promoter
construct suggested that the epicardium is not a cell source for
myocardial regeneration after ventricular amputation in the
zebrafish (Kikuchi et al., 2011a). Consistent with reports from
the mouse, tcf21þ cells do not give rise to all EPDC derivatives
and seem to primarily contribute cardiac fibroblasts. Given that
Wt1 fate mapping in a mouse MI-model also revealed a contribu-
tion of EPDCs to smooth muscle, it remains plausible that the
tcf21-lineage is not a pan-epicardial marker and thus does not
label all EPDC descendants during zebrafish regeneration.

To better characterize EPDC differentiation during zebrafish
heart regeneration, we sought to perform a cell tracing analysis
that bypassed the need for gene-specific fate mapping. We and
others recently reported the use of cryoinjury as a regeneration
model that simulates the ischemic damage triggered by MI
(Chablais et al., 2011; González-Rosa et al., 2011; González-Rosa
and Mercader, 2012; Schnabel et al., 2011).

Here, we investigated the fate of EPDCs during regeneration
after cryoinjury. We also studied the contribution of EPDCs during
regeneration in the context of impaired cardiomyocyte prolifera-
tion by analysing the fate of EPDCs grafted to irradiated host
hearts. Using this experimental setup we found that upon
cryoinjury, EPDCs give rise to fibroblasts, but do not contribute
to the myocardial lineage. Indeed, we did not identify any non-
cardiomyocyte progenitor cell source within the ventricle capable
of differentiating into myocardium. The expression of the secreted
molecules periostin and cxcl12a by EPDCs after injury suggests
that, rather than acting as a source of myocardial progenitors, the
epicardium promotes cardiomyogenesis and neoangiogenesis
through a paracrine action and by forming a cellular scaffold
supporting the proliferation of extant cardiomyocytes.
Materials and methods

Zebrafish husbandry

Experiments were conducted with adult zebrafish aged 6–18
months, raised at 3 fish/l. Animal studies were approved by the
local ethics committee. All animal procedures conformed to EU
Directive 86/609/EEC and Recommendation 2007/526/EC regard-
ing the protection of animals used for experimental and other
scientific purposes, enforced in Spanish law under Real Decreto
1201/2005. Fish lines used were the wild-type WIK strain (ZIRC,
Eugene, OR, USA), Tg(cmlc2:nucDsRed) (Mably et al., 2003), ET-27
(Poon et al., 2010), Tg(wt1b:eGFP) (line 1) (Perner et al., 2007),
Tg(b-actin:GFP) (Higashijima et al., 1997), Tg(fli1a:GFP) (Lawson
and Weinstein, 2002), Tg(fli1a:DsRedex) (Covassin et al., 2009),
Tg(cmlc2:GFP) (kindly provided by A. Raya, IBEC, Barcelona),
Tg(cd41:GFP) (Lin et al., 2005), Tg(ubi:Switch) (Mosimann et al.,
2011) and Tg(cmlc2:CreERT2) (Kikuchi et al., 2010). To induce
recombination, Tg(cmlc2:CreERT2/ubi:Switch) larvae at 48 hpf were
exposed to 25 mM 4-OH-tamoxifen for 2 days. The animals were
raised to adulthood and used in the experiments described below.
Experimental surgery

The experimental design for transplantations is depicted in
Fig. 3A. Cryoinjury was performed as described (González-Rosa
et al., 2011). To prevent tissue rejection, host animals were
sublethally irradiated with a single dose of 23 Gy, 2 days before
transplantation (Langenau et al., 2003; Traver et al., 2004). Hosts
were always irradiated unless indicated otherwise. For graft
preparation, a freshly dissected cryoinjured donor heart at 3 days
postinjury (dpi) was put into a Petri dish containing PBS. The
bulbus arteriosus and the atrium were removed, and the apical
part of the ventricle cut into 4 pieces. Grafts are subsequently
transferred to the pericardial cavity of a freshly operated zebra-
fish. The graft is usually placed at a distance from the injured area.
However, it is not possible to target a specific location, and grafts
will eventually attach to an arbitrary region of the cryoinjured
ventricle. Hearts were dissected on the desired days posttrans-
plant (dpt), fixed overnight in 4% PFA and processed as described
(González-Rosa et al., 2011).

To explore the migratory capacity of the myocardium in the
absence of an epicardial layer, two separate procedures were
used. In the first, donor hearts were digested at room temperature
in 0.5% trypsin and repeatedly passed through a micropipette tip
to obtain a single cell suspension. The digestion was then stopped
by adding 10% FBS, and the cells were pelleted by centrifugation
(1500 rpm, 10 min, 4 1C) and resuspended in 0.05 ml PBS, 10%
FBS. Approximately 5 ml were pipetted into the pericardial cavity
of a host animal (Fig. S6A).

In the second approach, the epicardium of Tg(wt1b:eGFP/
cmlc2:nucDsRed) donor hearts was removed, following a protocol
modified from that used for the generation of recombinant limbs
(Ros et al., 2000). Briefly, donor hearts were collected from 3 dpi
animals in ice-cold PBS, transferred to a plate containing 0.5%
trypsin and digested for 1 h on ice. Digestion was stopped
by transferring hearts to a plate containing 10% FBS in PBS.
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The epicardium was peeled off with forceps (Fig. S6C). Complete
removal of the epicardium was evidenced by lack of GFP expres-
sion on the myocardial surface; however, some GFPþ cells located
more interiorly were not eliminated. The heart was cut into pieces
the same size as for the standard transplantation procedure, and
the grafts were transferred to the pericardial cavity of freshly
cryoinjured hosts.
Flow cytometry

Hearts collected in ice-cold PBS were digested at room tem-
perature in 0.5% trypsin and repeatedly passed through a micro-
pipette tip to obtain a single cell suspension. Digestion was
stopped by adding ice-cold PBS, 10% FBS, and cells were pelleted
by centrifugation (1500 rpm, 10 min, 4 1C) and resuspended in
10% FBS in PBS. Dead cells were excluded by staining with 1 mg/ml
propidium iodide (Sigma). Cells were analysed for forward scatter,
side scatter and GFP fluorescence on a Canto 3L HTS cytometer
(Beckton Dickinson). Percentages of GFPþcells were determined by
analysing 100,000 cells per sample.
BrdU labelling

