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Abstract

Hypertrophic cardiomyopathy (HCM) is usually manifested by increased myofilament Ca2+ 

sensitivity, excessive contractility, and impaired relaxation. In contrast, dilated cardiomyopathy 

(DCM) originates from insufficient sarcomere contractility and reduced cardiac pump function, 

subsequently resulting in heart failure. The zebrafish has emerged as a new model of human 

cardiomyopathy with high-throughput screening, which will facilitate the discovery of novel 

genetic factors and the development of new therapies. Given the small hearts of zebrafish, better 

phenotyping tools are needed to discern different types of cardiomyopathy, such as HCM and 

DCM. This article reviews the existing models of cardiomyopathy, available morphologic and 

functional methods, and current understanding of the different types of cardiomyopathy in adult 

zebrafish.
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1. Adult zebrafish: an emerging cardiomyopathy model

Cardiomyopathy (CM) manifests defective myocardium with impaired contractile function. 

CM can be ischemic or nonischemic. Nonischemic CM can be broadly divided into 

hypertrophic, restrictive, and dilated (HCM, RCM, and DCM, respectively). The 

categorization system is largely built on available phenotyping tools in human patients and is 

strengthened by studies in animal models. Consistent with the phenotypic differences of 

CMs, molecular etiology is also different among the different types. The first known HCM 

mutation in the myosin heavy-chain protein gene (MYH) was discovered almost 30 years 
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ago (Geisterfer-Lowrance et al., 1990). Later studies provided further evidence that HCM is 

an autosomal dominant cardiac disease, most often caused by mutations in sarcomere genes 

(Maron et al., 2012). In contrast, DCM-linked genes were found to be responsible for 

various functions in the cell (Ahmad et al., 2005; Haas et al., 2015; Maron et al., 2012; Shih 

et al., 2015); 12% to 25% of DCM cases are associated with mutations in the titin gene 

(Haas et al., 2015; Herman et al., 2012). Existing gene panels for genetic assessment of 

DCM include as many as 111 genes (McNally and Mestroni, 2017). Besides causative 

genes, highly variable phenotypes are noted in probands harboring the same genetic 

mutation (Herman et al., 2012). A major contributing factor to phenotypic variation is 

different genetic background in each person. Unlike the causative genes, the identity of these 

genetic modifiers remains largely unknown.

The zebrafish (Danio rerio) has emerged as a new animal model to facilitate studies of the 

genetic basis of human CMs because of the following strong features: 1) diploid genome 

well conserved among vertebrates, 2) easy for gene editing, 3) easy for gene modifier and 

drug screens, 4) low cost, and 5) availability of both embryonic and adult models. Having a 

single ventricle and a single atrium with well-differentiated cardiomyocytes, zebrafish may 

be one of the simplest vertebrate models for human CMs. At the gene level, a recent study 

provides evidence to support the zebrafish as a relevant model for studying CM (Shih et al., 

2015). Among about 51 known DCM-causative genes, homologues of 49 genes, or 96%, 

were found in zebrafish (Table 1) (Shih et al., 2015). Compared with rodent models, the 

simpler zebrafish model promises a much-increased throughput in structure-function studies 

for known CM genes. Established zebrafish models can benefit from chemical screens to 

search for novel therapeutics. More importantly, a forward genetic screen was recently 

established to identify new CM genes (Ding et al., 2016), opening the door to systematically 

identifying genetic factors for CM.

A major challenge for developing the adult zebrafish as a new animal model for CM is the 

lack of phenotyping tools, largely due to its small heart. This review analyzes the current 

status of the adult zebrafish CM models and reviews morphologic and functional methods 

and approaches in order to find distinct hallmarks of different types of CM in the zebrafish 

model.

2. Existing CM models in adult zebrafish

The first attempts to use zebrafish to model human CMs were reported in 2002, when 

mutations in ttn and tnnt were identified as causative genes for 2 embryonic lethal mutants 

identified from a forward genetic screen: pickwick and silent heart (Sehnert et al., 2002; Xu 

et al., 2002). Phenotypes in these embryonic models of CM mainly manifest as reduced 

ejection fraction, disrupted sarcomere structure, and decreased survival. As expected, many 

progressive pathogeneses in human CM cannot be fully recapitulated in these embryonic 

models.

2.1 Anemia-induced cardiac remodeling

The first adult CM model in zebrafish was tr265/tr265, which is caused by a band3 mutation 

that primarily affects erythroblast development (Paw et al., 2003). The chronic anemia 
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imposes high-output stress to the heart, resulting in cardiac remodeling with hallmarks of 

human CM (Sun et al., 2009). Phenotypes include reduced survival, slowed heart rate, 

cardiomyocyte hypertrophy and hyperplasia, muscular disarray, and oncosis. A similar 

cardiac remodeling process can be induced by treating adult fish with phenylhydrazine (Sun 

et al., 2009). The progression of cardiac pump dysfunction induced by phenylhydrazine was 

recently characterized with high-frequency underwater echocardiography (Wang et al., 

2017).

2.2 Doxorubicin-induced CM

CM (often followed by heart failure) is a frequent complication of anthracycline 

chemotherapy in patients with cancer (Talavera et al., 2015). We found that a single 

intraperitoneal bolus injection of doxorubicin in adult zebrafish is sufficient to induce CM 

(Ding et al., 2016). With use of light-sheet fluorescent imaging, 3-dimensional 

reconstruction, and classic echocardiography, ultrastructural changes in the hearts of the 

doxorubicin-induced cardiomyopathy model have been determined (Packard et al., 2017). 

