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Abstract

Simultaneous substitution of three amino acid residues in the calmodulin binding domain 

(W3587A/L3591D/F3603A, ADA) of the cardiac ryanodine receptor ion channel (RyR2) impairs 

calmodulin inhibition of RyR2 and causes cardiac hypertrophy and early death of Ryr2ADA/ADA 

mice. To determine the physiological significance of growth promoting signaling molecules, the 

protein and phosphorylation levels of Ser/Thr kinase mTOR and upstream and downstream 

signaling molecules were determined in hearts of wild-type and Ryr2ADA/ADA mice. 

Phosphorylation of mTOR at Ser-2448, and mTOR downstream targets p70S6 kinase at Thr-389, 

S6 ribosomal protein at Ser-240/244, and 4E-BP1 at Ser-65 were increased. However, there was 

no increased phosphorylation of mTOR upstream kinases PDK1 at Ser-241, AKT at Thr-308, 

AMPK at Thr-172, and ERK1/2 at Thr-202/Tyr204. To confirm a role for mTOR signaling in the 

development of cardiac hypertrophy, rapamycin, an inhibitor of mTOR, was injected into wild-

type and mutant mice. Rapamycin decreased mouse heart-to-body weight ratio, improved cardiac 

performance, and decreased phosphorylation of mTOR and downstream targets p70S6K and S6 in 

10-day-old Ryr2ADA/ADA mice but did not extend longevity. Taken together, the results link a 

dysfunctional RyR2 to an altered activity of signaling molecules that regulate cardiac growth and 

function.
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Introduction

Type-2 ryanodine receptor ion channels (RyR2s) release Ca2+ from an intracellular 

membrane compartment, the sarcoplasmic reticulum, which are required for cardiac muscle 
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contraction. RyR2s are regulated by multiple endogenous effectors that include Ca2+ and 

associated protein kinases, phosphatases, and calmodulin (CaM).1–3 CaM is a small 

cytoplasmic Ca2+ binding protein that regulates protein kinases and ion channels. A notable 

property of the RyR2s is their inhibition by CaM at diastolic and systolic Ca2+ 

concentrations.4,5

Altered cellular levels of Ca2+ ions induce pathological growth in the heart in response to 

cellular stress.6–8 We found that simultaneous replacement of three amino acid residues in 

the CaM binding domain of RyR2 (W3587A/L3591D/F3603A, ADA) causes severe cardiac 

hypertrophy at postnatal day 10 and death within 2–3 weeks after birth in Ryr2ADA/ADA 

mice.9 The RyR2 mutations resulted in loss of CaM inhibition of RyR2 at diastolic and 

systolic Ca2+ concentrations9 and were associated with prolonged Ca2+ transients, lower 

Cav1.2 current density, calcium-induced Ca2+ release gain, and irregularities in local and 

global Ca2+ transients,10 which indicated that CaM binding to and CaM inhibition of RyR2 

are required for a normally functioning heart.9,10

Mammalian target of rapamycin (mTOR), part of mTORC1 complex, has been implicated in 

cardiac hypertrophy through regulation of cell size, cell growth, and protein synthesis.11,12 

Pathways associated with activation of mTOR through phosphorylation involve upstream 

tuberin 2 (TSC2) which is regulated by phosphatidylinositol-4,5-bisphosphate 3-kinase 

(PI3K) – phosphoinositide-dependent kinase-1 (PDK1) – AKT, 5′ AMP-activated protein 

kinase (AMPK), and extracellular signal-regulated kinases 1 and 2 (ERK1/2) signaling. 

mTOR activation has been linked to cardiac hypertrophy by phosphorylating downstream 

targets including eukaryotic initiation factor 4E binding protein 1 (4E-BP1) and ribosomal 

S6 kinase (p70S6K), which leads to increased phosphorylation of ribosomal protein S6 

(S6).13 Rapamycin forms a complex with FK506 binding protein that binds to mTOR and 

inhibits the phosphorylation of mTOR.11,12,14 mTOR is also part of a second complex, 

mTORC2. The mTORC2 complex has been implicated in cytoskeletal organization, and in 

contrast to mTORC1, is poorly inhibited by rapamycin.12

The present study asked whether mTOR upstream signaling molecules and downstream 

targets are upregulated and contribute to cardiac hypertrophy of a mouse model with RyR2 

impaired in regulation by CaM. We report that phosphorylation of mTOR at Ser-2448, 

p70S6 at Thr-389, S6 at Ser-240/244, and 4E-BP1 at Ser-65 increased in Ryr2ADA/ADA mice 

compared to wild-type mice. Treatment with rapamycin at postnatal days 3, 6, and 10 

inhibited phosphorylation of mTOR, p70S6K, and S6; decreased heart size; and improved 

cardiac function; but did not extend the lifespan of Ryr2ADA/ADA mice.

