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Abstract

Cardiac hypertrophy is a major risk factor for the development of atrial fibrillation (AF). However, there are
few animal models of AF associated with cardiac hypertrophy. In this study, we describe the in vivo electro-
physiological characteristics and histopathology of a mouse model of cardiac hypertrophy that develops AF.
Myostatin is a well-known negative regulator of skeletal muscle growth that was recently found to addition-
ally regulate cardiac muscle growth. Using cardiac-specific expression of the inhibitory myostatin pro-peptide,
we generated transgenic (TG) mice with dominant-negative regulation of MSTN (DN-MSTN). One line (DN-
MSTN TG13) displayed ventricular hypertrophy, as well as spontaneous AF on the surface electrocardiogram
(ECG), and was further evaluated. DN-MSTN TG13 had normal systolic function, but displayed atrial enlarge-
ment on cardiac MR, as well as atrial fibrosis histologically. Baseline ECG revealed an increased P wave dura-
tion and QRS interval compared with wild-type littermate (WT) mice. Seven of 19 DN-MSTN TG13 mice had
spontaneous or inducible AF, while none of the WT mice had atrial arrhythmias (p<0.05). Connexin40 (Cx40)
was decreased in DN-MSTN TG13 mice, even in the absence of AF or significant atrial fibrosis, raising the pos-
sibility that MSTN signaling may play a role in Cx40 down-regulation and the development of AF in this mouse
model. In conclusion, DN-MSTN TG13 mice represent a novel model of AF, in which molecular changes includ-
ing an initial loss of Cx40 are noted prior to fibrosis and the development of atrial arrhythmias.

Introdution

The prevalence of atrial fibrillation (AF) in the
population is increasing, from an estimated 2.3
million adults in the United States currently, to
5.6 million by the year 2050. In addition to age, hy-
pertension and ventricular hypertrophy are well-
known risk factors for the development of AF.**
Animal models with ventricular hypertrophy and
coincident AF have been described.”'® The mecha-
nism of AF in these models has involved abnor-
mal atrial dilatation®'° and/or fibrosis;>”'* howev-

er, few have been noted to have spontaneous AF.

Heterogeneity in cardiac impulse propagation
is a likely prerequisite for reentrant circuits and
maintenance of rotors, conditions that promote
AF. Accordingly, dysfunction of gap junction
proteins has been hypothesized to underlie the
development of AF. Connexin40 (Cx40) and
Connexin43 (Cx43) are the principal connex-
ins found in the atria" and play an important
role in the propagation of the atrial action po-
tential.”” The loss of Cx40 function has been
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implicated in AF in humans* and in different
animal models of AF.' Transgenic mice over-
expressing TNF-a and angiotensin converting
enzyme were also found to have atrial arrhyth-
mias in concert with decreased Cx40 protein."”
8 While decreased connexin expression in these
settings could represent a secondary response,
mice with germ-line deletion of Cx40 have in-
ducible AF,” supporting a primary mechanistic

role for reduced connexin 40 in arrhythmogenesis.

Myostatin (MSTN), a member of the TGF-f3 super-
family and a known negative regulator of skeletal
muscle growth, has been reported to play a role
in cardiac hypertrophy via inhibition of MKK3b
(Mitogen-Activated Protein Kinase Kinase-3b)
and Aktl signaling.” Like all members of the
TGF-f superfamily, MSTN is synthesized as a
pro-peptide, and activated through proteolytic
cleavage of the N-terminal domain by subtilisin-
like proprotein convertase (SPC) metalloprotein-
ases. The active C-terminal domain is regulated
through non-covalent binding to its N-terminal
prodomain, with formation of a latent complex.
Over-expression of the N-terminal pro-peptide
(DN-MSTN) inhibits MSTN’s effects by binding
the active C-terminal domain of the endogenous
MSTN.?* MSTN’s role as a negative regulator
of skeletal muscle growth is well-established®
as MSTN knock-out mice* and mice with skel-
etal muscle-specific pro-domain overexpression®
exhibit significant skeletal muscle hypertrophy,
although its role in the heart is less clear. While
MSTN and DN-MSTN regulate growth of iso-
lated cardiomyocytes and MSTN knock-out mice
exhibit more exuberant cardiac hypertrophy to
phenylephrine infusion,” hearts of MSTN knock-
out mice are not enlarged at baseline. Further,
diseased myocardium appears to secrete more
MSTN, which has been attributed to some of the
skeletal muscle wasting with heart failure.”* To
study the role of MSTN in cardiomyocytes with-
out systemic or developmental confounders, we
generated transgenic mice expressing DN-MSTN
under control of the a-myosin heavy chain pro-
moter (a-MHC). A detailed characterization of all
these transgenic lines is beyond the scope of this
study, but here we report a detailed analysis of
one transgenic line (DN-MSTN TG13) with high-
level transgene expression that displayed atrial ar-
rhythmias. We also describe a possible mechanism
contributing to the generation of AF in these mice.

Materials and Methods

Generation of DN-MSTN TG13 mice

Multiple independent founders were gener-
ated through pronuclear injection into FVB oo-
cytes of an a-MHC-driven DN-MSTN expres-
sion construct encoding the N-terminal MSTN
pro-peptide and in which approximately 100
amino acids comprising the active MSTN C-ter-
minus were removed and replaced in-frame with
a Flag-epitope tag and stop codon.”? We derived
several independent lines with stable Mendelian
inheritance and a range of DN-MSTN expres-
sion. The line with highest expression (DN-MSTN
TG13) were crossed to FVB wild-type mice and
F2-F4 generation mice were used for this study.