For BrdU pulse-chase experiments, animals were anaesthe-
tized in tricaine and injected intraperitoneally with 0.05 ml of a
2.5 mg/ml solution of BrdU dissolved in PBS. Irradiated and
control animals were injected once at 3 dpi and were allowed to
regenerate until 7 dpi (see scheme in Fig. S3A). Hearts were
dissected, fixed and processed as described (González-Rosa
et al., 2011).
Immunofluorescence

Immunofluorescence was as described (González-Rosa et al.,
2011). The anti-BrdU antibody (BD Biosciences Pharmigen) was
used at 1:100, anti-cytokeratin (Dako) at 1:100, anti-collagen type
I (SP1.D8, DSHB) at 1:20, anti-myosin light chain kinase (MLCK)
(Sigma) at 1:100, anti-myosin heavy chain (MF20, DSHB) at 1:20;
anti-GFP (Clontech) at 1:200; and anti-phospho-histone H3 (pH3)
(Cell Signaling) at 1:200.
In situ hybridization (ISH) and double ISH/immunohistochemistry

on sections

ISH on paraffin sections was performed according to Mallo
et al. with minor modifications (Mallo et al., 2000). Probes used
were gfp (kindly provided by Gómez-Skarmeta), wt1b (Perner
et al., 2007) periostin (Kudo et al., 2004), cxcl12a (Haas and
Gilmour, 2006) and collagen 1 alpha 2 (Li et al., 2009). After ISH,
sections were fixed, and mounted in 85% glycerol in PBS for
imaging. After imaging, sections were washed in PBT and per-
meabilized by 10 min incubation in 0.5% Triton-X100 (Sigma).
Anti-GFP (Clontech) was added at 1:100 dilution and sections
incubated overnight. Antibody was detected with the Vectastain
Elite ABC staining kit (Vector) and sections mounted in DPX
(Sigma).
Imaging

Imaging of sections and dissected whole mount hearts was
performed as described (González-Rosa et al., 2011). Data were
quantified with ImageJ.
Statistical analysis

Differences between mean values of experimental groups were
tested for statistical significance by one-way ANOVA followed by
Tukey’s honest significant difference test to control for test
multiplicity. Model assumptions of normality and homogeneity
of variance were checked with conventional residual plots.
We did not observe any strong deviation from normality or
heterogeneity of variance that would justify the use of a non-
parametric test. Statistical significance was assigned at Po0.05.
Results

Epicardial derived cells invade the injured myocardium during

zebrafish cardiac regeneration

Previous reports showed that regeneration in the injured
zebrafish heart is preceded by the reactivation of epicardial
marker genes usually expressed only during development
(González-Rosa et al., 2011; Lepilina et al., 2006; Schnabel et al.,
2011). Cells expressing epicardial marker genes are found pre-
dominantly on the epicardial surface, but can also be found
intermingled with the compact layer and in the injured area
(IA). Similarly, tcf21þ-derived cells have also been found in the
interior of the regenerated heart at 30 dpi (Kikuchi et al., 2011a).
These data suggest that EPDCs migrate into the heart upon injury.
However, in the Tg(wt1b:eGFP) line (Perner et al., 2007), apart
from the expression in the epicardium, some GFPþ cells are also
detected intermingled with the compact myocardium and asso-
ciated with the trabecular endocardium, and the compact myo-
cardial layer of the uninjured heart already contains a
subpopulation of tcf21þ cells ( Kikuchi et al., 2011a and our
unpublished data). Therefore the tcf21þ-derived cells found
inside the regenerated ventricle at late stages could be derived
from this internal population rather than from epicardial cells
on the heart surface.

We wanted to test if epicardial cells can migrate towards and into
the injured myocardium. We first carefully analysed the morpholo-
gical changes undergone by the epicardium upon cardiac damage,
using cryoinjury as a model. We found that not only did the gene
expression profile of epicardial cells change, but also that their
morphology was altered very rapidly upon injury. In control situa-
tions, epicardial cells have a flattened, epithelial morphology, revealed
by the expression of GFP in the trap line ET27 (Poon et al., 2010),
labelling the epicardium (Fig. 1A, A0). Only a few wt1b:eGFPþ cells can
be detected on the heart surface (Fig. 1B, B0). Notably, these cells are
smaller than the other epicardial cells and do not have the same
epithelial structure. Cryoinjury leads to the destruction of all cell
types in the IA, including the epicardium. During the first hours
postinjury, epicardial cells from non-injured areas lose their cell
adhesions (Fig. 1C–C0). Cells expressing wt1b:eGFPþ accumulate at
the injury site (Fig. 1D). These cells have cytoplasmic extensions and
lamellipodia, indicating motility, and some were found intermingled
with the subepicardial tissue (Fig. 1D0). Since there is almost no
detectable proliferation at this stage (data not shown), these cells are
probably derived from epicardial cells that reexpress wt1b and
migrate to the injury site, rather than from proliferation of the pre-
existing wt1b-positive population.

To further analyse the ability of epicardial cells to invade the
myocardium during adult zebrafish heart regeneration, we next
compared the distribution of GFP protein and mRNA expression in
cryoinjured Tg(wt1b:eGFP) ventricles at 7 days post injury (7 dpi)
(Fig. 1E–H). We used the immunodetection of GFP protein as a
short-term tracer of cells that express or have recently expressed gfp

mRNA. In situ hybridization followed by immunohistochemistry



Fig. 1. Epicardial derived cells migrate upon cryoinjury. (A–D) Whole-mount imaging of dissected control and cryoinjured hearts (12 h postinjury: hpi) from the ET27 and

