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a b s t r a c t

Heart formation is a complex, dynamic and highly coordinated process of molecular, morphogenetic and
functional factors with each interacting and contributing to formation of the mature organ. Cardiac ab-
normalities in early life can be lethal in mammals but not in the zebrafish embryo which has been widely
used to study the developing heart. While early cardiac development in the zebrafish has been well char-
acterized, functional changes during development and how these relate to architectural, cellular and mo-
lecular aspects of development have not been well described previously. To address this we have carefully
characterised cardiac structure, function, cardiomyocyte proliferation and cardiac-specific gene expression
between 48 and 120 hpf in the zebrafish. We show that the zebrafish heart increases in volume and changes
shape significantly between 48 and 72 hpf accompanied by a 40% increase in cardiomyocyte number. Be-
tween 96 and 120 hpf, while external heart expansion slows, there is rapid formation of a mature and ex-
tensive trabecular network within the ventricle chamber. While ejection fraction does not change during the
course of development other determinants of contractile function increase significantly particularly between
72 and 96 hpf leading to an increase in cardinal vein blood flow. This study has revealed a number of novel
aspects of cardiac developmental dynamics with striking temporal orchestration of structure and function
within the first few days of development. These changes are associated with changes in expression of de-
velopmental and maturational genes. This study provides important insights into the complex temporal
relationship between structure and function of the developing zebrafish heart.

& 2015 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.

1. Introduction

Cardiogenesis is a highly complex process involving sequential
heart primordia migration, folding, looping, septation and ma-
turation to form the chambered heart (Fishman and Chien, 1997;
Glickman and Yelon, 2002). The heart is the first readily identifi-
able organ to develop and function in the vertebrate. Fish and
amphibian hearts are considered to be the ancestor of avian and

mammalian hearts and have been used as prototypes for studying
cardiac development of these organisms (Olson and Srivastava,
1996), particularly to understand the origin of the cardiac con-
duction system (Janse et al., 1976). Despite the evolutionary gap
between fish and mammals, molecular data suggest that the es-
sential regulatory elements of heart development are shared
among vertebrates (Moorman and Christoffels, 2003; Xavier-Neto
et al., 2007) and, in some cases, also with invertebrates (Perez-
Pomares et al., 2009). Therefore, common insights from the cardiac
anatomy and physiology of many vertebrate groups is important to
our overall understanding of cardiac development. According to
VonBaer (1828) (as cited by Moorman and Christoffels (2003)), it is
the embryonic rather than the adult heart that should be com-
pared since the common features of a vertebrate group appear
early in development. In the last twenty years the zebrafish (Danio
rerio) has emerged as a powerful and increasingly popular model
to study cardiac development (Hu et al., 2000; Bakkers, 2011) and
cardiac defects (Antkiewicz et al., 2005; Tu and Chi, 2012). For-
ward genetic screens have identified many novel regulatory me-
chanisms with essential roles in cardiogenic specification and
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differentiation, migration of cardiac progenitor cells, heart tube
morphogenesis, and cardiac function (Harvey, 2002).

The study of these characteristics in the zebrafish has helped
improve our understanding of heart formation in mammals
(Stainier and Fishman, 1992; Stainier et al., 1993). Despite having
only two chambers (Fig. 1), the zebrafish heart retains many
structural traits and developmental complexity of an amniote's
heart, including a three-layer ventricular wall (epicardium, myo-
cardium and endocardium) from 72 h post-fertilization (hpf)
(Serluca, 2008) and first and second heart fields (Hami et al., 2011).
However, while early structural cardiac development up to 48 hpf
has been well studied, there are a few studies that have specifically
detailed the relationship between cardiac structure and function,
cardiomyocyte proliferation and molecular markers of cardiac
development over the first 5 days of development.

The study reported here has examined the changes in ventricle
size, structure, function and cardiomyocyte proliferation over this
time period. We have also analyzed the changing expression pat-
tern of cardiac specific growth factors in isolated embryonic hearts
over the same time period.

2. Material and methods

2.1. Ethical approval

All experiments were approved by the local ethics committee
and conducted in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986 in an approved establishment.

2.2. Zebrafish maintenance

Zebrafish husbandry, embryo collection and maintenance were
performed according to accepted standard operating procedures
(Nüsslein-Volhard and Dahm, 2002). The myl7:GFP transgenic line
(Tg(myl7:GFP)f1) (Burns et al., 2005) was used for all experiments,
unless stated. GFP expression is driven by a cardiac-specific

promoter of myl7 (myosin light chain 7, also known as cardiac
myosin light chain 2). Germ-line transmission of the transgene
was achieved on the AB strain background. Embryos were main-
tained at 28.5 °C on a 14 h light/10 h dark cycle and staged ac-
cording to Kimmel (Kimmel et al., 1995). Embryos were kept in egg
water until dechorionated and then in embryo medium (Wester-
field, 2000). All experimental procedures were performed at room
temperature (RT, 23 °C).

2.3. Zebrafish whole-mount immunostaining and histology

Embryos were euthanized in Tricaine 1 mM and fixed in 4%
paraformaldehyde (PFA, Sigma) and hearts isolated by micro-dis-
section. Isolated hearts were pre-incubated in proteinase K
(10 μg/mL), washed in PBS and Triton X100 (0.1%) and then Bovine
Serum Albumin (5% for 3 h) before being incubated with anti-
Phospho-histoneH3 antibody (Millipore 05-670; rabbit, 1:200), a
marker of mitosis, followed by incubation with anti-rabbit anti-
body (Alexa fluor, Dako, 1:500). The whole ventricle structure was
also analyzed by observing the GFP signal. In order to visualize the
shape of in-situ single cardiomyocytes, hearts analyzed for ven-
tricle structure were additionally stained with an antibody against
DM-GRASP, a sarcolemmal integrin, called zn-8 (mouse; produced
by Developmental Studies Hybridoma Bank) diluted 1:200 in PBS
containing BSA 5%.

Subsequently, hearts were incubated in DAPI (Sigma, 1:1000),
washed in PBS and then mounted in glycerol (100%). Confocal
microscopy (Leica SP5) was used to capture z-stack images of
isolated zebrafish heart ventricles at 3 μm intervals. The total
number of ventricular cardiomyocytes (VCt) and the number of
mitotic ventricular cardiomyocytes (VCm) were counted using
ImageJ software, by marking each nucleus with a tag while moving
progressively through the z-stack. Only cardiomyocytes were in-
cluded in the counting process by ensuring that each nucleus was
located within a GFP positive region of the heart. Counting ex-
cluded the atrium and bulbus arteriosus, and was performed by a
single individual (GM) and the intra-observer variation for a
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Fig. 1. Histology of developing zebrafish heart (48–120 hpf). (A) Transgenicmyl7:GFP zebrafish embryo (72 hpf). The GFP positive two chambered heart is shown in the lower
panel. (B) Longitudinal sections of wild-type (Wik) zebrafish embryonic heart ventricle between 48 h post-fertilization (hpf) and 120 hpf (Haematoxylin & Eosin), showing
the significant morphological changes during this time period. Key: V – ventricle; A – atrium, BA – Bulbus arteriosus, SV – Sinus Venosus, Tr – trabeculae.
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