Materials and methods

Ethics statement

The study was carried out in accordance with recommendations in the Guide for the Care 

and Use of Laboratory Animals of the National Institutes of Health. Protocols were 

approved by the Animal Use Committee of the University of North Carolina at Chapel Hill.
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Materials

Antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) with the 

exception of TSC2-S664 Bioss Products (Atlanta, GA, USA). Chemicals were obtained 

from Sigma-Aldrich Co (St Louis, MO, USA), unless otherwise specified.

Animals

Ryr2ADA/ADA and wild-type mice were obtained by mating Ryr2+/ADA mice.9 Mice were 

backcrossed at least ten times to 129/SvEv genetic background.

Rapamycin treatment

Rapamycin at a concentration of 50 μg/mL was dissolved in 0.2% Na 

carboxymethylcellulose and 0.25% polysorbate.15 Three-day-old pups were separated 

randomly into four groups. Rapamycin (0.5 μg/g body weight) was injected intraperitoneally 

in 3-, 6-, and 10-day-old wild-type and mutant pups, unless otherwise indicated. Vehicle 

injection served as the negative control. Animals were sacrificed 4–5 hours after the last 

injection.

Immunoblots

Hearts (ventricles and atria) of 1-day- and 10-day-old mice were homogenized in 20 mM 

imidazole, pH 7.0, 0.3 M sucrose, 0.15 M NaCl, 1 mM ethylene glycol tetraacetic acid, 

protease and phosphatase inhibitor cocktails (Sigma-Aldrich), 25 mM β-glycerophosphate, 5 

mM NaF, and 2.5 mM NaVO4, using a Tekmar Tissumizer for 3×7 seconds at a setting of 

13,500 rpm. Homogenates were stored in small aliquots at −80°C. Protein concentrations 

were determined using bicinchoninic acid assay. Homogenates (20 μg protein/lane) were 

separated by SDS/PAGE, transferred to nitrocellulose membranes, and probed using rabbit 

antibodies. Western blots were developed using enhanced chemiluminescence and 

quantified using ImageQuantTL Analysis Software. Data were obtained by analyzing 

proteins from at least three hearts for each genotype. GAPDH was the loading control.

Echocardiography

To determine left ventricular cardiac function, transthoracic M-mode echocardiography was 

performed on restrained, unanesthetized 10-day-old mice, using 770 high-resolution imaging 

system VisualSonics (Toronto, ON, Canada) with a 40 MHz probe. Mice were restrained by 

taping down gently to a warmed mouse board made by Indus Industries for VisualSonics.

[3H]Ryanodine binding

Ryanodine specifically binds to ryanodine receptors and is widely used as a probe of 

channel activity.16 Effects of rapamycin on RyR2 activity were assessed by incubating 

cardiac muscle homogenates for 20 hours at 24°C in 20 mM imidazole, pH 7.0, 0.25 M KCl, 

100 μM Ca2+, 5 mM oxidized glutathione, and 5 nM [3H]ryanodine in absence and presence 

of 0.5 μg/mL rapamycin.9 Nonspecific binding was determined using 1,000-fold excess of 

unlabeled ryanodine.
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Statistical analysis

Statistical analysis was performed using Sigma-plot 11.0. A t-test was used to compare two 

groups and analysis of variance to analyze significance among multiple groups. Statistical 

significance is indicated by P<0.05.

Results

Protein and phosphorylation levels of mTOR and downstream targets

Mice impaired in CaM regulation of the cardiac muscle RyR2 ion channel (Ryr2ADA/ADA 

mice) develop cardiac hypertrophy and reduced cardiac function by postnatal day 1, and die 

2–3 weeks after birth.9 To determine the role of mTOR signaling, hearts were collected from 

1-day- and 10-day-old Ryr2ADA/ADA mice. Protein and phosphorylation levels of mTOR and 

downstream targets were determined by immunoblot analysis (Figure 1A and B). p-mTOR-

Ser-2448/mTOR protein ratios increased 1.4- and 1.5-fold in 1-day- and 10-day-old 

Ryr2ADA/ADA hearts compared to wild-type hearts, respectively (Figure 1C and D), without 

significant changes in mTOR protein levels (Figure 1E and F).