Tg(wt1b:eGFP) lines. Nuclei are counterstained with DAPI (blue). A0–D0 are zoomed images showing the GFP channel in the boxed areas in A–D. Arrows marks GFPþ cells,

arrowheads mark morphological cell features. (E–J) Comparison of the expression domains of wt1b:GFP protein and gfp and wt1b mRNA. (E,E0) Full view and zoomed

images of gfp in situ hybridization on a Tg(wt1b:eGFP) heart section at 7 dpi. Yellow arrows mark cells expressing gfp mRNA, black arrows mark cells devoid of gfp mRNA

expression. (F,F0) Same sections in E,E0 after anti-GFP immunohistochemistry. Yellow arrows mark cells coexpressing GFP protein and gfp mRNA, black arrows mark cells

only expressing GFP protein. (G) and (H) Percentage of cells coexpressing gfp mRNA and protein (G) or only protein (H). Note that while most epicardial cells coexpress gfp

mRNA and protein, most subepicardial cells only express GFP protein. (I) and (J) Percentage of cells coexpressing wt1b mRNA and GFP protein (I) or only protein (J). Results

are similar to those in G and H. Data are means of cell percentages7S.D. counted on 1–3 heart sections per specimen from 2–5 specimens (***Po0.001; **Po0.01;

one-way ANOVA followed by Tukey’s honest significant difference test; 100–150 cells counted per section). AT, atrium; BA, bulbus arteriosus; cv, coronary vessel; dpi, days

postinjury; IA, injured area; ISH, in situ mRNA hybridization; V, ventricle. Bars, 200 mm (full views) and 50 mm (magnifications).
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revealed that most GFPþ cells from the thickened epicardial layer
co-express gfp mRNA (Fig. 1G). In contrast, most GFPþ cells located
in the more internal layers and compact myocardium did not
coexpress gfp mRNA (Fig. 1H), suggesting that the GFPþ cells in
these locations came from an epicardial position. We obtained
similar results by comparing the distribution of wt1b mRNA and
GFP protein (Fig. S1 and Fig. 1I and J). These results support the idea
that epicardial cells transiently reexpress wt1b during the initial
stages of regeneration, subsequently downregulating expression
during migration into the myocardium.
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Interestingly, wt1b:eGFPþ cells were often found closely asso-
ciated with coronary vessels in cryoinjured hearts (Fig. 2A,A0).
Association with the coronary vessel wall was observed even at
very late stages of regeneration (Fig. 2B,B0). We did not detect
wt1b:eGFPþ coronary vascular smooth muscle or endothelial cells
either in control hearts or upon cryoinjury (Fig. 2C–D0), suggesting
that wt1b:eGFPþ cells give rise to perivascular fibroblasts.
Furthermore, we found that wt1b:eGFPþ cells expressed the
fibroblast marker genes collagen-1 alpha 2 and periostin at 3 dpi
(Fig. 2E–H0). Control hearts expressed undetectable levels of these
genes (Fig. S2), strongly suggesting that epicardial cells differ-
entiate into fibroblasts upon cardiac injury.

The mouse epicardium has been suggested to be a source of
myocardial progenitors during development and potentially also
during repair (Cai et al., 2008; Smart et al., 2011; Zhou et al.,
2008). To assess whether wt1b:GFPþ cells can give rise to
cardiomyocytes in the zebrafish, we analysed the coexpression
of wt1b:eGFPþ cells with the late cardiomyocyte differentiation
marker myosin heavy chain (MHC). Immunohistochemistry was
performed on heart sections from control as well as cryoinjured
adult hearts. We did not detect MHC expression in wt1b:eGFPþ

cells of cryoinjured ventricles at any stage analysed (ranging from
1 to 130 dpi) (Fig. 2A–B0 and González-Rosa et al., 2011).
This might indicate that wt1b:eGFPþ cells do not give rise to
cardiomyocytes, but could also reflect reporter gene downregula-
tion during differentiation.

Tissue transplantation provides an unbiased method for studying

EPDC migration

Recent evidence suggests that the epicardium is a heteroge-
neous cell population. To examine the fate of all epicardial
derived cells, we designed a cell tracing assay based on tissue
transplantation using GFP expressing donors. By using genetically
labelled reporter lines as donors, this system avoids the problem
of promoter downregulation, allowing permanent labelling of
transplanted cells (Fig. 3A). Donor hearts are cryoinjured and at
3 dpi the ventricles cut into small pieces. At this stage, the
epicardium has increased its thickness (González-Rosa et al.,
2011). Each graft is transplanted into the pericardial cavity of a
freshly-cryoinjured wildtype heart of a previously irradiated fish,
and allowed to adhere to the ventricular surface. We have noticed
that grafts preferentially adhere to the ventricular apex (65% of
grafts analyzed; n¼23). However, this does not signify a preferred
adherence near the site of injury, since grafts transplanted to
uninjured control hearts also attached at an apical position (n¼5).
Grafts usually adopted a spherical morphology, whereby the
myocardium is covered by an epicardial layer. The size of the
graft was around 20% of the size of the host ventricle (Fig. 3B).
By using the reporter lines Tg(wt1b:eGFP), Tg(fli1a:GFP) and
Tg(cmcl2:GFP) as donors, we could estimate the composition of
the graft and found that it was composed of epicardial and
endothelial cells as well cardiomyocytes (Fig. 3C).

To further characterize the transplantation method, we used
Tg(b-actin:GFP) donors, which express GFP under the b-actin pro-
moter (Higashijima et al., 1997), thus allowing permanent labelling
of transplanted cells (Fig. 3D–E00). GFPþ cells were monitored at
4 days posttransplantation (dpt). Grafts transplanted into non-
injured wildtype hearts had a limited capacity to adhere to the
myocardial surface (n¼6 of 15 transplants). Importantly, no GFPþ

cells were detected on the surface of the uninjured host ventricle
(Fig. 3D–D00). In contrast, tissue grafted to cryoinjured hearts adhered
effectively (n¼29 of 31 transplants), and GFPþ cells were readily
observed on the myocardial surface and inside the myocardium
(Fig. 3E–E00). The effect of irradiation on host cell proliferation was
analysed by pulse-chase assay (see scheme in Fig. S3A). As reported
previously, cryoinjury massively increased cell proliferation in the
hearts of non-irradiated animals (Fig. S3B,B0). In contrast, few BrdU-
positive cardiomyocytes were detected in cryoinjured ventricles of
irradiated animals (Fig. S3C,C0). Moreover, since g-irradiation arrests
the cell-cycle in G2 (Wendt et al., 2006), these BrdU-positive
cardiomyocytes could have incorporated BrdU during S phase
without subsequently dividing. This was confirmed by detecting
cells in the G2/M transition and M phase by immunohistochemistry
with anti-phospho-histone H3 (pH3) antibody (Hendzel et al., 1997).
Sections of non-irradiated hearts contained several pH3-positive
cells, including cardiomyocytes (Fig. 3F–F0). In contrast, although the
graft contained many pH3-positive cells (Fig. 3G–G0), there was
almost no staining in irradiated host tissue, and no dividing
cardiomyocytes were detected in irradiated animals (Fig. 3G00;
n¼6 analysed hearts). Thus by effectively inhibiting host regenera-
tive capacity, transplantation to irradiated hosts provides a valid
system for detecting low frequency myocardial differentiation
by EPDCs.

