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ABSTRACT
Cardiac sympathectomy promote anti-inflammatory response by
activating JAK2-STAT3-mediated signaling cascade in rat myocarditis

model: a novel mechanism with clinical implications

Hyelim Park

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Boyoung Joung)

Introduction: Left stellectomy has become an important therapeutic option
for patients with potentially fatal arrhythmias. However, the antiarrhythmic
mechanism of left stellectomy is not well known. Cholinergic
anti-inflammatory pathway (CAIP) is a complex immune mechanism that
regulates peripheral inflammatory responses. This study evaluated the effect
of left stellectomy on CAIP using rat experimental autoimmune myocarditis
(EAM) models.

Methods: EAM was produced by injecting 2 mg of porcine cardiac myosin
into the footpads of rats. Left stellectomy was performed before EAM

1



induction. We evaluated the effect of left stellectomy on arrhythmic events,
survival, inflammation and CAIP in rats without and with EAM.

Results: Left stellectomy prevented arrhythmia and improved survival in
EAM rats. Left stellectomy decreased TNF-a, IL-6, and HMGB1 levels
(P<0.05 versus EAM) in serum and heart tissues from EAM rats. Serum level
of acetylcholine decreased in EAM rats, and increased after left stellectomy in
EAM rats.  The ratios of  phosphated-STAT3/STAT3  and
phosphate-JAK2/JAK2 decreased in cell lysates of spleen, liver and heart in
EAM rats. However, the same ratios significantly increased after left
stellectomy. NF-«xB in cell lysates of spleen, liver, and heart increased in EAM
rats, but decreased after left stellectomy.

Conclusions: In EAM models, left stellectomy increased survival of the rats
while showing antiarrhythmic effects with reduced inflammation via
activation of JAK2-STAT3-mediated signaling cascade. Our findings suggest
an exciting opportunity to develop new and novel therapeutics to attenuate

cardiac inflammation.

Key words: stellectomy, cholinergic, anti-inflammatory,

JAK2-STAT3-mediated signaling
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. INTRODUCTION

Left cardiac sympathetic denervation (LCSD) has become an
important therapeutic option in patients with potentially fatal arrhythmias,
such as long QT syndrome and catecholaminergic polymorphic ventricular
tachycardia.** Left stellectomy is accompanied by a reflex increase in cardiac
vagal efferent nerve activity.® Vagus nerve (cranial nerve X) is the main nerve
of parasympathetic division of autonomic nervous system. Vagus nerve is a

major constituent of inflammatory reflex, which is the neural reflex



mechanism that controls innate immune responses and inflammation during
pathogen invasion and tissue injury.®®

Direct electrical stimulation of cholinergic anti-inflammatory
pathway (CAIP) with electrodes that generate action potentials in vagus nerve
significantly inhibits cytokine production by innate immune cells in spleen,
liver, gastrointestinal tract, heart, and other tissues that are innervated by
vagus nerve.’%13 Stimulation of vagus nerve significantly downregulates the
production of TNF, IL-1, IL-6 and IL-8, but does not alter the production of
anti-inflammatory cytokines IL-10 and transforming growth factor-f§ (TGFp).
By restraining the output of potentially toxic mediators that are produced by
innate immune cells, CAIP protects the organism from organ damage and
death during endotoxemia, sepsis, hemorrhagic shock, colitis, arthritis, ileus,
pancreatitis and other syndromes of excessive cytokine release.”142

Inflammation can cause damage or even death. Molecular and
neurophysiological studies during the past decade have revealed that
immunity is coordinated by neural circuits that operate reflexively. The
afferent reflex arc consists of nerves that can sense injury and infection. This
activates efferent neural circuits, including CAIP, which modulate immune
responses and progression of inflammatory diseases.” a7nAchR, a member
of the acetylcholine receptor (AchR) family, is widely expressed by cells of
the nervous system. In monocytes and macrophages, a7nAChR signal

