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A zebrafish heart can fully regenerate after amputation of up to
20% of its ventricle. During this process, newly formed coronary
blood vessels revascularize the regenerating tissue. The formation
of coronary blood vessels during zebrafish heart regeneration
likely recapitulates embryonic coronary vessel development, which
involves the activation and proliferation of the epicardium, fol-
lowed by an epithelial-to-mesenchymal transition. The molecular
and cellular mechanisms underlying these processes are not well
understood. We examined the role of PDGF signaling in explant-
derived primary cultured epicardial cells in vitro and in regenerating
zebrafish hearts in vivo. We observed that mural and mesenchymal cell
markers, including pdgfrp, are up-regulated in the regenerating hearts.
Using a primary culture of epicardial cells derived from heart explants,
we found that PDGF signaling is essential for epicardial cell prolifera-
tion. PDGF also induces stress fibers and loss of cell-cell contacts of
epicardial cells in explant culture. This effect is mediated by Rho-
associated protein kinase. Inhibition of PDGF signaling in vivo impairs
epicardial cell proliferation, expression of mesenchymal and mural
cell markers, and coronary blood vessel formation. Our data suggest
that PDGF signaling plays important roles in epicardial function and
coronary vessel formation during heart regeneration in zebrafish.
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Coronary heart disease is among the leading causes of dis-
ability and mortality in the United States and worldwide (1).
Scars form in injured human hearts, which results in decreased
cardiac performance and the eventual development of heart
failure (2). In contrast to humans, zebrafish and newts have re-
markable regenerative abilities (3, 4). After 20% resection of the
ventricle, zebrafish fully regenerate lost heart tissue (3, 4).
During this process, newly formed coronary blood vessels vas-
cularize the regenerating myocardium (5, 6). Expression of the
embryonic epicardial markers tbxI8 and raldh2 is induced in the
epicardium of adult regenerating hearts (5, 6), suggesting that an
embryonic gene expression program in the epicardium is acti-
vated in response to injury. This activation starts throughout the
entire ventricle and gradually becomes localized to the apex. The
activated epicardium proliferates from 3 to 7 d postamputation
(dpa) (5). A previous study suggested that the activated epicar-
dium undergoes an epithelial-to-mesenchymal transition (EMT)
and subsequently contributes to newly formed coronary blood
vessels (5). The lineages of the different cell types in blood
vessels formed during zebrafish heart regeneration have not yet
been conclusively determined.

Zebrafish heart regeneration, at least in part, likely recapit-
ulates embryonic heart development. EMT is a key step during
heart development in mice and chicks, wherein the epicardium
forms epicardium-derived cells (EPDCs), which then differenti-
ate into fibroblasts, smooth muscle cells (7-9), and potential
cardiomyocytes (10, 11). The molecular aspects of zebrafish
heart regeneration are poorly understood. Whether EMT actually
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occurs during zebrafish heart regeneration has not been de-
termined. We previously identified PDGFs as promising candidates
involved in heart regeneration (12). In this study, we find that EMT
and mural cell markers are up-regulated during zebrafish heart re-
generation. Using an in vitro explant culture that we established for
adult zebrafish hearts, we demonstrate that PDGF signaling regu-
lates proliferation of epicardial cells. PDGF also induces stress
fibers and loss of cell-cell contacts of epicardial cells in explant
culture. This effect is mediated by Rho-associated protein kinase
(ROCK). We further show that PDGF signaling is required for
epicardial cell proliferation, expression of mesenchymal and mural
cell markers, and coronary blood vessel formation in vivo. Our
studies demonstrate that PDGF plays important roles in zebrafish
heart regeneration.

Results

EMT Markers Are Up-Regulated During Zebrafish Heart Regeneration.
EMT has not been clearly demonstrated during zebrafish heart
regeneration. To determine whether EMT of the epicardium ac-
tually occurs during heart regeneration, we examined the expres-
sion of the snail and twist genes, which are markers for EMT (13).
RT-PCR using mRNA isolated from the regenerating hearts
showed that expression of these markers was up-regulated (Fig.
14). We confirmed the expression pattern of snail2 and twist1b by
in situ hybridization (ISH). There was no snail2 expression in sham-
operated hearts. At 7 and 10 dpa, snail2 was expressed in the wound
and the fibrin clot (Fig. 1B). Similarly, we observed up-regulation of
twistlb that peaked at 10 dpa (Fig. 1C). These data suggest that
EMT might occur during zebrafish heart regeneration.

