
Phenotyping an adult zebrafish lamp2 cardiomyopathy model 
identifies mTOR inhibition as a candidate therapy

Alexey V. Dvornikov1,+, Mingmin Wang1,2, Jingchun Yang1,#, Ping Zhu1, Tai Le3, Xueying 
Lin1, Hung Cao3,4, Xiaolei Xu1,*

1Department of Biochemistry and Molecular Biology, Department of Cardiovascular Medicine, 
Mayo Clinic, Rochester, Minnesota, USA

2Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China

3Department of Electrical Engineering and Computer Science, University of California Irvine, 
California, USA

4Department of Biomedical Engineering, University of California Irvine, California, USA

Abstract

Adult zebrafish is an emerging vertebrate model for studying genetic basis of cardiomyopathies; 

but whether the simple fish heart can model essential features of hypertrophic cardiomyopathy 

(HCM) remained unknown. Here, we report a comprehensive phenotyping of a lamp2 knockout 

(KO) mutant. LAMP2 encodes a lysosomal protein and is a causative gene of Danon disease that 

is characterized by HCM and massive autophagic vacuoles accumulation in the tissues. There is no 

effective therapy yet to treat this most lethal cardiomyopathy in the young. First, we did find the 

autophagic vacuoles accumulation in cardiac tissues from lamp2 KO. Next, through employing a 

set of emerging phenotyping tools, we revealed heart failure phenotypes in the lamp2 KO mutants, 

including decreased ventricular ejection fraction, reduced physical exercise capacity, blunted β-

adrenergic contractile response, and enlarged atrium. We also noted changes of the following 

indices suggesting cardiac hypertrophic remodeling in lamp2 KO: a rounded heart shape, 

increased end-systolic ventricular volume and density of ventricular myocardium, elevated 

actomyosin activation kinetics together with increased maximal isometric tension at the level of 

cardiac myofibrils. Lastly, we assessed the function of lysosomal-localized mTOR on the lamp2-

associated Danon disease. We found that haploinsufficiency of mtor was able to normalize some 

characteristics of the lamp2 KO, including ejection fraction, β-adrenergic response, and the 
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actomyosin activation kinetics. In summary, we demonstrate the feasibility of modeling the 

inherited HCM in the adult zebrafish, which can be used to develop potential therapies.
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1. Introduction

About 1% of patients with hypertrophic cardiomyopathy (HCM) carry mutations in the 

lysosome-associated membrane protein 2 (LAMP2) gene [1, 2]. First described by M.J. 

Danon [3], these patients also manifest mild non-cardiac symptoms [4, 5] such as skeletal 

peripheral myopathy, mental retardation, hepatic involvement, and retinopathy [6]. This is 

the most lethal cardiomyopathy in the young and no effective therapy is yet available. 

Together with the PRKAG2--associated glycogen-storage disease and Anderson-Fabry 

disease, Danon disease was recognized as one of the three metabolic causes of HCM [7]. 

While the majority of inherited HCM are caused by mutations in sarcomeric genes [8], and 

there is mounting evidence for myofibrillar hypercontractility in sarcomere-based HCMs [9], 

how sarcomere contractility is affected in metabolic HCMs as a sequential pathological 

event has not been well defined.

LAMP2 is a type I integral membrane protein that is localized to lysosomes and late 

endosomes [10]. The LAMP2 genome locus encodes three isoforms that share common N-

terminal domains but have different C-terminus due to alternative splicing of the exon 9 

[10]. While LAMP2A is a major component of chaperone-mediated autophagy, LAMP2B is 

required for macroautophagy [11]; and LAMP2C is restricted to the degradation of nucleic 

acids [12]. Mutations in LAMP2 linked to Danon disease are mainly located in the region 

coding N-terminal part of the protein affecting all three isoforms [4, 13, 14]. Both mouse 

and iPSC models of Danon disease have been established [15, 16]. Similar to patients with 

Danon disease [10], these models manifest increased levels of the microtubule associated 

1A/1B light chain-3 (LC3II) and a massive subcellular accumulation of autophagic vacuoles, 

suggesting dysregulated macroautophagy. Because these metabolic abnormalities must be 

the primary damage incurred by Lamp2 deficiency that sequentially leads to cardiac 

dysfunction, it is plausible that repairing metabolic abnormalities could be a therapeutic 

avenue. Mammalian target of rapamycin (mTOR) plays an important role in sensing nutrient 

and regulating metabolic processes such as macroautophagy [17, 18]. Upon fasting, mTOR 

is recruited to the surface of lysosome where LAMP2 is localized [19]. mTOR inhibition has 

been reported to be therapeutic for several types of cardiomyopathies including pressure and 

volume overload and isoproterenol induced, ischemic CMs, genetic ones linked to mutations 

in lamin A/C, and mouse model of LEOPARD syndrome [1, 20, 21]. Whether mTOR can be 

manipulated to repair metabolic abnormalities in the LAMP2 mutants and/or to attenuate 

Danon disease remains untested.

