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Ventricular remodeling of single-chamberedmyh6−/− adult zebrafish
hearts occurs via a hyperplastic response and is accompanied
by elastin deposition in the atrium
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Abstract
Zebrafish (Danio rerio) is widely used as an animal model to understand the pathophysiology of cardiovascular diseases. Here,
we present the adult cardiac phenotype of weak atrium, myh6−/−, which carry mutations in the zebrafish atrial myosin heavy
chain. Homozygous mutants survive to adulthood and are fertile despite their initial weak atrial beat. In adult mutants, the atrium
remains hypoplastic and shows elastin deposition while mutant ventricles exhibit increased size. In mammals, hypertrophy is the
most common mechanism resulting in cardiomegaly. Using immunohistochemistry and confocal microscopy to measure car-
diomyocyte cell size, density and proliferation, we show that the enlargement of the myh6−/− ventricle is predominantly due to
hyperplasia. However, we identified similar transcriptional profiles to the mammalian hypertrophy response via RT-PCR of the
hyperplastic ventricles. Furthermore, we show activation of the ER-stress pathway by western blot analysis. In conclusion, we
can assume, based on our model, that molecular signaling pathways associated with hypertrophy in mammals, in combination
with ER-stress activation, result in hyperplasia in zebrafish. In addition, to our knowledge, this is the first time to report elastin
deposition in the atrium.
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Introduction

Zebrafish is an increasingly popular animal model in biomed-
ical research that allows modeling in vivo the underlying
mechanisms of heart development, function and pathophysi-
ology (Bakkers 2011; Bournele and Beis 2016). The physiol-
ogy of the zebrafish heart resembles that of the human heart in
many aspects and more than 70% of human disease genes
have a clear zebrafish orthologue (Howe et al. 2013). The
heart is a muscular structure, with distinct chambers and
valves, which pumps oxygen-carrying blood to the organism’s

body in a regular, rhythmic way ensuring a consistent, unidi-
rectional flow (Beis et al. 2005; Nemtsas et al. 2010).

We have previously characterized two mutant alleles of
myosin heavy chain 6 (myh6) (Kalogirou et al. 2014). Myh6
is the atrial-specific myosin heavy chain (Amhc) in zebrafish.
Loss of amhc function results in atrial contractile defects pre-
viously described as weak atrium (wea) mutants (Berdougo
et al. 2003). However, wea mutant ventricles exhibit also an
embryonic and larval phenotype, including defects in chamber
circumference, wall thickness, lumen size and gene expres-
sion patterns, representing the ventricular response to a
dysfunctioning atrium. In particular, enlarged ventricles and
an increase in the compact ventricular myocardium were ob-
served in myh6−/− mutant embryos indicating that atrial con-
tractility defects also affect the ventricular morphogenesis
(Auman et al. 2007).

In adult mammals, cardiac myocytes represent a highly
specialized and structured cell type. Cardiac myocytes rapidly
proliferate during fetal life but during the perinatal period,
proliferation ceases and myocytes undergo an additional
round of DNA synthesis and nuclear mitosis without proceed-
ing to cytokinesis (acytokinetic mitosis), resulting in
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binucleated adult cardiac myocytes in most species (Li et al.
1997). Typically, adult cardiac myocytes do not re-enter the
cell cycle after exposure to growth signals. Instead, cardiac
mass growth is achieved through an increase in cell
size (Zebrowski and Engel 2013). Thus, cardiac myocytes
display three distinct forms of cell cycle control and
growth; namely, proliferation, binucleation and hypertro-
phy. On a molecular level, however, evidence is emerging
of a significant overlap between the pathways regulating
cell division and those driving cardiac hypertrophy (Ahuja
et al. 2007; Rivello et al. 2001). Due to the original dogma
that cardiomyocytes in mammals are post-mitotic cells,
which cannot proliferate, it was assumed that cardiac
enlargement is strictly a result of hypertrophy of
cardiomyocytes and transdifferentiation of other cell types
in the heart, such as fibroblasts (Anversa et al. 2006; Engel
et al. 2005). Despite zebrafish being a well-recognized
model in cardiogenesis research (Stainier 2001) and cardi-
ac regeneration, it remains an underutilized organism in the
study of cardiac remodeling (Chico et al. 2008). Recent
publications provide strong evidence in support of
zebrafish being highly relevant in modeling adult cardio-
myopathies. Among ~ 51 known DCM causative genes,
homologs of 49 genes, or 96%, were found in zebrafish
(Shih et al. 2015).