To evaluate the suitability of this technique for tracking EPDCs
we used the Tg(wt1b:eGFP) line as the donor. In these experi-
ments, many wt1b:GFPþ cells migrated towards the host ven-
tricle (n¼12; Fig. 4A,A0). Cross-sections revealed cells forming a
thickened epicardial layer on the cryoinjured heart (Fig. 4B and C).
Importantly, some EPDCs extended protrusions towards the
compact layer of the host myocardium (Fig. 4D), and others were
found in the interior of the IA and compact myocardium (Fig. 4E
and F). To assess the degree of overlap between the expression of
wt1b:GFP and other epicardial markers such as tbx18 we quanti-
fied the number of cells double positive for GFP and tbx18 on
tissue sections (Fig. 4G–I). While the populations were broadly
overlapping, there was a small population of GFPþ cells not
expressing tbx18, again revealing heterogeneity in gene expres-
sion among EPDCs.

The use of donor hearts from transgenic lines expressing GFP
under the control of ubiquitous promoters such as b-actin
(Higashijima et al., 1997) or ubiquitin (Mosimann et al., 2011)
ensures permanent labelling of grafted cells, avoiding the limita-
tions of using reporter lines for a non-ubiquitous gene.
In cryoinjured Tg(b-actin:GFP) hearts, GFP was expressed at high
level in all cardiomyocytes, at low level in all epicardial cells, and
at a lower level in all other cell types, with some circulating cells
showing no expression (Traver et al., 2003) (Fig. 4J–L). In the
Tg(ubi:loxP-GFP-loxP-mCherry; cmlc2:GFP) line (Mosimann et al.,
2011), called Tg(ubi:Switch), GFP was expressed homogeneously
in all cardiac cell types at 3 dpi (Fig. 4M–O). At 3 dpt, b-

actin:GFPþ cells had spread over the host myocardium, covering
the IA (Fig. 4P), and could also be detected inside the IA (Fig. 4Q
and R). Co-staining for GFP with tbx18 showed that approximately
50% of grafted cells were tbx18þ , revealing that the graft is
enriched in EPDCs (Fig. 4S–U). We also performed immunohis-
tochemistry against cytokeratin (CK), a marker previously used to
detect epicardial cells and EPDCs shortly after EMT (Vrancken
Peeters et al., 1995). b-actin:GFPþ cells in host tissue were
cytokeratinþ , indicating an epithelial origin (n¼42 cells from
3 animals analysed; Fig. S4A–C). As expected for epicardial cells
shortly after EMT, the level of CK expression in the b-actin:GFPþ

cells was significantly lower than in epithelial cells (Fig. S4D). These
results demonstrate that transplantation of epicardial-cell-enriched
cardiac grafts into irradiated host hearts is a valuable tool for the
study EPDC migration and differentiation.

Epicardial cells do not contribute to the myocardial lineage

after cryoinjury

If transplanted epicardial b-actin:GFPþ cells give rise to myocar-
dium, GFPþ cells expressing cardiomyocyte markers should be found



Fig. 2. wt1b:eGFP cells give rise to perivascular cells and express fibroblast marker genes upon cryoinjury. (A) and (B) Immunohistochemistry on sections of cryoinjured

Tg(wt1b:eGFP) hearts, using antibodies against myosin heavy chain (red) to detect myocardium and GFP (green) to detect wt1b:eGFPþ cells. A0–B0 are zoomed images of boxed areas

in A and B, additionally showing myosin light chain kinase (MLCK, white) to detect smooth muscle cells surrounding coronary endothelial cells. The bottom row shows three

separate channels for the zoomed regions. (A0) At 3 dpi, GFPþ cells surround but do not co-localize with MLCKþ cells. Note that not all epicardial cells are GFPþ (white arrows).

(B0) At 60 dpi the few GFPþ cells visible in the cryoinjured heart are again associated with coronary vessels. Yellow arrows mark GFPþ cells. (C) and (D) Whole mount fluorescence

imaging in control (C–C0) and 12 hpi cryoinjured hearts (D,D0) from the Tg(wt1b:eGFP)/Tg(fli1a:DsRedEx) line. Zoomed views show DAPI nuclear counterstaining. Endothelial cells are

visible by DsRed fluorescence. White arrows mark endothelial cells and yellow arrowheads highlight wt1b:GFPþ cells in close apposition. (E–H) Sections of cryoinjured

Tg(wt1b:eGFP) hearts (3 dpi) hybridized with riboprobes for periostin and collagen 1 alpha 2 mRNAs. In panels F and H, sections were immunostained for GFP after ISH. Arrows mark

GFPþ cells co-labelled with the ISH probe. Abbreviations are as in previous figures. A0–H0 are zoomed views of the boxed areas in E–H. Bars, 200 mm (full views), 50 mm

(magnifications).
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Fig. 3. Cardiac tissue transplantation method for the study of cellular contribution during zebrafish heart regeneration. (A) Experimental scheme. Donor hearts from a transgenic

reporter fish line were cryoinjured and dissected at 3 dpi. Cardiac tissue explants containing epicardium were transplanted into freshly-cryoinjured hearts of irradiated wild type

fish. Host hearts were fixed at different stages and the contribution of grafted cells to the regenerated tissue analysed. (B) Quantification of the size of the grafted tissue. The plot

shows the size of 26 grafts at 3 days posttransplantation (dpt), each graft being represented by a circle as the percentage relative to the host ventricle. The horizontal bar indicates the

mean % of the graft size. (C) Cell composition of grafts. The percentage of cells expressing endothelial/endocardial, myocardial and epicardial markers within each graft was estimated

by FACS of cells from 4 to 6 donors before transplantation. Horizontal bars indicate the mean % of cells. (D–E0) Bright field and fluorescence images of hearts at 4 dpt. (D–D00)

