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Abstract Cardiovascular diseases are a worldwide
public health problem. To date, extensive research has
been conducted to elucidate the pathophysiological
mechanisms that trigger cardiovascular diseases and
to evaluate therapeutic options. Animal models are
widely used to achieve these goals, and zebrafish have
emerged as a low-cost model that produces rapid
results. Currently, a large body of research is devoted
to the cardiovascular development and diverse car-
diovascular disorders of zebrafish embryos and larvae.
However, less research has been conducted on adult
zebrafish specimens. In this study, we evaluated a
method to obtain and to evaluate morphometric
parameters (of both the entire animal and the heart)
of adult zebrafish. We used these data to calculate
additional parameters, such as body mass index,
condition factor and cardiac somatic index. This
method and its results can be used as reference for
future studies that aim to evaluate the pathophysio-
logical aspects of the zebrafish cardiovascular system.
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Introduction

Cardiovascular diseases are a major global public
health problem worldwide and lead to high morbidity
and mortality and negative socioeconomic impacts.
Because of this reason, basic and clinical research in
this field is both extensive and rigorous. The research
goals are broad and range from understanding the
pathophysiological mechanisms that trigger these
diseases to proposing preventative and therapeutic
treatment options. However, there are multiple limi-
tations of clinical research, including high economic
costs, complex logistics and bioethical considerations.
Due to these disadvantages to clinical investigations,
animal models are used as an alternative for studies in
this field. There are many animal models used for
preclinical studies, including both invertebrates and
vertebrates. Some of the most commonly used animal
models are insects (Drosophila melanogaster), worms
(Caenorhabditis elegans), fish (Danio rerio), amphib-
ians (Xenopus laevis), rodents (rats, mice, and rabbits)
and birds (Zaffran and Frasch 2002). Using these
animal models, experimental cardiovascular studies
have addressed embryological, developmental, func-
tional, morphological, pathophysiological, pharmaco-
logical and toxicological questions (Hasenfuss 1998;
Russell and Proctor 2006). Many published studies
highlight the common genetic, molecular, structural
and functional patterns of many of the species studied.
These common patterns underlie cardiovascular
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differentiation and developmental processes and sug-
gest that the development of the cardiovascular system
and its signaling pathways has been highly conserved
over evolutionary history (Zaffran and Frasch 2002).
For many species, these common signaling pathways
depend on the expression of specific genes that code
for well-defined molecules that determine and regulate
the development of cardiovascular structures. The key
genes for cardiovascular development can regulate
one another; these genes include GATA, CMLC, nkx,
Tbox and grl (Bakkers 2011; Reiter et al. 1999; Staudt
and Stainier 2012). Currently, the zebrafish is one of
the most widely used animal models in biomedical
science, including cardiology (Kimmel 1989; Stainier
2001). The zebrafish model has multiple advantages
over other experimental models. Zebrafish have a high
reproductive rate and rapid development. The zebra-
fish genome is similar to that of humans (approxi-
mately 70 % genes are orthologous), and zebrafish
also have functionally similar cardiovascular systems
to that of humans (Howe et al. 2013). Early-stage
zebrafish do not depend on the circulatory system to
survive, as their tissues are sufficiently oxygenated via
diffusion in their aquatic medium; therefore, early-
stage zebrafish can be used for embryological, phys-
iological and genetic studies. Additionally, zebrafish
populations are easily maintained at relatively low
cost in the laboratory (Kimmel 1989; Stainier 2001).

The development of the cardiovascular system
(i.e., the heart and the blood vessels) in zebrafish
originates from the primitive mesoderm where early
differentiation occurs. Initially, a group of cells
gives rise to an early cardiac and hemangioblasts
disk. The disk gradually develops into a cardiac
cone, from which a tubular structure is formed and
the heart tube begins to contract in a coordinated
and rhythmic fashion at 22 h post-fertilization (hpf).
At 36 hpf, the segmentation process and the
specific rotation of the cardiac tube give rise to
different well-defined cardiac chambers: a venous
sinus, an atrium, a ventricle and an arterial bulb.
These four compartments are arranged in a series
and are separated by constrictions and heart valves
that ensure unidirectional blood flow (Bakkers
2011; Dahme et al. 2009; Holden et al. 2011; Hu
et al. 2000; Liu and Stainier 2012; Staudt and
Stainier 2012). At the same time, the mesoderm
produces hemangioblasts that produce angioblasts
and endothelial cells. At 24 hpf, a simple vascular
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circuit is formed from the dorsal aorta and the axial
vein (Serbedzija et al. 1999). Intersegmental vessels
that give rise to different vascular circuits are
derived from the aorta (Childs et al. 2002).
Although there is extensive research regarding
cardiovascular development in zebrafish from early
embryonic to late larval stages, literature on the
cardiovascular system of adult zebrafish is scarce.
Because many chronic heart diseases in humans
primarily affect the adult population, more infor-
mation is needed on the structure and function of
the cardiovascular system in adult zebrafish. By
doing so, normal points of reference may be
established that can be compared with abnormal
processes; this information can be extrapolated to
other animal species, including humans. The aim of
this study is to provide a method and some
information on the morphological, functional,
macroscopic and microscopic aspects of the adult
zebrafish heart.

