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DCM. Myocarditis rats exhibit high inducibility of ventricular 
arrhythmia and prolonged action potential duration (APD).6 
However, detailed elucidation of how inflammation of the heart 
contributes to an increased APD and causes ventricular arrhyth-
mia has not been reported. In myocarditis, inflammation by 
immune cells increases oxidative stress by excessive produc-
tion of free radicals from inflammatory cells. Notably, oxida-
tive stress in cardiomyocytes has been shown to activate Ca2+/
calmodulin-dependent protein kinase II (CaMKII),7 sequen-
tially inducing afterdepolarization by prolonging APD.8 There-
fore, we hypothesized that myocarditis-induced arrhythmias 
could be attributable to CaMKII activation triggered by inflam-
mation and oxidative stress. To prove this hypothesis, we eval-
uated arrhythmic events and mechanisms using an in-vivo myo-
carditis model and Langendorff-perfused isolated hearts. We 
evaluated whether the level of inflammation and CaMKII ac-

yocarditis, and subsequent dilated cardiomyopathy 
(DCM), is a major cause of heart failure and ar-
rhythmia in young patients.1,2 This condition is char-

acterized by infiltration of inflammatory cells into the myocar-
dium with cellular injury, consequent loss of myocytes and 
development of fibrosis and necrosis.3,4 In a significant number 
of patients, the long-term sequelae of cardiomyocyte loss are 
ventricular remodeling, permanent ventricular wall dysfunction, 
DCM, and consequently chronic heart failure. In particular, life-
threatening ventricular arrhythmia or sudden death, occurring 
mainly during acute flare-up of myocarditis, is a serious com-
plication of myocarditis. Therefore, understanding the mecha-
nism of ventricular arrhythmia in myocarditis is important to 
developing treatment and improving prognosis.5

Experimental autoimmune myocarditis in the rat is a unique 
and useful model for understanding myocarditis and subsequent 

M

Received March 12, 2014; revised manuscript received June 8, 2014; accepted June 10, 2014; released online July 24, 2014    Time for 
primary review: 19 days

Cardiology Division, Yonsei University College of Medicine, Seoul (Hyelim P., Hyewon P., D.L., S.O., J.L., H.J.H., S.P., H.-N.P., M.-H.L., 
B.J.); Brain Korea 21 PLUS Project for Medical Science, Yonsei University, Seoul (Hyelim P., B.J.), Korea

Mailing address:  Boyoung Joung, MD, PhD, Associate Professor, Cardiology Division, Department of Internal Medicine, Yonsei University 
College of Medicine, 250 Seungsanno, Seodaemun-gu, Seoul 120-752, Republic of Korea.    E-mail: cby6908@yuhs.ac

ISSN-1346-9843    doi: 10.1253/circj.CJ-14-0277
All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: cj@j-circ.or.jp

Increased Phosphorylation of Ca2+ Handling Proteins as  
a Proarrhythmic Mechanism in Myocarditis

Hyelim Park; Hyewon Park; Dajeong Lee; Sujung Oh; Jisoo Lim;  
Hye Jin Hwang, MD, PhD; Sungha Park, MD, PhD; Hui-Nam Pak, MD, PhD;  

Moon-Hyoung Lee, MD, PhD; Boyoung Joung, MD, PhD

Background:  Because fatal arrhythmia is an important cause of death in patients with myocarditis, we investigated 
the proarrhythmic mechanisms of experimental autoimmune myocarditis.

Methods and Results:  Myocarditis was induced by injection of 2 mg porcine cardiac myosin into the footpads of 
adult Lewis rats on days 1 and 8 (Myo, n=15) and the results compared with Control rats (Control, n=15). In an ad-
ditional 15 rats, 6 mg/kg prednisolone was injected into the gluteus muscle before the injection of porcine cardiac 
myosin on days 1 and 8 (MyoS, n=15). Hearts with myocarditis had longer action potential duration (APD), slower 
conduction velocity (CV; P<0.01 vs. Control), higher CV heterogeneity, greater fibrosis, higher levels of immunoblot-
ting of high-mobility group protein B1, interleukin 6 and tumor necrosis factor-α proteins. Steroid treatment partially 
reversed the translations for myocarditis, CV heterogeneity, reduced APD at 90% recovery to baseline, increased 
CV (P<0.01), and reversed fibrosis (P<0.05). Programmed stimulation triggered sustained ventricular tachycardia in 
Myo rats (n=4/5), but not in controls (n=0/5) or Ca2+/calmodulin-dependent protein kinase II (CaMKII) inhibitor (KN93) 
treated Myo rats (n=0/5, P=0.01). CaMKII autophosphorylation at Thr287 (201%), and RyR2 phosphorylation at 
Ser2808 (protein kinase A/CaMKII site, 126%) and Ser2814 (CaMKII site, 21%) were increased in rats with myocar-
ditis and reversed by steroid.