Morphology and Immunohistochemistry

Mice were weighed, and then deeply anesthe-
tized with isofluorane (2%, 3-5cc/hr at 10 mmHg
O2 pressure) prior to euthanasia. For gravimet-
ric studies, hearts were removed, weighed, and
carefully dissected into atria and ventricles, each
of which was rinsed of thrombus and blood with
sterile phosphate-buffered saline, then weighed
separately. These were then flash-frozen in lig-
uid nitrogen, fixed in cold 10% paraformade-
hyde or immersed in ice-cold 30% sucrose.
2-3 four-chamber sections of hearts were cut per
mouse heart, and stained with hematoxylin and
eosin, and Masson’s Trichrome stain. In addi-
tion, separate atrial samples were sectioned, with
approximately 2-3 sections per mouse atrium,
stained with Picrosirius Red stain, as well as Cx40
(Goat primary, Santa Cruz), Cx43 (Rabbit pri-
mary, Cell Signaling), and Pan-Cadherin (Mouse
primary, Sigma-Aldrich) antibodies, which were
exposed through staining with both horseradish
peroxidase (HRP)-conjugated secondary antibod-
ies (IHC) or with IF-conjugated secondary anti-
bodies as follows: Cy5—Cx43, Rhodamine —Cx40,
FITC—Cadherin. IF-stained images were collected
at 20x magnification using Zeiss LSM 510 Meta
Confocal Microscope (Carl Zeiss, Inc), and other
images were also obtained at 20x magnification us-
ing Leica DM IRB microscope (Leica Camera AG).

Electrocardiographic Analysis and Isoproterenol Ad-
ministration

Initial baseline electrocardiographic (ECG) data
was obtained at median age of 167 days old (range
68 — 306). Mice were anesthetized with isofluorane
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(1-1.5% in O2 at 3-5cc/hr), and 4-unipolar subcu-
taneous leads were place on the proximal limbs.
Isofluorane was titrated to maintain respiratory
rate of ~110 breaths/min. Recordings were ob-
tained for measurement after a 5-10 minute ac-
climation period. Baseline cardiac cycle intervals
were measured, including the heart rate, cycle
length, PR, QRS, and QT intervals. Any arrhyth-
mia, if present, was documented. Data were re-
corded and analyzed using Chart 5 (version 5.5.3,
AD Instruments) software. After recording base-
line data, isoproterenol (2ug/g)” was adminis-
tered intra-peritoneally to increase heart rate by
~20-25% in order to study the effects of adrenergic
stimulation on arrhythmia induction. The dose
chosen (2ug/g) was selected because higher doses
failed to reliably increase the heart rate above 25%
in preliminary studies, which has been shown
in other studies to be an effect of isofluorane
anesthesia.”®

In vivo Cardiac Electrophysiology Studies (EPS)

Several months after the initial baseline ECG
was performed, mice were anaesthetized with
inhaled isofluorane as above, and four 24-gauge
needles were placed subcutaneously in each limb
in order to obtain surface electrocardiographic
recordings. All surgical procedures were done
under a dissecting microscope (Nikon SMZ-U,
Zoom 1:10). Tracheostomy was performed with
cannulation of the trachea using a 20-gauge an-
giocath that was attached to a ventilator with set-
tings of tidal volume 4cc, inspiratory time 0.3s,
and rate of 110, with 1-1.5%% isofluorane at lcc/
hr, which was titrated to sedation. Left internal
jugular vein cutdown was performed, with can-
nulation of the left internal jugular vein using a
22-gauge angiocatheter, through which a 2-Fr
octapolar catheter was advanced until atrial
and ventricular sensing was obtained. All in-
tracardiac signals were sampled at 2 kHz and
amplified and filtered at 30-500 Hz. Surface sig-
nals were filtered at 0.01-100 Hz (version 5.5.3,
AD Instruments). Baseline cardiac cycle inter-
vals were measured, including the heart rate,
cycle length, PR, QRS, and QT intervals, and the
presence of any arrhythmias was documented.
The right atrial pacing threshold was then deter-
mined, and paced at 150, 120, and 100ms cycle
lengths. If the basic cycle length was less than
150ms, then 120ms was the first cycle length test-
ed. Sinus node recovery time (SNRT) was calcu-
lated for at least 2 pacing cycle lengths following

pacing for 30 seconds. Corrected SNRT (CSNRT)
was calculated using the formula CSNRT=SNRT
— Basic cycle length (BCL), and SNRT:BCL ra-
tios were also determined. AV node Wenckebach
cycle length was determined through stepwise
decrease in the pacing cycle length by 5ms until
Wenckebach AV conduction occurred. AV node
effective refractory period (AVERP) was deter-
mined by atrial extra-stimuli at cycle lengths of
150, 120, and 100 ms. Pacing protocols using dou-
ble and triple extrastimuli were performed for
atrial drive cycles of 150, 120, and 100ms. Burst
pacing protocol included 10 seconds at cycle
length starting at 50ms, followed by burst pacing
with drive trains of 20-40 beats at cycle length of
50ms. Since others have described short bursts of
atrial fibrillation of up to 2 seconds in wild-type
mice with programmed stimulation,” we chose to
define “atrial arrhythmia’ as 5 seconds of atrial fi-
brillation, flutter, or tachycardia. Given the exten-
sive atrial enlargement in DN-MSTN TG13 mice,
ventricular engagement was difficult and capture
was not consistent throughout the study, and thus
ventricular refractory periods were not obtained.
Magnetic Resonance Imaging