Autosomal dominant mutations in human cardiac myosin
heavy chain genes can result in either hypertrophic or dilated
cardiomyopathy, depending on the specific gene, mutation
and individual (Seidman and Seidman 2001). For example,
hypoplastic left heart syndrome, which is characterized by
defects in the left ventricle morphogenesis, can be the result
of reduced blood flow through the left ventricle in myh6−/−

caused by atrial failure (Sedmera et al. 2002). The biomechan-
ical forces associated with contractility and blood flow have
been suggested to play important roles and can trigger cardiac
remodeling as well as cardiac valve morphogenesis defects as
observed in wea mutants (Hove et al. 2003; Bartman and
Hove 2005; Kalogirou et al. 2014).

The absence of a functional atrium results in ventricular
overload, which can lead to the impairment of protein folding
in the ER (ER-stress) and the activation of the unfolded pro-
tein response (UPR) (Glembotski 2008). Under normal con-
ditions, the ER-resident transmembrane proteins, ATF6,
inositol-requiring kinase 1 (IRE1) and PERK (dsRNA-acti-
vated protein kinase-like ER kinase), are bound with the
immunoglobulin-binding protein (Bip) to maintain their inac-
tive state (Lee 2005). When unfolded proteins accumulate in
the ER, Bip dissociates from those three sensors to initiate
their activity (Bertolotti et al. 2000; Wang et al. 2018). Bip
was increased in hearts from patients with heart failure and
hypertrophy, suggesting that UPR activation is induced in this
condition (Okada et al. 2004). PERK is activated by
homodimerization and autophosphorylation. The activated

PERK phosphorylates Ser51 on the α-subunit of the eukary-
otic initiation factor 2α (eIF2α) to prevent the formation of
translational initiation complexes, which leads to attenuation
of cap-dependent protein translation (Bertolotti et al. 2000).

In the context of cardiac remodeling, we also wanted to
investigate what happens to the remaining atrial cells. In par-
ticular, in the zebrafish heart, structural changes are observed
following damage of the myocardium and the ventricle
displayed small, extending deposits of collagen in the first
days post-injury (Poss et al. 2002). Collagen deposition was
already reported in the atrium of myh6−/− (Kalogirou et al.
2014). In addition, using the Tg(amhc:eGFP)s958 transgenic
line that labels atrial cardiomyocytes, we did not observe any
ectopic expression in ventricular cardiomyocytes in this mod-
el of hyperplasia, as previously shown in a model of ventric-
ular injury (Zhang et al. 2013).

We showed that myh6−/− mutants survive to adulthood
with just one functioning cardiac chamber: the ventricle.
However, histological studies depicted thatmyh6−/− ventricles
are enlarged. We set out to study the underlying mechanisms
of this ventricular remodeling as a response to prolonged ven-
tricular pressure overload and, in particular, whether they are
caused by myocardial cell hypertrophy or hyperplasia and
which are the associated signaling pathways. Additionally,
we report the presence of elastin deposits in the site of the
myh6−/− hypoplastic atrium.

Materials and methods

Zebrafish husbandry

Zebrafish were raised under standard laboratory conditions at
28 °C on a 14/10 h day/night cycle (Westerfield 2000). The
genetic backgrounds used were the wild-type AB strain (wt)
and the myh6s459 mutant line (Kalogirou et al. 2014). The
myh6s459 line carries a recessive mutation and was identified
du r i ng an ENU sc r e en . I n add i t i o n , we u s ed
Tg(amhc:eGFP)s958(Zhang et al. 2013). Fish were raised in
the animal facility of BRFAA (EL25BIO003) and the adult
zebrafish experimental protocols were approved by the
BRFAA ethics committee and the Attica Veterinary
Department (no 4739).