Global cardiac injury suggested by reduced myocardial and endocardial volumes was 

identified on day 3 after injection. Days 30 and 60 after injection were characterized by 

ventricular remodeling and regeneration. Given its high efficiency, doxorubicin has been 

successfully used to stress zebrafish from an insertional cardiac mutant collection (ZIC) to 

identify genetic modifiers of CM (Ding et al., 2016).

2.3 Diabetes-induced CM

To model diabetic CM, Sun et al (2017) incubated adult fish in a solution containing 2% 

glucose for 32 weeks. Under hyperglycemic stress, zebrafish hearts manifest hypertrophy, 

apoptosis, myofibril loss, fetal gene reactivation, and severe arrhythmia. Hyperglycemia 

induced inhibition of glucose transporter 1 expression and increased ventricular volume. 

Diastolic dysfunction was noted at an early stage, and systolic dysfunction developed at a 

later stage (decompensational CM), findings consistent with those in patients with diabetes.

2.4 Heart regeneration models

Both ventricular section and cryoinjury can be used to remove part of the zebrafish heart. 

Unlike mammals, zebrafish are capable of completely regenerating a heart without any scar. 

One study found that almost complete functional and morphologic recovery of cryo-injured 

hearts can be achieved within 45 days after damage (Hein et al., 2015). A diphtheria toxin 

A–induced myocarditis also has been established as an inducible myocardial damage model 

(Wang et al., 2011; Wang et al., 2017). The zebrafish can survive after loss of more than 

60% of the ventricular myocardium, recapitulating the situation of a severe heart attack in 

humans (Wang et al., 2011). Of note, these models were mainly used to study heart 

regeneration. Whether and how these stresses incur cardiac remodeling or CM remains to be 

studied. Of note, the impact of regeneration can be assessed in heart explants, which can be 

cultured for several weeks (Cao and Poss, 2016; Wang et al., 2015).
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2.5 Isoproterenol model of heart failure

In mammals, chronic isoproterenol (ISO) administration triggers cardiac remodeling in a 

healthy heart, which could lead to heart failure. A recent study tested whether embryonic 

zebrafish have essential components of the β-adrenergic signaling pathway and how fish 

embryos respond to ISO (Kossack et al., 2017). All dominant β-adrenoreceptor isoforms, as 

well as their elimination cofactors such as β-arrestin, showed robust expression in fish larvae 

at 3 days post-fertilization (dpf). The authors then tested chronic ISO exposure in both 

embryos and adult fish and found severe cardiac dysfunction in adults after 14 days of 

treatment. Phenotypes include declined systolic function, blunted ISO-induced positive 

inotropy, increased cell death, increased inflammation, and disturbed calcium handling, 

resemble phenotypes seen in mammals following chronic ISO treatment (Kossack et al., 

2017).

2.6 Genetic models of CM

Several transgenic models of CM have been reported in adult zebrafish. A transgenic 

2057del2 plakoglobin zebrafish was established as an arrhythmogenic CM model, 

manifested by enlarged hearts, cardiomyocytes with reduced sodium and potassium 

transmembrane currents, and prolonged action potentials (Asimaki et al., 2014). Another 

adult transgenic zebrafish model harboring a mutation in the sodium channel gene scn5a 
also had arrhythmogenic CM (Huttner et al., 2013). ERBB2 is a member of the receptor 

tyrosine kinase family, a part of the epidermal growth factor receptor complex, which has 

important roles in cardiogenesis. A transgenic erbb2 zebrafish heart manifests signs of the 

DCM phenotype, such as enlarged ventricle and reduced trabeculation (Reischauer et al., 

2014). An enlarged heart was also noted in transgenic fish harboring a DCM-causative 

mutation in gatad1 (Yang et al., 2016). Besides transgenic models, cardiac phenotypes in 

adult fish containing mutations in sarcomeric genes have been defined. Myosin heavy-chain 

6 (myh6hu423/+) has reduced atrial contractility and heart morphologic changes in juvenile 

and adult fish (Singleman and Holtzman, 2012). Severe systolic dysfunction has been 

detected in essential light-chain lazy susan (lazm647/+) mutants (Scheid et al., 2016).

Similar to the discovery of the TTN mutation as an embryonic CM model, adult models of 

CM could result from forward genetic screen, as exemplified by studies on dnajb6. 

Homozygous GBT411/dnajb6 mutants had enlarged hearts at 1 year (Ding et al., 2013), 

whereas heterozygous GBT411/dnajb6 mutants exerted a deleterious modifying effect on 

doxorubicin-induced cardiomyopathy. Later, mutations in DNAJB6 from human patients 

with DCM were identified, and, in transgenic fish, the disease-causing mutation also exerted 

deleterious modifying effects on doxorubicin-induced cardiomyopathy (Ding et al., 2016).

The recent discovery of 49 homologues of human genes related to DCM in zebrafish laid the 

foundation for systematically generating corresponding genetic CM models in adult 

zebrafish (Table 1) (Shih et al., 2015). The advent of genome-editing technology, such as 

those based on TALEN (transcription activator-like effector nucleases) and CRISPR/Cas9 

(clustered, regularly interspaced, short palindromic repeats/protein-9 nuclease), can 

conveniently generate large numbers of knock-out/knock-in models. Thus, demands are 
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increasing for the development of better phenotyping tools that can be used to discern 

different CM models in zebrafish.

