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ABSTRACT

Increased Phosphorylation of Ca** Handling Protein as a Proarrhythmic

Mechanism in Myocarditis

Hyelim Park

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Boyoung Joung)

Fatal arrhythmia is an important cause of death in patients with myocarditis. This
study investigated the proarrhythmic mechanisms of experimental autoimmune
myocarditis (EAM). EAM was induced by the injection of porcine cardiac myosin of 2
mg into footpads of adult Lewis rats on day 1 and 8 (Myo, n=15) and compared with
control rats (Control, n=15). In additional rats, corticosteroid of 6 mg was injected into
the gluteus muscle before the injection of porcine cardiac myosin on day 1 and 8 (MyoS,

n=15). Myocytes with myocarditis produced by TNF-a treatment used in intracellular

calcium measurement. Myocarditis hearts had longer action potential duration (APD),



slower conduction velocity (CV; p<0.01 versus control), steeper CV restitution kinetics,

greater fibrosis, higher levels of transcripts for HMGB1, IL-6, and TNF-a and

phosphorylation of Ca*"/calmodulin-dependent protein kinase 11 (CAMKII), ryanodine
receptor type 2 (RyR2) and phospholamban(PLB). Steroid treatment reversed the
transcripts for myocarditis, flattened CV restitution Kinetics, reduced APD at 90%
recovery to baseline, increased CV (p<0.01), and reversed fibrosis and phosphorylation
of CaMKII, RyR2 and PLB (p<0.05). Programmed stimulation triggered sustained VT in
Myo (n=4/5), but not in control (n=0/5), and steroid (n=0/5, p<0.001) and CaMKII
inhibitor (KN93) pretreatment (n=0/4, p=0.001). Myocytes with myocarditis had
increased intracellular calcium (p<0.01 versus control), which was reversed by
pretreatment with steroid and KN93. The electrophysiologic characteristics of
myocarditis were increased APD, slower CV and steeper CV restitution kinetics. These
changes might be related with calcium overloading by increased phosphorylation of

CaMKII.

Key Words: myocarditis, arrhythmia, inflammation, Ca”/calmodulin-dependent

protein kinase 1l



l. Introduction

Myocarditis and subsequent dilated cardiomyopathy (DCM) are major causes of
heart failure and arrhythmia in young patients." This condition is characterized by
infiltration of inflammatory cells into the myocardium with consequent loss of myocytes
and development of fibrosis and necrosis.? In a significant fraction of patients, the loss of
cardiomyocytes leads to ventricular remodeling, permanent ventricular wall dysfunction,
DCM, heart failure, and/or arrhythmias. Therefore, the understanding the mechanism of
the ventricular arrhythmias in myocarditis is important in order to improve the treatment
and patient’s prognosis.®

Experimental autoimmune myocarditis (EAM) in the rat is a unique and useful
model for understanding myocarditis and subsequent DCM.* EAM rats exhibited high
inducibility of ventricular arrhythmia and prolonged action potential duration (APD).
However, the mechanism of arrhythmia was not fully evaluated. Inflammation of the
heart, which is an important mechanism of myocarditis, increases oxidative stress.
Oxidative stress can activate Ca**/calmodulin-dependent protein kinase 1l (CaMKII)®,
prolongs APD and induces afterdepolarization in cardiomyocytes.® Therefore, we
hypothesized that the EAM-induced arrhythmia could be related with CaMKI|I activation,
which was caused by the inflammation and oxidative stress. To prove this hypothesis, we
evaluated arrhythmic events and survival in EAM model. Secondly, arrhythmic
mechanisms of EAM model were studied in Langendorff-perfused isolated hearts.
Thirdly, we evaluated whether the level of inflammation and CaMKII activation are

increased in myocarditis. Finally, we investigated whether the arrhythmic events and



CaMKII activation were suppressed by pretreatment with an anti-inflammatory agent,

corticosteroid.

IT. Methods

1. Induction of EAM

The investigation conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication, 8" Edition,
2011). This study protocol was approved by the Institutional Animal Care and Use
Committee of Yonsei University College of Medicine and Cardiovascular Research
Institute (Approval reference number 2011-0136), and conforms to the guidelines of the
American Heart Association.

