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Abstract

Rationale—Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a potentially 

lethal arrhythmic disorder caused by mutations in the type-2 ryanodine receptor (RyR2). Mutant 

RyR2 cause abnormal Ca2+ leak from the sarcoplasmic reticulum (SR), which is associated with 

the development of arrhythmias.

Objective—To determine whether derivatives of tetracaine, a local anesthetic drug with known 

RyR2 inhibiting action, could prevent CPVT induction by suppression of RyR2-mediated SR Ca2+ 

leak.

Methods and results—Confocal microscopy was used to assess the effects of tetracaine and 9 

derivatives (EL1–EL9) on spontaneous Ca2+ sparks in ventricular myocytes isolated from RyR2-

R176Q/+ mice with CPVT. Whereas each derivative suppressed the Ca2+ spark frequency, 

derivative EL9 was most effective at the screening dose of 500 nmol/L. At this high dose, the Ca2+ 

transient amplitude was not affected in myocytes from WT or R176Q/+ mice. The IC50 of EL9 
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was determined to be 13 nmol/L, which is about 400x time lower than known RyR2 stabilizer 

K201. EL9 prevented the induction of ventricular tachycardia observed in placebo-treated 

R176Q/+ mice, without affecting heart rate or cardiac contractility.

Conclusions—Tetracaine derivatives represent a novel class of RyR2 stabilizing drugs that 

could be used for the treatment of the potentially fatal disorder catecholaminergic polymorphic 

ventricular tachycardia.
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1. Introduction

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare inherited disorder 

characterized by stress or exercise-induced ventricular tachycardia leading to syncope and 

sudden cardiac death.[1] Patients with CPVT exhibit episodes of pathognomonic 

bidirectional ventricular tachycardia (VT) despite having structurally normal hearts. 

Whereas mutations in several genes (RYR2, CASQ2, TRDN, CALM1) are known to cause 

CPVT, by far the most common cause is gain-of-function mutations in RyR2, the gene 

encoding the ryanodine receptor type-2. RyR2 regulates Ca2+ release from the sarcoplasmic 

reticulum (SR) in cardiomyocytes, a physiological process that is essential for normal 

excitation-contraction coupling. Mutant RyR2 channels have been shown to open aberrantly 

during diastole, leading to delayed after-depolarizations (DADs), which in turn can trigger 

fatal ventricular arrhythmias.[2]

Current treatment strategies of CPVT include upstream inhibition of β-adrenergic mediated-

activation of RyR2 using β-adrenergic blockers, direct modulation of RyR2 channels, or 

symptomatic treatment of arrhythmias using an implantable cardioverter defibrillator (ICD). 

Because β-blockers and ICD devices often fail to prevent potentially lethal arrhythmias, 

there is a need to develop new drugs that correct RyR2 gain-of-function defects.[3] The first 

of such compounds identified using an animal model of CPVT was the 1,4-benzothiazepine 

derivative K201 (also known as JTV519), which suppressed ventricular tachycardia (VT) 

caused by SR Ca2+ leak.[4] Subsequently, Ye et al.[5] demonstrated that a K201 derivatives 

with enhanced electron donor properties exhibits stronger inhibition of the ryanodine 

receptor type-1 (RyR1) at the single channel level. Other lead compounds such as flecainide 

and carvedilol derivatives have also been tested for anti-arrhythmic effects in CPVT mouse 

models.[6, 7] Since flecainide may not be safely used in patients with structural heart 

disease,[8] we set out to identify another scaffold with RyR2 inhibitory properties and 

generate derivatives thereof in an effort to develop an improved drug therapy for CPVT.

Using the local anesthetic drug tetracaine as the scaffold, we generated novel derivatives that 

are able to suppress aberrant SR Ca2+ release through mutant RyR2 channels in ventricular 

myocytes isolated from a CPVT mouse model.[9] The most potent derivative – EL9 – was 

shown to have an IC50 that was less than 1/10 of the IC50 for K201. The compound EL9 was 
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shown to suppress VT induction in CPVT mice without affecting heart rate and cardiac 

contractility, thus positioning it as a potential novel therapy for CPVT.

2. Material and methods

Please see Online Supplement for additional details.

Animals

Mice heterozygous for mutation R176Q in RyR2 (R176Q/+) were used at the age of 4 

months.[9] Animal protocols were approved by the Institutional Animal Care and Use 

Committee of Baylor College of Medicine.