Mural Cells Are Present in Coronary Vessels During Zebrafish Heart
Regeneration. Zebrafish coronary blood vessels do not have smooth
muscle cells. Instead, blood vessels are surrounded by pericyte-like
mural cells (14). If epicardial cells undergo EMT during zebrafish
heart regeneration, they most likely contribute to mural cells and
fibroblasts of the coronary vessels. To determine whether endo-
thelial cells in the wound and regenerating area are surrounded by
mural cells and whether they are functional, we first examined
blood vessels in clots from regenerating hearts by transmission EM.
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Fig. 1. EMT markers are up-regulated during zebrafish heart regeneration
in vivo. (A) RT-PCR analysis of EMT markers. Expression of snailla, snaillb,
snail2, twist1a, and twist1b was examined in sham and 7-, 10-, and 14-dpa
hearts by semiquantitative RT-PCR. RT-PCR of p-actin is included as a loading
control. (B) snail2 ISH in sham and 7- and 10-dpa hearts. (Scale bar = 100 pm.)
(C) twist1b ISH in sham and 10- and 14-dpa hearts. The dashed line marks the
approximate position of the amputation plane. (Scale bar = 100 um.)

Although newly formed blood vessels were very primitive and
consisted of only two to three endothelial cells, red blood cells
could be readily observed within the lumen, suggesting that these
blood vessels were functional. We observed mural cells associated
with the endothelial cells in some of the blood vessels in the
regenerating area (Fig. 2.4 and B).

We hypothesized that expression of mural cell markers should
increase if mural cells form or are recruited to the wound during
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Fig. 2. Mural cells are present in coronary vessels in the wound during
zebrafish heart regeneration. (A and B) Transmission EM images of coronary
vessels in the wound of 14-dpa regenerating hearts. EC, endothelial cells. P,
pericytes. RBC, red blood cells. (Scale bar = 5 pm.) ISH using digoxigenin-
labeled antisense probes against tag/n (C) and acta2 (D) in sham-operated
and 14-dpa regenerating hearts. The dashed red line marks the approximate
position of the amputation plane. (Scale bar = 100 um.)
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heart regeneration. We used ISH to examine the expression of
mural cell markers such as sm22ab/transgelin (tagin) and a-smooth
muscle actin (aSMA)/acta2 (15, 16). In 14-dpa hearts, tagln ex-
pression was strongly up-regulated at the wound site in the fibrin
clot, whereas fagln expression was not detected in sham-operated
control hearts (Fig. 2C). Similarly, acta2 expression was up-
regulated at the wound site at 14 dpa (Fig. 2D). In addition to mural
cells, these markers mark fibroblasts and mesenchymal cells. Our
data suggest that mural cells, mesenchymal cells, and/or fibroblasts
form or are recruited to the wound during heart regeneration.

The PDGF receptor p (PDGFRp) marks pericytes and peri-
vascular mesenchymal cells in other organisms (17-19). Expres-
sion of the zebrafish homolog (pdgfiP) (accession no. HM439112)
(20) is strongly induced in the epicardium and subepicardium and
in the fibrin clot formed at the wound site at 6, 10, and 14 dpa (Fig.
34 and Fig. S1). Compared with the strong expression of pdgfip,
expression of the fibroblast marker pdgfra is relatively weak (Fig.
3B). The induced expression of tagin, acta2, and pdgfrp suggests
that mural and/or mesenchymal cells but not fibroblasts form or
are recruited to the wound after injury.

Establishment of an Adult Zebrafish Epicardium/EPDC Explant Culture.
Interestingly, pdgfip is expressed in the epicardium of developing
embryonic mouse hearts and is required for coronary artery
formation (21, 22). The expression of pdgfrp in the wound and
the epicardium (Fig. 3) suggested that PDGF signaling might
play a role in epicardial function and coronary vessel formation
during heart regeneration. pdgfb, which codes for PDGF-B, is
also expressed at the wound site (12). This suggested that locally
expressed PDGF-B, likely via CD41-positive thrombocytes in the
wound site (Fig. S2), may exert a paracrine effect on pdgfip-
expressing epicardial cells.