The EAM model was produced by the method described by Inomata et al.’
Briefly, to induce inflammation, we used purified cardiac myosin (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) supplemented with
mycobacterium tuberculosis H37 Ra (Difco, Detroit, USA) at a concentration of 10
mg/ml. Six-week-old male Lewis rats were immunized by subcutaneous injection of 2 mg
of purified cardiac myosin in each rear footpad on days 1 and 8 (Myo group, n = 15). In
additional 15 rats, to suppress the inflammation, steroid of 6 mg was injected

simultaneously with purified cardiac myosin emulsified with complete Freund’s adjuvant



supplemented with mycobacterium tuberculosis H37 Ra (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 using

telemetry system (Telemetry research, Auckland, New Zealand).

2. Histology and assay of inflammatory cytokines

After measuring the hemodynamic parameters, hearts were immediately
separated and weighed. The ratio of heart weight to body weight was calculated. The
hearts were stained with Hematoxylin and Eosin. Immunostaining was done using tumor
necrosis factor-a (TNF-a) antibody to identify the degree of inflammation.

Blood was obtained from the abdominal aorta of each group rats on day 21.
Enzyme-linked immunosorbent assay was performed to determine levels of high-mobility
group protein B1 (HMGBJL), interleukin-6 (IL-6), and TNF-a in serum. According to the
manufacturer’s instructions, protein levels in serum were quantified with HMGB1 (IBL
International, Hamburg, Germany), IL-6 (R&D System, Minneapolis, MN, USA) and
TNF-a (R&D System, Minneapolis, MN, USA) kits.

The immunoblotting of HMGBL, IL-6, and TNF-a were performed to evaluate
the inflammation of tissue. Targeted antigens were probed with the following primary
antibodies: anti-HMGB1 (Abcam Reagents, Cambridge, MA, USA), anti-IL-6 (Abcam
Reagents, Cambridge, MA, USA), anti-TNF-a (Abcam Reagents, Cambridge, MA, USA)

and anti-GAPDH (Santa Cruz Biotechnology Dallas, Texas, USA).

3. Optical mapping



On the 21st day after the initial immunization, rats (250 - 300 g) were
anesthetized with 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
KCI, 0.25 MgCl,, 24 NaHCO3, 1.8 NaH,PO,, 1.8 CaCl,, and 5.5 glucose). The ascending
aorta was immediately cannulated and perfused with 37°C Tyrode’s solution equilibrated
with 95% O, and 5% CO, to maintain a pH of 7.4. Coronary perfusion pressure is
regulated between 80 and 95 mm Hg. For optical recording, the contractility of the heart
was inhibited by 10-17 pmol/L of blebbistatin.® The hearts were stained with di-4-
ANEPPS (Invitrogen, Carlsbad, CA) and excited with quasi-monochromatic light (520 +
30 nm) from two green LED lamps. Emitting light was collected by an image-intensified
charge-coupled device camera (Dalsa Inc., Waterloo, Canada) with a 610-nm long pass
filter. Data was gathered at 3.75 ms sampling intervals, acquiring simultaneously from
125 x 125 pixels, each 0.08 mm x 0.08 mm. 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 group, respectively. To evaluate the effect of CaMKII activation on arrhythmia,
optical mapping was performed in additional rats with myocarditis after active CaMKI|
blockade (KN 93, 1 pmol/L) infusion for 20 min (Myo+KN93 group, n=5) or inactive
CaMKII blockade (KN 92, 1 pmol/L) infusion for 20 min (Myo+KN92 group, n=5).

