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Abstract

Zebrafish have a remarkable ability to regenerate the myocardium after injury by proliferation of
pre-existing cardiomyocytes. Fibroblast growth factor (FGF) signaling is known to play a critical
role in zebrafish heart regeneration through promotion of neovascularization of the regenerating
myocardium. Here, we define an additional function of FGF signaling in the zebrafish
myocardium after injury. We find that FGF signaling is active in a small fraction of
cardiomyocytes before injury, and that the number of FGF signaling-positive cardiomyocytes
increases after amputation-induced injury. We show that ERK phosphorylation is prominent in
endothelial cells, but not in cardiomyocytes. In contrast, basal levels of phospho-AKT positive
cardiomyocytes are detected before injury, and the ratio of phosphorylated AKT-positive
cardiomyocytes increases after injury, indicating a role of AKT signaling in cardiomyocytes
following injury. Inhibition of FGF signaling reduced the number of phosphorylated AKT-positive
cardiomyocytes and increased cardiomyocyte death without injury. Heart injury did not induce
cardiomyocyte death; however, heart injury in combination with inhibition of FGF signaling
caused significant increase in cardiomyocyte death. Pharmacological inhibition of AKT signaling
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after heart injury also caused increased cardiomyocyte death. Our data support the idea that FGF-
AKT signaling-dependent cardiomyocyte survival is necessary for subsequent heart regeneration.
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INTRODUCTION

Adult mammalian heart tissue regenerates poorly following injury, which instead leads to
fibrosis, scar formation and death (Ahuja et al., 2007; Finegold et al., 2013). Although recent
studies have provided evidence that postnatal mammalian cardiomyocytes (CMs) slowly
turn over (Bergmann et al., 2009; Senyo et al., 2013), the turnover rate is too low to repair
the heart after injury. In contrast, lower vertebrates, including newts and zebrafish, possess
significant ability to regenerate the injured heart in the adult stage. Remarkably, zebrafish
can regenerate lost heart tissue following resection of up to 20% of the myocardium (Poss et
al., 2002; Raya et al., 2003). Additionally, zebrafish can initiate regeneration following other
types of injury such as cryoinjury to the ventricle as well as genetic ablation of more than
half of CMs (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011; Wang
etal., 2011). It has been demonstrated that neonatal mice also possess significant cardiac
regenerative ability during the 15t week of the postnatal life (Notari et al., 2018; Porrello et
al., 2011). In both zebrafish and neonatal mice, genetic lineage-tracing approaches that label
CMs before injury led to the conclusion that heart regeneration occurs by de-differentiation
and proliferation of pre-existing CMs (Jopling et al., 2010; Kikuchi et al., 2010; Porrello et
al., 2011). Therefore, understanding the mechanisms of heart regeneration is relevant to
biomedical research due to the possibility of developing new therapeutic targets to enhance
heart regeneration ability in humans (Laflamme and Murry, 2011).

For myocardial regeneration, coordinated actions of intrinsic and extrinsic mechanisms are
required to cause the dedifferentiation and proliferation of CMs during myocardial
regeneration (Foglia and Poss, 2016). Intrinsic mechanisms involve functions of microRNAs
(Beauchemin et al., 2015; Rodriguez and Yin, 2019; Yin et al., 2012) and transcription
factors, such as Gata4 (Gupta et al., 2013; Kikuchi et al., 2010), Stat3 (Fang et al., 2013) and
NF-xB (Karra et al., 2015), which regulate de-differentiation of CMs and their proliferation-
competency. Extrinsic factors include extracellular matrix stiffness (Notari et al., 2018),
immune cells (Lai et al., 2017; Lai et al., 2019) and secreted growth factors, such as retinoic
acid and Neuregulin, derived from the epicardial tissue (Kikuchi 2011, Gemberling et al.,
2015). Moreover, insulin-like growth factor, bone morphogenetic proteins, transforming
growth factor B and Hedgehog also regulate CM proliferation (Chablais and Jazwinska,
2012; Choi et al., 2013; Huang et al., 2013; Wu et al., 2016).