3. Hallmarks of CM in adult zebrafish models

3.1 Cardiac structural remodeling

HCM cardiac phenotype in humans is characterized by severe asymmetric hypertrophy, 

increased left ventricular and septal wall thickness, and, therefore, higher left ventricular and 

heart mass. Findings are similar in HCM mouse models (Alves et al., 2014; Flenner et al., 

2016; Martins et al., 2015; Prabhakar et al., 2001; Wang et al., 2012; Wilder et al., 2015; 

Yuan et al., 2015). The considerable thickening of the wall is accompanied by an increase in 

volume of interstitium and collagenous fibers (Prabhakar et al., 2001). Focally accentuated 

fibrosis may originate as a replacement fibrosis after a loss of cardiomyocytes (Kaltenbach 

et al., 1987). In contrast, normal or thinner walls of the left ventricle and chamber dilatation 

are common features of DCM (Bollen et al., 2017). In animal models, slightly enlarged 

hearts develop (Du et al., 2007; Ryba et al., 2017; Song et al., 2010), and ejection fraction is 

reduced (Song et al., 2010). DCM is often accompanied by muscle dystrophy and loss of 

myofibrils (Hoorntje et al., 2017; Makarenko et al., 2004). In mouse models, dilated hearts 

may be associated with heart failure (Du et al., 2007; Du et al., 2014), fibrosis, and enlarged 

cardiomyocytes (Burke et al., 2016; Du et al., 2007). The interstitial fibrosis and myofibrillar 

disorganization are common in HCM (Alves et al., 2014; Flenner et al., 2016; Kazmierczak 

et al., 2013; Li et al., 2013; Prabhakar et al., 2001; Schulz et al., 2013; Yuan et al., 2015) and 

also occur in DCM, but rarely (Vikhorev et al., 2017).

Because of the limited spatial resolution of noninvasive imaging technologies, cardiac 

remodeling in adult zebrafish is mainly characterized by quantifying the size of a dissected 

heart. For comparison of heart size among fish of different body sizes, the area of the 

ventricle can be normalized to either body length or body weight (Singleman and Holtzman, 

2012). In the established zebrafish anemia model, the area of ventricle to body weight ratio 

is dramatically increased (Sun et al., 2009). Of note, the wall thickness is difficult to 

quantify in an adult zebrafish ventricle because of its highly trabeculated structure. Whether 

the thickness of the compact layer can be used as a surrogate for wall thickness remains 

unclear. Histologic analysis of sectioned hearts after staining with hematoxylin-eosin 

remains the standard for assessing heart structural remodeling at the organ level, but new 

state-of-the-art approaches in microscopy have been used to generate 3-dimensional 

structures of the zebrafish heart. Light-sheet microscopy has been used to reconstruct 3-

dimensional structures (Packard et al., 2017), and the internal structure of the 3-dimensional 

model can be visualized with virtual reality (Ding et al., 2017).

3.2 Functional remodeling: diastolic and systolic dysfunction

CM is a disease of insufficient cardiac pump function due to defects in myocardium 

contractility. Contractility is a dynamic measure of the ability of the heart to contract and 

relax (Gwathmey et al., 1995). Pump function defects can be analyzed from ejection 

fraction, and impaired myocardium contractility is usually assessed from fractional 

shortening and velocities of contraction or relaxation. Unlike mammals, fish have a 2-
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chamber heart; nevertheless, the most important phases of the cardiac cycle are preserved. 

Systole and diastole both are divided into isovolumic and dynamic phases; dynamic phases 

(ejection and filling) can be also divided into fast and slow subphases (Lee et al., 2014).

Echocardiography in M-mode, pulsed-wave Doppler echocardiography, or magnetic 

resonance imaging technique can be used to obtain images of a beating heart in vivo. HCM 

is typically manifested as hypercontractility and diastolic dysfunction and DCM, as 

hypocontractility and systolic dysfunction. In most HCM hearts, ejection fraction is either 

normal or increased; fractional shortening may be reduced even if ejection fraction is normal 

(Alves et al., 2014; Flenner et al., 2016; Yuan et al., 2015). Mouse HCM models typically 

show increased left ventricular mass and decreased diastolic function (Alves et al., 2014; 

Schulz et al., 2013; Wilder et al., 2015). In some HCM models, contractile velocity may also 

be reduced (Alves et al., 2014). For diagnosis of DCM in the clinical setting, the following 

criteria are used: fractional shortening less than 25%, ejection fraction less than 45%, and 

left ventricular diameter more than 117%. Similarly, DCM hearts in animal models have 

increased end-diastolic volume, systolic dysfunction, and reduced ejection fraction (Du et 

al., 2007; Du et al., 2014).

Pulsed-wave Doppler echocardiography allows for monitoring of passive (early, E-wave 

velocity) and active (atrial, A-wave velocity) ventricular filling; for cardiac phenotyping, the 

E/A ratio is used extensively. Abnormalities in the E/A ratio suggest an improper filling 

phase during the cardiac cycle and diastolic dysfunction or heart failure. For genetic HCM 

models, a lower E/A ratio may indicate diastolic dysfunction in the early phase, whereas in 

later phases, hearts may turn to a restrictive pattern and the E/A ratio may normalize or even 

increase, albeit with abnormally reduced filling times (Alves et al., 2014; Flenner et al., 

2016; Li et al., 2013; Prabhakar et al., 2001). Findings on pulsed-wave Doppler 

echocardiography can be further used to obtain the myocardial performance index, a ratio of 

isovolumic contraction time plus isovolumic relaxation time to ejection time (Packard et al., 

2017). This index reversely reflects a portion of the ejection phase interval in a cardiac cycle 

and may serve as an index of cardiac pump function; both systolic and diastolic dysfunction 

prolong the relaxation period, an effect that increases the myocardial performance index.