Activation and repolarization time points at each site were determined from
fluorescence (F) signals by calculating (dF/dt)max and (d’F/dt®)max, which has been
shown to coincide with ~97% repolarization to baseline and recovery from

refractoriness.’ Action potential duration was measured from (dF/dt)max to 90%



recovery to baseline, APDg,. Mean APDgy, was calculated for each heart by averaging
APDg, from a region of atrium consisting of 10x10 pixels or 100 APDgy, from each heart
for a minimum of 5 hearts. APD dispersion is defined as the difference between
maximum and minimum APDs. Local conduction velocity (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 x 7 nearest neighbors, as previously described.’ Local CVs
were averaged and calculated as means + standard deviation (SD). Local CV can be
overestimated when two wave fronts collide, transmural propagation breaks through the
surface, or when activation appears synchronous over a region of the atrium because of
its proximity to the pacing electrode. To avoid overestimations of CVs, CVs > 1.25ms™*
were deleted from the analysis.’® Time and frequency domains analysis was achieved, as
previously described.™ APD Restitution Kinetics (RK) curves were generated by plotting
mean APDgy (from a minimum of 100 pixels per atrium times a minimum of 5 hearts
(right or left atria)) versus S1-S2 interval in milliseconds. CV RK curves were generated
by plotting the mean CV from a minimum of 5 ventricles vs. S;-S, interval in

milliseconds.

4. Programmed stimulation

To test VT vulnerability, each heart was paced at the LV using a programmed
stimulation protocol consisting of 20 S; pulses at 250 ms cycle length (CL) followed by a
premature S, pulse with progressively shorter S;-S, 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.



5. Immunoblot analysis of oxidative stress markers and Ca*

handling proteins

The immunoblotting of inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (Cox-2), CaMKIlI, ryanodine receptor type 2 (RyR2), phospholamban
(PLB) and phosphated form were performed by monoclonal antibodies for anti-CaMKIl,
anti-p-CaMKII (Santa Cruz Biotechnology Dallas, Texas, USA), anti-RyR2 (Abcam
Reagents, Cambridge, MA, USA), anti-p-RyR2 (Badrilla, Leeds, UK) and anti-p-PLB
(Santa Cruz Biotechnology Dallas, Texas, USA). The phosphorylation sites for CaMKI|,
RyR and PLB were Thr-287, Ser-2814 and Thr-17, respectively. Targeted antigens were
visualized with the suitable HRP conjugated secondary IgG (Santa Cruz Biotechnology
Dallas, Texas, USA) followed by enhanced chemiluminescence assay (ECL Plus,
Amersham, Piscataway, NJ). Bands were scanned and their intensities were quantified

with Image J software.

6. Measurement of cytosolic Free Ca**
Myocytes with myocarditis was produced by TNF-a treatment and used in

intracellular calcium measurement. The measurement of the cytosolic free Ca®*
concentration was performed by confocal microscopy analysis. Rat cardiomyocytes were
plated on a slide chamber coated with 1.5% gelatin for 1 day in a-MEM containing 10%
fetal bovine serum (Gibco, Paisley, Scotland) and 0.1 uM BrdU (Sigma Aldrich,
Schnelldorf, Germany). After incubation, cells were washed with modified Tyrode
Tyrode’s solution (composition in mmol/L: 125 NaCl, 4.5 KCI, 0.25 MgCl,, 24 NaHCO.,

1.8 NaH,PO,, 1.8 CaCl,, and 5.5 glucose). Cells were then loaded with 10 umol/l



acetoxymethyl ester fluo-4 (Fluo-4 AM, Molecular Probe) for 20 min, at 37°C, in the
dark. Fluorescence images were collected using confocal microscope excited by a 488-

nm argon laser and emitted light was collected through a 510-560 nm band-pass filter.
The relative intracellular Ca?* concentration was determined by measuring fluorescent

intensity.

7. Statistical analysis

Data were expressed as the mean + SEM. Student’s t tests with Bonferroni’s
correction were used to compare the means of two numeric values. The Pearson's chi-
square tests were used to compare two categorical variables. P values <0.05 were

considered statistically significant.

III. Results

1. Arrhythmia and survival of EAM
The heart weights were were 1.2 +0.1g,1.5+0.1 gand 1.3+ 0.0 g in the
control, Myo group and MyoS group, 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 the MyoS group (p=0.03).
The ratios of heart weight to body weight were also larger in the Myo group than the

control (p=0.006).