Synthesis of tetracaine derivatives

Nine derivatives of tetracaine (TTC) were synthesized according to methods provided in 

detail in the online supplement.

Ca2+ sparks measurement

Ventricular myocytes were isolated by a modified collagenase method, loaded with the Ca2+ 

indicator Fluo-4-AM (2 μmol/L), and imaged using a LSM510 confocal microscope (Zeiss), 

as previously described.[10] Once steady-state Ca2+ transient induced by 1Hz pacing was 

observed, pacing was stopped for 20 seconds and Ca2+ sparks were recorded. The half 

maximal inhibitory concentration (IC50) was calculated based on CaSF measured in the 

presence of compound at a series of tested concentrations.

Electrophysiology study

Intracardiac electrophysiology study was performed in R176Q/+ mice and WT littermates at 

the age of 4 months as previously described.[9, 11, 12]

Statistics

Data are presented as mean ± SEM. To compare continuous variables with a skewed 

distribution, the Mann-Whitney test was applied. Fisher’s exact test was used to compare 

categorical data. A P-value of 0.05 or less was considered statistically significant.

3. Results

3.1 Tetracaine derivatives inhibit abnormal SR Ca2+ release events in R176Q/+ myocytes

We developed a screening assay to assess whether our novel compounds can normalize 

excessive SR Ca2+ release through defective RyR2 channels in ventricular myocytes from 

R176Q/+ mice. At baseline - in the absence of β-adrenergic stimulation - the frequency of 

spontaneous Ca2+ sparks after a conditioning 1-Hz pacing train was higher in myocytes from 

R176Q/+ mice (3.4 ± 0.3 sparks/100μm/s) compared to those from WT littermates (2.0 

± 0.4; P<0.05; Supplemental Fig. 1A–B). When β-adrenergic stimulation was mimicked by 

application of isoproterenol (100 nmol/L for 1 hour), the difference in Ca2+ sparks frequency 

became more pronounced in R176Q/+ myocytes (6.8 ± 0.7) compared to WT controls (3.4 

± 0.4; P<0.05). Because arrhythmias in CPVT patients almost exclusively occur during 
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adrenergic stress, we screened the novel compounds in cells that were exposed to 

isoproterenol.

To evaluate the efficacy of small molecules to suppress RyR2 activity, myocytes from 

R176Q/+ mice were incubated with the parent compound tetracaine (TTC) or 9 newly 

synthesized derivatives (EL1-9) at a concentration of 500 nmol/L for 2 hours at 37ºC. The 

chemical structure of these compounds is provided in Supplemental Fig. 2. Compared to the 

vehicle-treated cells, TTC and its 9 derivatives all reduced the Ca2+ sparks frequency (from 

−6% to −62%) (Supplemental Fig. 1C). Among these 10 compounds, EL9 reduced the Ca2+ 

sparks frequency the most (62.4 ± 6.2%; P<0.01 compared to placebo). Therefore, this 

compound was characterized in more detail in subsequent studies.

3.2 Tetracaine derivative EL9 reduced Ca2+ spark frequency (CaSF) in R176Q/+ myocytes

To determine whether EL9 preferentially alters activity of mutant RyR2 more than wild-type 

channels, we assessed the effects of this drug on spontaneous Ca2+ sparks in ventricular 

myocytes from WT and R176Q/+ mice (Fig. 1A). Compound EL9 used at the high 

screening dose of 500 nmol/L did not significantly alter the Ca2+ sparks frequency in WT 

myocytes (Fig. 1B). In contrast, EL9 greatly reduced Ca2+ sparks frequency in R176Q/+ 

myocytes (3.0 ± 0.5 sparks/100μm/s) compared to vehicle treated cells (8.0 ± 0.8; P<0.01). 

Similarly, EL9 also effectively reduced CaSF in a different gain-of-function RyR2 model 

(S2814D knockin model) as described.[13] (Supplemental Fig. 3) These data demonstrate 

that EL9 preferably targets the hyperactive mutant RyR2 channels, normalizing spontaneous 

SR Ca2+ release events to levels observed in WT mice.