A recent comprehensive study of high-frequency echocardiography in zebrafish provided 

standardized instruction on this technology (Wang et al., 2017). Interestingly, peak E 

velocity gradually declined with age from 50 to 20 mm/s but peak A velocity reciprocally 

increased from 200 to 300 mm/s during the aging process; as a result, the E/A ratio 

gradually decreased. Myocardial damage with diphtheria toxin A induced chamber dilatation 

and reduced ejection fraction and other indices of ventricular contractility such as fractional 

area change, global longitudinal strain, and fractional shortening. Despite the preserved E/A 

ratio, there was clear evidence of diastolic dysfunction, suggested by substantial reduction in 

all velocity peaks. In another model, phenylhydrazine-treated fish showed generalized pallor 

and increases in ejection fraction and other indices of contractility. Accordingly, E-wave 

velocity was increased, and thus the E/A ratio was increased in these hypercontractile 

phenylhydrazine-treated hearts. However, treatment of fish with atenolol reduced the 

ejection fraction, fractional shortening, and fractional area change; isoproterenol had the 

opposite effects on these variables and also increased the E/A ratio (Hein et al., 2015). 
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Doxorubicin-injected fish had an increased E/A ratio at 30 days after injury, and this 

normalized at 60 days after injury. These fish also had an increased myocardial performance 

index at 30 days after injury; a finding that can be interpreted as worsening global cardiac 

function (Packard et al., 2017).

These discrepancies of the E/A ratio change may originate from high variability in control 

(healthy) groups. Unlike in humans, the E/A ratio is less than 1 in zebrafish, a difference 

reflecting higher active versus passive filling (Lee et al., 2014). The E/A ratio is highly 

dependent on magnitudes of both E and A waves; hence, it should be considered in 

association with other cardiac performance indices. Substantial reduction in both velocity 

peaks may not be reflected by the ratio. In contrast, diminished filling phase velocities may 

suggest diastolic dysfunction.

3.3 Cardiac transcriptome analysis

Changes at the transcriptional level for molecular markers have been extensively used to 

indicate pathologic cardiac remodeling. Many of these marker genes are part of the fetal 

reprogramming genes (genes that are activated during cardiogenesis, become quiet at the 

adult stage, and are reactivated with pathologic stresses). Corresponding cardiac remodeling 

markers in zebrafish have been identified, including nppa and nppb that encode natriuretic 

peptides, myosin heavy-chain isoforms that shift their expression ratio during pathogenesis 

(vmhc/vmhcl), and calcium-handling pathway genes (pln, ryr2b, atp2a2, slc8a1a) that are 

downregulated during pathogenesis (Shih et al., 2015).

3.4 Swimming performance

A critical criterion for diagnosing human heart failure is to quantify exercise capacity, as 

measured by the treadmill exercise test. In zebrafish, physical capacity can be monitored 

with a swim tunnel respirometer and measured with the maximal swimming velocity. As 

expected, mutant fish with failing hearts cannot swim as fast as their wild-type siblings, as 

indicated by reduced maximal swimming velocity (Scheid et al., 2016; Sun et al., 2015; 

Wang et al., 2011; Zhang et al., 2009).

4. Phenotyping CM at cellular and subcellular levels

4.1 Single cardiomyocyte and intact muscle contractility

In general, hypertrophic hearts can be characterized by enlarged cardiomyocytes with a high 

width to length ratio (Alves et al., 2014; Flenner et al., 2016; Kazmierczak et al., 2013). In 

contrast, cardiomyocytes from DCM hearts are usually elongated (Xu et al., 2002). In the 

zebrafish doxorubicin model, reduced CM density in sectioned hearts and increased width of 

isolated single cardiomyocytes suggest cardiomyocyte hypertrophy (Ding et al., 2011).

At the cellular level, contractile function of single cardiomyocytes and intracellular Ca2+ 

handling can be analyzed experimentally. A general characteristic of a failing heart is that 

the twitch force and cytosolic Ca2+ transient of a membrane-intact cardiomyocyte are 

prolonged resulting in impaired relaxation; another feature of the muscle cells is a negative 

force-frequency relationship (Gwathmey et al., 1995). In some CM models, cardiomyocytes 
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have normal twitch force and Ca2+ transient variables, but a compromised response to β-

adrenergic stimulation, a suggestion of reduced functional reserve (Flenner et al., 2016; 

Wilkinson et al., 2015).

Cardiac remodeling at the cellular level can be quantified by staining of sectioned hearts. 

The border of cardiomyocytes can be stained with β-catenin for quantification of individual 

cell size. Nuclei of cardiomyocytes can be labeled by staining with an anti-Mef2 antibody, 

and the density of CM is used as an index of proliferation and to reflect cardiomyocyte size 

indirectly (Sun et al., 2009). Cardiomyocyte hypertrophy can be validated by culturing 

isolated single cardiomyocytes and then measuring the cell size directly (Ding et al., 2011). 

Cardiomyocyte proliferation can be quantified by staining sectioned heart with proliferating 

cell nuclear antigen; cardiomyocyte apoptosis can be quantified by staining sectioned heart 

with TUNEL (terminal deoxynucleotidyl transferase (TdT) dUTP nick end labeling) (Ding 

et al., 2016; Ding et al., 2011; Hoage et al., 2011; Sun et al., 2009; Yang et al., 2016). These 

assays are particularly important in zebrafish, because both hyperplasia (muscle growth by 

cell division) and hypertrophy (muscle growth by cell size) occur during adulthood (Palstra 

et al., 2010). These cellular assays have shown distinct types of CM modes in adult fish. In 

the anemia model, proliferation of cardiomyocytes is substantially increased, as quantified 

by proliferating cell nuclear antigen staining, increased apoptosis, and increased 

cardiomyocyte density at later stages. In contrast, cell proliferation is not activated in the 

doxorubicin-induced cardiomyopathy model, a finding is consistent with the DNA damaging 

property of doxorubicin. (Ding et al., 2011; Hoage et al., 2011; Sun et al., 2009).