Conclusions:  The myocarditis group had an increased incidence of arrhythmia caused by increased phosphoryla-
tion of Ca2+ handling proteins. These changes were partially reversed by an antiinflammatory treatment and CaMKII 
inhibition.    (Circ J  2014; 78: 2292 – 2301)
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2 mg of purified cardiac myosin in each of their footpads on 
days 1 and 8 (Myo group, n=15). Another group was injected 
with 6 mg/kg prednisolone into the gluteus muscle prior to the 
immunization (MyoS group, n=15). The control rats received 
injections of 0.5 ml of complete Freund’s adjuvant in the same 
manner (Control group, n=15). Ambulatory Holter monitoring 
was performed for 24 h using a telemetry system (Telemetry 
Research, Auckland, New Zealand).

Echocardiographic Examination
On the 21st day after the initial immunization, transthoracic 
echocardiography was performed while the rats were anesthe-
tized by intraperitoneal administration of pentobarbital sodi-
um (0.25 mg/kg, Dainihon Chemical Co, Osaka, Japan). The 
echocardiographic examination was done with a 15-MHz trans-
ducer (Vivid Q, General Electric-Vingmed, Milwaukee, WI, 
USA) and the M-mode echocardiogram was evaluated along 
the short-axis view of the left ventricle (LV) at the level of the 
papillary muscles. Left ventricular end-diastolic dimension and 
left ventricular endsystolic dimension were measured and the 
left ventricular ejection fraction (LVEF) was calculated from 
the M-mode echocardiograms.

tivation were increased in myocarditis, and reversed by pretreat-
ment with an antiinflammatory agent and CaMKII inhibition.

Methods
Induction of Myocarditis
The investigation conformed to the Guide for the Care and 
Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication, 8th edition, 2011). The 
study protocol was approved by the Institutional Animal Care 
and Use Committee of Yonsei University College of Medicine 
and Cardiovascular Research Institute (approval reference no. 
2011-0136), and conformed to the guidelines of the American 
Heart Association.

The myocarditis model was produced by the method de-
scribed by Inomata et al.9 Briefly, to induce inflammation, 
we used purified cardiac myosin (M0531, Sigma Aldrich, 
Schnelldorf, Germany) from porcine ventricular muscle as the 
antigen. Purified cardiac myosin at a concentration of 7 mg/ml 
was emulsified with an equal volume of complete Freund’s 
adjuvant (BD Biosciences, Heidelberg, Germany) supplement-
ed with Mycobacterium tuberculosis H37 Ra (Difco, Detroit, 
MI, USA) at a concentration of 10 mg/ml. The 6-week-old 
male Lewis rats were immunized by subcutaneous injection of 