More in-depth analysis of the Ca2+ spark characteristics revealed that EL9 did not affect the 

amplitude of individual Ca2+ sparks in ventricular myocytes from WT mice (0.38 ± 0.01 F/

F0), compared to vehicle controls (0.40 ± 0.01; P=0.28; Supplemental Table S1). In contrast, 

EL9 increased the Ca2+ spark amplitude in R176Q/+ mice (0.40 ± 0.008) compared to 

vehicle (0.35 ± 0.003; P=0<0.01). These results suggest that EL9 did not affect the amount 

of Ca2+ released during the brief rising phase of the RyR2 activation in WT myocytes.[14] 

On the other hand, the reduction in amplitudes seen in R176Q/+ myocytes was normalized 

by EL9 to levels seen in WT myocytes. Further analysis revealed that EL9 also did not alter 

the full duration at half-maximum, the full width at half-maximum, the decay rate (tau) and 

rising rate (ΔF/F0/Δt max) of the Ca2+ sparks in WT myocytes, suggesting that this 

compound does not have any detrimental effects on elementary Ca2+ release in normal 

individuals. In contrast, EL9 corrected all abnormal Ca2+ spark parameters observed in 

R176Q/+ myocytes to levels seen in WT mice.

3.3 Dose-response of Ca2+ spark inhibition by EL9

To get a better sense of what drug concentrations are needed to inhibit RyR2 channels, we 

assessed the effects of a range of doses of EL9 on Ca2+ sparks frequency in ventricular 

myocytes isolated from R176Q/+ mice. The dose-response relationship based on inhibition 

of the Ca2+ sparks frequency was determined at concentrations from 10−10 up to 10−7 mol/L 

(Fig. 1C). Sigmoidal dose-response curve fitting was used to determine that the half 

maximal inhibitory concentration (IC50) of EL9 is 1.3×10−8 mol/L. To compare the efficacy 
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of the new compound EL9 to a previously well-characterized RyR2 inhibitor, similar studies 

were performed for K201. The IC50 of K201 in terms of Ca2+ sparks inhibition was found to 

be 5.7×10−6 mol/L, which is about 400x higher than EL9 (Fig. 1D). Thus, tetracaine 

derivative EL9 was found to inhibit excessive SR Ca2+ release at low nanomolar 

concentrations.

3.4 Absence of detrimental effects of EL9 on systolic SR Ca2+ handling

An important consideration is whether the experimental drug compound affects systolic SR 

Ca2+ handling, as a reduction in the Ca2+ transient amplitude would be an unwanted side-

effect potentially leading to negative inotropy. To address this concern, we measured the 

amplitude of the Ca2+ transients induced by field stimulation at 1-Hz (Fig. 2A–B). The 

amplitude of the Ca2+ transient was not altered by EL9 in ventricular myocytes from WT 

mice (2.7 ± 0.4 F/F0) compared to vehicle controls (2.5 ± 0.2; P=0.78). Moreover, EL9 also 

did not alter Ca2+ transient amplitude in R176Q/+ myocytes (2.1 ± 0.1) compared to vehicle 

controls (1.9 ± 0.1; P=0.30). Thus, EL9 did not negatively affect the Ca2+ transient 

amplitude at the cellular level, which suggests no detrimental effects on cardiac function at 

the whole organism level.

3.5 EL9 suppresses arrhythmogenic Ca2+ waves in R176Q/+ mice

Previous studies have shown that abnormal Ca2+ release via RyR2 channels promotes 

spontaneous Ca2+ waves (SCaWs), which can trigger ventricular arrhythmias.[9, 15] To 

determine whether EL9 can suppress triggered activity, we measured the SCaWs in 

R176Q/+ myocytes with incubation of vehicle or EL9. Since flecainide has been previously 

proven to be effective in reducing SCaWs in a CPVT model,[16] it was used as a positive 

control. While 60% of vehicle-treated R176Q/+ myocytes (n=20) developed SCaWs, 9% of 

flecainide (600nmol/L) treated R176Q/+ myocytes (n=11) exhibited SCaWs, similar to 

previous reports.[16] Similarly, 15% of EL9 (500 nmol/L) treated R176Q myocytes 

exhibited SCaWs (n=13), significantly lower than untreated R176Q/+ cells (P=0.015), but 

not different from flecainide-treated R176Q/+ cells (P=1.0) (Fig. 2C–D).

3.6 EL9 suppresses the induction of VT in R176Q/+ mice

To determine whether the ability of EL9 to inhibit aberrant SR Ca2+ release events translates 

into the ability to block ventricular tachyarrhythmias in vivo, we performed programmed 

electrical stimulation studies on R176Q/+ mice. To mimic β-adrenergic stimulation that 

provokes arrhythmias in CPVT patients, we administered epinephrine (2 mg/kg) and 

caffeine (120 mg/kg) intraperitoneally, as previously described.[9] Extra-stimuli protocol 

was used to potentially induce ventricular tachycardia (VT). None of the vehicle treated WT 

mice (0 of 9) developed VT using the pacing protocols (Fig. 3A). In contrast, 70% of 

vehicle-treated R176Q/+ mice (7 of 10, P<0.01 vs WT) had reproducible bidirectional VT 

and/or polymorphic VT (see Fig. 3B–C). Each pacing protocol was performed at least twice 

to determine the reproducibility of VT induction.