In vivo MRI of the mice was performed on a 9.4
Tesla horizontal bore small animal scanner (Bio-
spec, Bruker, MA). Gradient echo cines were
acquired with cardio-respiratory gating (SA In-
struments, Stonybrook, NY), adedicated transmit-
receive surface coil and the following parameters:
Field of view 30 x 30 mm, slice Imm, matrix 200 x
200 (150 um in-plane resolution), flip angle 30
degrees, 16 frames per RR interval, echo time 2.7
ms, repetitions 4. Images were acquired in each
mouse in the 4 chamber (horizontal long axis), 2
chamber (vertical long axis) and short axis planes
at multiple slice locations.

Echocardiography

Echocardiography was performed onnonanesthe-
tized mice using a 13L high-frequency linear (10
MHz) transducer (VingMed 5, GE Medical Servic-
es) with depth set at 1 cm and 236 frames per sec-
ond for 2-D images. M-mode images used for mea-
surements were taken at the papillary musclelevel.

Western Blot Analysis

Samples were frozen at -80° C until use. Atrial
protein or cell lysates were suspended in ly-
sis buffer, PMSF, protease inhibitor cocktail,
and homogenized using Tissuemesier at 4° C.
Samples were sonicated, and protein concen-
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tration determined using the Bradford method
(Bio-Rad). Proteins (100 ug) were separated by
SDS-PAGE on 5-15% gels and transferred to ni-
trocellulose membranes (Bio-Rad) by semi-dry
transfer. Blots were incubated with primary anti-
bodies overnight at 4° C, followed by incubation
with horseradish peroxidase (HRP)-conjugated
secondary antibody (1:5000; DAKO), and de-
tected by chemiluminescence (Cell Signaling).

Quantitative PCR

Samples were homogenized in Trizol reagent,
with  RNA isolation via chloroform extrac-
tion as previously described.” RNA concen-
tration was quantified and diluted in order
to normalize the total RNA used for PCR.
One-step SYBR PCR kit was used (Strata-
gene, Inc) with primers designed as follows:
GAPDH forward TGGTGAAGCAGGCATCT-
GAG, reverse TGCTGTTGAAGTCGCAGGAG;
Cx40 forward GGTCCACAAGCACTCCACAG,
reverse CTGAATGGTATCGCACCGGAA; Kv4.2
forward AACAGCCGATCCAGCTTAAA, re-
verse TTCTGGGGTGGTTACTGGAG; Kvl4
forward CATTTGGTTTCCCAATGGTC, reverse
GTGGTCCATTCCTTGTTCCT; KCNQ1 TTGTG-
GTGTTCTTTGGGACA, reverse TGCAGTCTG-
GATGAGTGAGG. For measurement of gene
expression of TGF-B, connective tissue growth
tactor (CTGF), procollagen I subunit al (Collal),
procollagen III subunit al (Col3al), and fibronec-
tin to Tagman probes were obtained from Ap-
plied Biosystems (Applied Biosystems, USA). Sta-
tistical analysis was performed using a Student’s
t-test on the normalized Ct values (ACt) for each
group as this value demonstrated the most nor-
malized dataset as determined by Shapiro-Wilk
test compared with the transformed Ct (2-Ct or
2-ACt). Final results are displayed as fold change
for transgenic mice relative to WT littermates.

Neonatal Cardiomyocyte Preparations

Primary cultures of neonatal rat ventricular car-
diomyocytes (NRVMs) were prepared from
Sprague-Dawley neonates as previously de-
scribed.® NRVMs were plated at 50% confluence
and switched to a serum-free medium 24 hours
after plating. Adenovirus for GFP, MSTN, and
DN-MSTN (both GFP-tagged) were used as pre-
viously described. 2> NRVMs were infected and
maintained in serum-free medium for 48 hours.
Adenoviral-driven expression of the gene of in-

terest was confirmed by establishing GFP expres-
sion in cells, and the cells were harvested in pro-
tein lysis buffer (Cell Signaling).

Statistical Analysis

Unless otherwise specified in the results, statis-
tical testing was performed using ANOVA, fol-
lowed by the appropriate post-hoc test (Dunnett
or Tukey-Kramer) for multiple comparisons or
appropriate nonparametric test for non-nor-
mal data distributions as determined by Skew-
Kurtosis test. All statistical analysis was per-
formed using Stata IC 10.0 (Statacorp, LP). The
authors had full access to the data and take re-
sponsibility for its integrity. All authors have
read and agree to the manuscript as written.

Results

DN-MSTN TG13 mice display ventricular hy-
pertrophy, atrial enlargement and atrial fibrosis.