Methods

The present study was conducted using wild-type
zebrafish specimens. Zebrafish were obtained from
local suppliers. Fish were kept in aquaria with
permanent aeration and light-dark cycles of
14:10 p.m. and were fed a commercial diet once
daily. A constant temperature and pH (25 °C and 7.4,
respectively) were maintained. The protocol for
maintaining the specimens was approved by the
AICUC of the Pontificia Universidad Javeriana. We
used 10 specimens; this sample size is consistent with
the principle of the 3 R’s, which advises minimizing
the number of replicates and optimizing their use.

Anesthesia

Fish were anesthetized using a solution of distilled
water and 0.6 mM MS-222 (tricaine methanesulfonate
ethyl-3 aminobenzoate; Sigma-Aldrich) for handling
and conducting the various procedures. Under general
anesthesia, we measured weights and lengths. After-
wards, euthanasia was performed using a 6 mM of
MS-222 solution. Then, the specimens were fixed in a
solution of 4 % paraformaldehyde for 24 h to facil-
itate dissection and organ removal.
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Dissection

For dissection, we used plastic foam with a central
recess where the specimen was placed in a supine
position. To extract the organs, we made a ventral
midline incision from the gills to the anal fin (Fig. 1b).
We then fixed the walls to the sponge with pins to
expose the internal organs. First, we extracted the
gonads, which are located most superficially, and then,
we extracted the digestive tract, kidney, pancreas and
heart. The organs of each specimen were stored in
vials containing 4 % paraformaldehyde for subse-
quent histological processing.

Histology

The zebrafish hearts were fixed with 4 % paraformalde-
hyde for 24 h. Whole hearts were embedded, sectioned
into 20-50 um sections and mounted on slides. Sec-
tions were deparaffinized, rehydrated and stained with
hematoxylin/eosin. Sample processing was performed in
the Department of Pathology, Faculty of Medicine,
Pontificia Universidad Javeriana. Digital images were
taken from slides using a conventional microscope (Leica
DM500) and a video camera (S3CMOS, Touptek
Photonics). Measurements of lengths and angles of the

Fig. 1 Procedures implemented for zebrafish. a Method of
measuring adult zebrafish size. b Adult zebrafish in supine
position with median incision for evisceration. ¢ In situ zebrafish
heart, as viewed through a scientific stereo microscope at x20

ventricular chamber and thickness of ventricular walls
were made using the free software, ImageJ (Fig. 2a).

Measurements

In this study, we obtained both direct and indirect
measurements. Direct basic measurements included the
size and weight of each specimen and the weight and
length of the heart of each animal. When the animal was
under anesthesia, the weights of the animal and heart
were measured using a Sartorius analytical balance.
Digital images were taken of the adult zebrafish and the
isolated heart using a stereomicroscope (2X—4X Scien-
tific) and a video camera (S3CMOS, Touptek Photon-
ics). Then, measurements (length, cardiac diameters,
angles) were obtained from these images using Imagel.
In addition, measurements of ventricle wall were taken
in 4 random zones in each histological section in order to
determine compact and spongy myocardium thickness.
Indirect measurements were obtained from direct mea-
surements using validated formulas of body mass index
(BMI), cardiosomatic index (CSI) and Fulton’s condition
factor (Factor K). For all variables, basic descriptive
statistics (mean, standard deviation and error) were
obtained.

wind

magnification. d Isolated zebrafish heart, showing the major (r/)
and minor (r2) axes at x 20 magnification. In a and b, the top left
line represents 1 cm. In ¢ and d, the upper left line represents
1 mm. V ventricle, A atrium
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Fig. 2 Histology of the zebrafish heart. a Zebrafish heart with
two visible chambers: the ventricle (V) and arterial bulb (AB).
b Arterial bulb of the zebrafish heart. ¢ Ventricular apex of the
zebrafish heart. The compact myocardium (CM) and the spongy
myocardium (SM) are shown. d Ventricular wall. The compact
myocardium and spongy myocardium are well defined. Lines
represent the major axis (r/), the minor axis (r2) of the ventricle,

Results
Direct or primary parameters

Basic measurements were performed for both the
specimens and the isolated heart or histological
preparations. These measurements include weight
and body size, weight and heart ventricular lengths,
angles and wall thickness of the ventricle and diameter
of the arterial bulb (Figs. 1, 2; Table 1).