The zebrafish has emerged as a new vertebrate model for studying cardiomyopathies [22–

24]. Acquired cardiomyopathy models induced by anemia, doxorubicin, or isoproterenol 
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have been established, underscoring the conservation of cardiac remodeling in this species 

[25–28]. The majority of the causative genes linked to human dilated CM have their 

corresponding homologs in the zebrafish, supporting molecular conservation [23]. One of 

the key reasons for integrating the zebrafish model into cardiomyopathy studies is its 

powerful forward genetics. A mutagenesis screen-based strategy has been established in our 

laboratory enabling rapid identification of novel genetic factors and therapeutic targets [25]. 

Using a zebrafish mtor mutant that was identified from such a screen, we found that mTOR 

inhibition exerts therapeutic effects on both anemia and doxorubicin-induced 

cardiomyopathies [24, 25, 29, 30].

Partially due to the small size of the zebrafish heart and its unique sponge-like structure, 

cardiac phenotypes in adult zebrafish models of cardiomyopathy are poorly defined. For 

example, it remained to be established which phenotypic traits define HCM in the adult 

zebrafish. The past several years have witnessed the development of novel cardiac 

phenotyping tools in the zebrafish, including high frequency echocardiography [31], a 

Langendorff-like perfusion system [32], zebrafish electrocardiography [33–35], and 

biophysical methods to study cardiac contractile function at the level of myofibrils [36]. 

Here, we deployed these tools for detailed phenotyping of a lamp2 knock out (KO) zebrafish 

and for assessment of the impacts of the mTOR inhibition. We were able to unveil HCM-like 

phenotypes in this zebrafish model of Danon disease as well as a therapeutic effect of mTOR 

inhibition in alleviating cardiac dysfunction.

2. Methods (See also: Online Supplement)

2.1 Fish husbandry

Zebrafish were handled under the guidelines of the Mayo Clinic Institutional Animal Care 

and Use Committee (IACUC protocol # is A00003513-18). WIK was used as a wild type 

strain. The fish were maintained at 28°C under the 14 hours light - 10 hours dark cycle.

2.2 Generation of lamp2e2 via TALEN

To generate lamp2e2 mutants, we injected one-cell stage WIK embryos with TALEN RNA . 

TALEN pairs were designed using Zifit (http://zifit.partners.org/ZiFiT/ChoiceMenu.aspx) 

and assembled using a Golden Gate Kit (Addgene). See Supplementary Data for details.

2.3 Ex vivo cardiac pump function assay

Our method was described in detail previously [32]. Briefly, hearts were excised from 

anaesthetized by tricaine (0.16 mg/ml in ice-cold water) 10-months-old fish of both sexes 

and tied to the tip of 34G blunt catheter for perfusion. We analyzed 15 hearts from WT, 16 

hearts from LM group, and 11 hearts from LMT group. These numbers already excluded 

hearts with the visible damages of the ventricle or outflow tract during surgery. Then, during 

analysis, we excluded 3 hearts in WT and 3 hearts in LM groups for ex vivo functional 

parameter assessments (final N=12, 13 and 11 for WT, LM, and LMT groups, respectively). 

Exclusion criteria were the following: 1) a shallow increase in EDV with the linear increase 

in a flowrate (from 0.05 to 0.8 ml/min) suggesting leakage, 2) quick drop of ejection fraction 
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values <30% at the higher flowrates due to invisible damages. See Supplementary Data for 

details.

2.4. Quantification of atrial volume

We employed the same setup as we used for Langendorff-like heart perfusion. Instead of 

inserting a catheter via atrioventricular orifice, we inserted the cannula via outflow tract to 

introduce retrograde flow. We averaged areas obtained from these two perpendicular planes 

and normalized them by BW. N=3 atria were analyzed for each group (lamp2e2/e2 and their 

wild-type siblings; no exclusion).

2.5. In vivo echocardiography

We used Vevo 3100 high-frequency imaging system equipped with a 50 MHz linear array 

transducer (FUJIFILM VisualSonics Inc.). Adult zebrafish were anesthetized by tricaine 

(0.16 mg/ml) for 5 minutes, placed ventral side up into the sponge. The 50 MHz (MX700) 

transducer was placed above the zebrafish to provide a sagittal imaging plane of the heart. B-

mode images were acquired with an imaging field of view of 9.00 mm in the axial direction 

and 5.73 mm in the lateral direction, a frame rate of 123 Hz, with medium persistence and a 

transmit focus at the center of the heart.