Ratio of ventricular area to body length calculation

Dissected hearts were imaged with a Leica DFC350FX digital
camera attached to a Nikon C-DSS230 microscope. ImageJ
software was used to calculate the area of the ventricle in
pixels squared. The number of pixels per millimeter was cal-
culated to convert the ventricle area in square millimeters. To
determine the ventricular area to body length ratio, the ventri-
cle area in square millimeters was divided by body length (in
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mm). Body length was measured from the tip of the mouth to
the body/caudal fin juncture.

Cell size, cell density and proliferation calculation

We used ImageJ to analyze confocal stacks and determine the
cell size. In order to calculate cell density, we used Imaris
software (Bitplane) to achieve a three-dimensional reconstruc-
tion of the confocal z-stacks upon staining with Mef2 that
marks the nucleus of cardiomyocytes. We then selected the
Bsurpass the surface^ option. At the appropriate threshold, we
marked the cell nuclei and the program automatically calcu-
lates their number. We then calculated the total surface of the
myocardium in each z-stack (mm2). Finally, we converted the
cell count in this surface to cell density (cells/mm2). We cal-
culated the proliferation of cardiomyocytes using the ratio
PCNA+ MEF2+/total MEF2+ (Sun et al. 2009; Kikuchi et al.
2011)

Immunohistochemistry

Isolated hearts from 6-week-old and adult wild-type and
myh6−/− animals were euthanized and then fixed overnight
at 4 °C in 4% paraformaldehyde diluted in phosphate-
buffered saline (PBS). The following day, zebrafish hearts
were cryoprotected in 30% sucrose in PBS overnight. Then,
the hearts were embedded in a freezing medium (Tissue-Tek
OCT) and immediately frozen in liquid nitrogen. Ten-
micrometer sagittal cryosections were obtained using a Leica
CM3050S cryostat (Leica Microsystems). Cryosections were
fixed for 5 min in 4% paraformaldehyde followed by perme-
abilization with 0.5% Triton-X in PBS for 5 min × 3 and
blocking with 4% BSA for 1 h. For the calculation of cell size
and cell density, we incubated overnight with MEF-2c
(myocyte-specific enhancer factor-2c) antibody to label
myocyte nuclei (1:100 Santa Cruz Biotechnology Inc.,) visu-
alized by an anti-rabbit Alexa Fluor 633 secondary antibody
(1:250, Invitrogen, Molecular Probes). For highlighting cardi-
ac myocyte borders, we used FITC-labeled wheat germ ag-
glutinin (WGA, Triticum vulgaris, 1:100, Sigma-Aldrich). We
used elastin 2 antibody (1:100, a kind gift of Prof. Keeley) as
the primary antibody visualized by anti-rabbit Alexa Fluor
568 (1:500, Molecular Probes). For the illustration of F-actin,
we used Phalloidin 633 (1:250, Invitrogen, Molecular
Probes). For the calculation of proliferating cardiomyocytes,
we used double staining PCNA-MEF2c. We incubated cryo-
sections for 10 min with 10% SDA, washed with PBS 3 ×
5 min and with 4% BSA blocking solution for 1 h (Wang and
Poss 2016). We used mouse PCNA (1:200 Sigma-Aldrich
P88250) with Alexa Fluor 633 secondary antibody (1:250,
Invitrogen, Molecular Probes) and anti-rabbit Alexa Fluor
488 secondary antibody (1:500, Invitrogen, Molecular
Probes) for Mef-2c. The images were captured with LAS

AF software on a Leica TCS SP5 inverted confocal
microscope.