When mammalian hearts are injured by infarcts, cell death occurs within the myocardial
wall, leading to loss of CMs (Marunouchi and Tanonaka, 2015; Whelan et al., 2010). In an
uninjured zebrafish, few apoptotic cells were detected in the myocardial layer (Wang et al.,
2011; Yu et al., 2018), which is shown to increase following injury to different degrees
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depending on the injury protocol used (Chablais et al., 2011; Kikuchi et al., 2011b; Wang et
al., 2011; Yu et al., 2018). Although apoptotic cells increase after injury, the majority of
apoptotic cells are non-CMs (Chablais et al., 2011; Yu et al., 2018), and levels of CM death
in response to injury and during heart regeneration in zebrafish remain unknown.

FGF signaling plays multiple roles during development of the heart (Itoh et al., 2016). In the
regenerating zebrafish heart, FGF signaling-dependent epithelial-mesenchymal transition of
epicardial cells and their contributions to peri-vascular cells support neo-vascularization in
the myocardial layer (Kikuchi et al., 2011a; Lepilina et al., 2006). Similarly, in adult
mammalian hearts, FGF signaling regulates angiogenesis in response to cardiac injury
(Murakami and Simons, 2008). In addition to regulating the vasculature, FGF signaling
plays a role in CM homeostasis in adult mammalian hearts (Sakurai et al., 2013).
Specifically, FGF signaling is required for myocardial integrity through maintenance of CM
junctions. Perfusion of FGF2 in the isolated adult rat heart protected the heart from
subsequent ischemia-reperfusion induced injuries, presumably acting on endothelial cells
and CMs (Padua et al., 1995). Pretreatment of cultured CMs with FGF2 protects from
doxorubicin-induced cell death (Wang et al., 2013). Furthermore, FGF21, secreted from the
liver and adipose tissue, contributes to CM survival after ischemic damage in mice (Liu et
al., 2013). Given these roles of FGF signaling in adult mammalian CMs, we revisited roles
of FGF signaling during zebrafish heart regeneration. We found a low level of FGF signaling
activity in uninjured CMs. The ratio of CMs with active FGF signaling is increased
following injury. Our study provides evidence that the FGF-AKT signaling cascade in CMs
is necessary for their survival in response to injury. We propose that FGF-AKT signaling
maintains CM survival immediately following injury until CM proliferation is induced and
regenerative repair of the myocardium begins.

RESULTS AND DISCUSSION

Activation of FGF signaling in cardiomyocytes in response to heart injury

In order to investigate whether FGF signaling is active in CMs, we made use of the £¢7
zebrafish line, in which an EGFP reporter cassette is inserted near the dusp6 locus by the
sleeping beauty transposon system (Balciunas et al., 2004). A previous characterization of
this line indicated that EGFP expression closely mimics the endogenous dusp6 mRNA
expression pattern. Dusp6 is an ERK1/2 phosphatase, whose expression is regulated by FGF
signaling during development (Kawakami et al., 2003; Li et al., 2007; Tsang et al., 2004).
Previous studies showed strong expression of duspé in the epicardium and in the endothelial
cells of the zebrafish heart (Han et al., 2014; Missinato et al., 2018). Expression of dusp6
was also noted in cardiomyocytes in zebrafish hearts (Missinato et al., 2018). In order to
evaluate dusp6-expressing CMs using the £¢7zebrafish, we stained heart sections with ant-
Mef2, a nuclear marker of CMs (Beauchemin et al., 2015; Itou et al., 2012b; Marin-Juez et
al., 2016; Missinato et al., 2018; Wills et al., 2008), and anti-EGFP antibodies. Although a
recent study showed dusp6 mRNA expression in CMs by confocal imaging, the ratio of CMs
that express duspé6 remains unknown (Missinato et al., 2018). Therefore, we quantitated Et7-
EGFP positive CMs among total CMs without injury and found that approximately 6% of

Dev Biol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tahara et al.

Page 4

CMs in the apical area are Et7-EGFP positive (Fig. 1A, E). This result is consistent with the
recent reports and suggests a basal level of activation of FGF signaling in CMs.