Compared with wild-type littermates (WT),
Transgenic TGI13 mice had an increased
body weight 35.1+4.6 g vs. 30.3+29 g (n=12
for WT, n=15 for TG13, p<0.01;, WT mean age
155 days [range 68 —306], TG13 mean age 164 days
[range 68 — 360], NS. Although we were unable
to perform confirmatory analysis, based on prior
studies of MSTN,** we suspect that the etiology
of the increased body weight was from increased
skeletal muscle rather than adipose tissue. Even
after adjustment for the increased body weight,
DN-MSTN TG13 mice displayed significantly in-
creased atrial and ventricular size compared with
WT when adjusted for the increase in body weight
(Table 1, and Figure 1). The difference in body
and heart size was more dramatic in the males, as
in female animals only the difference in ventricu-
lar weight was significant (Table 1). Histological
analysis using hematoxylin and eosin staining
confirmed the ventricular and atrial hypertro-
phy in DN-MSTN TG13 animals (Supplemental
Figure 1). The systolic function was normal for
DN-MSTN TG13 mice (Supplemental Table 1).

As shown in Table 1, the DN-MSTN TG13 dis-
played a wide range of atrial hypertrophy and
fibrosis, with some animals demonstrating dra-
matic atrial enlargement and fibrosis, which
seemed to affect the right atrium more than the
left. An example of the dramatic enlargement
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Heart weight and body weight measurements in wild-type (WT) and transgenic (DN-MSTN

TG13) animals. Data are presented as mean+standard deviation. *Indicates p<0.01 vs. WT. tIndi-

Table1 cates p<0.001 vs. WT. AW/BW=Atrial Weight/Body Weight Ratio; VW/BW=Ventricular Weight/
Body Weight Ratio.
Study Nesne Wi PG WEMale 1oi\hle  Female  TOisFemae
Number 12 15 6 9 6 6
Body Weight (g) 30.3+2.9 35.1+4.6* 29.6£3.8  36.5+3.0* 31.0£1.6  33.1+6.0
Atrial Weight (mg) 13.8+5.3 50.4+67.2* 11.9+3.7 70.8+81.7* 15.8+6.3 19.7+8.5
Ventricular Weight (mg) 115.0+8.5 171.3+43.0t 111.2+8.6  191.8+44.8% 118.7+7.0  140.7+9.7¢
AW/BW Ratio (mg/g) 0.46+0.17 1.47+1.99* 0.41+0.13  2.03+2.44* 0.51+0.20  0.62+0.31
VW/BW Ratio (mg/g) 3.81+0.18 4.95+1.33% 3.79+0.23  5.31+1.41* 3.83+0.12  4.41+1.10

Figure 1: Cardiac Enlargement and Fibrosis in DN-MSTN TG13 mice.
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A. Masson’s Trichrome stain of wild-type (above) and DN-MSTN TG13 (below) hearts demonstrates ventricular hyper-
trophy with predominantly right atrial enlargement and fibrosis. B. In vivo magnetic resonance image of a DN-MSTN
TG13 transgenic heart displays dramatic right atrial enlargement filling much of the right hemithorax (arrows). Top im-
age: 4 chamber view. Spin refreshment due to flow is seen in the top half of the right atrium generating bright contrast.
The inferior half of the right atrium (bordered by the right ventricle and the liver) is isointense with the myocardium,
consistent with thrombosis. Bottom image: Short axis image at the level of the AV groove showing dramatic enlargement
of the right atrium. C. AW/BW ratio (top) and VW/BW ratio (bottom) are both increased in DN-MSTN TG13 (p<0.05).
Supplemental Figure 1. Microscopy of Ventricular Cellular Hypertrophy.

Transgenic mice (DN-MSTN TG13) display cellular hypertrophy compared with wild type lit-
termates (WT). A. Hematoxylin and Eosin (H and E) staining. B. Wheat germ agglutinin (WGA)
staining of cellular membranes shows increase cardiomyocyte area. (200x magnification).

is shown in Figure 1, where an MRI study dem-
onstrates a right atrium that forms a large vas-
cular mediastinal mass, shifting the heart to the
left of the thorax and compressing the right lung
and adjacent mediastinal structures. However,
due to resource limitations, we were not able to
perform MRI's on every DN-MSTN TG13, and

thus used atrial weight by gravimetry rather than
atrial volume by MRI as a surrogate for atrial size
in our analysis.

We also noted varying degrees of atrial fibrosis
in the DN-MSTN_TG mice: the degree of fibro-
sis appeared to be age-related, as younger adult
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Supplemental Table Echocardiography of DN-MSTN TG13 Mice.
DN-MS"l;l:)TGlS (N WT (N=4) P
HR (bpm) 554 +122 697 +27 NS
IVS (mm) 091 +0.17 0.93+0.19 NS
LVPW (mm) 1.25+0.27 1.37+0.18 NS
LVD Diastolic (mm) 3.00+0.34 3.05+0.07 NS
LVD Systolic (mm) 1.14+0.13 1.23+0.26 NS
FS (%) 62.11+1.24 59.56 + 2.89 NS

Echocardiography measurements

performed using M-mode, parasternal short axis at mid-papillary mus-

cle level, on DN-MSTN TG13 mice and WT littermates (N=4, each group) demonstrates no significant dif-

ferences in LV systolic function as

assessed by fractional shortening. Data presented are mean + standard

deviation. None of the parameters reached statistical significance, although heart rate displayed a non-
significant trend (p = 0.06). See Methods section for details of analysis. HR = Heart rate, IVS = intraventric-
ular septum thickness, LVPW = left ventricular posterior wall thickness, LVD Diastolic = Left ventricular

dimension in diastole, LVD systol

ic = Left ventricular dimension in systole, FS = fractional shortening.