Transplantation of a Tg(b-actin:GFP) graft to an uninjured wildtype (WT) heart did not result in contribution of graft-derived cells to the host. (D) Bright field whole mount view. (D0)

GFP fluorescence in the specimen in D: while grafted tissue (asterisk) is strongly GFPþ , no GFPþ cells are found on the surface of the host heart (the signal in the bulbus arteriosus is

autofluorescence). (D00) Immunohistochemistry on sections, using antibodies to myosin heavy chain (MHC) to label myocardium (red) and GFP to label grafted cells (green) reveals

green cells in the graft but not in the host heart. Cell nuclei are labelled with DAPI (blue). (E–E00) After grafting Tg(b-actin:GFP) tissue to a cryoinjured heart, GFPþ cells attach to and

spread over the surface of the host myocardium. Views are as in D–D00 . Immunohistochemistry on sections reveals b-actin:GFP cells inside the host heart. Arrowheads in D00 , E0 and E00

mark GFPþ cells. (F–G00) Effect of irradiation on cell proliferation. (F–F0) Immunohistochemistry on wildtype heart sections at 3 dpi, revealing phospho-histone H3 (pH3) staining in

green, myosin heavy chain (MHC) in red and nuclear counterstain with DAPI (blue). F0 shows a zoomed view of the boxed area in F, and separate channels of the central area are

shown to the right. Arrowheads mark numerous pH3þ cells close to the IA, and the white arrow marks a mitotic cell with punctuated pH3 staining (late G2). (G–G00) Staining as in F

on a cryoinjured heart from an irradiated wildtype fish grafted with tissue from the cryoinjured heart of Tg(cmcl2:GFP) donor fish at 3 dpt. The panels show a whole-mount view

(G) and zoomed views of boxed areas (G0 and G00). While the graft contains numerous pH3þ cells, including cardiomyocytes (G0), the irradiated host heart is almost devoid of pH3þ

cells (G00). pH3-positive cells from the graft are marked by white arrows; that in the irradiated host is marked by a yellow arrow. G0 and G00 represent zoomed views of boxed regions

in G showing merged and single channel views. Note the pH3-positive cardiomyocyte in G0 . Asterisks mark the graft. Abbreviations as in previous figures. Bars, 200 mm (full views)

and 50 mm (magnifications).
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Fig. 4. Transplantation assays allow the study of pan-EPDC migration and differentiation during cardiac regeneration. (A,A0) Brightfield and fluorescence images of a freshly-

dissected 3 dpt wildtype heart transplanted with a Tg(wt1b:eGFP) graft. Arrows mark GFPþ extensions of the graft migrating over the host. (B) Whole heart cross-section showing

the Tg(wt1b:eGFP) graft adhered to the host. (C–F) Zoomed views of boxed areas in B (C–E) or areas from adjacent sections (F), showing the epicardial sheet covering the IA (C),

protrusions of wt1b:eGFPþ cells extending towards the host myocardium (D), a migratory wt1b:eGFPþ cell inside the IA (E), and GFPþ cells intermingled with host

cardiomyocytes (F). Arrowheads mark GFPþ cells. (G,G0) Whole-mount and zoomed views of an in situ hybridization with a tbx18 riboprobe on a section of a transplanted

heart at 3 dpt. (H,H0) Section in G after immunohistochemistry with anti-GFP. (I) Percentage of GFPþ/tbx18þ and GFPþ/tbx18� cells in the host. Data are means of cell

percentages7S.D. counted on 2–3 heart sections per specimen from 5 specimens (80 cells counted per section). (J-O) Immunohistochemistry on sections of Tg(-actin:GFP)

(J-L) and Tg(ubi:loxP-GFP-loxP-mCherry)/(cmlc2:GFP) hearts (M-O). Antibodies/stains used are indicated to the left of the panels. Arrowheads mark epicardial cells.

(P-X) Tg(-actin:GFP)4WT transplants at 3 and 10 dpt. Arrowheads mark graft-derived cells. (P) Whole-mount fluorescence view at 3 dpt. Arrows point to grafted cells on the

surface of the host heart. (Q) Immnohistochemistry on a sagittal section of the heart shown in P. (R) Zoomed view of boxed area in Q revealing cells that migrated into the IA.

(S,S0) Whole-mount and zoomed views of in situ hybridization with tbx18 on a Tg(b-actin:GFP)4WT heart section. (T,T0) Section as in S and S0 after immunostaining for GFP.

Note the strong overlap of tbx18 and GFP expression. (U) Percentage of GFPþ/tbx18þ and GFPþ/tbx18� cells in the host. Data are means of cell percentages7S.D. counted on

3 heart sections per specimen from 3 specimens (50 cells counted per section). (V) Full view of a freshly dissected heart at 10 dpt. (W) Immunohistochemistry on a sagittal

section of the heart shown in V. Antibodies used are specified in the panel. (X) Zoomed view of boxed area in V, revealing cells forming an epicardial cap over the IA. Note that

no GFPþ/MHCþ cells are detected. In all panels, asterisks mark the graft or its position in a consecutive section. In G–H0 and S–T0 white arrows label GFPþ/tbx18þ cells and

yellow arrows GFPþ/tbx18� cells. AVC, atrioventricular canal, epi, epicardium. Other abbreviations are as in previous figures. Bars, 200 mm (full views) and 50 mm

(magnifications).
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in the regenerating myocardium of the host. Co-staining with GFP
and MHC antibodies at 3 and 10 dpt revealed that, although graft-
derived cells contributed to the host heart, they did not express
sarcomeric proteins, suggesting that they have not differentiated into
mature cardiomyocytes (Fig. 4R,V–X).