Recent studies evaluated upregulation of duspé expression in the injured heart by gRT-PCR
and Western blotting approaches (Han et al., 2014; Missinato et al., 2018). Given that duspé
is primarily induced in endothelial cells and epicardial cells after heart injury, it remains
unknown whether the ratio of dusp6-expressing CMs changes after heart injury. We next
evaluated changes to the ratio of Et7-EGFP-positive CMs in response to apex resection. At
one day post amputation (1dpa), the ratio of Et7-EGFP positive CMs became approximately
10% compared to 6% in non-injured hearts (Fig. 1B, E). At 3dpa to 7dpa, when CMs
actively proliferate (Fig. 1F-J), the ratio of Et7-EGFP positive CMs increased to
approximately 16-17% of CMs in the apex area (Fig. 1C-E). Given that duspé6is a target of
FGF signaling, these data suggest activation of FGF signaling in CMs in response to heart
injury.

The ERK pathway is active in endothelial cells

FGF signaling is mediated by several intracellular pathways (Turner and Grose, 2010). The
ERK pathway is a major downstream signaling pathway, whose activation causes di-
phosphorylation of ERK (dpERK). It has been shown that dpERK-positive cells are
primarily located in Dusp6-positive epicardial cells (Han et al., 2014). A recent study
demonstrated that dusp6 mutant zebrafish hearts show increased CM proliferation after
injury, which provided evidence for a role of Dusp6 in CMs (Missinato et al., 2018). Given
that Dusp6 negatively regulates ERK signaling, we examined expression of dpERK in CMs.
However, we found less than 1.1% of CMs were dpERK positive without injury (Fig. 2A,
D). The ratio of dpERK positive CMs did not increase at 3 or 7dpa (Fig. 2B-D), when CMs
actively proliferate (Fig. 1J). Instead, we found that flil-EGFP-positive endothelial cells
were the major cell type with dpERK expression (Fig. 2E—H). These results are consistent
with previous reports that demonstrated the requirement of FGF signaling and platelet
derived growth factor signaling for re-vascularization of regenerating myocardium (Kim et
al., 2010; Lepilina et al., 2006). It has been demonstrated that vascular endothelial growth
factor (VEGF) signaling-dependent fast angiogenic re-vascularization after heart injury is
essential for heart regeneration in zebrafish (Marin-Juez et al., 2016). Inhibition of VEGF
signaling caused reduced re-vascularization and reduced CM proliferation without affecting
CM survival. Given that VEGF-ERK signaling promotes angiogenesis during zebrafish
development (Shin et al., 2016), upregulation of ERK signaling in endothelial cells after
heart injury may contribute to heart regeneration through re-vascularization.

The AKT pathway is active in CMs

Given the lack of dpERK signals in CMs after injury, we turned our attention to the
phosphoinositide 3-kinase-AKT pathway, which is another major downstream pathway of
FGF signaling. In order to assess whether AKT signaling is active in CMs, we co-stained
CMs with anti-Mef2 and anti-phosphoAKT (pAKT), an indicator of activation of AKT
signaling. It has been shown that pAKT is present in both the cytoplasm and the nucleus in
CMs (Camper-Kirby et al., 2001). Signals in the cytoplasm of CMs are oftentimes difficult
to distinguish from those of non-CMs. Therefore, we focused our analysis on nuclear pAKT
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signals that overlap with the Mef2 signal (Fig. S1). We found that, without injury,
approximately 9% of CMs at the apex area are positive for pAKT (Fig. 3A, E), indicating
basal levels of activation of AKT signaling in CMs. We next examined whether the ratio of
pAKT positive CMs changes after heart injury. At 1dpa, the ratio increased to 15% and
stayed around 18-21% from 3dpa to 7 dpa. These results show that CMs have active AKT
signaling rather than ERK signaling. The rapid increase of the ratio of pAKT-positive CMs
after heart injury also suggests a role of AKT signaling in CMs in response to heart injury.

We used zebrafish of a range of ages in this study to determine whether the dynamics of
AKT signaling activation in CMs are maintained during aging. This approach is consistent
with previous zebrafish heart regeneration studies, including our own, which indicated that
zebrafish maintain the ability to regenerate the heart throughout their lifetimes (Itou et al.,
2012a) . In this study, we compared activation of AKT signaling in CMs in 6 month old fish
and 15 month old fish after injury. In both populations, the ratio of pAKT+ CMs peaked at
3dpa (Fig. S2). This result shows that the dynamics of activation of AKT signaling in CMs
is similar between young and old fish, consistent with similar myocardial regeneration
ability between young and old fish (Itou et al., 2012a).