transduction inhibits phosphorylation of NF-kB (IkB) inhibitor, a proximal
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step that regulates activation of NF-kB.2 a7nAChR ligation also recruits
JAK2 to form a heterodimeric complex that initiates signal transduction
mediated by signal transducer and activator of transcription 3 (STAT3), a
pathway that negatively regulates NF-kB binding to DNA and can also
increase the activity of cytokine signaling 3 suppressor as part of
anti-inflammatory response.?? In agreement with the in vivo observations
using vagus nerve stimulation, downregulation of cytokine expression by
a7nAChR signaling in activated cytokine-producing immune cells in vitro is
selective, as production of anti-inflammatory cytokines, including IL-10 and
TGFp, is not suppressed.’®?®2* However, the relationship between left
stellectomy and CAIP was not evaluated in the heart. Therefore, we
hypothesized that left stellectomy could suppress heart inflammation and
improve survival by affecting immune activity.

To prove this hypothesis, we evaluated the effect of left stellectomy
on CAIP using rat experimental autoimmune myocarditis (EAM) models.?
We then evaluated the effects of left stellectomy on survival, arrhythmia, and
inflammation. JAK2-STAT3-mediated signaling cascade was evaluated in
hearts and other organs such as spleen, liver, kidney, and lungs containing

innate immune cells.



Il. MATERIALS AND METHODS

Our investigation conforms to regulations of the Guide for the Care
and Use of Laboratory Animals, published by the U.S. National Institutes of
Health (NIH Publication, 8th Edition, 2011). Protocols in this study were
approved by the Institutional Animal Care and Use Committee of Yonsei
University College of Medicine, and Cardiovascular Research Institute
(Approval reference number 2011-0136), while in adherence to guidelines of

the American Heart Association.

1. Experimental models

To make EAM model, male Lewis rats (250-300 g) were immunized
with purified porcine cardiac myosin to induce EAM.? To induce myocarditis,
we immunized purified cardiac myosin (M0531, Sigma Aldrich, Schnelldorf,
Germany) from porcine ventricular muscle. Purified cardiac myosin 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.
On days 1 and 7, rats were injected subcutaneously in the footpads with 0.2
ml of emulsion, yielding 1.0 mg of cardiac myosin per rat. Rats in the normal
control group were injected only with 0.2 ml of Complete Freund’s Adjuvant.

To make the left stellectomy model, rats were endotracheally

intubated after induction of general anesthesia with isoflurane (2.5 vol% for
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induction and 1 vol% for maintenance) in oxygen and mechanically ventilated
with a rodent ventilator (Rodent ventilator 683; Harvard Apparatus,
Cambridge, MA). Body temperature was kept at a constant 37°C using a
heating pad. Electrodes for monitoring heart rate and rhythm were connected
to the animals and electrocardiogram (ECG) data were collected for real-time
or retrograde analysis. Ventilator was set at 65 cycles/min and 2.5-ml stroke
volume. All nerve branches running into the left stellate ganglion were
isolated and cut, while ganglion was excised, and gauze was removed. All
stellectomy rats exhibited ptosis the day after surgery, which was the initial
indicator of a successful left stellectomy (Figure 1A and 1B).

Rats were randomly divided into the following four groups (Figure
1C). The control rats received injections of 0.5 ml of Complete Freund’s
Adjuvant in the same manner (Control group, n = 12). Six-week-old male
Lewis rats were immunized by subcutaneous injection of 2 mg purified
cardiac myosin in each rear footpad on days 1 and 8 (Myo group, n = 12). In
other rats, left stellectomy was performed before the induction of myocarditis
(MyoNB group, n=10). Finally, left stellectomy was performed without
myocarditis (NB group, n=7). Ambulatory Holter monitoring was performed

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

2. Echocardiographic examination

Fourteen days after immunization, transthoracic echocardiography
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was performed on rats that were anesthetized by intraperitoneal administration
of pentobarbital sodium (0.25 mg/kg, Dainihon Chemical Co., Osaka, Japan).
Echocardiographic examination was done with a 15 MHz transducer (Vivid Q,
General Electric-Vingmed, Milwaukee, WI, USA). M-mode echocardiogram
was evaluated along the short-axis view of left ventricle at the papillary
muscles. Left ventricular end diastolic dimension (LVEDD) and left
ventricular end systolic dimension (LVESD) were measured, and left
ventricular ejection fraction (LVEF) were calculated from M-mode

echocardiograms.