2.6. Single cardiomyocyte isolation and morphometry

Single ventricular cardiomyocytes were isolated by enzymatic digestion as previously 

described [36]. Briefly, excised hearts were perfused with low calcium fish Tyrode solution 

containing collagenase type II (0.2 mg/ml; Worthington Biochemical Corporation) and 

trypsin type IX-S (0.12 mg/ml; Sigma) for 15-20 min at 0.5 ml/min flowrate. 

Cardiomyocytes were photographed in fish using a Tyrode solution in tissue chamber on 

inverted microscope Nikon Axiovert 135 TV with the help of standard camera. Length and 

width of the cells were measured using ImageJ software (NIH). Cardiomyocytes (~70) from 

N=3 hearts from each group were analyzed.

2.7. Single myofibril technique

Single myofibrils were prepared as previously described [36, 37]. Briefly, extracted hearts 

were washed in phosphate buffered saline, frozen in liquid nitrogen and kept at −80°C. On a 

day before experiment, hearts were placed to 1% (v/v) Triton in standard relaxing buffer 

supplemented with protease inhibitors at 4°C overnight. Then, permeabilized zebrafish heart 

ventricles were homogenized in ice-cold relaxing buffer at 20,000 rpm for 10 s 

(homogenizer MDT500, 5 mm probe, MicroDisTec, Switzerland). The compositions of bath, 

relaxing, and activating solutions were as previously described [36]. We selected myofibrils 

with length of ~50-60 μm and thickness of ~3-5 μm. Exclusion criterion for fibers was 

rundown of developed tension more than 20% per set of contractions (6-10). All zebrafish 

single myofibril mechanics experiments were done at 10°C. Details of the protocol can be 

found in Supplementary Data.
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2.8. Statistics

Unpaired two-tailed Student’s t test was used to compare 2 groups. One-way analysis of 

variance (ANOVA) was used to detect differences among multiple groups. For survival plots 

log-rank test was used. In graphs, each value represents the Mean ± S.D. if not otherwise 

mentioned. P values less than 0.05 were considered to be significant.

3. Results

3.1 lamp2e2/e2 zebrafish manifest compound phenotypes resembling Danon disease

In the zebrafish, a single lamp2 gene is found in chromosome 14; it consists of 8 exons 

(ensemble # ENSDARG00000014914). While exon 1 to 5 in lamp2, corresponding to the 

exons 1-8 in human LAMP2 [14], are shared among 3 different isoforms, the addition of the 

exons 6,7, or 8 will result in mRNAs that encode Lamp2b, Lamp2a, and Lamp2c, 

respectively (Supplementary Fig. 1, B). Zebrafish Lamp2b protein consists of 365 amino 

acids, which shares 49% identity to the human LAMP2B (Supplementary Fig. 1C).

We generated a lamp2e2/e2 mutant which has a 5-nt deletion in the exon 2 via TALEN 

technology (Fig. 1A). The deletion resulted in a shift of the reading frame, presumably 

truncating all three Lamp2 isoforms (Fig 1A). Hence, the transcript level of lamp2 was 

reduced by 90% in the mutant, likely due to non-sense mediated RNA decay (Fig. 1F). 

Despite our efforts on testing several commercially available antibodies, we did not identify 

an antibody that recognizes the zebrafish Lamp2 protein, preventing us to assess 

expressional changes at the protein level. The lamp2e2/e2 fish were smaller than their wild-

type siblings, as indicated by reduced body weight at the ages of 3 months (data not shown) 

to 9 months (Fig. 1B and C). 74% of the lamp2e2/e2 fish (14 out of 19 fish, in this clutch) 

had iris defects, affecting one or both eyes (Supplementary Fig. 2A–C) resembling eye 

pathology in the Danon disease patients [6]. Compared to their wild-type siblings, 

lamp2e2/e2 fish had reduced maximum swimming capacity (Ucrit) (Fig. 1D). The lamp2e2/e2 

fish started to die at 10 months of age; about 60% of fish survived to 1 year-old (Fig. 1E). 

Before dying, mutant fish manifested a swirling and turning behavior, prompting 

neuromuscular defects.

Similar to the Danon disease patients, iPSC models of Danon disease, and the Lamp2 KO 

mouse model, we detected elevated levels of p62 and LC3 in fish lamp2e2/e2 mutants (Fig. 