FGF signaling is required for activation of the AKT pathway and CM survival

The AKT pathway is activated by receptor tyrosine kinase signaling, which includes the
FGF pathway and other receptor tyrosine kinase pathways, such as the platelet derived
growth factor pathway, the Neuregulin-Erbb pathway and the insulin-like growth factor
pathway (Liu et al., 2009). The rapid increase of the ratio of Et7-EGFP-positive CMs and
pAKT-positive CMs after injury suggests that FGF signaling activates the AKT pathway in
CMs. In order to test this hypothesis, we performed genetic and inducible inhibition of FGF
signaling. It has been shown that pulses of heat shock to the 7g(hsp70l.dnfgfria-EGFP)
zebrafish (hereafter referred to as dnfgfrl zebrafish) could induce expression of dominant
negative FGF receptor 1 and block FGF signaling in adult zebrafish (Lee et al., 2005;
Lepilina et al., 2006). We first performed a one hour pulse of heat-shock at 37°C on both
anfgfr1 and wild-type (WT) zebrafish, then harvested the heart after 12 hours without heart
injury. This transient heat-shock significantly reduced the ratio of pAKT-positive CMs in the
anfgfrl zebrafish, compared to WT zebrafish (Fig. 4B, C, N). This result indicates that the
basal level of pAKT in CMs is dependent on FGF signaling.

Next, we pre-treated zebrafish with a pulse of heat-shock and resected the ventricle. In order
to maintain inhibition of FGF signaling, we treated the zebrafish with a daily pulse of heat
shock (Fig. 4A). WT hearts exhibited increase in the ratio of pAKT-positive CMs at 1dpa
and 3dpa, compared to hearts without amputation; however, FGF signaling-blocked hearts
did not show an increase of the ratio of pAKT positive CMs (Fig. 4B-G, N). These data
support the idea that FGF signaling activates AKT signaling in CMs in response to injury.

FGF signaling regulates CM survival

CM proliferation elevates at 3 dpa and peaks at 7-14 dpa (Fig. 1J) (Itou et al., 2014). Basal
levels of activation of FGF-AKT signaling, as well as rapid activation of this signaling
system after ventricular resection, suggest that FGF-AKT signaling in CMs has a role prior
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to elevation of the ratio of proliferating CMs. One of the well-documented roles of AKT
signaling is in cell survival (Sugden, 2003; Turner and Grose, 2010), and the AKT pathway
is known to promote CM survival against ischemia-induced injury in mice (Fujio et al.,
2000). Therefore, we tested whether the FGF-AKT pathway plays a role in CM survival in
zebrafish following injury to the myocardial wall. We heat shock-treated WT and anfgfrl
zebrafish and assessed cell death with TUNEL assays in combination with anti-Mef2
staining. In the case of mammals, CMs occupy 70% — 80% of the volume of the heart
(Anversa et al., 1980; Dammrich and Pfeifer, 1983; Tang et al., 2009). However, it is
estimated that more than 50% of cells in the heart are non-CMs (Pinto et al., 2016; Zhou and
Pu, 2016). Previous studies combined the TUNEL method and muscle markers, such as
myosin heavy chain or tropomyosin to evaluate CM death (Chablais et al., 2011; Yu et al.,
2018). CMs are larger than non-CM cells, and it is often difficult to distinguish whether a
TUNEL signal is present in CMs or non-CMs that are surrounded by CMs. To correctly
distinguish the CMs and non-CMs among apoptotic cells, we used Mef2 as a CM nuclear
marker, and co-detected TUNEL signals to evaluate apoptotic CMs. In both WT and anfgfri
zebrafish hearts pre-treated with a pulse of heat shock, low levels of CMs death were
detected without heart injury (Fig. 4H, I, O) (Yu et al., 2018). Next, we assessed CM death
in combination with heart injury and heat-shock induced inhibition of FGF signaling.
Ventricular resection in WT zebrafish did not increase CM death at 1dpa or 3dpa (Fig 4H, J,
L, O). In contrast, we observed a significant increase of CM death in anfgfr1 zebrafish at
1dpa and 3dpa (Fig. 41, K, M, O). These results support the idea that FGF-AKT signaling is
necessary for CM survival after heart injury, prior to CM proliferation.