We adopted 2 single-cell–based biophysical approaches in zebrafish (Bovo et al., 2013; 

Dvornikov et al., 2014). With these new approaches, one can analyze mechanically loaded or 

unloaded single zebrafish cardiomyocyte mechanics to study cell shortening, sarcomere 

length dynamics, quantify Ca2+ transient dynamics: diastolic and peak Ca2+ concentrations, 

or sarcoplasmic reticulum Ca2+ content. We found that twitch force of the zebrafish single 

ventricular cardiomyocyte is sigmoidally dependent on [Ca2+]o; the EC50 for twitch force 

ranged from 2 to 2.4 mM. These assays are anticipated to help uncover the unique 

pathogenesis of different CM models in adult zebrafish.

4.2 Myofilament calcium sensitivity

In human permeabilized cardiac samples from patients with HCM who have mutations in 

genes encoding myofilament proteins such as MYH7, MYBPC3, TNNT2, TNNI3, and 

TPM1, high myofilament Ca2+ sensitivity is detected (Sequeira et al., 2013). This increased 

sensitivity of myofilaments to Ca2+ in healthy cardiac tissues can be lowered with 

exogenous protein kinase A treatment. Besides tension, sensitivity of muscle adenosine 

triphosphatase activity to calcium is also increased (Warren et al., 2015). Increased 

myofilament Ca2+ sensitivity has been found in almost all mouse HCM-related 

permeabilized cardiac samples (Alves et al., 2014; Barefield et al., 2015; Gomes and Potter, 

2004; Kazmierczak et al., 2013; Li et al., 2013; Messer et al., 2016; Messer et al., 2017; 

Muthu et al., 2014; Prabhakar et al., 2001; Schulz et al., 2013; Wang et al., 2012; Wilder et 

al., 2015; Yuan et al., 2015; Yumoto et al., 2005).
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In various transgenic and mutant mouse DCM models, myofilament Ca2+ desensitization of 

tension and adenosine triphosphatase activity is frequently reported (Cheng et al., 2016; Du 

et al., 2007; Du et al., 2014; Karam et al., 2011; Morimoto et al., 2002; Ryba et al., 2017; 

Utter et al., 2015); however, myofilament Ca2+ sensitivity may be increased (Song et al., 

2010; Vikhorev et al., 2014) or unchanged (Huang et al., 2015; Memo et al., 2013). 

Sometimes, it is difficult to find consistent changes in myofilament Ca2+ sensitivity in 

myocardium carrying DCM mutations: here changes in myofilament Ca2+ sensitivity are not 

affected by the level of troponin I phosphorylation, suggesting that changes in Ca2+ 

sensitivity and troponin I phosphorylation are uncoupled (Memo et al., 2013). Another 

variable suggestive of increased myofilament Ca2+ sensitivity that can be easily measured in 

myocardium is diastolic sarcomere length. This parameter is often reduced, likely due to 

background cross-bridge cycling in the Ca2+-sensitized hearts (Flenner et al., 2016).

We have studied permeabilized (skinned) preparations (cells or single myofibrils) to assess 

myofilament Ca2+-induced force dynamics. We found that single ventricular cardiomyocytes 

are similar to single myofibrils dimensionally; thus single skinned cardiomyocytes can be 

also attached to the glass microtools and their tension can be accurately measured. 

Myofilament Ca2+ sensitivity in zebrafish cardiac muscle is similar to that in mammals, 

namely, pCa50 ranges from 5.4 to 5.7. Likewise, the Hill coefficient, a measure of 

cooperativity, values range from 1 to 2 (Dvornikov et al., 2014; Iorga et al., 2011).

4.3 Length-dependent activation

Myofilament length-dependent activation (LDA), a molecular mechanism that increases 

myofilament calcium sensitivity upon stretch, underlying the Frank-Starling law of the heart, 

has been extensively studied in HCM cardiac tissues. LDA was reduced in HCM 

myocardium (Barefield et al., 2015; Flenner et al., 2016; Li et al., 2013; Mickelson and 

Chandra, 2017; Prabhakar et al., 2001; Sequeira et al., 2013). Moreover, some DCM human 

samples also had increased Ca2+ sensitivity and reduced LDA compared with controls, 

although in some samples LDA was preserved (Bollen et al., 2017; Vikhorev et al., 2014). 

From these data, it can be speculated that, with maximal Ca2+ sensitization, the sensitivity of 

cardiac troponin C to calcium cannot be further increased in the stretched myocardium, and 

LDA is blunted. Likely, this is not the only mechanism, because in our recent study in 

human skinned cardiac samples and whole troponin complex exchange with RCM mutation 

cTnI-R145W, we did not find a substantial decrease in myofilament LDA despite a severe 

leftward shift of the force-pCa curve (Dvornikov et al., 2016).

Likewise, we found a robust myofilament LDA in both zebrafish membrane intact and 

skinned cardiomyocytes (Dvornikov et al., 2014), concluding that LDA is a general property 

of the cardiac sarcomere also inherent in teleost fish. We also found linear relationships 

between force and sarcomere length in zebrafish, in contrast to curvilinear relations in 

mammals. Whether LDA is affected in fish with CM remains to be further investigated.