Figure 1B shows the histological analysis on 21 days after the initial
immunization with cardiac myosin. While no inflammatory changes were observed in the
control rats, there was infiltration of inflammatory cells, including giant cells mainly in
the right ventricle and epicardial layer of LV in Myo rats. The infiltration of
inflammatory cells was not observed in MyoS group (upper and middle panels of Figure
1B). Myo rats showed increased TNF-a than control (34 £ 7% vs. 52 + 5%, p=0.005).
However, MyoS group showed significantly decreased TNF-a than Myo group (31 + 3%,
p=0.001, lower panels of Figure 1B).

Figure 1C shows the Kaplan-Meier survival curves of the three groups. While 4
(27%) out of 15 rats died suddenly at 12 + 3 days after myocarditis in the Myo group, no
(0%) rats and one (6%) rat died in the control and MyoS groups, respectively. The Myo
group had a lower survival rate than the control (p=0.03). Figure 1D shows ventricular
premature beat and VT recorded by ambulatory Holter monitoring in Myo group. While
arrhythmias were not observed in control rats, they were observed in 5 (56%) of the 9
surviving rats and 0 (0%) of 14 survival rats from Myo and MyoS groups, respectively

(p=0.03).
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Figure 1. Histologic findings, arrhythmia and survival of EAM.

A, Gross picture of heart of the 3 groups. B, Histological analysis on 21 days after the
immunization. Hematoxylin-eosin (HE) staining shows inflammation and fibrosis. Note
the increased inflammation (upper and middle panels) and TNF-a expression (lower
panels) in the Myo group. C, Kaplan-Meier Survival curves. The Myo group showed

lower survival rate than the control (p=0.03). D, Ambulatory Holter monitoring in the
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Myo group showing PVCs and VF. PVCs were marked with asterisks. The initiation of

VF was marked with an arrow.

13



2. Increased inflammation in EAM
Compared with the control, HMGBL, IL-6 and TNF-a of the Myo group were
increased by 3.1 + 0.1 (p<0.001), 2.8 + 0.4 (p=0.003) and 2.5 £ 0.1 (p=0.005) times,

respectively (Figure 2A). Compared with the control, Myo group had increased serum

level 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-a (16.2 + 0.3 vs. 18.0 + 0.6 pg/ml, p<0.001) (Figure 2B).

However, these inflammatory markers were not increased in the MyoS group.

14
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Figure 2. Inflammation in EAM.

Western blot (A) and ELISA analysis (B) of HMGBL, IL-6, TNF-a in EAM.
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3. Increased APD and APD dispersion in EAM

Figure 3A shows the action potential traces at the base of LV during pacing CLs
of 300 ms in Langendorff-perfused rat hearts. The Myo group had longer APD than the
control and MyoS group. To evaluate the relationship between myocarditis-induced
arrhythmia and CaMKII activation, we recorded action potential after the pretreatment of
CaMKII inhibitor. Myocarditis induced APD prolongation was prevented by the
pretreatment of KN 93 (1 umol/L) for 20 min, but not by KN 92 (1 pmol/L) for 20 min.
The comparisons of mean APDgy, among groups were presented in Figure 3B. Myo group
had a longer mean APDgy, than the control and MyoS group at all pacing CLs. Figure 3C
shows the activation and repolarization maps. Compared with the control and MyoS
group, the Myo group had the crowing of activation isochronal lines, suggesting
increased conduction time of ventricle. Compared with the control (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).

16
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Figure 3. Increased APD and APD dispersion in EAM. A, Typical action potential
traces of the control (black), MyoS (green), Myo+KN93 (blue), Myo+KN92 (purple) and
Myo (red) groups at the pacing CLs of 300 ms. Action potential recording sites were
marked with asterisks in Figure C. B, The comparison of APDg, among various groups.
Compared with control, APDgy, was significantly prolonged in the Myo and Myo+KN92
groups (p<0.05). C, Activation (upper panels) and APD maps (lower panels). The dotted

line marks the interventricular septum.
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4. Increased ventricular arrhythmias in EAM

Spontaneous triggered activities were observed in 1 (17%), 5 (83%) and 2
(33%) rats in the control (n=6), Myo group (n=6) and MyoS group (n=6). Spontaneous
triggered activities were more frequently observed in Myo group than in control group
(p=0.02). By programmed stimulation, ventricular arrhythmia including VT or VF was
induced in all (100%) rats with EAM (Myo group). However, no and 1 (17%) rat had
inducible ventricular arrhythmia in control and MyoS group, respectively. Ventricular
arrhythmias were more frequently induced in Myo group than in control (p=0.001) and in
MyoS group (p=0.003).