Figure 1.    Histologic findings, survival and arrhythmia of myocarditis. (A) Gross images of a heart from each of the 3 groups. (B) 
Histological analysis of the left ventricle of rat hearts on day 21 after immunization. Note the increased inflammation (Upper) and 
fibrosis (Lower) in the Myo group. Bar graphs show quantification of the percentage of inflammatory and fibrotic areas in the 
histological sections. Numbers in columns indicate number of rats. Data are mean ± SEM. (C) Kaplan-Meier Survival curves. The 
Myo group had a lower survival rate than the Control group (P=0.03). (D) Ambulatory Holter monitoring in the Myo group shows 
premature ventricular contractions (*) and ventricular fibrillation (VF). The initiation of VF is marked with an arrow. **P<0.01 or 
*P<0.05 vs. Control. Myo, myocarditis group; MyoS, myocarditis group treated with steroid.
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Activation and repolarization time-points at each site were 
determined from the fluorescence (F) signals by calculating 
(dF/dt)max and (d2F/dt2)max, which have been shown to coin-
cide with approximately 97% repolarization to baseline and re-
covery from refractoriness.12 APD was measured from (dF/dt)
max to 90% recovery to baseline, APD90. Mean APD90 was 
calculated for each heart by averaging APD90 from a region of 
atrium consisting of 10×10 pixels or 100 APD90 from each heart 
for a minimum of 5 hearts. APD dispersion is defined as the 
difference between maximum and minimum APDs. The dura-
tion of calcium transients was determined from the maximum 
first derivative of the Cai upstroke to the time point of 90% 
recovery of Cai to its original baseline. Local conduction ve-
locity (CV) vectors were calculated for each pixel from the 
differences in activation time-points of that pixel (determined 
from (dF/dt)max) and its 7×7 nearest neighbors, as previously 
described.12 Local CVs were averaged and calculated as 
mean ± standard error of the mean (SEM). Local CV can be 
overestimated when 2 wave fronts collide, transmural propa-
gation breaks through the surface or when activation appears 
synchronous over a region of the atrium because of its proxim-
ity to the pacing electrode. To avoid overestimations of CV, 
values >1.25 m/s were deleted from the analysis.13 Time and 
frequency domains analysis was achieved, as previously de-
scribed.14

Programmed Stimulation
To test for vulnerability to ventricular tachycardia (VT), each 

Optical Mapping
On the 21st day, rats from 5 groups (250–300 g; Control, n=6; 
Myo, n=6; MyoS, n=6; Myo + KN92, n=5; Myo + KN93, n=5) 
were anesthetized with an intraperitoneal injection of ketamine 
(80 mg/kg) and xylazine (4 mg/kg). The chests were opened via 
median sternotomy and the hearts were rapidly excised and 
immersed in cold Tyrode’s solution (composition in mmol/L: 
125 NaCl, 4.5 KCl, 0.25 MgCl2, 24 NaHCO3, 1.8 NaH2PO4, 
1.8 CaCl2, and 5.5 glucose). The ascending aorta was imme-
diately cannulated and perfused with 37°C Tyrode’s solution 
equilibrated with 95% O2 and 5% CO2 to maintain a pH of 7.4. 
Coronary perfusion pressure was regulated between 80 and 
95 mmHg. For optical recording, the contractility of the heart 
was inhibited by 10–17µmol/L of blebbistatin.10 For dual mem-
brane voltage (Vm) and intracellular Ca2+ (Cai) recordings, the 
hearts were stained with Rhod-2 AM and RH237 (Molecular 
Probes, Eugene, OR, USA) and excited with laser light at 
532 nm.11 Fluorescence was collected using 2 cameras (MiCAM 
Ultima, BrainVision, Tokyo, Japan) at 1 ms/frame and 100×100 
pixels with spatial resolution of 0.35×0.35 mm2/pixel. The 
mapped area included parts of the right and left ventricular 
free walls. Optical mapping were performed in 6, 6 and 6 rats 
in the Control, Myo and MyoS groups, respectively. To evalu-
ate the effect of CaMKII activation on arrhythmia, optical map-
ping was performed in additional rats with myocarditis after 
active CaMKII blockade (KN 93, 1 μmol/L infusion) for 20 min 
(Myo+KN93 group, n=5) or inactive CaMKII blockade (KN 
92, 1 μmol/L infusion) for 20 min (Myo+KN92 group, n=5).

Figure 2.    Increased inflammation and oxidative stress in myocarditis. (A) Western blot analysis of HMGB1, IL-6, TNF-α, iNOS and 
Cox-2 protein expressions (Left) and quantification (Right) in left ventricular tissues from each group. (B) HMGB1, IL-6 and TNF-α 
levels in serum. Numbers indicate the number of rats. Data are mean ± SEM. *P<0.005, **P<0.001. HMGB1, high-mobility group 
protein B1; IL, interleukin; iNOS, inducible nitric oxide synthase; Myo, myocarditis group; MyoS, myocarditis group treated with 
steroid; TNF, tumor necrosis factor.
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Abcam Reagents, Cambridge, MA, USA), anti-IL-6 (1:1,000, 
Abcam Reagents), anti-TNF-α (1:1,000, Abcam Reagents), 
anti-iNOS (1:1,000, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), anti-Cox-2 (1:1,000, Santa Cruz Biotechnology) 
and anti-GAPDH (1:1,000, Santa Cruz Biotechnology). After 
development, the densities of each band in the digitized im-
ages were measured using the ImageJ program.