To define the later fate of graft- derived EPDCs, we conducted a
long-term study of transplanted hearts. For donors we used a
double transgenic line Tg(cmlc2:CreERT2/ubi:Switch) (Kikuchi et al.,
2010; Mosimann et al., 2011) treated with 4-OH-tamoxifen at
larval stages to induce recombination of the reporter construct in
all cardiomyocytes. Upon recombination, non-cardiomyocytes
express only GFP, while cardiomyocytes express mCherry as well
as GFP, which is present in the transgenesis cassette for selection
and is not removed by recombination. This approach thus allows
us to distinguish between host tissue (GFP� and mCherry�),
myocardium regenerated by graft-derived cells of cardiomyocyte
origin (MHCþ , GFPþ and mCherryþ) and non-cardiomyocyte
origin (MHCþ , GFPþ , mCherry�) as well as other non-myocardial
cell types derived from the graft (MHC� and GFPþ, Fig. 5A). Of the
20 host animals used for this experiment only 5 survived to
30 dpt, possibly as a result of the experimental procedures,
including irradiation. Although regeneration is normally very
advanced by 30 dpi, three irradiated specimens showed no signs
of healing at 30 dpt and the IA was still clearly visible (Fig. 5B).
Interestingly, in these hearts there was also little or no contribu-
tion of graft cells to the host heart (Fig. 5B0–C). In contrast, in two
specimens in which the graft was clearly visible and graft-derived
cells had contributed extensively to the host heart, there was
little sign of injury in the freshly dissected heart (Fig. 5D–D00) and
the IA was surrounded by myocardium. Immunohistochemistry
confirmed the accumulation of many graft-derived cells at the IA
and the presence of healed myocardium around the IA (Fig. 5E).
These results show that grafted cells persist in the host tissue and
intermingle with the host cells. Although the graft was still visible
and contained mCherryþ cardiomyocytes, none of them had
migrated into the host tissue (Fig. 5D00). Importantly, none of
the grafted GFPþ cells gave rise to fully differentiated cardio-
myocytes (Fig. 5E–F0). Thus these results also suggest that even
though host cardiomyocyte proliferation is impaired by irradia-
tion, EPDCs do not represent a cardiomyocyte progenitor source
during regeneration.

Immunohistochemistry revealed that most grafted cells
express fibroblast markers at 30 dpt. Cells surrounding the inner
IA border were MLCK-positive, suggesting that they adopted a
myofibroblast-like phenotype (Fig. 5G–G0). Those forming a more
peripheral ring around the remaining IA were positive for col-
lagen 1 alpha 1 (Fig. 5H–H0). In addition, some grafted cells that
had migrated into the host heart close to the graft formed
coronary vessels or surrounded coronary vessel walls, adopting
a pericyte-like morphology (Fig. 5I–I0 and data not shown).

Although a high percentage of the cells invading the host
myocardium at 3 dpi are EPDCs, it cannot be assumed that all
grafted cells present at 30 dpi are of epicardial origin. It is
furthermore possible that the unexpected absence of graft-
derived cardiomyocytes in the host heart at 30 dpt reflects
elimination of such cells during regeneration. An alternative
explanation is that different cell types might not have the same
ability to migrate from the graft to the host tissue. Use of
Tg(fli1a:eGFP) donors revealed spouting of vessels from the graft
at 3 dpt, indicating a contribution from graft endothelium (n¼4,
Fig. S5A–A0). In contrast, using Tg(cmlc2:eGFP) donors we did not
detect any contribution from graft myocardium (n¼4, Fig. S5B–B0).
To determine the possible contribution of graft-derived circulating
cells, we used the Tg(cd41:GFP) line as a donor, in which thrombo-
cytes and hematopoietic stem cells are GFPþ . cd41:GFPþ cells have
been been shown to migrate towards the IA (Kim et al., 2010).
However, we found very little migration of graft-derived
cd41:GFPþ cells into the host heart (n¼5; Fig. S5C–C0). Examina-
tion of Tg(fli1a:eGFP) transplants at 30 dpt did not reveal a major
contribution of grafted fli1a:eGFPþ endothelial cells to the host
(n¼4; Fig. S5D–D0), suggesting that the small sprouts detected at
3 dpt connect the graft to the host coronary circulation but make
little contribution to the regeneration of the host heart.

The lack of graft-derived cardiomyocytes inside the host
suggests that differentiated cardiomyocytes have a limited migra-
tory capacity in this assay, possibly due to their inability to cross
the epicardial cap formed between the host and graft tissue.
To overcome this, we injected a suspension of cells from a
cryoinjured Tg(cmlc2:eGFP) donor directly into the host pericar-
dial cavity (Fig. S6A). We did not find any contribution of
these cells to the host at 7 dpt (n¼6, Fig. S6B–B0). In a second
approach, we peeled off the epicardium from cryoinjured donor
Tg(cmlc2:nucDsRed/wt1b:eGFP) hearts before transplant. Elimina-
tion of the epicardium was monitored by GFP fluorescence. The
few interiorly located EPDCs were not removed (Fig. S6C), and
these remaining cells were enough to proliferate and encapsulate
the grafted tissue. Again, cardiomyocytes were not found in the
host tissue (n¼6; Fig. S6D–D00).

These results support the idea that EPDCs are the main cell
type migrating from the graft into the host. Our results further
suggest that EPDCs play a dual role during regeneration. In the
short term, they contribute to the formation of a transient fibrotic
scar. This population disappears after complete regeneration,
presumably through apoptosis. However, wt1b:GFPþ cells also
give rise to a population of pericyte-like cells which persist even
after complete regeneration.
Grafted cells promote zebrafish heart regeneration through

a paracrine action

The long-term transplant experiments indicate that grafted
cells improve host regeneration after cryoinjury. Apart from
contributing structurally to the scar, grafted cells might also exert
a trophic effect on host cardiac tissue. During development, the
epicardium promotes myocardial development by secreting
trophic factors such as retinoic acid (RA) and fibroblast growth
factors (Sucov et al., 2009). Recent reports suggest that the
epicardium might also promote cardiomyocyte proliferation
during regeneration through a similar paracrine mechanism. In
the regenerating heart, the epicardium reexpresses the retinoic
acid synthesizing enzyme aldh1a2 (Lepilina et al., 2006), and RA
has been shown to be required for zebrafish cardiomyocyte
regeneration (Kikuchi et al., 2011b). As mentioned before we
found that, in addition to aldh1a2, the injured epicardium also
reexpressed periostin, which encodes an extracellular matrix
protein that promotes cardiomyocyte proliferation and cardiac
repair after MI (Kuhn et al., 2007) (Fig. 2E–F0).