Next, we tested the effects of K201 – a known RyR2 stabilizer – on the inducibility of 

CPVT. The drug was injected in R176Q/+ mice (0.5mg/kg, i.p) 15 min prior to programmed 

electrical stimulation. Consistent with prior findings in another mouse model of CPVT,[4] 
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we found that K201 suppressed the induction of VT in R176Q/+ mice (1 of 7 mice; P<0.05 

vs vehicle; Fig. 3D). Since the new compound EL9 requires much lower concentrations to 

suppress aberrant RyR2-mediated Ca2+ release events compared to K201, we sought to 

evaluate whether EL9 can inhibit the development of CPVT in R176Q mice at a dose 400x 

lower that of K201 (0.6 μg/kg). Similar to K201, EL9 was injected intraperitoneally 15 

minutes prior to programmed electrical stimulation. In contrast to vehicle-treated R176Q 

mice, only 17% of EL9-treated R176Q/+ mice (1 of 6 P<0.05 vs vehicle, Fig. 3E) developed 

VT.

3.7 Effects of EL9 on heart rate and ventricular function of R176Q/+ mice

An ideal RyR2 modulating compound should suppress CVPT-associated aberrant diastolic 

SR Ca2+ release events (Ca2+ sparks) without altering the action potential/voltage-triggered 

Ca2+ transient, which is essential for normal excitation-contraction coupling and cardiac 

contractility.[17] To examine the potential effects of EL9 on ventricular contractility, we first 

determined the potential acute, short-term effects of EL9 on WT mice using 

echocardiography. The ejection fraction (EF%), left-ventricular wall thickness at end-systole 

(LVPWs), and internal diameter at end-diastole (LVIDd), among others, were evaluated 

before and 15 minutes after injection of EL9 (0.6 μg/kg i.p.). There were no significant 

differences in any of the major contractile or structural parameters following short-term EL9 

administration (Supplemental Table S2).

Next, we assessed the long-term effects of EL9 on ventricular function in R176Q/+ mice. 

Echocardiography was performed on WT and R176Q/+ mice, as well as R176Q/+ mice 

treated with EL9 (0.6 μg/kg/hr for 6 days) (Fig. 4A). There were no significant differences 

between WT and R176Q/+ mice in terms of the EF%, LVPWs, and LVIDd (Fig. 4B–C). 

Thus, EL9 did not affect short-term or long-term ventricular function in mice.

Finally, we evaluated whether EL9 affects cardiac conduction and heart rate (HR), since it is 

conceivable that inhibition of RyR2 might affect nodal function or conduction velocities.[18] 

We monitored the ECG in WT and R176Q mice before and after a single injection of EL9 or 

metoprolol (a positive control), over a period of 15-minutes. Metoprolol (10 mg/kg) reduced 

HR by 11.5 ± 2.1% in WT mice and by 13.6 ± 1.6% in R176Q mice (P<0.01 vs pre-

injection in both strains of mice; Fig. 4E). In contrast, EL9 (0.6 μg/kg) did not significantly 

affect HR of WT mice (−2.8 ± 1.5%) or R176Q mice (10.5 ± 4.5%) compared to pre-

injection rates (Fig. 4E). Additional analysis of the ECG parameters revealed that 

administration of EL9 (quantified 15 min after injection) did not significantly alter PR, QRS, 

or QTc intervals in WT or R176Q/+ mice (Supplemental Table S3). Together, these data 

suggest that EL9 is safe in vivo, because it does not affect cardiac conduction or ventricular 

contractility.

4. Discussion

In this study, we characterized novel derivatives of tetracaine, a local anesthetic drug with 

known RyR2 inhibiting features.[19] We uncovered that one of the members of this new 

class of compounds, referred to as EL9, effectively suppresses aberrant SR Ca2+ release 

events in ventricular myocytes isolated from mice carrying the pro-arrhythmogenic 
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R176Q/+ mutation in RyR2.[9, 20] Moreover, the compound was shown to prevent the 

induction of ventricular tachyarrhythmias in the R176Q/+ mice, in the absence of 

cardiovascular side-effects. Therefore, tetracaine derivative EL9 may represent a promising 

lead compound for the development of more effective drug therapies for CPVT.