Since FGF signaling plays a role in CM homeostasis in adult mammalian hearts (Sakurai et
al., 2013), we also tested whether inhibition of FGF signaling causes CM death without
heart injury. We treated WT and dnfgfr zebrafish with 1 hour pulses of heat shock daily for
14 days without heart injury, and assessed CM death. The ratio of TUNEL-positive CMs
was higher in dnfgfr zebrafish, compared to WT (Fig. S3). This data suggests that FGF
signaling is required for CM homeostasis, and that it has a role outside of post-injury CM
regeneration.

AKT signaling is required for CM survival

Our data support the hypothesis that FGF-AKT signaling is required for CM survival. In
order to directly test the requirement for AKT signaling, we performed pharmacological
inhibition of phosphatidylinositol-3-kinase by LY294002, which inhibits AKT signaling in
adult zebrafish (Alvarez et al., 2009). While DMSO-treated control zebrafish exhibited an
increased ratio of pAKT+ CMs from 1dpa to 3 dpa, the ratio of pAKT+ CMs did not
increase in LY294002-treated zebrafish (Fig. 5A-D, 1), confirming that LY294002-treatment
was effective in the regenerating heart. We found that LY294002-treated zebrafish exhibited
increase in the ratio of TUNEL+CMs from 1dpa to 3dpa, while DMSO-treatment did not
induce any change (Fig. 5E-H, J). These results demonstrate that AKT signaling is required
for CM survival after heart injury.

The AKT pathway is central to cell survival (Sugden, 2003; Turner and Grose, 2010). In the
heart, experiments in mice demonstrated that the AKT pathway contributes to CM survival
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after ischemic damage (Fujio et al., 2000). The basal levels of FGF signaling, visualized by
the Et7-EGFP signals, as well as pAKT levels in CMs, suggest that the FGF-AKT pathway
may have a constitutive protective role for CMs in the zebrafish heart. Moreover, the rapid
upregulation of the AKT pathway in CMs might protect CMs after trauma. CM proliferation
in response to resection is elevated by 3 dpa and increases in the following regeneration
phase (Itou et al., 2014; Poss et al., 2002). Dedifferentiation and proliferation of CMs are
major driving forces of regeneration of injured myocardium (Jopling et al., 2010; Kikuchi et
al., 2010), and sufficient number of CMs may be needed to initiate the regeneration
processes. Taken together, our data suggest that CM survival supported by FGF-AKT
signaling serves as a prerequisite for the CM proliferation that enables heart regeneration.

MATERIALS AND METHODS

Zebrafish maintenance and heart surgery

Zebrafish were maintained under standard conditions at around 28°C with a 14 h light 10 h
dark cycle. Adult zebrafish (6 to 15-months old) were used for experiments. Adult zebrafish
were anesthetized and the heart was exposed by manually dissecting the ventral body wall.
For resection, we amputated the ventricular apex as previously published (Itou et al., 2012b;
Raya et al., 2003). The Et7-EGFP line (mn7-£7) (Balciunas et al., 2004) and the
To(1i1:EGFPY (referred to as flil-EGFP) line (Lawson and Weinstein, 2002) have been
reported. Care and experimentation were performed in accordance with the Institutional
Animal Care and Use Committee of the University of Minnesota.

Inhibition of FGF signaling

The Tg(hsp70I-dn-fgfrl) transgenic fish line (Lee et al., 2005) was used to inhibit FGF
signaling. We introduced 37°C heat shock for 1 hour daily to induce expression of anfgfr1.

Histology and immunostaining

For histological examination, 14 pm thick cryosections were processed for
immunofluorescence as previously described (Itou et al., 2014). Briefly, sections were
washed with PBS with 0.1 % Triton X-100, and heat-induced antigen retrieval was
performed with citrate buffer (pH6.0) by boiling for 40 min, followed by a standard
immunofluorescence procedure. The antibodies used in this study are listed in Supplemental
Table 1. For detection of pERK and pAKT, after PBS+Triton X-100 washing, the signals
were detected and amplified using an Alexa Fluor 488-Tyramide Signal Amplification Kit
(Invitrogen, T20912) following the manufacturer’s instructions.