Supplemental Figure 2.Picosirius red staining for collagen.
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Left and right atrial tissue from 16 week animals reveals a slight increase

in staining for collagen in DN-MSTN TG13 mice compared with wild type

in both atria. Representative 20x micrographs are display from the 3 DN-

MSTN TG13 and 3 WT animals in whom these studies were performed.
Figure 2: Atrial arrhythmias in DN-MSTN TG13 mice.
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A. Representative ECG tracings with QRS complexes from WT (left) and DN-MSTN TG13 (right) animals. Note
the enlarged P wave and broad QRS complex in DN-MSTN TG13 compared with WT. B. Representative sur-
face tracing from a DN-MSTN TG13 mouse with spontaneous, sustained AF at 650 bpm. C. Sinus Rhythm in
wild-type animal at 357 bpm. D. Spontaneous and sustained atrial tachycardia with ventricular rate 352 bpm,
atrial rate 610 bpm. E. Atrial Tachycardia induced with extrastimuli atrial stimulation with S1/S2 of 100/80 ms.

DN-MSTN TG13 (16 weeks) animals

extensive fibrosis (Supplemental Figure 2) despite

did not display having increased atrial size (atrial weight-to-
body-weight ratio 1.97+1.42 mg/g in DN-MSTN
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Table 2: ECG Parameters in TG13 mice.
DN-MSTN DN-MSTN
TG13(Atrial TG13(No Wild-type P value
arrhythmia) arrhythmia
Number 7 12 18
Sex (M/F) 6/1 7/5 9/9
HR (bpm) 504.4+116.1 429.7+34.6 473.2+66.7 <0.05*
PR (ms) NA 17.9+4.7 11.6+2.6 <0.05
ORS (ms) 20.045.1 14.9+2.7 11.8+1.6 <0.05%
QT (ms) 51.0+26.4 38.8+5.4 40.1+10.3 40.1+10.3

ECG parameters from DN-MSTN TG13 and WT mice, grouped according to the presence of arrhythmia (See re-
sults section for discussion of arrhythmia characteristics. No arrhythmia was present in WT mice). Data are pre-
sented as mean+standard deviation. *Heart rate was only significantly different (p<0.05) between DN-MSTN
TG13 without an arrhythmia and WT. TQRS duration was significantly different (p<0.05) between all groups.

Results from Electrophysiological analysis of DN-MSTN TG13 mice that did not have an atrial ar-
Table 3: rhythmia that was induced or sustained, versus wild type littermates. N = 3 for each group. Mean
Age =40.2 weeks in WT, 41.1 weeks in DN-MSTN TG13.

AVERP
HR CSNRT WCL
WT 345 +83.9 120 + 129 81.3+15.5 111 +29.5
DN-MSTN TG13 295 +8.44 186 + 191 82.5+23.6 115+ 31.1
P value NS NS NS NS

TG13 versus 0.35+0.011 mg/g in WT, p<0.05). mice or DN-MSTN TG13 mice without arrhyth-

mia, the heart rate in the DN-MSTN TG13 ani-
DN-MSTN TG13 mice demonstrate altered ven-  mals that did not have AF was lower compared
tricular and atrial conduction with WT controls (Table 2). These findings raise

the possibility that some DN-MSTN TG13 mice
DN-MSTN TG13 mice and WT littermates under- ~ had abnormalities in sinus node function. We
went surface ECG recordings and invasive EPS  also found that DN-MSTN TG13 mice in sinus
(Figure 2). Seven of 19 DN-MSTN TG13 mice were rhythm had increased P wave duration consis-
noted to have either spontaneous or induced atrial tent with their larger atrial sizes (Table 2, Figure
tachyarrhythmia during EPS while no WT mice 2A) compared with the WT mice. However, the
did (Table 2, p<0.01). Figure 2B displays a repre- PR interval was not prolonged in the DN-MSTN
sentative surface tracing from a DN-MSTN TG13 ~ TG13 mice, and invasive EP studies showed nor-
with spontaneous AF. Twelve of 19 DN-MSTN  mal AV node effective refractory period (AVERP)
TG13 mice did not have spontaneous or inducible and Wenckebach cycle length (WCL) (Table 3).
atrial arrhythmias, but still displayed evidence of = These findings suggest that while the time for
abnormal impulse initiation and propagation in  atrial depolarization is markedly prolonged
both the atria and ventricles as described below.  in the DN-MSTN TG13 mice (possibly due to

enlarged atrial size and slowed atrial conduc-
While the DN-MSTN TG13 mice with sustained tion), AV nodal conduction seems to be normal.
AF had increased heart rates compared with WT  Interestingly, we also found evidence of slowed
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Supplemental Table 2: A. Results from Electrophysiological analysis of TG13 mice that did not have an atrial arrhythmia
that was induced or sustained, versus wild type littermates. N =3 for each group. Mean Age = 40.2 weeks in WT, 41.1
weeks in TG13. B. Response in heart rate and arrhythmia inducibility following in vivo isoproterenol stimulation (2 pug/g
body weight, given IP) of WT and TG13 mice. N =6 for WT, 18 for TG. Mean age = 36.5 weeks in WT, 39.9 weeks in TG13.