Activation of mTOR leads to the phosphorylation of eukaryotic translation initiation factor 

eIF4E-binding protein 1 (4E-BP1) and p70S6K which phosphorylates S6.11,12 Figure 1C 

and D show that pp70S6K-Thr-389/p70SK protein ratios were increased 1.8- and 3.1-fold in 

1- and 10-day-old mutant hearts compared to wild-type, respectively. p70S6K protein levels 

were not altered (Figure 1E and F). pS6-Ser-240/244/S6 protein ratios were comparable in 

1-day-old mutant and wild-type hearts but increased twofold in 10-day-old mutant hearts 

compared to wild-type mice (Figure 1C and D).

4E-BP1 phosphorylation involves an initial phosphorylation of Thr-37 and Thr-46, followed 

by phosphorylation at Ser-65 and Thr-70.17 Immunoblot analysis showed unaltered protein 

levels and phosphorylation levels of 4E-BP1 at Thr-37/46, Ser-65, and Thr-70 in 1-day-old 

mutant hearts compared to wild-type hearts (Figure 1A, C, and E). At day 10, 4E-BP1 

protein content increased 1.8-fold, and 4E-BP1 phosphorylation increased 2.2-fold at 

Thr-37/Thr-46, 4.5-fold at Ser-65, and 1.8-fold at Thr-70, with respective phosphory-lation/

protein ratios of 1.2, 2.7, and 1.0 (Figure 1B, D, and F). The results of Figure 1 suggest that 

impaired CaM regulation of RyR2 enhances phosphorylation of mTOR and mTOR 

downstream targets p70S6K, S6, and 4E-BP1.

Protein and phosphorylation levels of PI3K-PDK1-AKT signaling

The mTORC1 signaling complex is activated by PI3K-PDK1-AKT-TSC2 signaling.11,12 

The PI3K family has been implicated in cardiac hypertrophy and heart failure.18 Upon 

activation by growth factors, PI3Ks phosphorylate the 3-hydroxyl group of 

phosphatidylinositols, producing phos-phatidylinositol (3,4,5)-trisphosphate (PIP3),19 which 

leads to the phosphorylation and activation of PDK1 and AKT. There were significant 

increases in the phosphorylation to protein ratio of subunit p85, pPI3Kp85-Tyr-458/

PI3Kp85, and the protein content of catalytic subunit p110α in the hearts of 10-day-old 

Ryr2ADA/ADA mice (Figure 2A–C), but no significant changes in 1-day-old mice (Figure 2D–

F), nor were the protein levels of PI3Kp85 significantly increased in 1-day- and 10-day-old 
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mice (Figure 2B and E). Phosphatase and tensin homolog (PTEN) negatively regulates PI3K 

signaling by dephosphorylating PIP3. It has a carboxy-terminal regulatory domain with 

several phosphorylation sites including Ser-380 that regulate PTEN stability and activity.20 

We observed comparable protein levels and pPTEN-Ser-380/PTEN protein ratios in 1-day- 

and 10-day-old mutant and wild-type mice (Figure 2).

PDK1 and AKT protein levels and pPDK1-Ser-241/PDK1 protein ratios were comparable in 

1-day- and 10-day-old wild-type and Ryr2ADA/ADA mice (Figure 2). pAKT-Thr-308/AKT 

protein ratio was decreased in 10-day-old Ryr2ADA/ADA mice, whereas no changes were 

detected in the phosphorylation/protein ratio at day 1 (Figure 2C and F). AKT 

phosphorylation of TSC2 at Ser-939 and Thr-1462 activates mTOR through additional 

signaling molecules.21 No significant changes in pTSC2-Ser-939/TSC2 and pTSC2-

Thr-1462/TSC2 protein ratios were observed in 1-day- and 10-day-old hearts (Figure 2C and 

F).