3. Optical mapping

Twenty-one days after the initial immunization, rats (250 — 300 g)
were anesthetized with intraperitoneal injection of ketamine (80 mg/kg) and
xylazine (4 mg/kg). Chests were opened via median sternotomy, and 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.PO4, 1.8
CaCl,, and 5.5 glucose). To maintain a pH of 7.4, ascending aorta was
immediately cannulated and perfused with 37°C Tyrode’s solution
equilibrated with 95% O, and 5% CO.. Coronary perfusion pressure was
regulated between 80 and 95 mmHg. Two widely spaced bipolar electrodes
were used for continuous pseudo-ECG monitoring.

For optical recording, heart contractility was inhibited by 10-17
8



umol/L of blebbistatin.?” Hearts were stained with di-4-ANEPPS (Invitrogen,
California, USA), and excited with quasi-monochromatic light (520 + 30 nm)
from two green LED lamps. Emitting light was collected by a camera
(MiCAM Ultima, BrainVision, Tokyo, Japan) with a pass filter that was 610
nm long. Data was gathered at 1 ms sampling intervals, acquiring
simultaneously from 100 x 100 pixels with spatial resolution of 0.3 x 0.3
mm?/pixel. Mapped area included parts of the right and left ventricular free
walls.

Optical recordings were performed during steady-state and
programmed stimulation. Programmed stimulation was performed with
bipolar electrodes at the lateral side of left ventricle. Pacing was initiated at a
cycle length (CL) of 300 ms, using stimuli of double the pacing threshold, and
reduced at decrements of 10 ms until 2:1 capture. APDg, was measured at
base and apex of left ventricle. APD dispersion was defined as the difference
between maximum and minimum APDs. After the initial electrophysiological
study, we attempt to induce ventricular tachycardia (VT) or ventricular
fibrillation (VF) using standard pacing technique (burst pacing at CLs down
to 70 ms). Both sustained (>30 s) and non-sustained VT or VVF episodes were
documented. Optical mapping and VT induction studies were performed in

six rats in each group.

4. Western blotting and immunohistochemistry
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Myocardial tissues were fixed in 10% neutral formalin, sliced and
embedded in paraffin. The sections were stained with H&E and Masson’s
trichrome. Rat hearts were homogenized before the lysis-step. Protein
concentration was determined using Pierce BCA Protein Assay
(Sigma-Aldrich). Protein samples were separated by SDS—polyacrylamide gel
and transferred onto nitrocellulose membrane (Bio-Rad, Richmond, CA).
Membranes were blocked with 10% non-fat dry milk in 1xTBS containing
1% Tween 20 for one hour. Membrane was also incubated with indicated
primary antibodies against GAPDH (1:5,000, Santa Cruz Biotechnology),
HMGB1 (1:1,000, Abcam Reagents), IL-6 (1:1,000, Abcam Reagents),
TNF-o (1:1,000, Abcam Reagents), phosphorylated STAT3 (1:1000, Santa
Cruz Biotechnology), total STAT3 (1:1000, Santa Cruz Biotechnology),
phosphorylated JAK2 (1:1000, Cell Signaling), total JAK2 (1:1000, Cell
Signaling), a7AchR (1:1000, Cell Signaling), and NF-xB (1:1000, Cell
Signaling) overnight at 4°C. After washing, primary antibodies were detected
with HRP-conjugated anti-rabbit and anti-mouse IgG (1:5,000; Santa Cruz
Biotechnology, Santa Cruz, CA) secondary antibodies, respectively. Detection
was performed using an enhanced chemiluminescence detection system (ECL,
Amersham Pharmacia Biotech, Piscataway, NJ). Bands were scanned and

their intensities were quantified with Image J software.