Blood was obtained from the abdominal aorta of each rat 
in the 3 groups on day 21. Enzyme-linked immunosorbent 
assay was performed to determine the levels of HMGB1, IL-6 
and TNF-α in serum. According to the manufacturer’s instruc-
tions, protein levels in serum were quantified with HMGB1 
(IBL International, Hamburg, Germany), IL-6 (R&D System, 
Minneapolis, MN, USA) and TNF-α (R&D System) kits.

Immunoblot Analysis of Ca2+ Handling Proteins
The protein levels of total CaMKIIδ (1:1,000; Santa Cruz 
Biotechnology), Thr287 and Thr306/Thr307 phosphorylated 
CaMKIIδ (1:1,000; Abcam Reagents), GAPDH (1:100,000; 
Abcam Reagents), total RyR2 (1:1,000; Abcam Reagents), 
Ser2808 and Ser2814 phosphorylated RyR2 (1:500 and 1:1,000, 
Badrilla, Leeds, UK), total phospholamban (PLB) (1:1,000; 
Santa Cruz Biotechnology), Thr17 phosphorylated PLB (1:1,000; 
Santa Cruz Biotechnology) and L-type calcium channel sub-
units α (1:1,000; Santa Cruz Biotechnology) were quantified 
by western blotting. Targeted antigens were visualized with 

heart was paced at the LV using a programmed stimulation 
protocol consisting of 20 S1 pulses at 250 ms cycle length (CL) 
followed by a premature S2 pulse with progressively shorter 
S1–S2 interval steps: 250 to 100 ms in 20 ms steps; 100 to 70 ms 
in 10 ms steps and 60 to 35 in 5 ms steps, until loss of capture 
or the initiation of VT. Optical mapping and VT induction 
studies were performed in 5 rats in each group.

Histology and Assay of Inflammatory Cytokines and  
Oxidative Stress
On the 21st day after initial immunization, hearts from 3 groups 
were immediately separated and weighed. The ratio of heart 
weight to body weight was calculated. In randomly selected 
rats, the heart was transversely sliced and fixed in 10% forma-
lin, embedded in paraffin and stained with hematoxylin-eosin 
or Masson’s trichrome for histological evaluation. Quantifica-
tion of inflammation and fibrotic area was expressed as the 
percentage of stained area in comparison with the total area 
of fields examined, using ImageJ, image analysis software 
(National Institutes of Health, Bethesda, MD, USA).

The immunoblotting of high-mobility group protein B1 
(HMGB1), interleukin 6 (IL-6), tumor necrosis factor α (TNF-
α), inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 
(Cox-2) was performed to evaluate the level of inflammation 
and oxidative stress of tissue. Targeted antigens were probed 
with the following primary antibodies: anti-HMGB1 (1:1,000, 

Figure 3.    Prolongation of action potential duration (APD) in myocarditis. (A) Representative Vm and Cai tracings at pacing cycle 
length of 300 ms. Note the increased APD and Cai transient duration in myocarditis. (B) Activation (Upper) and APD maps (Lower). 
The dotted line marks the interventricular septum. *Action potential and Cai transient recording sites. (C) Comparison of APD90 
among various groups. Compared with Control, APD90 was significantly prolonged in the Myo and Myo+KN92 groups (P<0.05). 
Numbers within columns indicate the number of tissue samples. Cai, intracellular Ca2+; Myo, myocarditis group; MyoS, myocardi-
tis group treated with steroid; Vm, dual membrane voltage.
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in Myo rats (2±1% vs. 28±5%, P<0.001). The infiltration of 
inflammatory cells was partially prevented in the MyoS group 
(15±5%, P=0.006). Myo rats showed increased levels of fibrosis 
compared with controls (6±2% vs. 20±2%, P<0.001). However, 
the MyoS group had less fibrosis than the Myo group (11±2%, 
P=0.013).