Real-time PCR

Hearts from 6-week-old, wild-type and myh6−/− juveniles
were excised and the ventricle was isolated. Each sample
consisting of a single ventricle (six in total for each of the
two groups) was frozen in TRI reagent (Sigma) using liquid
nitrogen and gradually homogenized, starting with a pestle
and followed by 23- and 27-gauge needles. Total RNA was
extracted using TRI reagent (Sigma) according to the manu-
facturer’s recommendations. The quantity and quality of total
RNA were assessed by UV spectroscopy, by calculating the
ratio of absorbance at 260 nm and 280 nm. cDNA was syn-
thesized using Superscript III reverse transcriptase
(Invitrogen). To analyze the expression level of nppa and
nppb, real-time PCR was performed with SYBR Green
(Molecular Probes, Life Technologies) on a Roche
Lightcycler 96 (Roche Life Science). Conditions for the PCR
reaction were 2min at 50 °C and 10min at 95 °C followed by
two-step PCR for 40 cycles, each consisting of 15 s at 95 °C
and 1min at 60 °C. Real-time PCR data were converted to
linear data by calculating 2−ΔCt values for 18S normalized data.
The primers used were

nppa fw: 5′-aagcaaaagcttgtctgg
rev: 5′-actgtatccgcatattgcagc;

nppb fw: 5′-cattcccgtagtcggccttc
rev: 5′-cttcaatatttgccgcctttac;

18s fw: 5′-cacttgtccctctaagaagttgca
rev: 5′-ctgctcttcagctcgggttt.

Western blot analysis

Hearts from wild-type and myh6−/− adult zebrafish were ex-
cised and the ventricle was isolated. Protein extraction was
performed using ice-cold RIPA buffer. Proteins were resolved
by electrophoresis in SDS-polyacrylamide gels (10%) on the
molecular weight of each protein. Then, they were transferred
to a nitrocellulose membrane (Macherey-Nagel, Germany).
The membrane was blocked for 1 h at room temperature in
PBST with 5% nonfat milk and then with 5% bovine serum
albumin incubated with primary antibodies overnight at 4 °C.
Anti-p-eif2a (Cell Signaling #9721) was used at 1:300 dilu-
tion and BiP (Cell signaling #3177) and β-actin (Abcam
#ab8227) were used at 1:1000 dilution. Horseradish
peroxidase-conjugated secondary antibodies (Dako) were
used at 1:5000 dilution. The detection of the immunoreactive
bands was performed with the Supersignal West Femto
(Thermo Scientific). Relative protein amounts were evaluated
by a densitometry analysis using ImageJ software. We used
three independent samples for each group and β-actin for the
normalization.
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Statistical analysis

p values were calculated with Student’s t test and with one-
way ANOVA test, using GraphPad Prism v5.01 software.

Results

Hypoplastic atrium and enlarged ventricles
in myh6−/−

The myh6s459 mutant line carries an early stop codon in
the atrial myosin heavy chain and is characterized by
weak atrial contractility (Kalogirou et al. 2014).
However, these mutants survive to adulthood with basi-
cally one functioning chamber: the ventricle. The mutant
ventr ic les appear larger and more oval-shaped
(Fig. 1a, b). The atria of the adult mutants are severely
hypoplastic with few residual cells with atrial identity
observed as denoted with the Tg(amhc:eGFP)s958

(Fig. 1c, d). The ventricle area/body length ratio in
wild-type is 0.032 mm2/mm, significantly (p < 0.05, n =
11 wt; 10 myh6−/−) smaller than myh6−/− (0.048 mm2/
mm, Fig. 1e).

In order to study the characteristics of the remaining
atrial cardiomyocytes and how the supply of blood directly
to the ventricle is maintained, we stained for the smooth
muscle marker elastin. We did not observe elastin staining
in the atria of 6-week wild-type juveniles (Fig. 2a–d), but
we detected significant elastin deposition flanking the re-
sidual Tg(amhc:eGFP)s958-positive atrial cells of myh6−/−

(Fig. 2e–h) (n = 12 wt; 9 myh6−/−).