5. Enzyme-linked immunosorbent assay

10



Blood was obtained from abdominal aorta of each rat group on day
21. Enzyme-linked immunosorbent assay was performed to determine levels
of HMGBL1, IL-6, TNF-a, norepinephrine, epinephrine, and acetylcholine in
serum. According to the manufacturer’s instructions, protein levels in serum
were quantified with commercial kits for HMGB1 (IBL International,
Hamburg, Germany), IL-6 (R&D System, Minneapolis, MN, USA), TNF-a
(R&D System, Minneapolis, MN, USA), norepinephrine (MyBioSource, San
Diego, CA, USA), epinephrine (MyBioSource, San Diego, CA, USA) and

acetylcholine (R&D System, Minneapolis, MN, USA).

6. Heart rate variability analysis

Heart rate variability (HRV) analysis was performed using the
Kubios HRV program. HRV was determined from 5-min segments of ECG
data recorded at 1 kHz. The segments chosen for analysis were based on the
absence of movement and arrhythmia artifacts. Arrhythmic beats (beats not
initiated in the atria, as determined by visual inspection of ECG) were
manually removed Frequency-domain. HRV was also calculated for the very
low frequency (VLF; 0-0.05 Hz), low frequency (LF; 0.05-0.75 Hz), and

high frequency (HF; 0.75-2.5 Hz) bands.

7. Statistical analysis

Data were expressed as the mean £+ SEM. ANOVA with post-hoc

11



test was used to compare the means of four numeric values. Pearson's
chi-square tests were used to compare categorical variables. P values <0.05

were considered statistically significant.

I1l. RESULTS

1. Left stellectomy prevented heart failure and myocardial inflammation
in EAM

Figure 1D shows gross pictures of hearts. Left stellectomy prevented

cardiomegaly after myocarditis. Compared to EAM rats (Myo group), EAM
rat after stellectomy (MyoNB) showed significant decreases in heart weights
(1.09 £ 0.10 g vs. 1.70 = 0.11 g, p<0.001) and ratio of heart to body weight
(3.4£0.4vs.5.6 £0.3, p<0.001) (Figure 1E).

Figure 1F shows histological analysis conducted 21 days after the
initial immunization with cardiac myosin. Left stellectomy prevented
inflammatory cell infiltration after EAM. EAM-induced fibrosis was also
prevented by left stellectomy, showing significantly decreased fibrosis in
MyoNB compared to Myo groups (16 £ 2%, vs. 46 £ 5%, p<0.001) (Figure
1G).

The EAM-induced elevation of serum level in inflammatory markers
was attenuated by left stellectomy, showing lower serum level of TNF-a (17.8

+ 0.1 vs. 28.0 £ 0.6 pg/ml, p<0.001), IL-6 (55.4 £ 8.7 vs. 107.6 = 35.8 pg/ml,

12



p<0.001), and HMGBL1 (23.4 = 1.5 vs. 54.0 £ 2.3 ng/ml, P<0.001) in MyoNB
than in Myo group (Figure 1H).

HMGBL1, IL-6, and TNF-a expressions of the heart tissue in Myo
group were increased by 2.8 (p<0.001), 1.8 (p=0.003), and 2.2 (p=0.005)
times than that of control, respectively. However, they did not increase after

left stellectomy in MyoNB group (Figure 11)
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Figure 1. Left stellectomy prevents myocarditis. A, Significant ptosis of the
left eye, after left stellectomy. B, Poststernotomy autopsy pictured after
stellate ganglion staining with methylene blue. C, Four experimental groups.
CFA, Complete Freund’s Adjuvant; PCM, purified cardiac myosin; NB, left
stellectomy. D, Gross pictures of hearts. F, the comparison of heart weight
(left panel) and heart/body weight (right panel). F, Histological analysis on 21

days after the immunization. G, The comparison of fibrosis. H, ELISA of
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serum level of TNF-o, IL-10 and HMGBL. I, Western blot of IL-6, TNF-o and
HMGB1 from heart tissue. Data represent mean + SD of four independent

experiments. P-values less than 0.05 were marked with asterisks.
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2. Left stellectomy improved survival rate and suppressed arrhythmias
in EAM.