Fig. 3. pdgfrp is up-regulated during zebrafish heart regeneration. ISH
using digoxigenin-labeled antisense probes against pdgfr (A) and pdgfra
(B) in sham-operated and 10- and 14-dpa regenerating hearts. The lower
row of images in A and B contain enlarged images of the upper row. The
enlarged images are also slightly panned to show the epicardium. The
dashed red line marks the approximate position of the amputation plane.
(Scale bar = 100 um.)
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To study the role of PDGF signaling on epicardial cells at the
cellular level, we established an explant culture of adult zebrafish
epicardial cells. To mimic the in vivo conditions under which the
epicardial cells migrate into the fibrin clot, we cultured explanted
hearts on a fibrin gel (details are provided in Materials and
Methods). When sham-operated hearts were cultured, a mono-
layer of epithelium-like cells migrated out of explants within 3 d
(Fig. S3). Nearly all the cells had strong nuclear capsulin/epi-
cardin/transcription factor 21 (hereafter referred to as epicardin)
staining (Fig. S3) and a typical epithelial phenotype characterized
by close cell-cell contact marked by subcortical actin bundles and
expression of the tight junction marker ZO1 (23, 24) (Fig. S3).
Cells at the periphery of this monolayer typically did not detach.
The phenotype of the epicardial cells from sham-operated hearts
was similar to that of cells obtained from chick and quail embry-
onic epicardial explants (25, 26). These data suggest that these
migrating cells are likely epicardial cells or EPDCs.

PDGF Induces Stress Fibers and Loss of Epithelial Phenotypes in
Epicardial Cells in Vitro. We used this explant culture to determine
the effects of PDGF signaling on epicardial cells. Treatment of the
epicardial cell monolayer with recombinant PDGF-BB induced
the cells to detach from the monolayer and form mesenchymal-like
cell types in sham-operated heart explants (Fig. S4 B and D).
Compared to controls treated with BSA (Fig. 4 A-C), PDGF-BB
caused a reorganization of subcortical actin into stress fibers (Fig. 4
D and F) and the loss of cell-cell contacts marked by ZO1 ex-
pression (Fig. 4 E and F) in cells at the periphery of the monolayer.
These changes in gene expression and cytoskeletal structure in-
duced by PDGF-BB were blocked by a selective PDGFR inhibitor
(PDGFR inh.V; Calbiochem), which inhibits PDGF signaling in
zebrafish embryos (20, 27) (Fig. 4 G-I).

Rho-associated protein kinase ROCK mediates PDGF-
induced EMT in quail embryo proepicardium explants (28).
ROCK also mediates EMT of neural crest cells in developing
zebrafish embryos (29). To determine whether PDGF function
on zebrafish epicardial cells also depends on ROCK, we tested
the effect of blocking ROCK activity in our explant culture. We
found that treating the cells with the selective ROCK inhibitor
Y-27632 (Tocris) completely blocked PDGF-BB-induced stress
fibers and loss of cell-cell contacts (Fig. 4 J-L). PI3K is another
downstream effector of PDGF signaling (30). Compared with
the ROCK inhibitor, the PI3K inhibitor LY-294002 (Calbio-
chem) did not have a strong effect (Fig. 4 M-O) but inhibited
cell proliferation instead (see below). These results suggest
that PDGF-BB induces a loss of epithelial phenotypes in cul-
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tured zebrafish epicardial cells and that this function requires
signaling via ROCK.

PDGF Signaling Is Required for Epicardial Proliferation. We further
tested whether PDGF regulates the proliferation of epicardial
cells. In vitro, ~61% of cultured epicardial cells from 4-dpa
regenerating heart explants retained their proliferative capacity
and underwent DNA synthesis after treatment with the vehicle
control DMSO (Fig. S5). This is consistent with the time frame
of epicardial proliferation in vivo (between 3 and 7 dpa). We
observed a dose-dependent inhibitory effect of PDGFR inhibitor
on BrdU incorporation of epicardial cells (Fig. S54). Further-
more, the PI3K inhibitor significantly blocked DNA synthesis,
whereas the ROCK inhibitor had little effect (Fig. S5 B and C).
These results suggest that PDGFR signaling is required for
epicardial cell DNA synthesis in vitro and that PI3K but not
ROCK is required for epicardial proliferation.

To determine whether PDGFR signaling is required for epi-
cardial cell proliferation in vivo, we injected zebrafish with BrdU
and treated the regenerating fish with PDGFR inhibitor from 2—
7 dpa. Approximately 45% of epicardial cells incorporated BrdU
when the fish were treated with the vehicle control DMSO (n =
11; Fig. S6 A and B), whereas only 14% of epicardial cells were
BrdU-positive when zebrafish were treated with PDGFR in-
hibitor (n = 11; Fig. S6 A and B). These results suggest that
PDGFR signaling is required for epicardial cell proliferation
in vivo.