Weight and body size

The average weight and size of all specimens (n = 10)
were 0.743 £+ 0.181 g and 4.19 £ 0.32 cm, respec-
tively. The average weight and size of males (n = 6)
were 0.689 + 0.10 and 4.3 £ 0.3 g cm, respectively.
For females (n = 4), average weight and size were
0.824 £ 0.28 g and 4.1 £ 0.4 cm, respectively.
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and the diameter of the arterial bulb (r3). The angles shown are
ol, o2 and ventricular o3. RBC: red blood cells. Image
magnification is x4 or x10, and images were taken with an
upright microscope (Leica DM500). The scale bar on the bottom
right in a is 0.2 mm. The scale bars in b and ¢ are 0.1 mm, and
the scale bar in d is 0.05 mm

Heart weight

Hearts were measured separately from specimens.
Average heart weight was 1.37 £ 0.59 mg. The heart
weight represents no more than 2 % of the total body
weight of adult zebrafish, and a positive correlation
was observed between heart and body weight
(Fig. 3a-b).

Heart morphometry

Measurements of the main cardiac chamber, the
ventricle, were obtained from both the isolated organ
and from histological preparations. We measured two
axes: the major axis (rl), defined as the distance from
the apex to the midpoint of the base of ventricle, and
the minor axis (r2), defined as widest segment
perpendicular to the ventricular major axis (Pombo
et al. 2012). The average length of the major axis was
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Table 1 Cardiosomatic measurements in zebrafish A 1000,0 ’—%M
*
Primary parameters
Weight (g) 0.743 £+ 0.181 g) 100,0
Height (cm) 4.19 £+ 0.32 =
Heart (mg) 1.37 £ 0.59 '§> 100 «Body
Cardiac parameters =3 mHeart
Wall thickness g “'.-—I-k._.\.~'~
- 10| ®
Atrium 0.18 + 0.053 ’ " ]
Ventricle 0.084 £ 0.013
Ventricle 0,1
Length (isolated organ) B 20
Major axis (mm) 1.714 + 0.296 S ’
Minor axis (mm) 1.192 + 0.144 E 25 *
Width-length ratio 0.704 £ 0.059 _'é, 2,0 . *
Length (histology) E 1,5 *
Major axis (mm) 1.543 + 0.132 s "6 o
Minor axis (mm) 1.142 4+ 0.093 S * *
= <
Width-length ratio 0.741 + 0.047 g %
Ventricular angles 0,0
1 8482 + 951 0,0 200,0 400,0 600,0 800,0 1000,0 1200,0
o ’ ’ Body weight (mg)
o2 68.66 + 9.35
o3 30.36 + 2.96 Fig. 3 Body and heart weight. a Semilog plot of body and
Arterial bulb ventricular weight of each adult zebrafish. Heart weight
. represents <2 % of the total body weight. b Ventricular weight
Diameter (mm) 0.478 £ 0.019

Secondary or derived parameters

0.0425 + 0.0093
0.1851 %+ 0.0697
1.0567 + 0.2501

Body mass index (g/cmz)
Cardiosomatic index (%)
Factor K (g/cm3)

Primary data were obtained from direct measurements of the
specimen or sample. Secondary parameters were calculated
from the primary parameters by applying the formulas for
BMI, cardiosomatic index and Factor K. Data are shown as the
mean = SD

1.714 + 0.296 mm and that of the minor axis was
1.192 + 0.144 mm. The ratio of the minor axis to the
major axis (i.e., r2/r1, sphericity index; Claireaux et al.
2005) was 0.704 £+ 0.059; that is, the minor axis was
approximately 70 % the length of the major axis
(Fig. 1d).