A. Results from Electrophysiological analysis of TG13 mice that did not have an atrial arrhyth-
mia that was induced or sustained, versus wild type littermates. N =3 for each group. Mean

Supplemental Table Age =40.2 weeks in WT, 41.1 weeks in TG13. B. Response in heart rate and arrhythmia induc-
ibility following in vivo isoproterenol stimulation (2 ug/g body weight, given IP) of WT and

TG13 mice. N =6 for WT, 18 for TG. Mean age = 36.5 weeks in WT, 39.9 weeks in TG13.
HR CSNRT AVERP WCL

WT 345 +83.9 120 + 129 81.3+15.5 111+29.5

TG13 295 + 8.44 186 + 191 82.5+23.6 115+31.1

P value NS NS NS NS

DN-MSTN TG13 (N =4) Arrhthymia Induced

WT 17.8 +16.4

TG13 11.0 £ 6.6

P value NS NS

conduction in the ventricles of DN-MSTN TG13
mice, with significant prolongation of the QRS
interval in both transgenic mice with atrial ar-
rhythmias as well as DN-MSTN TG13 mice that
did not have atrial arrhythmias. The QT inter-
val among the different groups of mice was not
significantly different (Table 2) reason for non-
significance. These findings raise the possibil-
ity that some TG13 mice had abnormalities in
sinus node function. We also found that TG13
mice in sinus rhythm had increased P wave

duration (17.9+4.7 ms versus 11.6+2.6 ms, p<0.05)
consistent with their larger atrial sizes (Table
2, Figure 2A) compared with the WT mice. How-
ever, the PR interval was not prolonged in the
TG13 mice, and invasive EP studies showed nor-
mal AV node effective refractory period (AVERP)
and Wenckebach cycle length (WCL) (Supple-
mental Table 2A). These findings suggest that
while the time for atrial depolarization is mark-
edly prolonged in the TG13 mice (possibly due
to enlarged atrial size and slowed atrial conduc-

Figure 3: Relationship of atrial size and age to arrhythmia in DN-MSTN TG13 mice.
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rhythmia with increasing age in DN-MSTN TG13 mice. Shown is DN-MSTN TG13 mice divided in quartiles based on
age (N=4, 5, 6, 4 for quartiles 1 — 4). On the left axis (bars) is the percentage of animals with arrhythmia in the quartile.
The right axis (line) demonstrates the trend for probability of arrhythmia with increasing age based on a logistic regres-
sion model (OR 4.41, CI 1.10 - 17.8, p<0.01). The addition of an interaction term including AW/BW and age improved the
model (Pseudo-R? increased from 0.175 to 0.715, p<0.001), although AW/BW did not increase significantly with age for ei-
ther group (R?=0.0191, p=NS for WT; R*=0.0314, p=NS for DN-MSTN TG13). Shown below the graph is the number of DN-
MSTN TG13 animals in each quartile with arrhythmia over the total number of DN-MSTN TG13 animals in each quartile.
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tion), AV nodal conduction seems to be normal.

Interestingly, we also found evidence of slowed
conduction in the ventricles of TG13 mice, with
significant prolongation of the QRS interval
in both transgenic mice with atrial arrhyth-
mias (20.0+5.1 ms for TG13 versus 11.8+1.6 ms
for WT, p <0.001) as well as TG13 mice that
did not have atrial arrhythmias (14.9+2.7 ms
for TG versus 11.8+1.6 ms for WT, p<0.05).
The QT interval among the different groups of
mice was not significantly different (Table 2).

Atrial Fibrillation in DN-MSTN TG13 Mice
Correlates with Atrial Size and Age

Of the seven TG13 mice that displayed AF (6
males, 1 female), four (3 males, 1 female) had
spontaneous AF evident on a baseline ECG,
while the other three had atrial arrhythmias
that were inducible with both incremental and

burst pacing. One animal in which AF was in-
ducible was also noted to have spontaneous non-
sustained AF. Examples of these arrhythmias are
shown in Figure 2B-2E. Figure 2B demonstrates
the irregularly irregular pattern of ventricular
activity as seen in AF. Figure 2C illustrates nor-
mal sinus rhythm in a wild-type mouse. Right
atrial electrograms demonstrated an atrial flutter
or atrial tachycardia in one TG13 mouse (Figure
2D) and atrial extra-stimuli-induced AF in a dif-
ferent TG13 mouse (Figure 2E). Among the 12
DN-MSTN TG13 animals that did not have sponta-
neousorinducibleatrialarrhythmias, threeanimals
displayed frequent atrial premature contractions
(data not shown). In comparison, none of the WT
littermates examined had spontaneous arrhythmia
on surface ECG(N = 18), nor were atrial arrhyth-
mias inducible in WT mice on EPS (N=8, p<0.01
for DN-MSTN TG13 vs. WT). No arrhythmias
were inducible in either group with isoproterenol.

Figure 4: Connexin and Ion Channel Expression in DN-MSTN TG13 hearts.
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A. Western blot for connexins and flag protein demonstrates decreased Cx40 in TG (DN-MSTN TG13)
animals compared with WT. DN-MSTN TG13 mice overall displayed decreased Cx40 expression
(p<0.001) compared with WT (4B, upper panel), but not Cx43 (4B, lower panel) (p=NS). The difference
between DN-MSTN TG13 mice with and without arrhythmia was not significant for Cx40 (p=NS) or
Cx43 (p=NS). N=16 total animals (5 WT, 11 DN-MSTN TG13). C. QRT-PCR for RNA expression of vari-
ous ion channels for DN-MSTN TG13 animals compared with WT (N=4 for each group). Only Kv1.4
displayed a statistically significant increase in expression compared with WT. ¢ Indicates p<0.05 vs WT.