4.1 Selective RyR2 inhibition as a treatment for CPVT

If left untreated, CPVT is associated with mortality rates of up to 30–50% by the age of 40 

years.[21] Since the initial description of CPVT, β-blockers have been the cornerstone of 

therapy of this disorder. In some high-risk CPVT cases, left cardiac sympathetic denervation 

is used when β-blocker and implantable cardioverter defibrillator (ICD) therapy are refused 

or contraindicated. However, resection of the sympathetic chain is associated with side-

effects in the majority of patients.[22] In 2009, the class 1c antiarrhythmic drug flecainide 

was shown to suppress ventricular arrhythmias patients with CPVT.[6] The 2013 guidelines 

now recommend flecainide treatment for CPVT patients with recurrent syncope or 

polymorphic VT while treated with β-blockers.[23] The proposed mechanism of flecainide 

in CPVT is a direct inhibiting effect on RyR2 in addition to the well-known sodium channel-

blocking effects, although some groups have claimed that the beneficial effects of flecainide 

are solely attributable to the sodium channel blocking effects of the drug.[24] Nevertheless, 

it is undisputed that flecainide can block cardiac sodium channels. The use of flecainide is 

contraindicated in patients with sick sinus syndrome or significant conduction delay, 2nd or 

3rd degree heart block or bundle branch block, acquired or congenital long QT syndrome, 

and patients with a history of torsade de pointes.[25]

Since CPVT is most commonly caused by mutations in RyR2, or associated proteins such as 

calmodulin and calsequestrin, drugs have been developed to specifically target this Ca2+ 

release channel complex.[2] Initial studies focused on a 1,4-benzothiazepine derivative 

K201.[26] K201 was shown to prevent the induction of lethal ventricular tachycardias in a 

mouse model of CPVT.[4] However, K201 exhibits many off-target effects including 

inhibition of the delayed rectifier K+-current, which may cause prolonged QT intervals and 

increase risk of torsade de pointes.[27] Moreover, K201 was shown to alter the gating of the 

L-type Ca2+ channel, which could interfere with excitation-contraction coupling.[28]

Lehnart et al.[29] demonstrated that derivatives of K201 with a lower IC50 and better safety 

profile could suppress arrhythmias in a mouse model of CPVT. For example, compound 

S107 - an orally available 1,4-benzothiazepine derivative with high RyR2 activity and no 

significant off-target effects – was shown to suppress ventricular arrhythmias in a R2474S 

heterozygous knock-in mouse model of CVPT. At the single channel level, S107 reduced the 

open probability of RyR2 channels from heterozygous mutant mice, but did not inhibit 

RyR2 from WT mice. The molecular mechanism underlying the therapeutic effects of 1,4-

benzothiazepine derivatives like K201 and S107 is believed to be enhanced binding of 

FK506-binding protein 12.6 (FKBP12.6) to the mutant RyR2 channel complex.[4, 29] In 

fact, K201 derivatives such as S107 were identified using a screening assay focused on 

enhanced FKBP12.6 binding to RyR2, which is a major distinction from our current class of 

tetracaine derivatives.
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Other agents thought to normalize RyR2 dysfunction in CPVT include dantrolene, an agent 

traditionally used for the treatment of malignant hyperthermia owing to its effects on the 

skeletal muscle ryanodine receptor type 1 (RyR1). Dantrolene has been shown to inhibit VT 

in a mouse model of CVPT.[30] Although dantrolene might prevent VT in mouse models of 

CPVT, there are concerns that the compound is more selective for RyR1 compared to RyR2. 

Finally, non-β-blocking carvedilol analogues were shown to be effective in suppressing 

arrhythmogenic Ca2+ waves and β-adrenergic stress-induced VT in mice with CPVT.[31] 

Unlike S-carvedilol, which possessing β-blocking activity, the R-carvedilol enantiomer was 

shown to normalize RyR2 activity without causing bradycardia and hypotension.