Protein and phosphorylation levels of AMPK and ERK1/2 signaling

We considered the possibility that two alternative pathways involving AMPK and ERK1/2 

protein kinases regulate mTOR activity by phosphorylating TSC2.11,12 Figure 3A–D show 

that AMPK protein levels were not altered in 1-day- and 10-day-old hearts. The pAMPK-

Thr-172/AMPK protein ratio decreased in 1-day-old mutant hearts, whereas in 10-day-old 

mutant hearts there were no significant changes in pAMPK- Thr-172/AMPK protein ratio or 

pTSC2-Ser-1387/TSC2 protein ratio (Figure 3E and F) at a site distinct from those 

phosphorylated by AKT or ERK.21 Protein and phosphorylation levels of ERK1/2 at 

Thr-202/Tyr-204 were not altered in 1-day- and 10-day-old hearts (Figure 3). Furthermore, 

pTSC2-Ser-664/TSC2 protein ratio at a site specific for ERK1/2 was not altered in 1-day-old 

mutant hearts and decreased in 10-day-old mutant hearts (Figure 3E and F). The results of 

Figures 2 and 3 suggest that PI3K-PDK1-AKT, AMPK, and ERK1/2 signaling pathways do 

not have a significant role in the upregulation of mTOR activity in the mutant hearts.

Effects of mTOR inhibitor rapamycin

To investigate the in vivo role of mTOR in Ryr2ADA/ADA mice, we used the mTOR inhibitor 

rapamycin. In initial experiments, rapamycin concentrations ranging from 0.25–10 μg/g 

body weight were injected in wild-type and mutant mice at postnatal days 3, 6, and 10. 

Vehicle injection served as a control. An optimal rapamycin concentration was 0.5 μg/g 

body weight, as it induced no change in the body weight of mutant and wild-type mice 

(Figure 4). However, heart weight and heart-to-body weight ratio significantly decreased in 

Ryr2ADA/ADA mice with no significant changes in wild-type mice (Figure 5). Rapamycin did 

not affect liver- and lung-to-body weight ratios (data not shown).

Rapamycin (0.5 μg/g body weight) did not increase the lifespan of Ryr2ADA/ADA mice, with 

mean lifetimes of 13.5±0.5 days (n=12) and 13.9±0.5 days (n=10) for mutant mice treated or 

not treated with rapamycin, respectively. Echocardiography indicated that rapamycin 

significantly reduced interventricular septum diastolic and systolic thicknesses, left 

ventricular posterior wall at end systole, and heart rate in wild-type mice, without 

significantly changing these parameters in Ryr2ADA/ADA mice (Table 1). Rapamycin 

Huang et al. Page 5

J Receptor Ligand Channel Res. Author manuscript; available in PMC 2015 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significantly improved left ventricular dimension at end systole (1.86 vs 2.71 without 

rapamycin), fractional shortening (20.5% vs 8.9% without rapamycin, as determined by t-

test), and ejection fraction (43.0% vs 22.6% without rapamycin) in 10-day-old Ryr2ADA/ADA 

mice (Table 1). Values obtained for wild-type remained similar with and without rapamycin 

treatment (0.35 vs 0.36, 72.5% vs 76.3%, and 96.6% vs 97.6%, respectively).

Rapamycin reduced mTOR protein levels in 10-day-old wild-type hearts, whereas p70S6K 

and S6 protein levels were not significantly altered among the four groups of animals 

(Figure 6A and C). Phosphorylation/protein ratios were lowered 1.7-fold for mTOR at 

Ser-2448 and fourfold for p70S6K at Thr-389 in Ryr2ADA/ADA hearts without a significant 

change in wild-type hearts (Figure 6B). A decrease was detected in the pS6-Ser-240/244/S6 

protein ratio in both mutant and wild-type hearts (eightfold in mutant hearts vs fourfold in 

wild-type). Rapamycin increased 4E-BP1 protein levels in mutant mice (Figure 6A and C). 

4E-BP1 phosphorylation levels at Thr-37/Thr-46 (1.4- vs 1.5-fold with rapamycin), Ser-65 

(1.8- vs 1.7-fold with rapamycin), and Thr-70 (1.4- vs 2.3-fold with rapamycin) were not 

significantly altered in mutant hearts compared to wild-type hearts. The respective 

phosphorylation to protein ratios are shown in Figure 6B. No significant changes were 

observed between control and rapamycin-treated animals. Taken together, the results 

suggest that in rapamycin-treated Ryr2ADA/ADA mice, the remaining hypertrophic response 

may be linked to increased 4E-BP1 protein and phosphorylation levels.