Supplemental Figure 3: Kv1.4, Cx40, and Cx43 protein expression in atria of DN-MSTN TG13, TG21, and WT littermates.
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Shown are representative blots for protein expression of Kv1.4, Cx40, and Cx43 proteins, as well as endogenous control
protein GAPDH, in atrial tissue from male mice from DN-MSTN TG13 and TG21 lines, with WT littermates as control.
Below is quantification of protein expression after adjustment for endogenous control, GAPDH. Protein expression of
Kv1.4, after adjustment for endogenous control, was significantly increased compared with wild type littermates (*p <0.05
compared with WT). There was no significant difference in Cx40 or Cx43 in TG21 mice (quantification not shown). Quan-
tification and description of Cx40 and Cx43 in DN-MSTN TG13 is reported elsewhere. See Methods Section for details.
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Supplemental Figure 4: Gene expression of fibrotic genes.
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QRT-PCR performed on atrial tissue from 6 DN-MSTN TG13 and 6 wild type animals ages
16 — 26 weeks comparing expression of various fibrosis and ECM-related genes reveals no
significant increase in expression between DN-MSTN TG13 and WT hearts for overall (A), or
for male mice specifically (B). Male comparison between 3 DN-MSTN TG13 and 3 wild type
mice. Expression of all genes normalized to HPRT-1 as endogenous control prior to compari-
son between groups. None of the genes examined were significantly different between groups.

Evaluation of hearts from DN-MSTN TG13 mice
revealed that animals with atrial arrhythmias
(not including those mice with only APCs) had
larger atria with an increase in the atria-to-body-
weight ratio (AW/BW) compared with WT or
DN-MSTN TG13 mice without arrhythmia (Fig-
ure 3A, p<0.01 for both comparisons). This find-
ing suggests that the substrate provided by in-
creased atrial size may be an important factor for
maintenance of atrial arrhythmias in this model.

As atrial size, advanced age, and fibrosis, all
appeared to be highly correlated with the each
other, as well as the development of AF, we
used a logistic regression model to examine
these effects individually. We found that age
was a predictor of arrhythmia independent of
atrial size, with older DN-MSTN TG13 animals
more likely to develop an arrhythmia (Figure

3B, OR 4.41, CI 1.10 - 17.8, p<0.01). AW/BW did
not increase with age in either group (R*=0.0191
for WT and R*=0.0314 for DN-MSTN TG13, p=NS
for both), suggesting that age did not simply in-
crease the risk for arrhythmia by allowing more
time for atrial growth. However, when atrial
weight was included as an interaction term with
age in this model, the R* increased from 0.175 to
0.715 (p<0.001), indicating that the pro-arrhythmic
effect of age was more important in larger atria.

DN-MSTN TG13 Atrial Tissue Undergoes
Molecular Electrical Remodeling in the Ab-
sence of Significant Arrhythmia or Fibrosis

AF has been noted to be associated with changes
in the expression of various ion channels and gap
junction proteins.*> However, due to the preva-
lence of fibrosis in models of AF, it is difficult to

Supplemental Figure 5: Connexin40 distribution.

TGI13

IHC staining for connexin40 protein on right atrial tissue of 16 week old mice dem-
onstrates overall decrease in connexin40 protein, but no obvious changes in distribu-
tion from cell borders (arrow) when viewed under 100x magnification. Shown: Rep-
resentative images from immunostaining of 3 DN-MSTN TG13 and 3 WT animals.
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Supplemental Figure 6: Connexin40 and Connexin43 localization.

Shown is IF stain for Cx40 (red stain, Rhodamine conjugate), Cx43 (light blue, Cy5 conjugate), Pan-cadherin (yel-
low, FITC conjugate), and merged image of all 4 dyes for DN-MSTN TG13 and WT atria of 16 week old mice.
Images on the left are at 63x magnificantion, and the right are zoom-enhanced (3x). For reference, DAPI nuclear
stain is included in zoom-enhanced images on the right. Overall, Cx40 is decreased in DN-MSTN TG13 compared
with WT, although the Cx40 that is present appears to be located along the cell-cell border, as shown by its colo-
calization with cadherin. Cx43 was not highly expressed, and was not significantly different between the groups.

Supplemental Figure 7: Connexin43 distribution.

Connexin43 IHC stain of right atrial tissue from 16 week old mice. Overall connexin43 expression was lower than
connexin40 in the atria we compared. However, no difference between DN-MSTN TG13 and WT was seen in distri-
bution or expression levels. Representative images from studies of 3 DN-MSTN TG13 and 3 WT animals are shown.