Left stellectomy improved survival rate after myocarditis. While four
(33%) out of 12 rats died suddenly at 14 + 4 days after myocarditis in Myo
group (p=0.03), no (0%) rat died in MyoNB groups (p=0.04) (Figure 2A).
Left stellectomy significantly shortened EAM-induced prolongation of QT
(76.7 £ 5.2 vs. 103.3 £ 8.2 ms, p<0.001) and QTc intervals (178.5 + 9.5 vs.
249.8 = 23.8 ms, p<0.001) (Figure 2B). Figure 2C shows PVC (asterisk), VT
(arrow), and VF recorded by ambulatory Holter monitoring. While
spontaneous VT/VF were observed in seven (58%) rats in Myo group, only
one rat (10%) had VT/VF episodes in MyoNB group, showing significant
reduction of VT/ VVF episodes after left stellectomy (p=0.02) (Figure 2D).

Left stellectomy prevents LV dysfunction in EAM. Figure 2E shows
the representative M-mode echocardiogram of each group on day 21. MyoNB
group showed significantly improved LVEF compared to Myo group (58
7%, vs. 82 + 3%, p<0.001). MyoNB group presented smaller LVESD
compared with Myo group (3.3 + 0.8 mm vs. 5.3 + 0.6 mm, p=0.003) (Figure

2F).
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Figure 2. Left stellectomy improved survival and prevented arrhythmias

and cardiac dysfunction in EAM. A, Kaplan-Meier survival curves. B, The

comparison of QT and QTc intervals. C, Ambulatory Holter monitoring in

Myo group. PVC was marked with asterisks at the upper panel. The initiation

of VT (arrow of middle panel) and the degeneration to VF (lower panel). D,

Comparison of spontaneous VT/VF among 4 groups. E, Representative

M-mode echocardiogram on day 21 of 4 groups. F, Comparison of left

ventricular ejection fraction (LVEF), LV end diastolic dimension (LVEDD)
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and LV end systolic dimension (LVESD). Data represent mean + SD of four

independent experiments. P-values less than 0.05 were marked with asterisks.
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3. Left stellectomy improved conduction time and APD dispersion in
EAM
Left stellectomy improved conduction time of LV. Figure 3A shows
typical action potential traces in four groups at pacing CL of 300 ms.
Compared with Myo group, MyoNB showed improvements in conduction
time, APDgo (153 + 31 vs. 115 + 7 ms, p=0.04) and dispersion (17 + 5vs. 6 +
3 ms, p=0.02) (Figure 3B). Activation (upper panels) and APD map (lower
panels) show crowding of isochronal lines in Myo group (Figure 3C).
Figure 3D (a) shows typical examples of VT/VF induction in each
group. Left stellectomy significantly improved VT/VF inducibililty, showing
VT/VF induction of 86% and 14% in Myo and MyoNB groups, respectively

(p=0.008).
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panels). The dotted line marks the interventricular septum. D. (a) Typical
examples of VT induction. (b) The comparison of VT/VF induction rate. Data
represent mean + SD of four independent experiments. P-values less than 0.05

were marked with asterisks.
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4. Effect of left stellectomy on cholinergic anti-inflammatory signaling
Comepared to control, Myo group had significantly increased level of
norepinephrinie (22717, vs. 48542 pg/ml, p<0.001) and epinephrinie
(198+7, vs. 3055 pg/ml, p<0.001). Left stellectomy prevented EAM-induced
increases of norepinephrine (279+16 pg/ml, p<0.001) and epinephrine
(23512 pg/ml, p=0.01). Compared to control, left stellectomy also
significantly increased the ratio of acetylcholine level (1.00£0.04 wvs.