2A, Supplemental Fig. 9B) together with unchanged p62 transcript level (Supplementary 

Fig. 5D), suggesting severely blocked autophagy in both striated muscles [38]. Blockage of 

the autophagosomal-lysosomal fusion with bafilomycin A1 further indicated defective 

autophagy flux in the heart (Fig. 2C, D). An accumulation of characteristic double-

membrane autophagic vacuoles with debris had been noted in the perinuclear region of 

cardiomyocytes on the transmission electron microphotographs in the lamp2e2/e2 fish at 13 

months of age (Fig 2E, F). Together, these data strongly support the lamp2e2/e2 as a zebrafish 

Danon disease model.
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3.2 lamp2e2/e2 zebrafish manifest cardiac remodeling in both chambers

Next, we determined whether the lamp2e2/e2 hearts manifest HCM-like structural 

remodeling. We isolated and perfused beating zebrafish hearts on our recently developed 

Langendorff-like setup under constant flow and collected images of the hearts [32]. Hearts 

from lamp2e2/e2 at 10 months of age appeared less transparent than those from their wild-

type siblings at diastole (Fig. 3A). The shape of the heart became more round (Fig. 3A), as 

quantified by increased shape index in mutants (Fig. 3B). To develop a rapid but indirect 

assay for quantifying thickness of hearts, we measured intensity in the red channel (RCI) of 

the images of the mutant hearts at diastole and found this index also elevated (Fig. 3C). The 

absolute sizes of mutant hearts were slightly smaller, although not significantly, as indicated 

by the end-diastolic volume (EDV; Supplementary Fig. 3A), as well as normalized volumes 

EDV/BW and ESV/BW at perfusion flowrates from 0.4 to 0.6 ml/min (Supplementary Fig, 

3B). We did note significantly increased ESV/BW in mutants at the low perfusion flowrate 

of 0.05 ml/min (ESV05/BW) (Fig. 3D). Consistent to the transparency and shape data, 

denser trabeculation of ventricular myocardium in the trichrome-stained heart sections was 

documented (Fig. 3E, F). In only two hearts obtained from lethargic lamp2e2/e2 fish (2/26 

fish in 1/3 clutch of fish), we noted signs of severe hypertrophic ventricular remodeling with 

thicker compact layer, as well as fibrosis (Supplementary Fig. 4A, B).

We then employed the Langendorff-like ex vivo heart perfusion system to characterize 

cardiac pump function in lamp2e2/e2 [32]. We noted a marginally reduced ejection fraction 

(EF%), unaffected dynamics of contraction (Supplementary Fig. 3D, E), but significantly 

reduced fractional area contractility (FAC%) and parameters of strain (RS%, FS%) at 

perfusion flowrate of 0.4 ml/min (Fig. 3G–I; S3C). We detected significantly diminished 

expression of ventricular myosin heavy-chain (vmhc, 7 out of 7) and activated natriuretic 

peptide A (nppa) in a subset of mutant fish (5 out of 7). two fetal gene molecular markers for 

cardiac remodeling (Fig. 3J). Other markers of heart failure were not affected 

(Supplementary Fig, 5). To assess cellular hypertrophy, we isolated individual 

cardiomyocytes by enzymatic dissociation, but did not detect any differences in their size 

(Supplementary Fig. 4C, D).

Because patients with Danon disease die from cardiac arrhythmias, we conducted an 

electrocardiography (ECG) study using the iWorx system (Fig. 4A). We failed to detect any 

sign of arrhythmia in the lamp2e2/e2hearts. Instead, we noticed significantly increased 

amplitudes of P-waves in lamp2e2/e2 (Fig. 4A and B), suggesting atrial enlargement or 

hypertrophy [7]. To prevent collapse of atrium, we developed a method to inflate it by 

retrograde perfusion (Fig. 4C). Indeed, the atrium area in lamp2e2/e2hearts was almost 

double its size compared to that in their wild-type siblings (Fig. 4D). Compared to the thin-

walled atrium in the wild types, certain areas of the atrium wall in the lamp2e2/e2 hearts were 

thicker because of more trabeculated myocardium (Fig. 4E). In summary, we noted signs of 

hypertrophic remodeling in both cardiac chambers of lamp2e2/e2.
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3.3 Decreased cardiac pump function and blunted β-adrenergic response in the 
lamp2e2,e2 hearts

To confirm cardiac pump function defects, we adopted a non-invasive high frequency 

echocardiography (HFE) in vivo method (Fig. 5A). We noted significantly decreased 

ejection fraction (EF), fractional shortening (FS), and fraction area contractility (FAC) in 

lamp2e2/e2 hearts (Fig. 5B to D).

Because blunted β-adrenergic response is a common feature of the failing heart in humans 

[39], we went on to leverage the ex vivo system to analyze effects of isoproterenol. We 

recently showed that these effects can be reproduced in the zebrafish [32]: injection of a 

single bolus of isoproterenol into perfusion system induced an immediate increase in EDV 

and a decrease in ESV in a wild type heart (Fig. 5E, F). We found that the former effect was 

blunted in lamp2e2/e2, as indicated by a negative value of ΔEDV, an index reflecting the 

lusitropic effect (Fig. 5E). By contrast, we did not notice significant changes in ΔESV, an 

index reflecting the inotropic effect (Fig. 5F). Consistent with ΔEDV, ΔFS and ΔEF also 

reduced in lamp2e2/e2 (Fig. 5G; S6A). By contrast, velocities of contraction and relaxation 

did not differ from their wild-type siblings (Supplementary Fig. 6B, C).