In histological sections, the ventricular length of
major axis was 1.543 + 0.132 mm and the minor axis
was 1.142 £ 0.093 mm. The ratio of the minor axis to
the major axis was 0.741 £ 0.047; that is, the minor
axis was 74 % the length of the major axis (Fig. 2a).
Although there are differences between the isolated

versus body weight plot. Graph shows a little bit linearity
(y = 0.0018x — 0.0071)

organ and histological measurements, the sphericity
index was similar, in both cases, to previous reports
(Claireaux et al. 2005). We also measured ventricular
angles: ol and a2, which were the angles at the base of
the ventricle, and o3, which was the vertex angle
(Fig. 2a). The value of ol was 84.82 + 9.51, and the
value of a2 was 68.66 + 9.35. The o3 value was
30.36 £ 2.96. Other authors have described these
angles and ventricle shapes in several wild and farmed
species of fish; it has been suggested that these
measurements can be used to determine the impact of
environmental factors on cardiac structure and func-
tion (Pombo et al. 2012).

The ventricular wall was thicker than the atrial wall
(0.18 & 0.053 vs. 0.084 + 0.013 mm, respectively).
Two clearly defined layers were evident in the
ventricular wall: the compact myocardium and the
spongy myocardium. The spongy myocardium repre-
sents approximately 70-80 % of the thickness of the
ventricle wall (Fig. 2c, d). These data are consistent
with data reported for other fish species, where the
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thickness of the compact layer fluctuates between 0.05
and 0.25 mm (Pombo et al. 2012).

The diameter of the arterial bulb was also measured
(Fig. 2a). Because of its globular shape, the arterial
bulb diameter was measured at its widest segment
perpendicular to the longitudinal axis of the arterial
bulb. The average diameter of the arterial bulb was
0.478 £+ 0.019 mm. According to some authors, this
parameter is important because it reveals the function
of the arterial bulb; in some species, the arterial bulb
has limited utility, and in other species, it protects
branchial circulation due to the presence of smooth
muscle and elastic tissue (Pombo et al. 2012).

Secondary or derivatives parameters

From our initial measurements, we calculated the
additional parameters of BMI, CSI and Fulton’s
condition factor. BMI links body weight and size
and is obtained by the following formula:

B igh
BM — BodY welg t (g)
Length® (cm?)

This index has been traditionally used to identify
overweight and obese individuals (Oka et al. 2010).

The CSI relates heart weight and total body weight.
This index is expressed as a percentage and is obtained
from the following formula:

Heart weight (g)

_ 100
Total body weight (g) x

Deviations from an average CSI implies increased
or decreased heart mass, which may be an indicator of
specific cardiac conditions such as ventricular hyper-
trophy (Hu et al. 2000).

Fulton’s condition factor (Factor K) is a parameter
that quantifies general condition of an animal. It is
obtained from the following formula:

Body weight (g)

x 100
Length? (cm?)

Factor K =

This factor can identify disorders in an animal’s
nutritional condition (Siccardi et al. 2009).

In this study, we documented an average cardioso-
matic index of 0.18 %, body mass index of 0.04 g/cm”
and Fulton’s condition factor of 1.05 g/cm®. These
data are similar to those reported in the literature (Oka
et al. 2010; Siccardi et al. 2009).
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Discussion

In the present study, a method to evaluate morpho-
metric parameters was described and basic somatic
and cardiac morphometric parameters were obtained
from healthy adult zebrafish specimens. Morphome-
tric parameters included somatic body size data and
cardiac characteristics, which were obtained from the
entire animal, individual organ or histological prepa-
rations. Cardiac parameters included measurements of
the ventricle size, inner ventricular angles, ventricular
wall thickness and arterial bulb diameter. The other
parameters that were calculated from these basic
measurements were BMI, cardiosomatic index and
Fulton’s condition factor. The data that we obtained
coincide with some other partial datasets for adult
zebrafish and other commercially farmed species.

Various somatic and cardiac morphometric param-
eters are widely used to assess the developmental
conditions of various commercial and wild fish
species; they provide indirect information on growth,
maturation, nutrition, reproduction and overall health
status for individuals and populations.

Some authors have suggested that changes in the
ratios of the cardiac axes and ventricle angles cause
alterations in cardiac blood flow and adversely affect
cardiac output and, therefore, development and sur-
vival. Additionally, they suggest that globular hearts
in some fish species represent low cardiac output and
low survival, whereas a triangular shape may reflect
improved cardiac output (Poppe et al. 2002). Ventric-
ular structure is a key parameter because it can reveal
stress-related disorders, which may be part of the
natural life cycle for some species, such as salmon. In
salmon, the effort involved in countercurrent swim-
ming increases the thickness of the compact myocar-
dium to ensure higher tension in the ventricular walls,
which maintains cardiac output and supports the
muscular demand for additional oxygen. This situation
also may occur in response to improper handling in
aquaculture environments, deficiency in oxygen sup-
ply to aquatic tanks or environmental stressors, such as
noise (Poppe et al. 2003).