The ventricle of the myh6−/− is enlarged due
to hyperplasia

We then aimed to identify the mechanisms of ventricular
remodeling of myh6−/− and especially to distinguish be-
tween hyperplasia or hypertrophy by estimating the cell
size, cell density and proliferat ive potential of
cardiomyocytes. We measured cell size with FITC-
labeled wheat germ agglutinin (WGA) in 10 μm sagittal
cryosections. In parallel, the number of cells in the sec-
tion was calculated by measuring the nuclei of
cardiomyocytes marked with the myocyte-specific en-
hancer factor-2c (MEF-2c). It is clear that unlike adult
mammalian cardiomyocytes that are binuclear (Li et al.
1997; Olivetti et al. 1996), zebrafish cardiomyocytes are
mononucleated (Wills et al. 2008; Foglia and Poss 2016)
(Fig. 3). We did not detect any statistically significant
difference in cell size measurements made in > 250
cardiomyocytes of wild-type (Fig. 3a) and myh6−/−

(Fig. 3b) adults (wt = 22.20 ± 0.4289 μm2 myh6−/− =

22.22 ± 0.3863 μm2, Fig. 3c, n = wt 18 sections from
10 hearts and myh6−/− n = 15 sections from 9 hearts).
These findings suggest that the ventricular remodeling
of myh6−/− does not involve a significant hypertrophic
response.

We then investigated the possibility of a hyperplastic
response contributing to the enlargement of the ventricle
by examining the ventricular cell density (cells/mm2) of wt
and myh6−/− adults. Taking into account the fact that the
cardiomyocytes of zebrafish are mononucleated, each il-
lustrated nucleus was measured as a single cell .
Cardiomyocyte nuclei were labeled with Mef-2c antibody
in 10-μm sagittal cryosections (Fig. 4a–f). We calculated

Fig. 1 A heart from a wild-type adult zebrafish (a) and from a myh6−/−

(b). myh6−/− hearts exhibit a hypoplastic atrium compared to wild-type
(c) as shown by the amhc:egfp transgene (d) and an enlarged ventricle as
measured from the ventricle area/body length ratio (e) (p = 0.0003). n =
11 wt; 10 myh6−/−). Scale bars, 0.5 mm A: atrium; V: ventricle; BA:
bulbus arteriosus; A*: hypoplastic atrium
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that the cell density was significantly less in wild-type
ventricles (2265 ± 74.93 cells/mm2) than in myh6−/−

(2804 ± 98.35 cells/mm2) (Fig. 4g; p = 0.0016, n = 25 sec-
tions from 7 fish per group).

Fig. 3 Ten-micrometer
cryosections of adult zebrafish
wild-type hearts (a) and myh6−/−

(b). Quantification of the
cardiomyocyte cell size after
labeling withΜef-2c
(cardiomyocytes nuclei) and
WGA (cell membranes)
antibodies (c) shows no
statistically significant difference
between wild-type and myh6−/−.
n = 18 wt sections from 10 hearts
and n = 15 myh6−/− sections from
9 hearts. Total cells measured >
250 per sample. Scale bars,
7.5 μm

Fig. 2 Hearts from 6-week-old wild-type zebrafish (a–d) andmyh6−/− (e–h). Elastin deposition (g) in the hypoplastic atrium ofmyh6−/− is observed (n =
12 wt; 9 myh6−/−). Scale bars, 75 μm. A: atrium; V: ventricle; A*: hypoplastic atrium
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As additional evidence of a hyperplastic response, we
measured the ratio of Mef2+PCNA+/Mef2+, which is an
indicator of the proliferation of cardiomyocytes. We de-
tected more proliferating cardiomyocytes in myh6−/

−adult ventricles (3.96 ± 0.183) than in wt (2.05 ±
0.073) (Fig. 5, p < 0.0001, 5 wt and 5 myh6−/− ventri-
cles were used for this experiment; wt 10 sections;
myh6−/− 12 sections).