A potential limitation was that rapamycin activated RyR2.22 We found that RyR2 activity, 

determined by a [3H] ryanodine ligand binding assay using wild-type and mutant heart 

homogenates (see “Materials and methods”), was not increased (49.4±4.6 and 38.0±3.2 

fmol/mg protein of four individual homogenates in absence and presence of rapamycin, 

respectively, P=0.09) by the low rapamycin concentration (0.5 μg/mL) used in our mouse 

studies. Furthermore, rapamycin did not increase but rather significantly decreased mTOR 

protein levels and pS6-Ser-240/244 protein ratio in wild-type mice.

Discussion

The present study investigated the role of signaling molecules associated with the mTORC1 

complex in cardiac hypertrophy of a mouse model with well-defined mutations in the 

cardiac ryanodine receptor. There was a significant increase in mTOR phosphorylation and 

downstream substrates 4E-BP1 and p70S6K that have been linked to cardiac hypertrophy. 

On the other hand, upstream kinase activities associated with mTOR activation through 

phosphorylation were not altered. There was no significant increase in upstream TSC2 

phosphorylation which is regulated by PDK1-AKT, AMPK, and ERK signaling pathways 

(Figure 7). An intriguing finding was that rapamycin reduced heart-to-body weight ratio and 

improved cardiac function but failed to extend the lifespan of Ryr2ADA/ADA mice. 

Rapamycin attenuated mTOR, p70S6K, and S6 but not 4E-BP1 phosphorylation (Figure 7). 

The results suggest that mTOR signaling participates in the development of cardiac 

hypertrophy in mice with a dysfunctional ryanodine receptor.

An early upregulation of ERK1/2 signaling and reduced GSK3-β activity occurred in hearts 

of embryonic day-16.5 (E16.5) Ryr2ADA/ADA mice.23 Class II histone deacetylase/myocyte 
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enhancer factor-2 signaling and NFAT transcriptional activity, determined in mice carrying 

luciferase transgene driven by NFAT promoter, were upregulated in the hearts of 1-day-old 

hearts but not the hearts of embryonic day-16.5 Ryr2ADA/ADA mice.9,23 Calcineurin A–β 

ablation modestly decreased heart weight and improved cardiac contractility, and extended 

twofold the lifespan of Ryr2ADA/ADA mice; however, it did so without suppressing the 

expression of genes associated with cardiac hypertrophy.23 The results suggest that multiple 

signaling pathways participate in the development of cardiac hypertrophy and heart failure 

in mice expressing a cardiac ryanodine receptor impaired in regulation by CaM.

An early role for mTOR signaling in hypertrophy of Ryr2ADA/ADA hearts is suggested by the 

increase in mTOR-Ser-2448 and p70S6K-Thr-389 phosphorylation at day 1 of age. A nearly 

twofold reduction in mTOR phosphorylation by rapamycin confirmed a role in the 

hypertrophic phenotype of Ryr2ADA/ADA mice. In two studies using a pressure-overload 

mouse model with aortic constriction,15,24 rapamycin reduced left ventricular weight/body 

weight ratio,24 improved cardiac function,24 and reduced p70S6K15 and S624 

phosphorylation levels. In the present study, 4- and 8-fold reduction in pS6-Ser-240/Ser244 

phosphorylation to S6 protein ratio in wild-type and mutant hearts, respectively, were 

associated with a partial reduction in heart weight and improved cardiac performance in 10-

day-old Ryr2ADA/ADA mice, with no significant changes in heart weight and performance in 

wild-type mice. Rapamycin did not reduce 4E-BP1 phosphorylation, in agreement with a 

study where only transient inhibition of 4E-BP1 phosphorylation by rapamycin was seen.25 

The maintained increase in 4E-BP1 phosphorylation may have only partially reduced heart 

weight in rapamycin-treated Ryr2ADA/ADA mice compared to wild-type mice. Further studies 

will be required to identify the pathways that upregulate mTOR signaling in Ryr2ADA/ADA 

mice.