Cardiosomatic parameters are tools that allow
comparisons between individuals, populations or
species. They facilitate the evaluation of the impacts
of food, disease and/or environment on growth, health
and fertility and allow predictive models to be
developed for communities or populations (McCallum
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2008). We found that, surprisingly, these parameters
have not previously been fully examined in zebrafish,
and it is essential to establish reference values for
healthy adult zebrafish such as those that already exist
for other commercial species (e.g., trout, cod and
salmon). Because zebrafish are currently an important
model for studying cardiovascular disease, the param-
eters reported here can be used as reference values for
cardiac disease studies, including heart disease,
arrhythmias and ischemic heart disease. These param-
eters may also be used to assess the influence of
cardiac function on body development of captive
specimens for which is important to know body
condition and to ensure their proper care.

Heart disease studies using zebrafish as a study
organism have focused on establishing models of
dilated and hypertrophic cardiomyopathy and exam-
ining the relationships between pathology, gene
alterations (e.g., HAND, NkX2,5, T-box, EYA4 and
GATA; Dahme et al. 2009; Schonberger et al. 2005;
Tu and Chi 2012) and/or specific proteins, such as
troponin T, troponin C and sarcomeric protein titin
(Becker et al. 2011; Gerull et al. 2002; Ho et al. 2009;
Huang et al. 2013; Xu et al. 2002). In addition, other
authors have shown that there are changes in the
compact and spongy myocardium relationship as a
consequence of physical activity and oxygenation
levels in the aquatic environment (Gamperl and Farrell
2004). Studies of these diseases and their impacts on
the physical development of zebrafish may benefit
from including parameters such as BMI, ICS, Fulton’s
condition factor and sphericity index. Similarly,
knowledge of ventricular size, myocardium structure
and the relationship of compact and spongy myocar-
dium may also be a key in these types of studies.

Cardiac arrhythmias may affect the development of
an individual; zebrafish have also served as a model
for studies of the heart conduction system and related
disorders, as there are fundamental structural and
functional similarities in the heart conduction system
among higher vertebrates (Sedmera et al. 2003). Some
types of arrhythmias have been developed via muta-
genic studies of ion channels (e.g., sodium channels)
and optogenetic zebrafish techniques to understand the
underlying pathophysiological ~mechanisms of
arrhythmias (Arrenberg et al. 2010; Chi et al. 2008;
Huttner et al. 2013). In these cases, the cardiosomatic
parameters can be used to identify the impact of
altered electrical cardiac function on heart chamber

function and structure and its impact on development.
ICS, BMLI, Fulton’s condition factor, heart diameters,
angles of the ventricular chamber and the sphericity
index are useful parameters with which to evaluate
these pathologies, as they complement electrophysi-
ological and molecular studies (Chaudhari et al. 2013;
Milan et al. 2006).

Finally, zebrafish are also used to model and study
cardiac regeneration and ischemic heart disease.
Experimental hypoxia and reperfusion protocols were
developed to simulate cardiac ischemia and reperfu-
sion processes (which are common in humans) by
surgical recession or cryoinjury-induced infarction in
the zebrafish ventricle (Chablais et al. 201 1; Gonzalez-
Rosa et al. 2011; Parente et al. 2013; Poss et al. 2002;
Schnabel et al. 2011). A reduction in myocardial mass
can alter cardiac performance and adult zebrafish
development. The impact of this injury can be
measured using cardiosomatic parameters. Similarly,
due to the regeneration process in the myocardium
after damage, it is important to evaluate the role of new
myocardial tissue during recovery of cardiac function
and the impact of the spongy and compact myocar-
dium ratio on fish growth and development after the

injury.

Conclusion

Cardiovascular diseases are a global health problem,
and studies using animal models can contribute to our
understanding of the pathophysiological mechanisms
that trigger these problems. The zebrafish is one of the
most interesting emerging animal models that are used
to study these types of diseases. However, there is
insufficient information about cardiosomatic parame-
ters in healthy adult zebrafish. These parameters may
be useful because they serve as a reference values for
cardiovascular pathophysiology research. Ample car-
diac pathologies affect the adult population, and the
elderly population is proportionally increasing in our
society; it is therefore necessary to use animal models
to represent these disorders at advanced stages of the
human life cycle. The adult zebrafish is a good
potential model for the biomedical investigation of the
various mechanisms associated with chronic heart
disease development and the evaluation of new
therapeutic alternatives. However, it is necessary to
have a proper understanding of this species’ adult
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physiology, including reference parameters. In the
present study, we provide a method and some
cardiosomatic parameters that can be used for subse-
quent studies that evaluate the pathophysiology of the
zebrafish cardiovascular system.