Figure 4 shows an example of spontaneous triggered activity and VT observed
in an EAM model. Beats #1-3 each had the same normal conduction pattern, originating
from the left upper side of recording window, while beat #4 was a spontaneously
triggered beat originating from apex of the LV (site 2). Beat #5 had also the same normal
conduction pattern. The subsequent 3 beats (#6-9) also originated from the same site (site

2).

5. Increased VT Vulnerability in EAM

The typical examples of induced VF were presented in Figure 4C. VT were
induced in 0, 4 (80%), and 0 (0%) rats in control (n=5), Myo (n=5), and MyoS (n=5),
respectively. Myocarditis hearts had higher inducible VT or VF than control (p=0.01).
Steroid treatment prevented inducible VT or VF after myocarditis (p=0.01). Inducible
ventricular arrhythmias were not observed in the Myo+KN 93 group, but in 2 out of 3
hearts from the Myo+KN 92 group. Myo+KN 93 group showed significantly lower

incidence of spontaneous triggered activities (p=0.02) than Myo group.
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Figure 4. Spontaneous triggered activity and VT in EAM. A, The action potential
tracings from base (site 1, black) and apex (site 2, gray) of LV showing triggered activity
and VT. B, The activation maps show the first three beats originating from the LV base
(site 1). The fourth beat was generated from apex of LV (site 2), after which the fifth
beat was originated from the same site as the 1-3rd beats. 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 EAM.
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6. Increased spatially discordant alternans and restitution Kinetics
in EAM

Spatially discordant alternans were easily induced in Myo group. Figure 5A
shows a typical example of action potential traces of the control, Myo and MyoS groups
at various pacing heart rates. The discordant alternans (asterisks of Figure 5A) were
observed at the heart rate of 750 bpm, 460 bpm and 600 bpm in the control, Myo group
and MyoS group, respectively. For the control, Myo and MyoS group, the discordant
alternans heart rate threshold were 673 + 76 bpm, 306 + 34 bpm and 527 + 25 bpm,
respectively (Figure 5B). Compared with control (p<0.001) and MyoS group (p=0.01),
the Myo group showed significantly decreased the heart rate at which discordant
alternans is elicted. Conduction block and reentry were also observed after lower heart
rate in the Myo group than other groups (Figure 6).

CV and APD restitution kinetics (RK) were measured from the both ventricles
of control, Myo and MyoS. While myocarditis increased the steepness of APD RK curve,
steroid treatment reversed the slope of APD RK curves at both ventricles (Figure 7A and
7C). Steroid-treated myocarditis hearts had shorter APDgyy RK curves compared with
myocarditis hearts, consistent with APDgg, Figure 7B shows a marked effect of steroid on

the CV RK compared with myocarditis hearts —namely, a large increase in CV
particularly for short S1-S2 intervals and a less-steep RK curve. The slower CV of the

premature pulse and of the first spontaneous reentrant beat in myocarditis ventricle helps

to sustain VT.
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Figure 5. Aggravated spatially discordant alternans in EAM. A, Action potential
traces of control, Myo and MyoS group at various pacing heart rates. B, Spatially
Discordant Alternans at the pacing heart rates of 750 bpm, 460 bpm and 600 bpm in the

control, Myo and MyoS group, respectively.
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Ao 2 3 7 13 15 ,
Stim ——+—+—+—+—+ -t H 400 ms A
PCL  140ms 100ms 90ms