Fig. 5 Ten-micrometer
cryosections of adult zebrafish
wild-type hearts (a) and myh6−/−

(b) stained with proliferating cell
nuclear antigen (PCNA) antibody
(red) and Mef-2c antibody
(green). Arrows show double
staining PCNA+ MEF2+ (yellow-
orange color). c Ratio of PCNA+

MEF2+ cells over total MEF2+

cells between myh6−/− and wild-
type hearts. A statistically
significant difference is observed
between the two groups
(p < 0.001, n = 10 wt sections
from 5 ventricles and n = 12
myh6−/− sections from 5
ventricles). Scale bars, 50 μm

Fig. 4 Ten-micrometer cryosections of adult zebrafish wild-type hearts
(a) andmyh6−/− (d) stained with theΜef-2c antibody. An example of the
highlighting we used with the help of the Imaris program to measure the
number of Mef-2c-positive nuclei. This is the measurement we used to
count the cardiomyocyte cell number in wild-type (b) and myh6−/− (e).
Highlighting the myocardial area (pseudocolored red or blue from Imaris

using the original Alexa 633 phalloidine staining data from a, d) of the
wild-type (c) and myh6−/− (f) myocardium surface area used to calculate
cell density (f). Quantification (g) of the cell density between wild-type
myh6−/− hearts (b/c and e/f respectively) shows a statistically significant
difference (p = 0.0016, n = 25 cryosections from 7 fish per sample). Scale
bars, 50 μm
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Upregulation of mammalian hypertrophy marker
genes in the ventricles of 6-week-old mutants

The nppa (Natriuretic Peptide A) and nppb (Natriuretic
Peptide B) genes are molecular markers of cardiomyocyte
hypertrophy in mammals. The expression of these genes is
upregulated in cases of increased heart size in zebrafish
(Hendricks et al. 2009). We hence tested the expression
levels of these genes in 6-week-old wild-type and myh6−/
− hearts. The mRNA levels of these genes were higher in
the myh6−/− samples. In particular, for the nppa gene, the
increase in mRNA expression levels of the mutant hearts
was 6.4 times relative to wild-type whereas for the nppb
gene the increase was 6.86 times (Fig. 6a, nppa p = 0.029;
6b nppb = 0.004, n = 6 ventricles per group). Therefore,
although the molecular signature of transcriptional activa-
tion indicates a hypertrophic response, mainly annotated as
such from mammalian data, we only observed hyperplasia
contributing to the ventricular enlargement and remodeling
of myh6−/−.

Αctivation of ER-stress pathway

In an effort to better understand the pathophysiological mech-
anism of the ventricular overload response, we used western
blot analysis to investigate some key markers of ER-stress
activation. We found a 5.74-fold upregulation of Bip, the up-
stream activating factor of the ER-stress pathway, in the
myh6−/− ventricle compared to wt ventricles, with a statistical-
ly significant difference (p = 0.001). Furthermore, in mutant
ventricles, the p-eif2a levels were also elevated by 2.88 folds
relative to wild-type ventricles, with a statistically significant
difference (p = 0.0049). We used three different samples of
myh6−/− and wild-type hearts and β-actin for the normaliza-
tion (Fig. 7).