Acknowledgments This work was supported by Research
Grant from the Pontificia Universidad Javeriana, Bogota,
Colombia. Project: 5605, Budget Code 120112Z0401200.

Compliance with ethical standards

Conflict of interest The authors confirm that they have no
conflicts of interest in relation to this article.

Ethical statement No ethical issues are involved.

References

Arrenberg AB, Stainier DYR, Baier H, Huisken J (2010)
Optogenetic control of cardiac function. Science
330(6006):971-974. doi:10.1126/science.1195929

Bakkers J (2011) Zebrafish as a model to study cardiac devel-
opment and human cardiac disease. Cardiovasc Res 91(2):
279-288. doi:10.1093/cvr/cvr098

Becker JR, Deo RC, Werdich AA, Panakova D, Coy S, MacRae
CA (2011) Human cardiomyopathy mutations induce
myocyte hyperplasia and activate hypertrophic pathways
during cardiogenesis in zebrafish. Dis Models Mech
4(3):400—410. doi:10.1242/dmm.006148

Chablais F, Veit J, Rainer G, Jazwinska A (2011) The zebrafish
heart regenerates after cryoinjury-induced myocardial
infarction. BMC Dev Biol 11:21. doi:10.1186/1471-213X-
11-21

Chaudhari GH, Chennubhotla KS, Chatti K, Kulkarni P (2013)
Optimization of the adult zebrafish ECG method for
assessment of drug-induced QTc prolongation. J Pharma-
col Toxicol Methods 67(2):115-120. doi:10.1016/j.vascn.
2013.01.007

Chi NC, Shaw RM, Jungblut B, Huisken J, Ferrer T, Arnaout R,
Scott I, Beis D, Xiao T, Baier H, Jan LY, Tristani-Firouzi
M, Stainier DYR (2008) Genetic and physiologic dissec-
tion of the vertebrate cardiac conduction system. PLoS
Biol 6(5):¢109. doi:10.1371/journal.pbio.0060109

Childs S, Chen J-N, Garrity DM, Fishman MC (2002) Patterning
of angiogenesis in the zebrafish embryo. Development
(Cambridge, England) 129(4):973-982

Claireaux G, McKenzie DJ, Genge AG, Chatelier A, Aubin J,
Farrell AP (2005) Linking swimming performance, cardiac
pumping ability and cardiac anatomy in rainbow trout.
J Exp Biol 208(10):1775-1784. doi:10.1242/jeb.01587

Dahme T, Katus HA, Rottbauer W (2009) Fishing for the
genetic basis of cardiovascular disease. Dis Models Mech
2(1-2):18-22. doi: 10.1242/dmm.000687

Gamperl AK, Farrell AP (2004) Cardiac plasticity in fishes:
environmental influences and intraspecific differences.
J Exp Biol 207(15):2539-2550. doi:10.1242/jeb.01057

@ Springer

Gerull B, Gramlich M, Atherton J, McNabb M, Trombitas K,
Sasse-Klaassen S, Seidman JG, Seidman C, Granzier H,
Labeit S, Frenneaux M, Thierfelder L (2002) Mutations of
TTN, encoding the giant muscle filament titin, cause
familial dilated cardiomyopathy. Nat Gen 30(2):201-204.
doi:10.1038/ng815

Gonzalez-Rosa JM, Martin V, Peralta M, Torres M, Mercader N
(2011) Extensive scar formation and regression during
heart regeneration after cryoinjury in zebrafish. Develop-
ment 138(9):1663-1674. doi:10.1242/dev.060897

Hasenfuss G (1998) Animal models of human cardiovascular
disease, heart failure and hypertrophy. Cardiovasc Res
39(1):60-76

Ho Y-L, Lin Y-H, Tsai W-Y, Hsieh F-J, Tsai H-J (2009) Con-
ditional antisense-knockdown of zebrafish cardiac troponin
C as a new animal model for dilated cardiomyopathy. Circ
J73(9):1691-1697. doi:10.1253/circj.CJ-09-0210

Holden BJ, Bratt DG, Chico TJA (2011) Molecular control of
vascular development in the zebrafish. Birth Defects Res C
Embryo Today 93(2):134-140. doi:10.1002/bdrc.20204

Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C,
Muffato M et al (2013) The zebrafish reference genome
sequence and its relationship to the human genome. Nature
496(7446):498-503. doi:10.1038/nature12111