Figure 1C shows the Kaplan-Meier survival curves of the 
3 groups. The Myo group had lower survival rates than the 
controls (P=0.03). Figure 1D shows the ventricular premature 
beats and VT recorded by ambulatory Holter monitoring in the 
Myo group. Although arrhythmias were not observed in con-
trol rats, they were observed in 5 (56%) of the 9 surviving rats 
and 0 (0%) of 14 surviving rats in the Myo and MyoS groups, 
respectively (P=0.03).

Compared with controls, the myocarditis model showed 
decreased LVEF (83±3% vs. 58±7%, P<0.001) and increased 
LVDD (6.6±0.1 vs. 7.6±0.3 mm, P=0.005) and LVDS (5.3±0.6 
vs. 3.4±0.4 mm, P=0.003) (Figure S1).

Increased Inflammation and Oxidative Stress in Myocarditis 
Model
Compared with the controls, HMGB1, IL-6, TNF-α, iNOS, 
Cox-2 expressions in the Myo group were increased by 3.1- 
(P<0.001), 2.8- (P=0.003), 2.2- (P=0.005), 1.8- (P<0.001) and 
4.7-fold (P<0.001), respectively. After steroid treatment, com-
pared with the Myo group, HMGB1, IL-6, and TNF-α expres-

the suitable horseradish peroxidase-conjugated secondary IgG 
(1:5,000; Santa Cruz Biotechnology) followed by enhanced 
chemiluminescence assay (ECL Plus, Amersham, Piscataway, 
NJ, USA). Bands were scanned and their intensities were quan-
tified with the Image J software.

Statistical Analysis
Data are expressed as the mean ± SEM. Statistical differences 
between groups were tested by ANOVA analysis with post-hoc 
Bonferroni test. ANOVAs and post-hoc were used to compare 
numeric variables of the 3 groups. P<0.05 was considered 
statistically significant.

Results
Arrhythmia and Survival of Myocarditis Rats
The heart weights were 1.2±0.1 g, 1.5±0.1 g and 1.3±0.0 g in the 
Control, Myo group and MyoS groups, respectively (Figure 1A). 
The ratios of heart weight to body weight were 3.2±0.3, 4.0±0.5 
and 3.6±0.6, respectively. The Myo group had heavier heart 
weight than the Control (P=0.001) and MyoS groups (P=0.03). 
The ratios of heart weight to body weight were also larger in 
the Myo group than in controls (P=0.006).

Figure 1B shows the histological analysis on 21 days after 
the initial immunization with cardiac myosin. Compared with 
controls, the infiltration of inflammatory cells was increased 

Figure 4.    Spontaneous triggered activity and ventricular tachycardia (VT) in myocarditis. (A) Action potential tracings recorded 
from base (site 1, black line) and apex (site 2, gray line) of the left ventricle (LV) showing triggered activity and VT. (B) Activation 
maps show that the first 3 beats originated from the LV base (site 1). The fourth beat was generated from the apex of the LV (site 
2), and the fifth beat originated from the same site as the beats 1–3. Beats 6–9 were generated from the LV apex (site 2). The 
dotted line marks the interventricular septum. (C) Other examples of spontaneous triggered activity (Left, arrows) and VF (Right) 
in myocarditis.
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Increased Ventricular Arrhythmias in Myocarditis Model
Figure 4 shows an example of spontaneous triggered activity 
and VT observed in the myocarditis model. Beats 1–3 each 
had the same normal conduction pattern, originating from the 
left upper left side of the recording window, while beat 4 was 
a spontaneously triggered beat originating from apex of the 
LV (site 2). Beat 5 also had the same normal conduction pat-
tern. The subsequent 3 beats (6–9) also originated from the same 
site (site 2).

Spontaneous triggered activities were observed in 1 (17%), 
5 (83%) and 2 (33%) rats in the Control (n=6), Myo (n=6) and 
MyoS (n=6) groups, respectively. Spontaneous triggered ac-
tivities were more frequently observed in the Myo group than 
in the Control group (P=0.02). The Myo+KN 93 group had a 
significantly lower incidence of spontaneous VT (P=0.02) than 
the Myo group.