1.39+0.17, p=0.03) in MyoNB group (Figure 4C).
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5. Effect of left stellectomy on heart rate variability
Representative power spectra from data collected from 4 groups
(Figure 5A). Ratio of LF/HF shows how left stellectomy effects on autonomic
regulation. It was observed that the LF/HF ratios of the Myo group. Compared
to control, Myo group had significantly increased the level of LF/HF
(0.40£0.17 vs 0.15+0.02, p<0.001). Left stellectomy prevented EAM-induced

increases of LF/HF (0.18+0.04, p<0.001) (Figure 5B).
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Figure 5. The findings of autonomic balance of LF and HF components of
power. A. Representative power spectra. Autonomic controls in cardiac
regulation and modulation for all 5-min segments. B. heart rate variability-low
frequency (LF) to high frequency (HF) power ratio, an index of cardiac
sympathetic activity. Results are represented as means = SD. *P < 0.05 CTL

vs. Myo.
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6. Left stellectomy activated JAK/STAT pathway in spleen, liver, heart
and other organs

To determine whether JAK/STAT pathway is activated after left
stellectomy, phosphorylation and total amount of STAT3 and JAK2 in cell
lysates from spleen, liver, heart kidney and lung were examined (Figure 6). In
cell lysate from spleen, compared with control (112+12%), Myo group
showed significantly decreased p-STAT3/STAT3 (80+14%, p=0.04) and
p-JAK2/JAK2 ratio (47+x4%, p<0.001). However, the levels of
p-STAT3/STAT3 ratio (491+10%, p<0.001 vs. Myo group) and p-JAK2/JAK2
ratio (177+4%, p<0.001 vs. Myo group) significantly increased in MyoNB
group. The level of NF-xB increased in Myo group, and decreased in MyoNB
group (Myo 178+10% vs. MyoNB 112+3%, p<0.001).

In cell lysate from liver, compared with control (105+6%), Myo
group showed significantly decreased p-STAT3/STAT3 (43+6%, p<0.001) and
p-JAK2/JAK2 ratio (63+1%, p<0.001). However, the level of
p-STAT3/STAT3 ratio (407+7%, p<0.001 vs. Myo group) and p-JAK2/JAK2
ratio (90+4%, p<0.001 vs. Myo group) significantly increased in MyoNB
group. The level of NF-«xB increased in Myo group, and decreased in MyoNB
group (Myo 156%8% vs. MyoNB 104+7%, p<0.001).

In cell lysate from heart, compared with control (100£5%), Myo
group showed significantly decreased p-STAT3/STAT3 (37+7%, p<0.001) and
p-JAK2/JAK2 ratio (65+10%, p=0.001). However, MyoNB group showed
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significantly increased p-STAT3/STAT3 ratio (120+2%, p<0.001) and
p-JAK2/JAK2 ratio (89£7%, p=0.01) compared to Myo group. The level of
NF-kB increased in Myo group, and decreased in MyoNB group (Myo
132+5% vs. MyoNB 109+3%, p<0.001).

Left stellectomy also increased p-STAT3/STAT3 and p-JAK2/JAK2
ratio, and decreased NF-kB in kidney cell lysates. However, significant

influence of left stellectomy was not observed in lung tissue lysates.
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Figure 6. Left stellectomy activates STAT3 and JAK2 in spleen, kidney,
liver and heart. A, Immunoblot of p-STAT3, STATS3, p-JAK2, JAK2,
a7AchR, NF-xB and GAPDH in cell lysates of spleen, liver, heart, kidney and
lung from four groups. B, Comparison of p-STAT3/STAT3, p-JAK2/JAK2
a7AchR and NF-«B in cell lysates of spleen, liver, heart, kidney and lung

from four groups.
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IV. DISCUSSION

The main findings of this study were that left stellectomy prevented
arrhythmia and improved survival by attenuating inflammation in EAM.
Second, left stellectomy increased acetylcholine level while decreasing
norepinephrine and epinephrine. Finally, left stellectomy increased
JAK2/STAT3 pathway in cell lysate from the heart, spleen, liver, and kidney.
These results suggest that beneficial effects of left stellectomy might be

related with CAIP activation.

Left stellectomy improved survival by attenuating inflammation in EAM

Myocarditis is a fatal inflammatory disease of the heart, with
consequent loss of cardiomyocytes and fibrosis development.?®? Loss of
cardiomyocytes could lead to ventricular remodeling, heart failure, and
malignant arrhythmias. This study shows that LCSD using left stellectomy
improved survival by decreasing QT prolongation and arrhythmogenicity
induced by EAM. Moreover, left stellectomy prevented ventricular
dysfunction after EAM.