CM proliferation index

Sections around the center of injury were stained with anti-PCNA and anti-Mef2 antibodies.
Fluorescent confocal images were obtained using a Zeiss LSM 710 laser scanning
microscope system (Carl Zeiss Microscopy), and analyzed by ZEN2009 software (Carl Zeiss
Microscopy). The CM proliferation index was defined as the ratio of the total number of
PCNA, Mef2-double positive cells in the total Mef2-positive cells. PCNA/Mef2 double
positive cells and Mef2-positive cells were manually counted within a defined region (1024
pixel x 256 pixel in 20 x objective lens with 0.6x zoom). Three sections containing the
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largest injury area were quantified for each heart, and the average value was used as the
representative value of each zebrafish. Statistical significance was analyzed by one-way
ANOVA with Tukey HSD.

TUNEL assay

After immunostaining, slides were re-fixed with 4% paraformaldehyde/PBS for 50 min and
permeabilized by treating with 0.1% sodium citrate/0.1% TritonX-100 on ice for 2 min.
Then the In Situ Cell Death Detection Kit, TMR-Red (Roche diagnostics, 12156792910)
was used according to the manufacturer’s instructions. The TMR-Red fluorescent signals
were detected by confocal imaging.

Assays for Et7-EGFP, dpERK, pAKT or TUNEL-positive CMs, and dpERK-positive
endothelial cell assay

Similar to the CM proliferation index, the ratio of the total number of Et7-EGFP, Mef2-
double positive cells, dpERK, Mef2-double positive cells, pAKT, Mef2-double positive
cells, or TUNEL, Mef2-double positive cells in the total Mef2-positive cells were
determined. For pERK positive endothelial cells, the ratio of the total number of pERK, flil-
EGFP-double positive cells in the total flil-EGFP positive cells were determined. Statistical
significance was analyzed by one-way ANOVA with Tukey HSD, except Fig. 5, where we
used the Student’s #test.

Pharmacological inhibition of AKT signaling

After surgery, each zebrafish was maintained in 50 ml system water with 10 uM LY 294002
(FUJIFILM Wako Pure Chemical Corporation) or 0.1% DMSO, and the water was refreshed
daily. To assist with the penetration of LY 294002, the pericardiac cavity was surgically
opened daily before changing the water, similar to our previous work (Itou et al., 2012b).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Zebrafish myocardium exhibits basal levels of FGF signaling
Heart injury induces activation of the AKT pathway in cardiomyocytes

Blocking FGF signaling in injured hearts causes reduced number of
phosphorylated AKT positive cardiomyocytes and elevated cardiomyocyte
death

Blocking AKT signaling causes cardiomyocyte death after heart injury
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!:i_gure 1. Basal levels of FGF signaling in cardiomyocytes and its activation in response to heart
injury.

(AJ\-D); Confocal images of the Et7-EGFP and Mef2 signals in the ventricle without
amputation

(A) and after amputation (B-D).

(E) Graphic representation of the percentage of the Et7-EGFP-positive CMs among CMs in
the apex at indicated time points after ventricular amputation.

(F-1) Confocal images of the PCNA and Mef2 signals in the ventricle without amputation
(F) and after amputation (G-I).

(J) Graphic representation of the percentage of the PCNA-positive CMs among CMs in the
apex at indicated time points after ventricular amputation.

Dotted lines in B-D and G-H indicate amputation planes. The areas in yellow squares in A-D
and F-1 are shown on the right side. Arrowheads point to double positive cells.
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Scale bar, 100 um. * p<0.05, ** p<0.01 by one-way ANOVA with Tukey HSD. n.s., not
significant (p=0.05). n=5 for no amputation, and n=3 for 1dpa, 3dpa and 7 dpa in E and J.
Each circle in graphs represents an average value for each animal.
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Figure 2. Activation of the ERK pathway in endothelial cells after heart injury
(A-C) Confocal images of the dpERK, Mef2 and DAPI signals in the ventricle without

amputation (A) and after amputation (B, C).