3.4 Increased maximal isometric tension and accelerated activation kinetics in cardiac 
myofibrils from lamp2e2/e2

Prompted by the confirmed cardiac dysfunction in lamp2e2/e2, we went on to assess kinetics 

of myofibril activation and relaxation. Single myofibrils with similar cross-sectional area 

~10 μm2 (CSA) were attached to glass micro-probes (Fig. 6A, B). and activation traces from 

myofibrils were recorded (Fig. 6C). To assess myofibril activation, we quantified the rate of 

calcium activation (kACT) when myofibrils were shortening, as well as the rate of force 

redevelopment (kTR) when a release-re-stretch maneuver was performed 5 seconds after the 

initial activation (shown with a star ‘*’ in Fig. 6C). Both variables reflect the rate of cross-

bridge turnover [40, 41]. To assess myofibril relaxation, we quantified the rates of linear 

(tLIN. kLIN) and exponential (kEXP) phases of relaxation (Fig. 6C). Both kACT and kTR were 

increased in lamp2e2/e2 myofibrils, indicating faster kinetics of force generation (Fig. 6D and 

E). By contrast, there were no differences in force-pCa, kinetics of myofibril relaxation as 

well as in the passive elastic properties of the skinned myocardium (Fig. 6F, H; 

Supplementary Fig. 9).

We detected increased maximal isometric tension in lamp2e2/e2 myofibrils, supporting 

“hypcrcontractility” that might be already suggested by the increased rates kACT and kTR 

(Fig, 6D and E). We also noted a diminished Hill coefficient parameter in lamp2e2/e2 

mutants (Fig, 6I). suggesting reduced cooperativity in force generation. Together, our 

biophysical studies demonstrate that depletion of lamp2 in zebrafish is able to result in 

“hypcrcontractility” at the level of a myofibril, a feature that has been reported in both 

sarcomeric and non-sarcomeric HCM models in mammals [41, 42].
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3.5 mTOR inhibition partially rescues cardiac pump function and myofibril contractility 
defects in lamp2e2/e2 hearts

To assess whether mTOR is a therapeutic target for lamp2e2/e2, we determined the mTOR 

signaling by western blotting. We noted significantly increased phosphorylation of mTOR 

and S6 proteins in skeletal muscle, suggesting enhanced mTOR signaling (Fig, 2A, B), 

However, these two indices were not significantly increased in the heart, despite a tendency 

of activation. Nevertheless, we bred mtorxu015/+ into the lamp2 mutant to generate double 

mutants. We found that the severely overexpressed LC3-II remained unchanged among the 

three experimental groups (Supplementary Fig, 9A). suggesting that mTOR inhibition 

cannot fully repair metabolic abnormality including the defective macroautophagy. We did 

note that mTOR inhibition was able to attenuate defective autophagic flux (Supplementary 

Fig, 9C, D). However, accumulation of double-membrane autophagic vacuoles still persisted 

in the double mutant hearts (Supplementary Fig, 9E, F).

Despite that metabolic abnormality remains in the double mutant, we reasoned that it is still 

possible that mTOR inhibition alleviate some sequential maladaptive processes triggered by 

the initial metabolic damage. Indeed, we noted significantly improved EF and FAC in 

lamp2e2/e2; mtorxu015+ in vivo, while single mtorxu015+ did not manifest any abnormalities 

in cardiac contractility (Supplementary Fig, 7), prompting a therapeutic effect of mTOR 

inhibition on cardiac dysfunction (Fig. 5 B–D). Interestingly, the change in EF can be 

mainly ascribed to the change in the long axis fractional shortening (FS), but not in the short 

axis FS (Fig. 5D). Blunted lusitropic effect of isoproterenol was also clearly rescued in 

lamp2e2/e2;miorxu015/+ (Fig. 5E), although mTOR inhibition failed to rescue the blunted 

ESV and EF change in lamp2e2/e2, as indexed by ΔEF (Fig. 5F, G). We also did not note any 

signs of rescue in cardiac morphometric indices including shape, transparency, ESV05/BW, 

and trabecular fiber thickness (data not shown).

Finally, we tested the rescuing effects of mTOR inhibition at the myofibril level. We found 

that both rates of force activation, kACT and km, were effectively rescued in 

lamp2e2/e2:mtorxu015/+. as well as maximal isometric tension (Fig. 6D - G). Intriguingly, in 

the lamp2e2/e2:miorxu015/+ group, myofilament Ca2+ sensitivity was reduced (Fig. 6H). 

However, Hill coefficient was not repaired by mTOR inhibition (Fig. 6I). Together, we 

concluded that mTOR inhibition is able to at least partially rescue cardiac dysfunction in 

lamp2e2/e2, despite the metabolic abnormalities cannot be fully repaired.