Discussion

We analyzed the mechanisms involved in a genetic model of
adult zebrafish ventricular remodeling. myh6−/− mutants sur-
vive with a single functioning chamber heart but increase the
size of their ventricle as a response to a non-functional hypo-
plastic atrium. A hypertrophic response is responsible for the
pathological increase in the heart size of mammals (Ahuja
et al. 2007; Anversa et al. 2006). The majority of genetic
DCM in mammals is autosomal dominantly inherited
(Olivotto et al. 2015; McNally and Mestroni 2017). Here,
we presented data that point to a hypertrophy-related tran-
scriptional response of adult myh6−/− hearts. This includes
the molecular markers (nppa/b). However, histological analy-
ses of adult myh6−/− showed that the enlargement of the ven-
tricle is predominantly due to hyperplasia. Under chronic he-
modynamic overload, cardiac nppa and nppb synthesis and
secretion increases. This increase is seen as a cardioprotective
mechanism, given the beneficial effects of nppa and nppb on
cardiac preload, afterload and cardiovascular growth
(McGrath et al. 2005). Additionally, the ER-stress pathway
has further cardioprotective action. Specifically, PERK
(same pathway with p-eif2a) overexpression promotes cell
survival under hypoxic conditions (Lu et al. 2004).
Phosphorylation of eIF2α is an early event observed in
cardiomyocytes after ischemia in vitro and after I/R in vivo
(Szegezdi et al. 2006; Miyazaki et al. 2011). The
cardioprotective effects of the UPR can be attributed to the
induction of ER chaperones and the consequent enhancement
of protein folding (Glembotski 2008). We should also high-
light that molecular markers of cardiomyocyte hypertrophy
being involved in hyperplastic processes are in accordance
with the findings of Becker et al. (2011). Further dissection
of the transcriptomic profile of adult myh6−/− ventricles will
hopefully answer what molecular mechanisms differentiate
the zebrafish cardiomyocytes’ response from the mammalian
ones.

Fig. 6 RNA expression levels of nppa (a) in the ventricles of 6-week
myh6−/− and wild-type zebrafish. RNA expression levels of nppb (b) in
the ventricles of 6-weekmyh6−/− and wild-type zebrafish. Both nppa and
nppb RNA expression levels are upregulated in myh6−/− ventricles.
p < 0.05 n = 6 ventricles per group
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In parallel, it is noteworthy the transdifferentiation of atrial
cardiomyocytes to elastin positive cells. Elastin is the predom-
inant protein in the arterial wall and can contribute up to 50%
of its dry weight (Karnik et al. 2003). Elastin also confers
elasticity, preventing tissue tearing by mechanical stretching
underload (Patel et al. 2006) and is the polymeric extracellular
matrix protein that provides the properties of extensibility and
elastic recoil to large arteries, lung parenchyma, elastic liga-
ments, elastic cartilages, skin and other elastic tissues of all
vertebrates with the exception of the agnathans (Miao et al.
2007). Due to the genetic mutation in amhc, themyh6−/− atrial
cardiomyocytes could not contract. However, it appears that
upon the long-term dynamic stimulation of hemodynamic
flow elastin biosynthesis was promoted as previously de-
scribed in a different system (Isenberg 2003). It has also been
found that PGA scaffolds promote the production of elastin by
a dynamic stimulation (Kim et al. 1999). The biomechanical
forces associated with contractility and blood flow have been
suggested to play important roles in driving multiple aspects
of cardiac morphogenesis. Alterations in circulation, as ob-
served in wea mutants, can trigger cardiac remodeling and
valve defects (Bartman and Hove 2005; Hove et al. 2003;
Kalogirou et al. 2014). Therefore, a possible mechanism for
depositing elastin is the change of hemodynamics in the atri-
um. The final result is the strengthening of the wall of the
hypoplastic atrium so as to withstand the blood flow, simulat-
ing a blood vessel.

The elastin deposition in the atrium compensates for the
lack of the Myh6 protein, sustaining a life-compatible, func-
tional heart state and is analogous to the regeneration after
ventricular injury. This particular mutant can be used as a
model to study the correlation between ER-stress and

cardiovascular diseases. Numerous studies using pharmaco-
logical agents that directly modulate the UPR have been pub-
lished and are shedding light on emerging and promising tools
for the effective treatment of cardiovascular diseases (Wang
et al. 2018). Furthermore, alterations in circulation, as ob-
served in wea mutants, can trigger significant changes in
chamber size, shape, cellular organization and gene expres-
sion, thus rendering this mutant a potentially useful tool in
understanding congenital heart defects associated with blood
flow obstruction (Berdougo et al. 2003; Singleman and
Holtzman 2012). In conclusion, this case further establishes
the vast abilities of zebrafish in the rehabilitation of cardiac
defects and demonstrates its potential as an ideal model for the
study of heart diseases.
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