(D) Graphic representation of the percentage of the dpERK-positive CMs among CMs in the
apex at indicated time points after ventricular amputation.

(E-G) Confocal images of the dpERK, flil-EGFP and DAPI signals in the ventricle without
amputation (E) and after amputation (F, G).

(H) Graphic representation of the percentage of the dpERK-positive endothelial cells among
endothelial cells in the apex at indicated time points after ventricular amputation.

The areas in yellow squares in A-C and E-G are shown on the right side. Arrowheads point
to double positive cells. Scale bar, 100 pum. * p<0.05, ** p<0.01 by one-way ANOVA with
Tukey HSD. n.s., not significant (p=0.05). n=3 for no amputation, 3dpa and 7 dpa in D and
H. Each circle in graphs represents an average value for each animal.
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Figure 3. Activation of the AKT pathway in cardiomyocytes in response to heart injury
(A-D) Confocal images of the pAKT and Mef2 signals in the ventricle without amputation

(A) and after amputation (B-D).

(E) Graphic representation of the percentage of the pAKT-positive CMs among CMs in the
apex at indicated time points after ventricular amputation.

Dotted lines in B-D indicate amputation planes. The areas in yellow squares in A-D are
shown on the right side. Arrowheads point to double positive cells. Scale bar, 100 ym. n=3
for no amputation, n=5 for 1 dpa, and n=3 for 3dpa and 7 dpa. * p<0.05, ** p<0.01, ***
p<0.001 by one-way ANOVA with Tukey HSD. n.s., not significant (p=0.05). Each circle in
E represents an average value for each animal.
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Figure 4. FGF signaling is required for activation of AKT signaling and cardiomyocyte survival
(A) Schematic presentation of experimental design. The red bars represent dnfgfr1 induction

by pulses of heat shock.

(B-G) Confocal images of the pAKT and Mef2 signals in the ventricle without amputation
(B, C) and after amputation (D-G) in WT (B, D, F) and Asp. anfgfr1 fish (C, E, G).

(H-M) Confocal images of the Mef2 and TUNEL signals in the ventricle without amputation
(H, 1) and after amputation (J-M) in WT (H, J, L) and Asp: anfgfr1 fish (I, K, M).

(N) Graphic presentation of the percentage of the pAKT-positive CMs among CMs in the
apex at indicated time points.

(O) Graphic presentation of the percentage of the TUNEL-positive CMs among CMs in the
apex at indicated time points.

Dotted lines in D-G and J-M indicate amputation planes. The areas in yellow squares in B-
M are shown on the right side. Arrowheads point to double positive cells. Scale bar, 100 pm.
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* p<0.05, ** p<0.01 by one-way ANOVA with Tukey HSD. n.s., not significant (p=0.05).
n=3 for no amputation, 1 dpa and 3 dpa in both WT and Asp. dnfgfr1 fish in N and O. Each
circle in graphs represents an average value for each animal.
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Figure 5. Cardiomyocyte survival depends on AKT signaling
(A-D) Confocal images of the pAKT and Mef2 signals in the ventricle at 1dpa (A, C) and

3dpa (B, D) in DMSO-treated control fish (A, B) and LY294002-treated fish (C, D).

(E-H) Confocal images of the Mef2 and TUNEL signals in the ventricle at 1dpa (E, G) and
3dpa (F, H) in DMSO-treated control fish (E, F) and LY294002-treated fish (G, H).

(1) Graphic presentation of the percentage of the pAKT-positive CMs among CMs in the
apex at indicated time points. n=3 for all samples.

(J) Graphic presentation of the percentage of the TUNEL-positive CMs among CMs in the
apex at indicated time points.

Dotted lines in A-H indicate amputation planes. The areas in yellow squares in A-H are
shown on the right side. Arrowheads point to double positive cells. Scale bar, 100 pm. p
values by Student’s #test are shown in the graph. n=3 for 1 dpa and 3 dpa in both DMSO-
treated and LY294002-treated fish in | and J. Each circle in graphs represents an average
value for each animal.
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