4. Discussion

4.1. lamp2e2/e2 is a zebrafish model of Danon disease

The genotype of lamp2e2/e2 was designed to recapitulate representative genetic lesions that 

cause human Danon disease: most Danon disease-causative mutations are loss-of-function 

LAMP2 mutations that resulted in truncation and/or depletion of the encoded LAMP2 

protein [4]. Massive accumulation of autophagic vacuoles, likely due to interrupted fusion of 

autophagosomes with lvsosomes, can be detected in the heart, a characteristic feature of 

Danon disease [1]. Similar to patients with Danon disease, lcimp2e2le2 fish show signs of 

hypertrophic cardiomyopathy, as well as non-cardiac phenotypes that are reminiscent of 
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human Danon disease, including accumulation of autophagic vacuoles, reduced swimming 

capacity and iris defects in a portion of the mutant fish.

Despite of similarities, there are notable differences among the zebrafish lamp2e2/e2, mouse 

Lamp2 KO models, and the human Danon disease. In contrast to human X-linked Danon 

disease, the zebrafish lamp2 KO is autosomal. Therefore, homozygous lamp2e2/e2 can 

recapitulate overall LAMP2 deficiency in human, but not different disease severity between 

men and women, as noted in humans [5]. Moreover, cardiac phenotypes in humans are very 

severe [2, 10]. By contrast, the mouse model of Danon disease shows more systemic 

autophagic lesions: a half of Lamp 2 deficient mice die shortly after bom likely due to 

intestinal infarctions/stenosis or pancreatic failure with massive intracellular accumulation of 

the autophagic vacuoles [15]. In the zebrafish lamp2e2/e2, cardiac phenotypes are relatively 

mild: for example, apoptosis was not detected in our fish model with very rare fibrosis, too. 

Similar to mouse, the lamp2e2/e2 fish have smaller body size, a phenomenon that has not 

been reported in humans.

4.2. lamp2e2/e2 zebrafish manifest cardiac phenotypes reminiscent of HCM in mammals

We conducted comprehensive studies of the lamp2e2/e2fish using the newly developed 

phenotyping tools [32, 36] and noted reduced cardiac pump function and blunted lusitropic 

β-adrenergic myocardium response. Blunted β-adrenergic response is a common feature of 

the failing human hearts, which could be due to uncoupling between myofilament Ca2+ 

sensitivity and N-terminal phosphorylation of the cardiac isoform of Troponin I by protein 

kinase A [43, 44]. It remains to be investigated whether phosphorylation of thin 

myofilaments is affected in lamp2 KO upon β-adrenergic stimulation or treatment with 

protein kinase A in mammalian models. However, the zebrafish may not be the best model 

to study this because its cardiac Troponin I lacks phosphorylatable N-terminal domain [45].

In mammals, a key phenotypic trait that defines HCM is an increased thickness of the left 

ventricular wall [2, 8]. However, this index is hard to be measured in a highly trabeculated 

zebrafish heart. Instead, our studies in lamp2e2/e2 suggest the following three indices that 

might define hypertrophic remodeling in adult zebrafish. First, we noted the increased 

density of the trabecular muscle in the sectioned hearts. We also noted thickened compact 

layer and fibrosis in a single mutant fish; similar phenotypes have been reported in the 

rainbow trout hearts upon cold stress [46]. To rapidly measure density or thickness of a 

zebrafish heart, we developed an indirect index by quantifying Red Channel Intensity of 

RGB images. Given a zebrafish heart is transparent, we postulated that the appearance of 

more red pixels on a heart reflects an increased muscle thickness. Second, using the ex vivo 

Langendorff-like perfusion system, we noted that ESV/BW at low perfusion flowrate was 

increased. Because at low flowrates the ventricle develops forces against the low pressure, it 

is likely that systole volume indirectly reflects muscle thickness. However, this hypothesis 

need to be further tested in the future. Third, at the level of cardiac ventricular myofibrils, 

we noted the increased maximal isometric tension and accelerated actomyosin activation 

kinetics, suggesting myofibrillar “hypercontractility”, which have been noted in sarcomeric 

HCM patients and mammalian models [9, 47–49]. Of note, reduced force of isolated 

trabeculae has been reported in Lamp2-deficient mice [15], which appears in conflict with 
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our conclusion at the single myofibril level. Because different methods are used, more 

detailed comparison of sarcomeric contractility changes between fish and mouse models 

warrants future investigations.