Figure 6. Initiation of epicardial reenty and VF in myocarditis. A, Action potential
traces during pacing CL of 140 ms, 110 ms and 90 ms in myocarditis model. The
recording sites are marked in Figure B. B, Activation maps. The activation wave front of
beat #1 propagated uniformly from the stimulation site. Beat #2 blocked at the lateral
part left ventricle, as represented by hatched area in activation map. Note the discordant
alternans on beat #2. Beats #3-4 show the epicardial reentry. The beat #5-6 were

activated reversely from beat #3-4.
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Figure 7. Restitution kinetics(RK) of APD and CV. A and B, RK measured from the
left ventricle for APDs at 90% recovery to baseline(APDgy,) and CV, respectively. C and

D, RK measured from right ventricle for APDg, and CV. CV and APD90 were measured

as a function of S1- S2 interval.
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7. Cytosolic Free Ca?".

Next, alterations in impaired intracellular calcium were examined, because focal
activity is easily induced by Ca®* overload in a myocarditis setting. Myocytes with
myocarditis produced by TNF-a treatment used in intracellular calcium measurement.
A significant increase in fluorescence intensity was seen in myocarditis cardiomyocytes,
indicating Ca?* overload (Figure 8A). However, pretreatment with steroid or KN93

decreased the fluorescence intensity by 1.3 times compared with Myo group (Figure 8B).
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Figure 8. Intracellular Ca?* concentration in EAM. A, Representative fluorescent
images of cytosolic free Ca®*. B, Relative fluorescence intensity in Control, Myo, MyoS,

Myo KN92 and Myo KN93. (*p<0.01)
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8. Increased p-CaMKII, RyR2 and p-PLB in EAM

EAM significantly increased oxidative stress and Ca?* handling proteins (Figure
9A). Compared with control, iNOS and Cox-2 were increased in Myo group. However,
the increase of INOS and Cox-2 was prevented by steroid pretreatment (MyoS group).

Compared with the control, p-CaMKII, RyR2, p-RyR2 and p-PLB of the Myo
groups were increased by 2.5 = 0.3 (p<0.001), 2.9 £ 0.1 (p<0.001), 5.1 £ 0.2 (p<0.001)
and 2.3 + 0.1 (p<0.001) times, respectively. However, they were not increased in MyoS

group (Figure 9B).
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Figure 9. Western blot assay of oxidative stress and Ca?* handling protein. A,
Western blot analysis. B, The quantification showing increased p-CaMKII, RyR2, p-
RyR2 and p-PLB in EAM. However, they were not increased in the MyoS group. P-

values less than 0.05 were marked with asterisks.
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IV. Discussion

1. Main findings

Firstly, the rats with EAM showed decreased survival and fatal ventricular
tachyarrhythmia. Secondly, the EAM model showed electrophysiological characteristics
of increased APD dispersion and spatially discordant alternans, and steeper restitution
slope. Spontaneous triggered activity and VT inducibility were increased in EAM.
Thirdly, the EAM model had increased activity of calcium handling proteins, including
p-CaMKIl, p-RyR2 and p-PLB. Finally, the EAM related arrhythmias and the activation
of calcium handling proteins were attenuated by steroid pretreatment. Our results suggest
that the mechanism of arrhythmia in EAM might be related with the increased
phosphorylation of Ca** handling protein caused by the inflammation and oxidative

stress.

2. Increased repolarization gradient and CaMKII activation in
EAM

Abundant evidence now supports an important role of CaMKII in promoting
heart failure and arrhythmias by actions on SR Ca* uptake and release.”” The mechanism
of CaMKIl hyperactivity in heart failure is likely attributable to either
autophosphorylation of threonine 287 and/or oxidation of methionines 281 and 282.% In
this study, we found that the phosphorylation of CaMKII at Thr 287 was increased in
myocarditis, suggesting mechanism of CaMKIl hyperactivity attributable to