4.4 Maximal isometric tension

An isometric tension generated by the sarcomere at a certain length on maximal activation 

(Tmax) or force (Fmax) is a dynamic variable that may reflect the state of the thin filament 
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activation, thick filament regulation (crossbridge recruitment), and thin-thick filament 

interaction (crossbridge cycling, cooperativity). In a simplified 2-state model, Tmax is 

directly related to the number of turning-over force-generating crossbridges (Belus et al., 

2008; Brenner, 1988; Rice and de Tombe, 2004). Alternatively, tension generated by 

myofibrils is a dynamic variable also related to the kinetics of crossbridge cycling, namely, 

rate of crossbridge turnover: f / (f + g), where f is a rate of crossbridge formation, and g is a 

rate of detachment (Brenner, 1988). Indeed, reduced Tmax will result in hypocontractility (ie, 

at a given amount of activator Ca2+, cardiomyocyte will be less contractile).

Tmax is usually reduced in cardiac skinned fibers or cells from various animal HCM models 

(Barefield et al., 2015; Belus et al., 2008; Flenner et al., 2016; Kazmierczak et al., 2013; 

Sequeira et al., 2013; Yuan et al., 2015). In only a few cases, Tmax was unaffected or 

increased in mutants (Dvornikov et al., 2016; Prabhakar et al., 2001). Tmax was not 

diminished in human DCM samples, except in LMNA, where Tmax was reduced. Decreased 

Tmax might be related to decreased myofibril density in LMNA mutant hearts (Bollen et al., 

2017; Hoorntje et al., 2017). In a study describing contractile function in myofibrils from 

human cardiac samples with missense mutations in TNNI3, TNNC1, MYH7, and three 

TTNtv mutations, Tmax did not differ between groups (Vikhorev et al., 2017). In various 

DCM models, Tmax may be unaffected (Du et al., 2007; Karam et al., 2011; Morimoto et al., 

2002; Song et al., 2010; Vikhorev et al., 2014) or reduced (Cheng et al., 2016; Edes et al., 

2008; Hoorntje et al., 2017; Huang et al., 2015; Ryba et al., 2017; Utter et al., 2015). 

Interestingly, if one normalizes tension by myofibril density, Tmax is no longer reduced, a 

suggestion that myofibril density is a pivotal cause of reduced contractility in DCM hearts 

(Hoorntje et al., 2017). In a human HCM β-myosin mutation R403Q sample, reduced Tmax 

was speculated to originate from the accelerated crossbridge detachment rate g and faster 

crossbridge turnover (Belus et al., 2008).

In zebrafish skinned cardiomyocytes and single myofibrils, we found Tmax to be 30 to 35 

kPa (Dvornikov et al., 2014); in another study in adult cardiac myofibrils, it was about 50 

kPa, a value less than in somite myofibrils (Iorga et al., 2011). In conclusion, zebrafish 

permeabilized myocardium has maximal isometric tension and force-calcium (force-pCa) 

relationships that are similar to those in mammalian preparations.

4.5 Cardiac muscle activation and relaxation kinetics

Applying a rapid solution-switching technique to ultrathin permeabilized fiber attached to 

glass microtools allows for measurement of fast activation and relaxation kinetics (Belus et 

al., 2008; de Tombe and Stienen, 2007; Dvornikov et al., 2014; Dvornikov et al., 2016; 

Poggesi et al., 2005). Opposite changes in variables of kinetics of myofibril activation and 

relaxation in various genetic CM models and also human CM samples have been reported. 

However, in general, single myofibril relaxation kinetics were slower in HCM and RCM 

(and some DCM) preparations (Cheng et al., 2016; Dvornikov et al., 2016; Flenner et al., 

2016; Vikhorev et al., 2014). Myofibril relaxation kinetics can be assessed by measurement 

of rates of 2 distinct phases: slow linear and fast exponential phases (with rates kREL and 

kLIN, respectively). The kLIN is limited mainly by the rate of crossbridge detachment g. 

Interestingly, the increased constant g in β-myosin R403Q conditioned higher kLIN with 
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faster relaxation. This finding is apparently inconsistent with clinical evidence of diastolic 

dysfunction in patients with HCM (Belus et al., 2008).

According to the simple 2-state model, the rate of isometric force redevelopment (kTR) is a 

function of crossbridge turnover (f + g) (Brenner, 1988). Activation rate (kACT) is a variable 

similar to kTR (Poggesi et al., 2005). The force-generating rate constant f is dependent on the 

concentration of activator Ca2+, whereas crossbridge detachment constant g is time-limiting 

(f ≫ g) and activation independent (Brenner, 1988; de Tombe et al., 2007; de Tombe and 

Stienen, 2007; Poggesi et al., 2005). Rate kTR is reduced in CM hearts (Edes et al., 2008), or 

it may be increased (Belus et al., 2008; Cheng et al., 2016). Some mutations, for example, β-

myosin R403Q, may intrinsically accelerate crossbridge turnover because of a faster 

crossbridge detachment rate g (Belus et al., 2008). This increase, in turn, generates higher 

energy costs and a higher adenosine triphosphatase activity to tension ratio, which is 

common for failing hearts (Belus et al., 2008; de Tombe and Stienen, 2007). Crossbridge 

turnover may also change as a result of replacement of 1 myosin heavy-chain isoform with 

another one (ie, due to fetal gene response). To explain the discrepancy in the literature, we 

suggest a high sensitivity of the myofibril activation and relaxation kinetics on the disease 

stage and phasic activation of the fetal gene expression program.