A likely mechanism for the increased kinetics of contraction in lamp2e2/e2 mutants could be 

the shift of the prevalent myosin heavy chain isoform in cardiac muscle as a part of the fetal-

gene re-programming process. Specifically in lamp2e2/e2, we noted the reduced expression 

of vmhc. This change in the prevalent myosin heavy chain isoform may affect cross-bridge 

cycling, maximal isometric tension, relaxation, and energy consumption [50]. Alternatively, 

the increased maximal isometric tension in lamp2e2/e2 might be caused by imprecise 

normalization of force by cross-section area (CSA) of the myofibril due to hypertrophic 

remodeling. More myofibrils/CSA in lamp2e2/e2 preparations could result in a bigger 

tension, if force is normalized by CSA. This possibility could be tested in the future by 

quantifying myofibril area via the electron microscopy.

In addition to ventricular hypertrophy, we also noted atrial hypertrophy in the lamp2e2/e2 

fish, which is unveiled by the modified ex vivo perfusion system that was originally 

designed to study ventricular functions. Because enlarged left atrium is frequently found in 

human heart failure patients [51], this result prompted future studies to determine whether 

enlarged atrium is a part of pathogenesis in patients with Danon disease.

4.3 mTOR inhibition partially attenuates cardiac defects in lamp2 KO fish

Unlike the cell culture models that can only be used to study primary defects, in vivo animal 

models of cardiomyopathy are able to identify therapeutic strategies that affect both primary 

and secondary phenotypes. Here, we report therapeutic effects of mTOR inhibition in 

cardiac contractility defects in lamp2e2/e2 fish. Comprehensive phenotyping of lamp2e2/e2 

indicated that part of cardiac phenotypes, including blunted lusitropic β-adrenergic response, 

maximal isometric tension, and actomyosin activation kinetics can be rescued by mTOR 

inhibition. Interestingly, mTOR inhibition has been found to be effective in reversing cardiac 

hypercontractility in the Noonan syndrome, a non-sarcomeric HCM that is incurred by Shp2 
mutations [20, 21, 52]. Together, these data suggest that HCM of different etiology might 

converge on a final common pathway that is characterized by sarcomere hypercontractility, 

while mTOR inhibition is effective in attenuating this critical step of pathogenesis. 

Mechanistically, we show that mTOR inhibition is able to partially repair the primary 

metabolic abnormalities such as autophagic flux. However, severe autophagic defects as 

indicated by the increased LC3 expression and accumulated autophagic vacuoles still persist 

in double mutants. Therefore, we favor the hypothesis that mTOR exerts its therapeutic 

effects via attenuating key sequential cascade events such as those driving the switch of the 

pathogenesis from the compensational to the decompensational phase.

The present study highlighted both strength and limitation of the zebrafish model. 

Empowered by the emerging phenotyping tools, zebrafish are highly efficient for 

longitudinally genetic studies, but are difficult for signaling pathway analysis. How mTOR 

inhibition affects metabolic abnormalities in Danon disease remains enigmatic, which 

warrants further investigation. We recommend using the cell culture platform for this type of 

studies, while zebrafish shall be used to decipher sequential cascade events that cannot be 
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modeled in the cell culture models. Capitalized on the efficient zebrafish forward genetics, a 

unique future research direction enabled by the zebrafish model is to identify additional 

therapeutic strategies for the Danon disease model by systematically discovering genetic 

modifiers [24, 25, 29, 30].

5. Conclusions

Through comprehensive cardiac phenotyping, we established lamp2e2/e2 as the first adult 

zebrafish model of HCM in Danon disease. While we previously showed the feasibility of 

using acquired adult zebrafish models to assess therapeutic strategies [24, 25, 29], here, we 

further demonstrated that the therapeutic effects of mTOR inhibition can be extended to the 

lamp2e2/e2 cardiomyopathy model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Zebrafish has a single LAMP2 homologue

• Loss-of-funotion of lamp2 in zebrafish models human Danon disease

• Both metabolic abnormality and cardiac dysfunction are recapitulated

• mtor inhibition attenuates cardiac dysfunction while metabolic abnormality 

persists
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Fig. 1. Generation of lamp2e2/e2.
A. 5-nt deletion in the 2nd exon of lamp2 gene results in premature stop codon. Sequences 

targeted by TALEN are underlined. SacI recognition site is boxed, which was used for 

genotyping. B. Representative images of wild-type (WT) and lamp2e2/e2 (LM) fish at 9 

months of age. Scale bar is 1 cm. C. Body weight is reduced in lamp2e2/e2 fish (N=12). D. 

Swimming capacity (Ucri) is decreased in lamp2e2/e2 fish (N=7). E. Survival plot (N=21). F. 

lamp2 transcript is effectively depleted, as shown by qRT-PCR (N=3).
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Fig. 2. Metabolic abnormalities in lamp2e2/e2.
A, B. Shown are western blots of the cardiac and skeletal muscle protein extracts suggesting 

increased mTOR signaling and aberrant autophagv in lamp2e2/e2 (Cardiac: N=4; Skeletal: 

N=5). C, D. Myocardium tissue from lamp2 mutants had higher basal level of LC3-II, and 

failed to further increase the level of LC3-II upon bafilomycin Al treatment (N=5). E. 