autophosphorylation of threonine 287.
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RyR2 is a SR Ca* release channel that is activated by a trigger of Ca?* from
ICa." RyR2 phosphorylation by protein kinase A and CaMKII both enhance 1Ca and
RyR2 Ca*" release. CaMKII helps coordinate this physiological process of Ca®*-induced
Ca®* release by phosphorylation of CaV1.2 and RyR2. However, in failing myocytes the
cell membrane ultrastructure supporting Ca*-induced Ca®* release is distorted ** and
CaMKII hyperphosphorylation of CaV1.2 and RyR2 becomes arrhythmogenic. In this
study, myocarditis had CaMKII hyperphosphorylation of serine 2814 on RyR2. CaMKII
hyperphosphorylation of serine 2814 on RyR2 promotes RyR2 Ca®* leak and arrhythmia-
triggering delayed afterdepolarizations *® while depleting SR Ca** to impair inotropy.'”
PLB is a negative regulator of SERCA %, but PLB phosphorylation by protein kinase A
(at serine 16) or CaMKII (at threonine 17) can reduce the inhibitory efficacy of PLB,
leading to increased SERCA activity. In this study, PLB was phosphorylated at Thr-17 in
myocarditis.

Previous studies reported the initial reduction of l,-related molecules, such as
the expression levels of Kv4.2, Kv1.5, frequenin and KChIP2 in EAM model.?*%
However, the role of Ca®* handling protein has not been evaluated in EAM. To our

knowledge, our result suggests that the activation of Ca®* handling protein might be one

of the mechanisms in EAM-induced arrhythmias.

3. The mechanism of ventricular arrhythmia in EAM
In this study, the EAM model showed electrophysiological features
characterized by increased APD and APD dispersion. Although APD prolongation is the
main mechanism of long QT syndrome, enhanced dispersion of repolarization is critical

to induce fatal arrhythmia.” Transmural and apicobasal dispersion of repolarization was
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shown to be responsible for the initiation of reentrant activation in long QT syndrome
patients. An increased spatial dispersion of repolarization across the anterior epicardial
surface was also demonstrated as the electrical basis for spontaneous malignant
arrhythmias in long QT type 2 rabbits.?®

Another interesting electrophysiological finding of EAM model was the
increased spatially discordant alternans. Spatially discordant alternans cause an increase
in the spatial dispersion in the repolarization, and is thought to result in T-wave
alternans.”’ T-wave alternans are a precursor of cardiac electrical instability and
consequently sudden cardiac death.?® Spatially discordant alternans can be explained by
the increased steepness of APD restitution slope in EAM. 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.?3 Especially, the slope of
the electrical restitution >1 is related with VF.*! Secondly, the discordant alternans can
be related with altered Ca** handling protein. The net effects of EAM remodeling
promote Ca”* alternans via phosphorylating RyRs and CaMKII signaling to increase their

Ca”* sensitivity (increasing both gain and leak).***

4. The attenuation of EAM-induced arrhythmia by anti-

inflammatory therapy

The inflammatory cytokines, such as HMGB-1, TNF-a or IL-6, were
overexpressed in rats with EAM. As these inflammatory cytokines are strong inducers of
reactive oxygen species, this inflammatory process may promote cardiac injury and
electrical remodeling.** Niwano et al.*® reported that the N-acetylcysteine treatment

suppressed ventricular remodeling in the EAM rats. This study consistently showed that
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steroid pretreatment was related with improved survival and the suppression of
arrhythmias in rats with EAM. Therefore, the prevention of inflammation might suppress

arrhythmia by preventing the remodeling or myocarditis itself.

V. Study limitations

Previous studies reported initial reduction of l,,-related molecules, such as the
expression levels of Kv4.2, 1.5, frequenin and KChIP2 in EAM model. 2
Measurements of Kv4.2, 1.5, frequenin and/or KChIP2 might help to confirm that this

EAM model agrees with previously published data.

VI. Conclusion

The electrophysiologic characteristics of EAM were increased repolarization,
repolarization dispersion and spatially discordant alternans. In EAM, phosphorylation of
Ca” handling protein caused by the inflammation and oxidative stress was increased.
These changes might be related with calcium overloading by increased phosphorylation

of CaMKII and this might be one of the mechanisms of arrhythmia.
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