To assess whether grafted cells promote neoangiogenesis via a
paracrine mechanism, we transplanted Tg(b-actin:GFP) grafts
onto non-irradiated Tg(fli1a:DsRedEx) cryoinjured hearts (Fig. 6A
and B). Numerous vessel sprouts could be observed migrating into
the graft (Fig. 6C–C00). We also examined the expression of the key
proangiogenic chemokine Cxcl12, whose expression is upregu-
lated after MI (Takahashi, 2010). While cxcl12a was not expressed
in untreated control hearts (Fig. S2), cxcl12a mRNA was strongly
upregulated in wt1b:eGFPþ cells at 4 dpi, suggesting that the
epicardium secretes this proangiogenic factor (Fig. 5D–E0).

Our results suggest that EPDCs might support myocardial
regeneration by supporting cardiac cell proliferation and neoan-
gionesis through the secretion of trophic factors and contributing
cells to the regenerating coronary vasculature.



Fig. 5. Long term follow up of transplants. (A) Scheme of the experimental procedure and possible outcomes of transplantation assays using the Tg(cmlc2:CreERT2)/

(ubi:loxP-GFP-loxP-mCherry)/(cmlc2:GFP) line as donor. Recombination was induced at larval stages to induce mCherry expression in cardiomyocytes. Grafts of transgenic

fish, expressing mCherry and GFP in the myocardium and GFP only in all other cells, were transplanted onto cryoinjured wildtype hearts. If grafted myocardium

contributes to the regenerating myocardium, GFP/DsRed cells will be found in the host heart. If any non-myocardial donor cell contributes to the regenerated host

myocardium, GFPþ cardiomyocytes would be found in the host heart. (B–B00) Freshly dissected heart revealing non-detectable graft at 30 dpt, revealed by the absence of

signals for GFP (B0) and mCherry (B00). Note the presence of a large IA and the absence of regeneration. (C) Immunohistochemistry on a section of the same heart as in B.

Antibodies used are indicated in the panel. Note that no GFPþ (graft-derived) cells can be found inside the host heart. (D–D00) Freshly dissected heart revealing no signs of

injury at 30 dpt and a visible graft: the host heart contains graft-derived cells (D0) but no graft-derived cardiomyocytes (D00). (E) Immunohistochemistry on a section of the

same heart as in D. Antibodies used are indicated in the panel. Many GFPþ cells are detected inside the host and accumulate at the borders of the remnant IA (arrows).

Note the partial regeneration of the myocardial wall. Arrowheads mark graft, arrows mark graft-derived GFP-positive cells. (F–I0) Immunohistochemistry on sections with

antibodies indicated above the panels; panels F0–I0 show zoomed views of boxed areas. There is no collocalization of GFP with the myocardial marker MHC, but broad

overlap with MLCK and Col-1a1. Asterisks mark the graft or its position in a consecutive section. Bars, 200 mm (full views) and 50 mm (magnifications).
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Fig. 6. Grafted cells promote neoangiogenesis and wt1b:GFP cells express cxcl12a. (A) Experimental scheme. Grafts were derived from Tg(b-actin:GFP) animals and

implanted in non-irradiated Tg(fli1a:DsRedEx) cryoinjured hosts. (B–C00) Whole mount (B) and zoomed views of boxed areas (C,C00). GFP is shown in green, DsRed

fluoresence is shown in red and DAPI nuclear counterstain in blue. C0 shows DsRed fluorescence only. Note the presence of host-derived capillaries within the graft. Arrows

mark coronary vessels. (D,D0) Section of cryoinjured Tg(wt1b:eGFP) hearts (3 dpi) hybridized with a riboprobe against cxcl12a. (E,E0) Same section immunostained for GFP

after ISH. D0 and E0 show zoomed views of the corresponding boxed areas in E and D. Arrows mark GFPþ cells co-labelled with the ISH probe. Abbreviations as in previous

figures. Bars, 200 mm (full views), 50 mm (magnifications).
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Discussion

Transplants provide a tool for the study of cell fate during

heart regeneration

Transplantation of tissue grafts has been widely used in
developmental biology and regeneration to tackle problems of
cell fate and cell-autonomous versus non-autonomous gene
function (e.g., Kragl et al., 2009; Rosello-Diez et al., 2011).
Although this approach has the disadvantage of studying a
mixture of cell types rather than an isolated cell population,
it allows cell properties to be explored in a more natural context,
without using cell-sorting techniques that could interfere with
normal cell behaviour. In this study we present the use of tissue
transplantation to study epicardial cell migration and differentia-
tion during heart regeneration in the zebrafish. Although we
cannot exclude the possibility that the graft contains non-EPDC
mesenchymal cells with migratory capacity, we observed that a
high proportion of grafted cells express epicardial marker genes.
Moreover, our analysis strongly suggests that graft-derived cells
do not constitute a myocardial progenitor cell source. We also
provide evidence that some cells located in the epicardial layer
migrate inwards in response to injury. Grafted EPDCs have
properties similar to those of endogenous EPDCs, adhering to
the ventricular surface, expressing epicardial marker genes and
migrating towards the injury. Interestingly, the injured myocar-
dium displayed surface alterations that made it more adhesive to
EPDCs, suggesting that increased adhesion of EPDCs to the
myocardium might be important during regeneration.

We predict that the use of transgenic and mutant strains in the
transplantation assay will be a valuable technique for achieving
tissue-specific gain and loss of function to study mechanisms
controlling epicardial EMT, migration and cell fate specification.
Key signalling molecules that have been directly linked to EMT
and migration during zebrafish heart regeneration include FGFs
and PDGFs (Kim et al., 2010; Lepilina et al., 2006). However, both
these studies lacked the EPDC-specific loss or gain of function
assays that could be accomplished with the experimental setup
presented here. In addition, the use of lines with ubiquitous and
stable GFP expression has allowed the unbiased labelling and
long-term tracking of all EPDCs.