Several signaling pathways upstream of mTOR have been implicated in mTOR activation 

through phosphorylation of TSC2 and PI3K-PDK1-AKT, AMPK, and ERK signaling 

pathways.11,12 The pPI3Kp85-Tyr-458 to PI3Kp85 protein ratio and the pI3K110α protein 

content increased in Ryr2ADA/ADA mice but there was no increase in phosphorylation/protein 

ratios of TSC2 by AKT, AMPK, and ERK signaling pathways.

In mouse cardiomyocytes, CaM is predominantly bound to RyR2.26 Naturally occurring 

mutations in the conserved RyR2-CaM binding domain that impair CaM inhibition of 

sarcoplasmic reticulum Ca2+ release in cardiac pathologies have not been previously 

reported. However, several RyR2 and CaM mutations are associated with stress-induced 

ventricular arrhythmias.27–31 PKA-mediated phosphorylation at RyR2-Ser-2808 of the 

RyR2-Ser-2474 mutant reduced the binding affinity for CaM.32 A modified Gly-Ser-His-

CaM that increased CaM binding affinity restored normal function in cAMP-treated mutant 

cardiomyocytes33 and pacing-induced failing hearts.34 CaM mutants with decreased Ca2+ 

binding affinity,27,29–31 decreased binding to RyR2,27 and increased single channel activity 

and binding affinity to RyR235 were associated with ventricular arrhythmias. The results 

support a regulatory relationship between CaM and RyR2 in hearts.

In conclusion, our studies provide new mechanistic insights into the pathogenesis of a 

mouse model impaired in CaM regulation of RyR2. Our studies show that upregulation of 
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mTOR signaling contributes to the pathological effects of the RyR2 mutation in 

Ryr2ADA/ADA mice. Treatment with the mTOR inhibitor rapamycin attenuated heart weight-

to-body weight ratio and improved cardiac performance but was not sufficient to extend the 

lifespan of Ryr2ADA/ADA mice. The results suggest that enlargement of heart size and heart 

failure are likely mediated through different signaling mechanisms in Ryr2ADA/ADA mice.
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Figure 1. 
Protein and phosphorylation levels of mTOR and downstream targets.

Notes: (A and B) Immunoblots of protein and phosphorylation levels of heart homogenates 

from two individual 1-day- and 10-day-old W and H mice. GAPDH was the loading control. 

(C–F) Protein levels and phosphorylation/protein ratios normalized to W. Data are the mean 

± standard error of six mTOR, five to nine p70S6K, six to nine S6, and eight to nine 4E-BP1 

determinations. *P<0.05 compared with W using two-way analysis of variance.

Abbreviations: H, Ryr2ADA/ADA; W, wild-type; mTOR, mammalian target of rapamycin.
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Figure 2. 
Protein and phosphorylation levels of PI3K-PDK1-AKT signaling.

Notes: (A and D) Immunoblots of protein and phosphorylation levels of heart homogenates 

from two individual 1-day- and 10-day-old W and H mice. GAPDH was the loading control. 

(B, C, E, and F) Protein levels and phosphorylation/protein ratios normalized to W. Data are 

the mean ± standard error of nine to 16 PI3Kp85 and PI3Kp110α; six to seven PDK1; six to 

18 AKT; three 1-day TSC2-Thr-1462; and six to 12 remaining TSC2 determinations. 

*P<0.05 compared with W using two-way analysis of variance.

Abbreviations: H, Ryr2ADA/ADA; W, wild-type.
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Figure 3. 
Protein and phosphorylation levels of AMPK and ERK1/2 signaling.

Notes: (A and C) Immunoblots of protein and phosphorylation levels of heart homogenates 

from two individual 1-day- and 10-day-old W and H mice. GAPDH was the loading control. 

(B, D, E, and F) Protein levels and phosphorylation/protein ratios normalized to W. Data are 

the mean ± standard error of nine to eleven AMPK, six to 12 TSC2, and 18–24 ERK1/2 

determinations. *P<0.05 compared with W using two-way analysis of variance.

Abbreviations: H, Ryr2ADA/ADA; W, wild-type.
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Figure 4. 
Body weights of WT and HOM mice as a function of rapamycin concentration.

Notes: Indicated concentrations of rapamycin were injected into 3-, 6-, and 10-day-old WT 

and HOM mice. Injection with 10 μg rapamycin/g body weight resulted in the death of two 

of five WT and three of four HOM mice before postnatal day 10. Injection with the solvent 

(10 μL/g body weight) served as control.