LCSD has been shown to be a safe and effective treatment option for
reducing frequency of life-threatening ventricular arrhythmias in patients with
heritable channelopathies,* as well as in a small cohort of adult patients with
HCM.*® There are numerous effects of LCSD that contribute to its clinical

efficacy. LCSD raises the threshold for VF in subjects with ischemia, making
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it more difficult for the heart to fibrillate.®*2 LCSD reduces arrhythmia
burden after acute myocardial ischemia in anesthetized and conscious animal
models® of sudden death. LCSD does not reduce heart rate or impair
myocardial contractility, as the right-sided stellate ganglion and sympathetic
chain provide adequate compensation.®23% However, relationship between
LCSD and inflammation has not been evaluated. This study shows that left
stellectomy decreased inflammation and level of pro-inflammatory cytokines

in EAM.

Left stellectomy activated cholinergic anti-inflammatory pathway

In this study, left stellectomy decreased norepinephrine and
epinephrine. It was consistently reported that norepinephrine level decreased
after sympathetic denervation.®** However, the change of acetylcholine after
sympathetic denervation was not well-defined. Interestingly, left stellectomy
also increased acetylcholine level. Cholinergic anti-inflammatory pathway is a
brain-to-immune mechanism that regulates inflammatory responses via
a7-nicotinic acetylcholine receptor subunit (a7-nAChR)-dependent, vagus
nerve signaling.®® Cholinergic stimulation (via electrical stimulation of the
vagus nerve or selective cholinergic agonists) inhibits cytokine production in
preclinical models of systemic inflammation, including endotoxemia,
hemorrhagic shock, ischemia-reperfusion injury, and polymicrobial

sepsis.192437.38 Recent studies indicate that spleen is an essential component of
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the a7-nAChR dependent pathway, since neural-to-spleen signals regulate
cytokine production during endotoxemia.’®3 In addition, innervation of
splenic nerve is critical for mediating the anti-inflammatory effects of vagus
nerve stimulation (VNS) on LPS-induced cytokine production.*

Nicotine acts on macrophages via recruitment of JAK2 to a7nAChR
and activation of JAK2/STAT3 pathway, thereby initiating the
anti-inflammatory and SOCS3 signaling cascade.?? We found activation of
JAK2/STAT3 in cell lysates of spleen, liver, heart and kidney in response to
left stellectomy, which indicates activation of STAT3 induced by
acetylcholine derived from vagal efferents. Acetylcholine, which was released
by vagal ends, diffused in spleen, liver, heart and kidney resident
macrophages  before  being completely hydrolyzed by  serum
acetylcholinesterases and blunting the NF-kB-triggered inflammatory cascade

(Figure 7).
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Figure 7. Mechanism of function of efferent arc. In cholinergic
anti-inflammatory pathway, acetylcholine binding to nicotinic acetylcholine
receptor subunit a7 (a¢7nAChR) leads to formation of heterodimeric protein
complex with Janus kinase 1 (JAK2), which activates signal transducer and
activator of transcription 2 (STAT3). Together, these signaling cascades lead

to inhibition of pro-inflammatory cytokine release. NF-xB, nuclear factor kB;
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We induced myocarditis by the injecting cardiac myosin. Therefore,
our study cannot explain the arrhythmogenic mechanisms of myocarditis
caused by viral infection or other etiologies. However, autoimmunization to
myosin might be one of the final common pathways of myocarditis. Moreover,
inflammation and oxidative stress are frequently observed in diseased hearts.
Finally, in order to reveal which cells are involved in the process CAIP of

heart, both isolation and assay of each heart cell type are needed.

V. CONCLUSION

In EAM, left stellectomy prevented arrhythmia and improved
survival with suppression of inflammation. Left stellectomy increased
acetylcholine level and JAK2/STAT3 pathway in cell lysate from the spleen,
liver, heart, and kidney after EAM. These results suggest that beneficial

effects of left stellectomy might be related with CAIP activation.
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