PDGF Signaling Is Required for Coronary Blood Vessel Formation
During Zebrafish Heart Regeneration. To determine the role of
PDGEF signaling during zebrafish heart regeneration in vivo, we
treated regenerating hearts with PDGFR inhibitor from 2-14 dpa
(i.e., when the EMT potentially occurs) and examined the ex-
pression of EMT and mural cell markers. At 10 dpa, snail2 ex-
pression was found in the wound and fibrin clot in DMSO-treated
control fish (n = 6), similar to Fig. 1. The expression of snail2
gradually decreased by 14 dpa (Fig. 54). By contrast, PDGFR
inhibitor-treated hearts had reduced snail2 expression with re-
sidual snail2 expression mainly found outside the fibrin clot area
(n = 5) (Fig. 54). Similarly, we observed decreased expression of
acta? in the PDGFR inhibitor-treated 10-dpa hearts (Fig. 5B).
These results suggest that PDGF signaling is required for ex-
pression of EMT and mural cell markers.

To determine the role of PDGF signaling on blood vessel
formation during zebrafish heart regeneration in vivo, we ex-
amined hearts from 14-dpa zebrafish harboring a flila:EGFP
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Fig. 4. PDGF signaling is sufficient to induce stress fibers and loss of cell-cell contacts in vitro. Sham-operated hearts were cultured in the presence of 0.5%
serum for 3 d and then treated with 0.5% BSA as a control (n = 12 hearts) (A-C), PDGF-BB (n = 4 hearts) (D-F), PDGF-BB and PDGFR inhibitor (Inh.; 2 pM, n =4
hearts) (G-/), PDGF-BB and ROCK inhibitor (2 pM, n = 4 hearts) (J-L), or PDGF-BB and PI3K inhibitor (2 uM, n = 4 hearts) (M-O) for 1d (i.e., from day 3 to day 4
in culture) (actin, green; DAPI: blue; ZO1, red). Actin localized to the subcortical region is marked by arrowheads, and stress fibers are marked by arrows. Each
individual explant was imaged in at least three different fields of view, and a representative image is shown. (Scale bar = 50 um.)
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Fig. 5. PDGF signaling is required for coronary blood vessel formation dur-
ing zebrafish heart regeneration. (A) Treatment of wild-type fish with DMSO
or PDGFR inhibitor (inh.) from 2-14 dpa. snail2 ISH was performed using 10-
and 14-dpa hearts. (Scale bar = 100 pm.) (B) Treatment of wild-type fish with
DMSO or PDGFR inhibitor from 2-14 dpa. acta2 ISH was performed using 10-
and 14-dpa hearts. (Scale bar = 100 um.) (C) Treatment of fli1a:EGFP fish with
PDGFR inhibitor from 2-14 dpa. Hearts were collected and processed at 14
dpa (DAPI staining, blue; tropomyosin staining, red). An example of blood
vessel formation (green) in the regenerating hearts is marked by the yellow
arrow. The dashed lines mark the approximate position of the amputation
plane in A-C. The white dashed line indicates the outline of the fibrin clot in
the regenerating hearts. (Scale bar = 100 pm.) (D) Quantification of blood
vessel formation. The total fluorescent (F.) area was measured relative to total
clot area (n =8 hearts for DMSO and PDGFR inhibitor treatment). *P < 0.0001.
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transgene, which marks endothelial cells (31). In DMSO-treated
control fish (n = 8), blood vessels appeared in the clot and in-
vaded the regenerating myocardium. By contrast, PDGFR in-
hibitor-treated hearts lacked blood vessels in the wound (n = 8)
(Fig. 5 C and D). The lack of blood vessels might indicate that no
endothelial cells were formed, or it might indicate that endo-
thelial cells were formed but did not survive to 14 dpa. To dis-
tinguish between these two possibilities, we examined the
amputated hearts at earlier time points. Endothelial cells first
appeared in the wound as early as 7 dpa in DMSO-treated
control hearts. By contrast, endothelial cells were not observed
in 7- or 10-dpa PDGFR inhibitor-treated hearts, suggesting that
endothelial cells do not form after PDGFR inhibition (Fig. S7).
These results suggest that blood vessel formation during zebra-
fish heart regeneration requires PDGF signaling. However, our
results cannot absolutely rule out the possibility that PDGFR
inhibitor might also act with reduced efficacy on other tyrosine
kinase receptors in vivo.