Hu N, Sedmera D, Yost HJ, Clark EB (2000) Structure and
function of the developing zebrafish heart. Anat Rec
260(2):148-157

Huang C-C, Monte A, Cook JM, Kabir MS, Peterson KP (2013)
Zebrafish heart failure models for the evaluation of
chemical probes and drugs. Assay Drug Dev Technol
11(9-10):561-572. doi:10.1089/adt.2013.548

Huttner IG, Trivedi G, Jacoby A, Mann SA, Vandenberg JI,
Fatkin D (2013) A transgenic zebrafish model of a human
cardiac sodium channel mutation exhibits bradycardia,
conduction-system abnormalities and early death. J Mol
Cell Cardiol 61:123-132. doi:10.1016/j.yjmcc.2013.06.
005

Kimmel CB (1989) Genetics and early development of zebra-
fish. Trends Gen TIG 5(8):283-288

Liu J, Stainier DYR (2012) Zebrafish in the study of early car-
diac development. Circ Res 110(6):870-874. doi:10.1161/
CIRCRESAHA.111.246504

McCallum H (2008) Population parameters: estimation for
ecological models. Wiley, New York

Milan DJ, Jones IL, Ellinor PT, MacRae CA (2006) In vivo
recording of adult zebrafish electrocardiogram and assess-
ment of drug-induced QT prolongation. Am J Physiol Heart
Circ Physiol 291(1):H269

Oka T, Nishimura Y, Zang L, Hirano M, Shimada Y, Wang Z,
Umemoto N, Kuroyanagi J, Nishimura N, Tanaka T (2010)
Diet-induced obesity in zebrafish shares common patho-
physiological pathways with mammalian obesity. BMC
Physiol 10:21. doi:10.1186/1472-6793-10-21

Parente V, Balasso S, Pompilio G, Verduci L, Colombo GI,
Milano G, Guerrini U, Squadroni L, Cotelli F, Pozzoli O,
Capogrossi MC (2013) Hypoxia/reoxygenation cardiac
injury and regeneration in zebrafish adult heart. PLoS ONE
8(1):e53748. doi:10.1371/journal.pone.0053748

Pombo A, Blasco M, Climent V (2012) The status of farmed fish
hearts: an alert to improve health and production in three


http://dx.doi.org/10.1126/science.1195929
http://dx.doi.org/10.1093/cvr/cvr098
http://dx.doi.org/10.1242/dmm.006148
http://dx.doi.org/10.1186/1471-213X-11-21
http://dx.doi.org/10.1186/1471-213X-11-21
http://dx.doi.org/10.1016/j.vascn.2013.01.007
http://dx.doi.org/10.1016/j.vascn.2013.01.007
http://dx.doi.org/10.1371/journal.pbio.0060109
http://dx.doi.org/10.1242/jeb.01587
http://dx.doi.org/10.1242/dmm.000687
http://dx.doi.org/10.1242/jeb.01057
http://dx.doi.org/10.1038/ng815
http://dx.doi.org/10.1242/dev.060897
http://dx.doi.org/10.1253/circj.CJ-09-0210
http://dx.doi.org/10.1002/bdrc.20204
http://dx.doi.org/10.1038/nature12111
http://dx.doi.org/10.1089/adt.2013.548
http://dx.doi.org/10.1016/j.yjmcc.2013.06.005
http://dx.doi.org/10.1016/j.yjmcc.2013.06.005
http://dx.doi.org/10.1161/CIRCRESAHA.111.246504
http://dx.doi.org/10.1161/CIRCRESAHA.111.246504
http://dx.doi.org/10.1186/1472-6793-10-21
http://dx.doi.org/10.1371/journal.pone.0053748

Fish Physiol Biochem (2016) 42:569-577

571

Mediterranean species. Rev Fish Biol Fish 22(3):779-789.
doi:10.1007/s11160-012-9259-5

Poppe TT, Johansen R, Tgrud B (2002) Cardiac abnormality
with associated hernia in farmed rainbow trout Oncor-
hynchus mykiss. Dis Aquat Org 50(2):153-155. doi:10.
3354/dao050153

Poppe T, Johansen R, Gunnes G, Tgrud B (2003) Heart mor-
phology in wild and farmed Atlantic salmon Salmo salar
and rainbow trout Oncorhynchus mykiss. Dis Aquat Org
57:103-108. doi:10.3354/dao057103

Poss KD, Wilson LG, Keating MT (2002) Heart regeneration in
zebrafish. Science 298(5601):2188-2190. doi:10.1126/
science.1077857