Myofilament kinetics in zebrafish is, on average, faster than in mammals; therefore, 

temperature in the experimental bath is usually reduced from 15°C (for mammals) to 10°C 

(for fish). With these conditions, variables of activation and relaxation are very similar to 

those in mammalian models (Dvornikov et al., 2014; Iorga et al., 2011). As in mammals, we 

found a sigmoidal dependence between kACT and activator [Ca2+], accelerating at higher 

free [Ca2+] (Poggesi et al., 2005). Also, as in mammalian myocardium, force relaxation 

showed a biphasic behavior (Poggesi et al., 2005) resulting in 2 different rates: a linear and 

an exponential phase. Both the linear relaxation rate and the duration of the linear phase 

were independent of the level of activation. Interestingly, the exponential phase was Ca2+-

sensitive, accelerating at lower activation. Accumulated experimental data from our studies 

and other studies (Dvornikov et al., 2014; Iorga et al., 2011) strongly suggest that zebrafish 

share sarcomeric properties similar to those of known vertebrate species, a characteristic that 

lays the foundation for use of this attractive model to study sarcomere dysfunction and 

cardiomyopathies.

4.6 Passive stiffness

Another variable that can be documented in HCM skinned myocardium is increased passive 

stiffness. Enhanced passive stiffness may originate from interstitial collagen deposition or a 

shift in the average titin isoform length in the sarcomere (Kazmierczak et al., 2013; Yuan et 

al., 2015). In permeabilized myofibril thin preparations, extracellular collagen should not 

affect the result. Interestingly, human DCM cardiac myofibrils with titin truncated mutations 

have reduced passive stiffness, as shown by an attenuated Young modulus (Vikhorev et al., 

2017). The reduced passive stiffness in DCM hearts may be due to a titin isoform switch 

(Makarenko et al., 2004). However, DCM hearts do not always have such compliance: 

increased passive stiffness has also been documented at late-stage DCM, a suggestion of a 

restrictive phenotype (Edes et al., 2008). Typically, reduction of diastolic stress in DCM 
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hearts is accompanied by increased passive stress (Wu et al., 2002). As a measure of passive 

properties of the sarcomere, slack sarcomere length (SL) can also be recorded during a slack 

test.

Passive properties of zebrafish skinned cardiac muscle preparations have also been studied 

(Dvornikov et al., 2014; Iorga et al., 2011). According to the existing data, they are very 

similar to mammalian properties; however, there are some discrepancies. The passive 

tension-length relationships are not linear in mammals: myofibrils are compliant at SL less 

than 2.3 μm (shallow relation), and they become very stiff (steep relation) at SL more than 

2.3 μm. The relationship is similar in zebrafish, except that the transition is shifted to the 

higher SL values: we found that these relationships were mostly linear at SL less than 2.4 

μm. This quasi linearity was observed at 20% cell length stretch in intact cells and at 15% to 

16% cell length stretch in skinned myofibrils (associated with SL about 2.4 μm) (Dvornikov 

et al., 2014; Iorga et al., 2011).

In summary, the HCM phenotype at the level of sarcomere can be characterized by increased 

Ca2+ sensitivity and diastolic dysfunction; alternatively, in general, DCM manifests a 

hypocontractile phenotype. However, at the level of sarcomere, maximal tension 

development may be reduced in both HCM and DCM; this reduction may also occur 

because of myofibril loss. Passive stiffness of myocardium can be decreased or increased 

depending on the stage of disease. As for zebrafish, there are no data on contractility and its 

kinetics in skinned cardiomyocyte or single myofibrils obtained from fish hearts carrying 

CM-linked mutations. Single permeabilized cell and single myofibril mechanic techniques 

have been recently adopted for zebrafish (Dvornikov et al., 2014; Iorga et al., 2011), opening 

new opportunities for investigators in the zebrafish field. Figure 1 depicts how the single 

myofibril technique can help in phenotyping CM. A single myofibril (or several myofibrils) 

can be attached to glass microtools; then, alternating solution currents with pCa = 9 

(relaxing) and pCa = 4 (activation) are applied (Figure 1A).

In a preliminary experiment, the activation traces from one mybpc3−/− mutant fish showed 

impaired relaxation kinetics, namely, dramatically prolonged time (tLIN) of the linear phase 

of relaxation (Figure 1B). This result, however, needs to be validated by more experiments. 

Impaired relaxation at the level of the sarcomere suggests that the primary defect linked to 

this mutation is present, despite an absence of a distinct phenotype at the organ level; 

impaired relaxation might be compensated at a higher level of organization. To study these 

primary defects of mutations and their compensation, the structure-function relationship in 

sarcomere proteins, scientific reductionism requires a primitive model system such as 

zebrafish.

5. Limitations of the zebrafish model

5.1 High capability for regeneration and unique myocardial morphologic features

Unlike mammals, zebrafish undergo continued growth during their life span (Cao and Poss, 

2016; Palstra et al., 2010; Wang et al., 2015; Yu et al., 2010). A zebrafish heart is able to 

fully regenerate within several days, even when more than 60% of cells in the heart are 

depleted (Wang et al., 2011). This high regeneration capacity may compromise the use of 
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zebrafish as a faithful model for human CM: pathologic phenotypes could be masked by its 

high regenerative capacity (Wang et al., 2011). However, this regeneration is not always the 

case, as indicated by the doxorubicin-induced CM model. Cardiomyocyte proliferation is not 

activated in this model, probably because of the antiproliferation activity of doxorubicin 

(Ding et al., 2011; Packard et al., 2017). Conversely, zebrafish can be an advantageous 

model to understand how cardiac regeneration can be leveraged to help the heart deal with 

biomechanical stresses. In addition to the reduced number of chambers in a zebrafish heart, 

another discrepancy between mammalian and fish heart is that the atrium in zebrafish has a 

large volume and also is more active during the cardiac cycle. Therefore, the E/A ratio in 

fish is less than 1, suggestive of higher active filling (A wave) than passive filling (E wave) 

in zebrafish (Lee et al., 2014). Another difference may be higher trabeculation of the 

ventricular myocardium, which may complicate our interpretation of how the zebrafish heart 

responds to pathologic processes and remodeling.