By programmed stimulation, VT were induced in 0, 4 (80%), 
and 0 (0%) rats in the Control (n=5), Myo (n=5), and MyoS 
(n=5) groups, respectively. Hearts with myocarditis had high-
er inducible VT or ventricular fibrillation (VF) than controls 
(P=0.01). Steroid treatment prevented inducible VT or VF 
after myocarditis was induced (P=0.01). Inducible ventricular 
arrhythmias were not observed in the Myo+KN 93 group, but 
in 2 of 3 hearts from the Myo+KN 92 group.

Conduction Heterogeneities in Myocarditis Model
The CV vector maps showed that conduction was significantly 
slower in the Myo group than in the other groups and conduc-
tion was more heterogeneous in the Myo group than in the 
other groups (Figures 5A,B). To quantify this heterogeneous 
of conduction, the conduction heterogeneity index across 5 
tested pacing CLs was calculated. There was a significantly 

sions in the MyoS group were decreased by 0.23- (P<0.001), 
0.64- (P=0.01) and 0.7-fold (P<0.001), respectively (Figure 2A). 
No significant differences in the levels of iNOS and Cox-2 
were noted between Myo and MyoS rats.

On ELISA, the Myo group had increased serum levels 
of HMGB1 (11.6±0.2 vs. 45.0±2.3 ng/ml, P<0.001), IL-6 
(48.5±8.4 vs. 97.6±35.8 pg/ml, P<0.001) and TNF-α (16.2±0.3 
vs. 18.0±0.6 pg/ml, P<0.001) than controls. However, these 
inflammatory markers did not increase in the MyoS group 
(Figure 2B).

Increased APD and APD Dispersion in Myocarditis Model
Figure 3A shows the Vm and Cai tracings recorded at the base 
of the LV during pacing CLs of 300 ms in the Langendorff-
perfused hearts. The Myo group had longer APD with increased 
Cai transient duration than the Control and MyoS groups. 
Figure 3B shows the activation and APD maps. Compared with 
the Control and MyoS groups, the Myo group showed crowd-
ing of activation isochronal lines, suggesting increased con-
duction time of the ventricle. Compared with controls (13±4 ms), 
APD dispersion was increased in the Myo group (43±16 ms, 
P=0.001), but not in the MyoS group (17±5 ms, P=1.0). To 
evaluate the relationship between myocarditis-induced arrhyth-
mia and CaMKII activation, we recorded the action potential 
after pretreatment with CaMKII inhibitor. Myocarditis-induced 
APD prolongation was prevented by pretreatment with KN 93 
(1 μmol/L) for 20 min, but not by KN 92 (1 μmol/L) for 20 min. 
The comparison of mean APD90 among the groups is presented 
in Figure 3C and the comparison of mean Cai transient dura-
tion is shown in Figure S2. The Myo group had a longer mean 
APD90 with increased Cai transient duration than either the 
Control or MyoS group.

Figure 5.    Conduction vector maps (A), 
conduction velocity (CV, B) and conduc-
tion heterogeneity (C) in the left ventricu-
lar anterior wall. (A) Conduction is signifi-
cantly slower in the Myo group than in the 
other groups and more heterogeneous. 
(C) There was increased conduction het-
erogeneity in the Myo group compared 
with other groups. *P<0.001. CL, cycle 
length; Myo, myocarditis group; MyoS, 
myocarditis group treated with steroid.
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increased in myocarditis and reversed after steroid treatment. 
Moreover, the levels of the ratio of Thr17-PLB to total PLB, 
which decreased in Myo hearts (80%), were restored by ste-
roid treatment (Figure 7C). However, the protein levels of 
L-type calcium channel α-subunits were unaltered in myocar-
ditis (Figure S4).

Discussion
Main Findings
Firstly, rats with myocarditis showed decreased survival and 
increased incidence of fatal VT. Secondly, spontaneous triggered 
activity and VT inducibility were increased in myocarditis, and 
partially reversed by treatment with steroid and CaMKII inhibi-
tor, KN93. Thirdly, the myocarditis model showed increased 
activity of Ca2+ handling proteins, including p-CaMKII and 
p-RyR2. Finally, myocarditis-related arrhythmias and activa-
tion of Ca2+ handling proteins were partially attenuated by ste-
roid pretreatment. Our results suggest that the mechanism of 
arrhythmia in myocarditis might be related with the increased 
phosphorylation of Ca2+ handling proteins caused with the in-
flammation and oxidative stress.

higher conduction heterogeneity in the hearts with myocarditis 
than in those of the other groups at all pacing CLs (P<0.001, 
Figure 5B).