Reiter JF, Alexander J, Rodaway A, Yelon D, Patient R, Holder
N, Stainier DYR (1999) Gata5 is required for the devel-
opment of the heart and endoderm in zebrafish. Genes Dev
13(22):2983-2995

Russell JC, Proctor SD (2006) Small animal models of cardio-
vascular disease: tools for the study of the roles of meta-
bolic syndrome, dyslipidemia, and atherosclerosis.
Cardiovasc Pathol 15(6):318-330. doi:10.1016/j.carpath.
2006.09.001

Schnabel K, Wu C-C, Kurth T, Weidinger G (2011) Regener-
ation of cryoinjury induced necrotic heart lesions in zeb-
rafish is associated with epicardial activation and
cardiomyocyte proliferation. PLoS ONE 6(4):e18503.
doi:10.1371/journal.pone.0018503

Schonberger J, Wang L, Shin JT, Kim SD, Depreux FFS, Zhu H,
Zon L, Pizard A, Kim JB, Macrae CA, Mungall AJ, Seid-
man JG, Seidman CE (2005) Mutation in the transcrip-
tional coactivator EYA4 causes dilated cardiomyopathy

and sensorineural hearing loss. Nat Gen 37(4):418-422.
doi:10.1038/ng1527

Sedmera D, Reckova M, deAlmeida A, Sedmerova M, Biermann
M, Volejnik J, Sarre A, Raddatz E, McCarthy RA, Gourdie
RG, Thompson RP (2003) Functional and morphological
evidence for a ventricular conduction system in zebrafish
and Xenopus hearts. Am J Physiol Heart Circ Physiol
284(4):H1152-H1160. doi:10.1152/ajpheart.00870.2002

Serbedzija GN, Flynn E, Willett CE (1999) Zebrafish angio-
genesis: a new model for drug screening. Angiogenesis
3(4):353-359

Siccardi AJ 111, Garris HW, Jones WT, Moseley DB, D’ Abramo
LR, Watts SA (2009) Growth and survival of zebrafish
(Danio rerio) fed different commercial and laboratory
diets. Zebrafish 6(3):275-280. doi:10.1089/zeb.2008.0553

Stainier DY (2001) Zebrafish genetics and vertebrate heart
formation. Nat Rev Gen 2(1):39-48. doi:10.1038/
35047564

Staudt D, Stainier D (2012) Uncovering the molecular and
cellular mechanisms of heart development using the zeb-
rafish. Ann Rev Gen 46:397-418. doi:10.1146/annurev-
genet-110711-155646

Tu S, Chi NC (2012) Zebrafish models in cardiac development
and congenital heart birth defects. Differentiation
84(1):4-16. doi:10.1016/j.diff.2012.05.005

Xu X, Meiler SE, Zhong TP, Mohideen M, Crossley DA,
Burggren WW, Fishman MC (2002) Cardiomyopathy in
zebrafish due to mutation in an alternatively spliced exon of
titin. Nat Gen 30(2):205-209. doi:10.1038/ng816

Zaffran S, Frasch M (2002) Early signals in cardiac develop-
ment. Circ Res 91(6):457-469

@ Springer


http://dx.doi.org/10.1007/s11160-012-9259-5
http://dx.doi.org/10.3354/dao050153
http://dx.doi.org/10.3354/dao050153
http://dx.doi.org/10.3354/dao057103
http://dx.doi.org/10.1126/science.1077857
http://dx.doi.org/10.1126/science.1077857
http://dx.doi.org/10.1016/j.carpath.2006.09.001
http://dx.doi.org/10.1016/j.carpath.2006.09.001
http://dx.doi.org/10.1371/journal.pone.0018503
http://dx.doi.org/10.1038/ng1527
http://dx.doi.org/10.1152/ajpheart.00870.2002
http://dx.doi.org/10.1089/zeb.2008.0553
http://dx.doi.org/10.1038/35047564
http://dx.doi.org/10.1038/35047564
http://dx.doi.org/10.1146/annurev-genet-110711-155646
http://dx.doi.org/10.1146/annurev-genet-110711-155646
http://dx.doi.org/10.1016/j.diff.2012.05.005
http://dx.doi.org/10.1038/ng816

	Cardiac and somatic parameters in zebrafish: tools for the evaluation of cardiovascular function
	Abstract
	Introduction
	Methods
	Anesthesia
	Dissection
	Histology
	Measurements

	Results
	Direct or primary parameters
	Weight and body size
	Heart weight
	Heart morphometry
	Secondary or derivatives parameters

	Discussion
	Conclusion
	Acknowledgments
	References