Quantification of autophagic vacuoles (N=3 hearts each). P<0.05 with WT, F. Representative 

TEM photographs of cardiac ultra-thin slices (13 months of age). Arrowheads indicate 

aggregations of autophagic vacuoles in lamp2e2/e2. At right panel, higher magnification 
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revealed autophagosomes surrounded by double membranes. Scale bars: 5 μm (left and 

middle panel) and 200 nm (right panel). * P<0.05, **P<0.01.
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Fig. 3. Ventricular remodeling in lamp2e2/e2 hearts.
A. Images of isolated ex vivo perfused hearts. Ventricles in lamp2e2/e2 appear rounder. Scale 

bar is 1 mm. B. Shape index (area over perimeter squared) is increased in lamp2e2/e2 fish 

(N=15 for wild-type and 16 for lamp2e2/e2). C. Red channel intensity is bigger in lamp2e2/e2 

hearts, supporting denser tissue (N=15 for wild-type and 16 for lamp2e2/e2). D. Increased 

end-systolic volume at low flow (0.05 ml/min; ESV05) in lamp2e2/e2hearts (N=15 for wild-

tvpe and 16 for lamp2e2/e2). E. Quantification of F (N=6 hearts for wild-type and N=5 for 

lamp2e2/e2). F. Trichrome-stained heart slices show denser trabeculae myocardium. Scale bar 
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is 50 μm. G. Reduced ejection fraction (EF%), H. Reduced fractional area contractility (FAC

%), and I. reduced radial strain both suggest compromised cardiac pump function in 

lamp2e2/e2 (LM). Shown in G-I are ex vivo studies of Langendorff-like perfused hearts 

(N=12). J. qRT-PCR to quantify transcripts of fetal gene program (N=5 and 7 for WT and 

LM, respectively). *P<0.05.
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Fig. 4. Atrial hypertrophy in lamp2e2/e2.
A. Representative electrocardiograms. Note increased magnitudes of P-waves in 

lamp2e2/e2(LM, right panel). B. Quantification of ECG parameters: P-wave magnitude is 

increased (*P<0.0005.). C. Representative images of the inflated atrium. Atria in lamp2e2/e2 

appear bigger and less transparent. Scale bar is 0.8 mm. D. Quantification of the area of atria 

averaged from two perpendicular planes and normalized by BW (N=3). E. Trichrome 

staining of the atrial slices. Additional trabeculae were noted in atria of lamp2e2/e2. Scale bar 

is 100 um.
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Fig. 5. mTOR inhibition alleviates cardiac dysfunction and blunted β-adrenergic response in 
lamp2e2/e2.
A. Representative end-diastolic and end-systolic images of ventricles from 

echocardiography. B-D. In vivo parameters of cardiac pump function via HFE (N=11 for all 

groups). Both ejection fraction (EF%) and fractional area contractility (FAC%) were reduced 

in lamp2e2/e2 (LM), and were partially rescued in lamp2e2/e2 ; xu015+/− (LMT). Fractional 

shortening (FS%) at the long axis (LAX), but not short axis (SAX), was rescued. E-G. Ex 

vivo indices of the response to isoproterenol (N=15 for the wild-type, 16 for lamp2e2/e2, and 

11 for lamp2e2/e2 ; xu015+/−). The ISO-induced increase of EDV (ΔEDV) and EF (ΔEF) 
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were blunted in LM, but rescued in LMT group. By contrast, the ISO-induced increase in 

ESV (ΔESV) was not affected. (Mean ± SEM in the ex vivo ISO response experiment). * P 
< 0.05, LM to WT, # P <0.05, LMT to LM group (rescue).
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Fig. 6. mTOR inhibition normalizes maximal isometric tension and kinetics of activation in 
single myofibrils.
A. A representative image of a single myofibril preparation attached to the glass micro-tools. 

B. Cross-sectional area (CSA) of myofibrils in experiments (N=9. 10 and 8 for the wild-

type, lamp2e2/e2, and lamp2e2/e2 ; xu015+/−, respectively). C. Schematics of the calcium 

activation and force re-development traces in single myofibrils during release-re-stretch 

maneuver (*). Shown are WT, LM and LMT groups; D and E. Rates of calcium activation 

(kACT) and force re-development (kTR) are both higher in lamp2e2/e2 (LM) and normalized 

in double mutant (LMT). F. Parameters of the rate of fast exponential relaxation (kEXP) have 
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no difference among three groups. G. Maximal tension is increased in lamp2e2/e2 (LM), but 

rescued in lamp2e2/e2; xu015+/− (LMT). H. Calcium sensitivity (pCa50) is reduced only in 

double mutant (LMT). I. Hill coefficient is decreased in both LM and LMT groups. * - p < 

0.05 to WT # - p<0.05 to LM group (rescue).
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