For the Control (n=4), Myo (n=4) and MyoS (n=4) groups, 
the discordant alternans heart rate threshold was 673±76, 
306±34 and 527±25 beats/min, respectively (Figure S3). Com-
pared with the Control (P<0.001) and MyoS groups (P=0.01), 
the Myo group showed a significantly decreased the heart rate 
at which discordant alternans was elicited. Moreover, conduc-
tion block and reentry were also observed at a lower heart rate 
in the Myo group than in the other groups (886±103 vs. 
502±42 beats/min, P=0.001) (Figure 6).

Increased p-CaMKII, RyR2 and p-PLB in Myocarditis
We assessed CaMKII, RyR2 and PLB expressions and relative 
phosphorylation levels by western blotting. Figure 7 shows 
the Ca2+ handling protein assay in rat ventricular tissues. CaMKII 
and Thr287-CaMKII protein expressions were significantly 
increased in myocarditis tissue lysates (P<0.001), with unal-
tered Thr306-CaMKII (Figure 7A). With slightly increased 
total RyR2 (P=0.01), both Ser2808-RyR2 and Ser2814-RyR2 
protein expression was significantly increased in myocarditis 
tissue lysates (P<0.001). CaMKII autophosphorylation at Thr287 
(201%), RyR2 phosphorylation at Ser2808 (protein kinase A/
CaMKII site, 126%) and Ser2814 (CaMKII site, 21%) were 

Figure 6.    Initiation of epicardial reenty and ventricular fibrillation in myocarditis. (A) Action potential traces during pacing cycle 
lengths (PCL) of 140 ms, 110 ms and 90 ms in a myocarditis model. (B) Activation maps (numbered as in A). The activation wave 
front of beat 1 propagated uniformly from the stimulation site. Beat 2 was blocked at the lateral part of the left ventricle, as repre-
sented by the hatched area in the activation map. Note the discordant alternans on beat 2. Beats 3–4 show epicardial reentry. 
Beats 5–6 were activated reversely from beats 3–4.
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and CaMKII hyperphosphorylation of CaV1.2 and RyR2 be-
comes arrhythmogenic. RyR2 is phosphorylated by CaMKII 
(serine 2814) and PKA (serine 2814 and 2808). In this study, 
myocarditis was associated with increased phosphorylation of 
serine 2814 and serine 2808 of RyR2. The hyperphosphoryla-
tion of RyR2 promotes RyR2 Ca2+ leak and arrhythmia-trig-
gering delayed afterdepolarizations19 while depleting SR Ca2+ 
to impair inotropy.20–24

Previous studies have reported initial reduction of Ito-related 
molecules, such as the expression levels of Kv4.2, Kv1.5, 
frequenin and KChIP2, in a myocarditis model.25,26 However, 
the role of Ca2+ handling protein has not been evaluated in 
myocarditis. To our knowledge, ours is the first study to sug-
gest that the activation of Ca2+ handling proteins might be a 
mechanism of myocarditis-induced arrhythmias.

Mechanism of Ventricular Arrhythmia in Myocarditis
In this study, the myocarditis model showed electrophysiolog-

Increased Phosphorylation of Ca2+ Handling Proteins in 
Myocarditis
Abundant evidence now supports an important role of CaMKII 
in promoting heart failure and arrhythmias by its actions on 
SR Ca2+ uptake and release.15 The mechanism of CaMKII hy-
peractivity in heart failure is likely attributable to either auto-
phosphorylation of threonine 287 and/or oxidation of methio-
nines 281 and 282.16 In the present study, we found that the 
phosphorylation of CaMKII at Thr 287 was increased in myo-
carditis, suggesting the mechanism of CaMKII hyperactivity 
is attributable to autophosphorylation of threonine 287.