4.2 Tetracaine derivatives for CPVT treatment

In this study, we used an unbiased pharmaceutical approach to develop novel derivatives of 

tetracaine (a well-known local anesthetic with some RyR2 inhibiting activity). The new 

tetracaine derivatives were synthesized and structure-activity relationship (SAR) studies 

were performed to identify compounds that inhibit mutant RyR2 channels at nanomolar 

concentrations. We demonstrated that derivative EL9 suppresses aberrant SR Ca2+ release 

events in ventricular myocytes isolated from R176Q/+ mice at concentrations 400-fold lower 

than the RyR2 inhibitor K201.

Using a low dose of 0.6 μg/mg administered intraperitoneally, we demonstrated that EL9 

effectively prevented the induction of ventricular tachycardia in a mouse model of CPVT. 

On the other hand, there was no evidence of altered chronotropy or inotropy in R176Q/+ 

mice treated with EL9, suggesting that WT RyR2 channels are not inhibited at therapeutic 

drug levels. Although patch-clamp studies of Na+ channels in isolated myocytes were not 

performed, it is unlikely that EL9 alters Na+ channel gating because the QRS complex was 

not altered on the ECG of WT and R176Q/+ mice treated with EL9 (Table 2). These data 

together demonstrate that EL9 is a safe antiarrhythmic agent that could be further evaluated 

in large-animal safety studies in preparation for future clinical studies.

5. Conclusions

This study provides a description of a novel class of antiarrhythmic compounds that target 

the SR Ca2+ release channel RyR2. Among derivatives of tetracaine, compound EL9 was 

shown to inhibit aberrant Ca2+ sparks in ventricular myocytes isolated from R176Q/+ mice 

with CPVT. Moreover, the compound was shown to effectively prevent the induction of 

lethal ventricular arrhythmias in vivo. Compound EL9 works at an IC50 in the nanomolar 

range, and does not exhibit cardiac side-effects that compromise cardiac rhythmicity or 

contractility. Therefore, compound EL9 is a promising lead compound for further drug 

development efforts that could potentially provide novel treatment options for the orphan 

disease CPVT in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tetracaine derivative EL9 reduced Ca2+ spark frequency (CaSF) in R176Q/+ myocytes
(A) Representative recordings of Ca2+ sparks in ventricular myocytes of WT and R176Q/+ 

mice in the presence of vehicle or EL9 (500 nmol/L). (B) Summary data showing that EL9 

reduced CaSF in R176Q/+ ventricular cells compared to vehicle. (C, D) Dose-response 

relationship and IC50 determination of EL9 and reference compound K201 using CaSF 

inhibition in R176Q/+ myocytes. **P<0.01.
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Figure 2. Absence of detrimental effects on systolic SR Ca2+ handling and inhibition of 
spontaneous Ca2+ waves (SCaWs) by EL9
(A) Representative recordings of paced Ca2+ transients in WT or R176Q/+ myocytes using 

1-Hz field stimulation, in the presence of vehicle or EL9. (B) Summary data showing that 

EL9 did not alter the Ca2+ transient amplitude in ventricular myocytes from WT and 

R176Q/+ mice. (C) Representative recordings of SCaWs in R176Q/+ myocytes in the 

presence of vehicle, flecainide (600 nmol/L), or EL9 (500 nmol/L). (D) Incidence of SCaWs 

in R176Q/+ myocytes. *P<0.05, **P<0.01.
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Figure 3. EL9 suppresses the induction of ventricular tachycardia (VT) in R176Q/+ mice
Representative recordings of surface ECG (lead 2) and intracardiac electrograms after S1–S2 

extrastimuli (arrows) revealed sinus rhythm in WT mouse (A), but bidirectional (B) and 

sustained VT (C) in R176Q/+ mouse treated with vehicle. Treatment with K201 and EL9 

suppressed the induction of VT in R176Q/+ mice (D, E). Bar graph summarizing incidence 

of reproducible VT in each group (F). Numbers indicate mice studied. *P<0.05, **P<0.01.
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Figure 4. Effects of EL9 on heart rate and ventricular function of R176Q/+ mice
(A) Representative M-mode echocardiogram tracings obtained from WT, R176Q/+, and 

R176Q/+ mice treated with EL9 (0.6 μg/kg/hr for 6 days). Summary bar graphs showing no 

differences among these groups in terms of (B) Ejection fraction (EF), (C) left-ventricular 

posterior wall-thickness at end-systole (LVPWs), and (D) left-ventricular internal diameter 

at end-diastole (LVIDd). (E) The change in heart rate (ΔHR %) in WT and R176Q /+ mice 

treated with metoprolol (10 mg/kg) or EL9 (0.6 μg/kg). **P<0.01 vs pre-injection.
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