5.2 Specificity of cyclic adenosine monophosphate–dependent pathway in fish

Failing hearts may show a blunted response to neurohumoral regulation. A blunted 

adrenergic response helps the diseased heart to save energy. According to one hypothesis, 

myofilament Ca2+ sensitivity in DCM hearts is uncoupled from protein kinase A 

phosphorylation of the N-terminal domain of the cardiac isoform of troponin I (Memo et al., 

2013; Messer and Marston, 2014; Song et al., 2010; Vikhorev et al., 2014). Indeed, 

uncoupling between adrenergic stimulation and subsequent positive inotropic (and other) 

muscle responses is a common feature of failed hearts. As a sequential event, protein kinase 

A/adrenergic response is usually blunted in diseased hearts (Dvornikov et al., 2016; Flenner 

et al., 2016; Memo et al., 2013; Messer et al., 2016; Messer et al., 2017; Messer and 

Marston, 2014; Song et al., 2010; Song et al., 2013; Vikhorev et al., 2017; Vikhorev et al., 

2014; Wilkinson et al., 2015). Together with blunted LDA, CM hearts are not sensitive to 

either increased preload or β-adrenergic stimulation; both may radically reduce cardiac 

reserve.

Importantly, zebrafish cardiac troponin I lacks the N-terminal domain (Fu et al., 2009). 

These double serine motifs are usually phosphorylated by protein kinase A in mammals 

(Bovo et al., 2013; Dvornikov et al., 2016; Memo et al., 2013). Therefore, this mechanism is 

not applicable in zebrafish; how protein kinase A regulates myofilament Ca2+ sensitivity and 

the prominent lusitropic response in zebrafish is still unclear. According to our unpublished 

data, zebrafish hearts show both inotropic and lusitropic responses to the adrenergic agent 

isoproterenol. Moreover, our study also found a different calcium-induced calcium-release 

mechanism in response to forskolin, an activator of the cyclic adenosine monophosphate–

dependent pathway (Bovo et al., 2013). Moreover, the slow force stretch response that is 

related to calcium handling is also not found in zebrafish (Dvornikov et al., 2014). 

Therefore, experimenters need to be cautious when use teleost fish models for the direct 

study of cyclic adenosine monophosphate–dependent signaling and, related to that pathway, 

calcium-induced calcium-release, known to be important in the pathogenesis of CM.
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6. Perspectives for future studies

Although the current phenotypic studies of CM models in adult zebrafish clearly indicate 

that different types of CM can be modeled, it remains challenging to confidently categorize 

each model into HCM, RCM, and DCM, as has been done in mammals. In the next several 

years, many new CM models will be generated with genome-editing technology, including 

those for known HCM-DCM-, and RCM-causative genes in mammals (Table 1). Detailed 

phenotypic analysis of these genetic models will significantly advance our understanding in 

zebrafish. Characteristic pathologic phenotypes for each type of CM that will be studied in 

these fish models are summarized in Table 2. DCM is usually related to only reduced 

contractility, whereas HCM is also correlated with relaxation problems; RCM is likely 

characterized by only a relaxation problem. In titin mutants, primary defects are thought to 

stem from stiffness changes. Loss of myofibrils might occur in both DCM and HCM, which 

could be a primary defect in the DCM model (eg, in diabetes or various toxicity models) but, 

rather, a sequential event in HCM models (Table 2). We recommend study of Ca2+ 

sensitivity and contractility defects linked to CM in a primitive zebrafish model, in which 

minimal compensatory or secondary effects can be observed.

Zebrafish have been traditionally considered a strong gene discovery platform but less 

advantageous in terms of phenotyping. As described in this review, phenotyping tools that 

are being actively developed in adult zebrafish will considerably advance this emerging 

vertebrate model for mechanistic studies of CM. Using the adult zebrafish to define and 

discern different types of CM, the model has the potential to contribute substantially to the 

development and implementation of patient individualized treatment strategies aimed to 

combat CM and heart failure.
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Abbreviations

CM cardiomyopathy

DCM dilated cardiomyopathy

E/A early, E-wave velocity

HCM hypertrophic cardiomyopathy

ISO isoproterenol

LDA length-dependent activation

RCM restrictive cardiomyopathy

SL sarcomere length

Tmax isometric tension on maximal activation
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Figure 1. 
Assessment of sarcomere function in zebrafish heart. A, A single myofibril attached to glass 

microtools. B, Traces from the preliminary experiment showing increased relaxation time 

tLIN in mybpc3−/ − mutant fish (in red).
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Table 2

Phenotypes and possible pathogeneses of sarcomere gene–related cardiomyopathiesa

DCM HCM RCM

↓Contractility ↑(or↓?) Contractility ↑Ca2+ sensitivity ↑Ca2+ sensitivity

Volume overload Pressure overload ↓Relaxation ↓Relaxation

Hypertrophy (eccentric) Hypertrophy (asymmetric) No hypertrophy
No compensation

↓Myocardial stiffness ↑Myocardial stiffness

↑N2BA/N2B; ↑SLsl ↓N2BA/N2B; ↓SLsl

Loss of myofibrils Ischemia, loss of myofibrils, fibrosis

↓Relaxation OFT obstruction

a
Possible primary defects are underlined. The most important compensatory effects are in boldfaced. Possible secondary effects are italicized. Note 

that the primary defect for titin mutations may be myocardial stiffness or N2BA/N2B ratio.

Abbreviations: DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; N2BA and N2B, long and short cardiac isoforms of titin, 
respectively; OFT, outflow tract; RCM, restrictive cardiomyopathy; SLsl, slack sarcomere length.
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