Discussion

Neovascularization is a promising strategy for treating ischemic
heart disease (32). Formation of coronary blood vessels occurs
naturally during zebrafish heart regeneration (5). To develop
neovascularization further as a therapeutical strategy in mam-
mals, it is imperative to understand how zebrafish form coronary
blood vessels during heart regeneration, which likely recapitulates
embryonic heart development (5). Neovascularization during
heart regeneration might be similar to coronary vessel formation
during heart development. This study establishes that PDGF
signaling plays a central role in reactivating developmental neo-
vasculogenesis in adult zebrafish after heart injury.

Endothelial cells in the regenerating area might arise from
epicardial EMT or wound angiogenesis; however, our data do not
allow us to distinguish between these two possibilities. Currently,
we also cannot determine whether PDGF signaling acts directly or
indirectly on endothelial cells. It is possible that PDGF signaling
regulates mural cells, which can affect endothelial cell formation
or angiogenesis. Epicardial cells might also undergo EMT and
contribute to mural cell formation during zebrafish heart re-
generation. Our results showed that PDGF signaling is required for
mesenchymal and mural cell formation during heart regeneration
in vivo. Interestingly, epicardium-specific pdgfrfy knock-outs in mice
show abnormal clustering of endothelial cells, absence of epicar-
dial-derived smooth muscle cells, and defective coronary artery
formation (22), indicating an essential role for PDGF signaling in
coronary vessel development. Therefore, despite the fact that per-
icytes rather than smooth muscle cells surround the endothelial
cells of blood vessels in zebrafish (14), molecular events in the de-
veloping mouse heart are very similar to what we observed during
zebrafish heart regeneration. For instance, some tbx18-positive cells
have been shown to express pdgfif in embryonic mouse hearts, in-
dicative of the epicardial contribution of pdgfrB-marked vascular
support cells (10). However, we cannot rule out the possibility that
some acta2- and/or pdgfip-positive cells are mesenchymal cells that
are not derived from epicardium but are recruited to the wound.

Zebrafish heart regeneration involves multiple tissue types, in-
cluding the epicardium and myocardium. It is therefore important
to delineate the separate roles of the myocardium and epicardium.
Previous studies of heart regeneration that used the 4sp70 promoter
to drive transgene expression could not address tissue specificity
(5), making it difficult to distinguish between cell-autonomous vs.
non—cell-autonomous effects. In principle, zebrafish harboring
epicardium-specific inducible transgenes expressing a dominant-
negative form of pdgfip can be used to address these questions
via a loss-of-function genetic approach. However, compared with
other model organisms, temporal-spatial control of transgene ex-
pression has not been well established in adult zebrafish. The lack
of an in vitro culture system has also hampered mechanistic
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studies of cellular processes. Therefore, we have developed in vitro
primary cultures of cardiomyocytes (12) and epicardial cells (this
study) to address the individual roles of these tissue types during
heart regeneration. Our unique in vitro approach complements
the strengths of in vivo studies.

We previously showed that PDGF signaling is required for
cardiomyocyte proliferation during zebrafish heart regeneration.
Although we demonstrated that PDGF-BB can induce DNA
synthesis of primary cultured zebrafish cardiomyocytes (12), we
cannot rule out an indirect effect from the epicardium, which can
potentially secrete growth factors that stimulate proliferation of
cardiomyocytes. The functions we observed for PDGF signaling
last until 14 dpa. We observed expression of pdgfb across this
time period but only a very transient expression of pdgfa (12). In
addition, we observed much stronger expression of pdgfrp than
pdgfra. Therefore, PDGF-B is most likely the major ligand that
signals through PDGFR{ during heart regeneration.

Our results provide evidence for a crucial role for PDGF sig-
naling in the epicardium during zebrafish heart regeneration. In-
terestingly, controlled sequential release of PDGF-BB together
with VEGF-A was shown to induce mature blood vessels and
improve cardiac function in cardiac ischemia in mice (33). Care-
fully manipulating the delivery timing and method of PDGF and/
or its downstream signaling effectors can potentially serve as
a therapeutical option for heart repair.

Materials and Methods

Zebrafish Husbandry, Heart Amputation, and Inhibitor Treatment. Details are
provided in S/ Text. For testing the effects of PDGFR inhibitor (PDGFR inh. V),
hearts of wild-type fish were amputated as described (12). Fish were then
treated in water containing PDGFR inhibitor (0.25 pM). DMSO was used as
a control. In vivo BrdU labeling was done as described (12). Blood vessel
formation was quantified by measuring the area of flila:EGFP fluorescence
signaling using ImageJ (National Institutes of Health).
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