EPDCs differentiate into myofibroblasts and perivascular fibroblasts

during zebrafish regeneration

Although classically considered to be a uniform epithelial layer
covering the myocardium, the epicardium is increasingly seen as
a heterogeneous cell population. Genetic fate mapping of the
embryonic epicardium using different epicardial Cre lines
(Wt1, Tbx18, Gata5, Tcf21, Scx and Sem3D-lines) yielded incom-
pletely overlapping results, supporting the notion that these lines
do not label the entire epicardial population and might addition-
ally label non-epicardial populations (Acharya et al., 2011; Cai
et al., 2008; Chong et al., 2011; Smart et al., 2010; Zhou et al.,
2011a, 2008). It is also unclear whether the adult epicardium
retains characteristics of the embryonic epicardium or if it
reactivates them in certain situations such as injury. During
mouse development, Wt1þ cells give rise to fibroblasts, smooth
muscle cells and cardiomyocytes, but during repair in the adult
they contribute primarily to myofibroblasts (Zhou et al., 2011a),
suggesting that EPDCs do not have the same differentiation
potential in the adult as during development.

In order to study the myocardial differentiation capacity of all
epicardial cells during regeneration, we used a ubiquitous repor-
ter line to trace EPDCs independently of their gene expression
profile. Our results suggest that the zebrafish epicardium does
not constitute a pool of progenitor cells for the production of
new myocardium. These results support previous findings which
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suggested that tcf21þ EPDCs do not differentiate into cardio-
myocytes during zebrafish heart regeneration (Kikuchi et al.,
2011a), and accord with lineage tracing analysis indicating that
regenerating zebrafish myocardium derives from preexisting
cardiomyocytes (Jopling et al., 2010; Kikuchi et al., 2010). It is
important to note that EPDCs did not differentiate into cardio-
myocytes even in irradiated animals, in which myocardial pro-
liferation is impaired and regeneration might thus be expected to
require an external source of progenitors. In the mouse, recent
findings suggest that adult EPDCs can give rise to cardiomyocytes
after in vitro culture (Chong et al., 2011) or in response to
thymosin b4 stimulation in an MI-model (Smart et al., 2011).
Although the contribution to regenerating myocardium in this
model was modest, this finding highlights the plasticity of adult
epicardium. It will be important to elucidate whether this
response is conserved in zebrafish EPDCs and to study whether
sensitivity to thymosin b4 exposure is similar to or greater than
that described in the mouse. Epicardial cells expressing Scleraxis

(Scx) and Semaphorin 3d (Sema3D) were recently shown to give
rise to the coronary endothelium during development, reconciling
epicardial lineage tracing studies in the mouse with the results of
quail-chick proepicardial transplantations, which show a contri-
bution of epicardium to the coronary vessel endothelium (Katz
et al., 2012). It is not known whether these populations can also
contribute to newly-formed vessels during regeneration. It will be
interesting to study the expression and linage of Scxþ and
Sema3Dþ cells during zebrafish heart development and regenera-
tion. However, our graft experiments would suggest that epicar-
dial cells are not the main source of coronary vascular endothelial
cells, since we observed little contribution of grafted fli1a:GFPþ

cells to host coronary vasculature. We and others previously
described the accumulation of fibroblasts and myofibroblasts in
the zebrafish ventricle upon cryoinjury (Chablais et al., 2011;
González-Rosa et al., 2011). Our current results suggest that these
cells might derive, at least in part, from the epicardium. In
addition, the transplantation studies and the presence of
wt1b:GFPþ fibroblast-like cells surrounding coronary vessels at
late post-injury stages strongly suggests that EPDCs give rise to
perivascular cells. Little is known about cardiac fibroblasts in the
zebrafish, and whether tcf21þ and wt1bþ cells label the same
fibroblast population is uncertain. Fibroblast-like cells are hetero-
geneous and many types of fibroblast-like cells coexist in the
mammalian heart (e.g., intracardiac fibroblasts, pericytes, and
fibroblasts of the valves and annulus fibrosus). It thus seems
likely that different EPDCs subsets give rise to different fibroblast
subtypes during zebrafish heart regeneration; however, good
markers distinguishing the different cardiac fibroblast-like popu-
lations are not available, and further research is required to
confirm this hypothesis.

The periostin-expressing fibroblasts derived from EPDCs might
serve as a cellular scaffold for regenerating cardiomyocytes and
promote their proliferation. Our data additionally suggest that the
epicardium supports neoangiogenesis by secreting cxcl12a and
contributing perivascular fibroblasts. The mouse epicardium has
also been proposed to promote neoangiogenesis through the
secretion of several proangiogenic factors (Zhou et al., 2011a).
Indeed, injection of human EPDCs into the mouse heart after
coronary artery occlusion improves cardiac function, suggesting
that EPDCs could be used therapeutically to promote post-MI
recovery (Winter et al., 2007). However, the angiogenic effect
provided by EPDCs in mammals is apparently insufficient to
promote complete regeneration of the injured myocardium. Impor-
tantly, in the mouse, Wt1-lineage tracing after MI revealed that
labelled cells remain on the heart surface (Zhou et al., 2011a). In
vitro results suggest that coculture of cardiomyocytes with EPDCs
enhances cardiomyocyte proliferation and promotes an efficient
myofibre arrangement (Eid et al., 1992; Weeke-Klimp et al., 2010).
In our experiments, wt1b:GFP cells were highly migratory. In vitro
studies suggest that infiltrating EPDCs might express high levels of
matrix metalloproteinases (Duan et al., 2012), and thus might
contribute to the extracellular matrix remodelling necessary for
cardiac regeneration. Our findings show that EPDCs invade the
injured area and myocardium of cryoinjured zebrafish hearts. This
closer contact established between cardiomyocytes and EPDCs
might partly account for the better regenerative capacity of teleosts
compared with mammals.
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