Abbreviations: HOM, Ryr2ADA/ADA; WT, wild-type.
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Figure 5. 
Body and heart weights of 10-day-old WT and mutant mice without and with rapamycin 

treatment.

Notes: WT and HOM mice were injected with 0.5 μg rapamycin/g body weight at postnatal 

days 3, 6, and 10. Injection with the solvent served as control. Data are the mean ± standard 

error of five to seven mice. *P<0.05 compared to WT mice without rapamycin; #P<0.05 

compared to HOM mice without rapamycin; %P<0.05 compared to WT with rapamycin 

using two-way analysis of variance.

Abbreviations: CON, control; HOM, Ryr2ADA/ADA; RAPA, rapamycin; WT, wild-type.
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Figure 6. 
Protein and phosphorylation levels of mTOR and downstream targets of W and 

Ryr2ADA/ADA mice treated with and without rapamycin.

Notes: (A) Protein and phosphorylation levels of heart homogenates from two individual 

10-day-old W and H mice treated with rapamycin (0.5 μg/g body weight, R). Injection with 

the solvent served as control. GAPDH was the loading control. (B and C) Protein levels and 

phosphorylation/protein ratios were normalized to W. Data are the mean ± standard error of 

ten mTOR, six p70S6K, eight S6, and eight to ten 4E-BP1 determinations. *P<0.05 

compared to W mice without rapamycin; #P<0.05 compared to H mice without 
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rapamycin; %P<0.05 compared to W mice with rapamycin using two-way analysis of 

variance.

Abbreviations: H, Ryr2ADA/ADA; W, wild-type; mTOR, mammalian target of rapamycin.
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Figure 7. 
Schematic representation of mTOR signaling in the hearts of Ryr2ADA/ADA mice.

Notes: The present study suggests that: 1) rapamycin inhibits phosphorylation of mTOR and 

downstream targets p70S6K and S6 (solid lines); 2) rapamycin did not significantly alter 

increased 4E-BP1 phosphorylation (dotted line); and 3) PI3K-PDK1-AKT, AMPK, and 

ERK1/2 signaling do not upregulate mTOR phosphorylation through phosphorylation of 

TSC2 in Ryr2ADA/ADA mice (dashed lines).
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Table 1

Echocardiography of 10-day-old WT and mutant mice treated without and with rapamycin

Control Rapamycin

WT HOM WT HOM

Number of mice 5 7 6 5

IVSd (mm) 0.90±0.05 0.68±0.02* 0.70±0.05* 0.55±0.04*

IVSs (mm) 1.44±0.03 0.83±0.05* 1.11±0.04* 0.77±0.5*,%

LVIDd (mm) 1.52±0.8 3.02±0.23* 1.23±0.08 2.32±0.29%

LVIDs (mm) 0.36±0.05 2.71±0.24* 0.35±0.06 1.86±0.29*,#,%

LVPWd (mm) 0.78±0.07 0.80±0.08 0.68±0.04 0.65±0.04

LVPWs (mm) 1.14±0.04 0.76±0.05* 0.95±0.04* 0.65±0.05*,%

FS (%) 6.27±3.51 8.85±3.09* 72.47±3.53 20.51±4.33*,%,&

EF (%) 97.60±0.90 22.56±5.87* 96.55±5.87 43.02±7.26*,#,%

HR (bpm) 605.2±17.6 266.9±33.4* 503.5±14.7* 270.0±18.5*,%

Notes: WT and HOM mice were injected with 0.5 μg rapamycin/g body weight at postnatal days 3, 6, and 10. Injection with the solvent served as 
control. Data are the mean ± standard error of the number of mice shown in the table.

*
P<0.05 compared to WT mice without rapamycin;

#
P<0.05 compared to HOM mice without rapamycin;

%
P<0.05 compared to WT mice with rapamycin using two-way analysis of variance;

&
P<0.05 compared to HOM mice without rapamycin as determined by t-test.

Abbreviations: EF, ejection fraction; FS, fractional shortening; HOM, Ryr2ADA/ADA; HR, heart rate; IVSd, interventricular septum diastolic 
thickness; IVSs, interventricular septum systolic thickness; LVIDd, left ventricular dimensions at end diastole; LIVDs, left ventricular dimensions 
at end systole; LVPWd, left ventricular posterior wall at end diastole; LVPWs, left ventricular posterior wall at end systole; WT, wild-type.
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