RyR2 is a SR Ca2+ release channel that is activated by a 
trigger of Ca2+ from ICa.17 RyR2 phosphorylation by both pro-
tein kinase A and CaMKII enhances ICa and RyR2 Ca2+ re-
lease. CaMKII helps coordinate this physiological process of 
Ca2+-induced Ca2+ release by phosphorylation of CaV1.2 and 
RyR2. However, in failing myocytes the cell membrane ultra-
structure supporting Ca2+-induced Ca2+ release is distorted18 

Figure 7.    Increased phosphorylation of Ca2+ handling proteins in myocarditis. (A) Protein levels and autophosphorylation status 
of CaMKII at stimulatory (Thr287) and inhibitory (Thr306/Thr307) phosphorylation sites in the left ventricle (LV) of the Myo group 
vs. Control and MyoS groups. (Upper) Representative western blots for total CaMKII protein, Thr287-CaMKII phosphorylation, 
Thr306-CaMKII phosphorylation, and GAPDH expression. (Lower) Quantification of total CaMKII expression and relative Thr287/
Thr306 CaMKII phosphorylation levels. (B, Upper) Representative western blots of total RyR2, Ser2808- or Ser2814-phosphory-
lated RyR2 in tissue homogenates. (Lower) Total RyR2 expression and Ser2808 and relative Ser2814 and Ser2808 phosphoryla-
tion levels. (C, Upper) Representative western blots for total PLB protein and Thr17-PLB phosphorylation in tissue homogenates. 
(Lower) Total PLB expression and Thr17 and relative Thr17 phosphorylation levels. Numbers indicate number of LV tissue sam-
ples. *P<0.05. CaMKII, calmodulin-dependent protein kinase II; Myo, myocarditis group; MyoS, myocarditis group treated with 
steroid; PLB, phospholamban.
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ical features characterized by increases in APD, APD disper-
sion and CV heterogeneity. Although APD prolongation is the 
main mechanism of long QT syndrome, enhanced dispersion 
of repolarization is critical to induce fatal arrhythmia.27 The 
increased level of fibrosis might be the mechanism of conduc-
tion disturbance.

Another interesting electrophysiological finding from this 
myocarditis model was increased spatially discordant alter-
nans. Spatially discordant alternans causes an increase in the 
spatial dispersion of repolarization, and is thought to result in 
T-wave alternans,28 which is a precursor of cardiac electrical 
instability and consequently sudden cardiac death.29 Spatially 
discordant alternans can be explained by increased steepness 
of the APD restitution slope in myocarditis. A steep slope of 
electrical restitution predisposes to the breakup of single spiral 
waves into multiple spiral waves, a process that may account 
for the transition from VT to VF.30,31 A slope of electrical 
restitution ≥1 is especially related to VF.32 Secondly, discor-
dant alternans could be related to altered Ca2+ handling pro-
teins. The net effects of myocarditis remodeling promote Ca2+ 
alternans via increased phosphorylation of RyRs and CaMKII 
signaling to increase their Ca2+ sensitivity (increasing both 
gain and leak).33,34

Attenuation of Myocarditis-Induced Arrhythmia by  
Antiinflammatory Therapy
Inflammatory cytokines, such as HMGB-1, TNF-α or IL-6, and 
oxidative stress were overexpressed in rats with myocarditis. 
As these inflammatory cytokines are strong inducers of reac-
tive oxygen species, this inflammatory process may promote 
cardiac injury and electrical remodeling.6,35 Niwano et al re-
ported that the N-acetylcysteine treatment suppressed ven-
tricular remodeling in myocarditis rats.36 This study consis-
tently showed that steroid pretreatment was related to improved 
survival and suppression of arrhythmias in the rats with myo-
carditis. Therefore, the prevention of inflammation might sup-
press arrhythmia by preventing either remodeling or myocar-
ditis itself.

Study Limitations
We induced myocarditis by injection of cardiac myosin, so our 
results cannot explain the exact mechanisms of myocarditis-
related arrhythmia, which is mostly caused by viral infection 
or other etiologies. However, autoimmunization to myosin might 
be a common pathway of myocarditis.37

Conclusions
A rat myocarditis model showed increased arrhythmia and in-
creased activity of Ca2+ handling proteins, including p-CaMKII 
and p-RyR2, suggesting that the mechanism of arrhythmia in 
myocarditis might be related to increased phosphorylation of 
Ca2+ handling proteins caused by inflammation and oxidative 
stress.
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