Supplemental Figure 8: Connexin expression in cardiomyocytes in vitro.
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A. Representative Western blot demonstrates decreases in both Cx40 and Cx43 in MSTN- and DN-
MSTN-infected cells, compared with uninfected control and GFP-infected cells. B. Quantification of
Western blot data for Cx40 and Cx43. ¢ Indicates p<0.05 vs. uninfected control. N=3 for each group.

differentiate primary changes in expression pat- mice in the absence of overt fibrosis and atrial
terns from changes secondary to fibrosis. Hence arrhythmias using QRT-PCR to define the tran-
we examined atrial tissue from DN-MSTN TG13  script levels for a variety of relevant ion channels.
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We found no significant change in the transcript
for Cx40 and a significant increase in the transcript
for Kv1.4 (n=4 animals each, p<0.05) (Figure 4C).
We verified the increase in Kv1.4 protein as well
(Supplemental Figure 3). Similar changes in the
potassium channel transcripts have been report-
ed in other animal models of AF.* In addition to
lacking the extensive fibrosis seen in DN-MSTN
TG13 mice with AF (Supplemental Figure 2), these
DN-MSTN TG13 mice without arrhythmia also
displayed no difference in expression of markers
of fibrosis including TGF-{3, procollagen I and III,
fibronectin, and CTGF (Supplemental Figure 4).
Taken together these data suggest that alterations
in ion channel expression in the atria occurred in
the absence of fibrosis or atrial arrhythmias, and
may be the basis for triggers of atrial arrhythmias.

Connexin40 Protein is Decreased in the Atria of
TG13 mice

Connexin40 (Cx40) is the primary connexin in gap
junctions in the mouse atria and has been reported
to be down-regulated in diverse models of atrial
fibrillation.”> Our finding that P wave and QRS
duration were increased in TG13 mice in the ab-
sence of atrial arrhythmias raised the possibility
that impulse propagation might be altered early
in the transgenic mice. Since gap junctions play a
crucial role in impulse propagation, and are pri-
marily regulated post- translationally, we ana-
lyzed protein levels of Cx40 and Cx43, in the atria
of TG13 mice. We found that protein levels of Cx40
were dramatically decreased in atria from TG13
mice compared with WT mice (Figure 4, p<0.0001),
even in animals without atrial arrhythmias. We
found no difference in mRNA expression of Cx40
transcripts (Figure 4C), which suggests that the
down-regulation of Cx40 protein occurs post-tran-
scriptionally, but importantly makes it unlikely
that the effect of DN-MSTN transgene on Cx40
was due to insertional effects of the transgene.
Interestingly, in TG13 mice with atrial arrhyth-
mias, there was a further non- significant trend
toward a decrease in Cx40 expression compared
with TG13 mice without atrial arrhythmias. De-
creased Cx40 expression appeared to occur with-
out an appreciable change in sub-cellular local-
ization of Cx40, which continued to be expressed
at cadherin junctions of both TG13 and WT mice,
albeit at lower levels in TG13 (Supplemental Fig-
ures 5 and 6). Cx43 protein manifested a non-sig-

nificant trend towards decreased protein levels
in TG13 animals with atrial arrhythmias (Figure
5B). On immunohistochemistry, as with Cx40,
there did not appear to be a change in sub-cellu-
lar localization of Cx43 (Supplemental Figure 7).

In order to obtain some mechanistic insight into
possible myostatin pathway regulation of Cx40,
we studied the effect of adenoviral-driven over-
expression of full-length myostatin or the domi-
nant negative myostatin in neonatal rat ven-
tricular myocytes. Although Cx40 is not highly
expressed in ventricular myocytes, both MSTN as
well as DN-MSTN overexpression led to down-
regulation of Cx40 as well as Cx43 (Supplemental
Figure 8). While further analysis would be neces-
sary to examine the mechanism behind this down-
regulation, this finding implied that there may be
a direct interaction between the MSTN or DN-
MSTN protein and connexin protein expression.

Discussion

MSTN is a negative regulator of skeletal muscle
growth that has been recognized to modulate
growth of cardiomyocytes in vitro and in vivo.”
In order to study its regulatory role in the post-
natal heart, we generated transgenic mice ex-
pressing the MSTN N-terminal pro-peptide do-
main (DN-MSTN), which binds and inhibits the
active carboxy-terminal peptide of MSTN.* In
this study, we examined the TG13 line, which
expressed the transgene at higher levels, and
displayed susceptibility to AF in the setting of
atrial enlargement. TheTG13 mice had sinus
node dysfunction and prolonged atrial conduc-
tion times on ECG, as well as a decrease in atrial
Cx40 protein and an increase in Kv1.4 transcript
and protein prior to the development of any
significant fibrosis or arrhythmia. These effects,
including the development of fibrosis and ar-
rhythmias, appear to be age- and sex-dependent,
as we primarily observed atrial fibrosis and ar-
rhythmias in older male animals.

The role of Cx40 in the development of AF has
been suggested in humans,*" large animal mod-
els'® and transgenic and knock-out mouse mod-
els.'”!% 3 The mouse models range from those
with dramatic atrial enlargement, as with cardi-
ac-specific over-expression of angiotensin con-
verting enzyme-2 (ACE2) or TNF-a,'® to those
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with relatively normal-sized atria as in germline
Cx40 knock-outs' or with cardiac-specific TGF-f3
over-expression.” While Cx40 was shown to be de-
creased in the ACE2 and TNF-a over-expressing
lines, it was unclear in those models if this down-
regulation was a primary effect of the transgene,
secondary to structural changes as a result of the
dramatic atrial growth or fibrosis, or an off-target
effect of the over-expression of the dominant-
negative transgene. In DN-MSTN TG13 mice, de-
creased Cx40 protein expression was noted in all
animals, even in the absence of fibrosis or atrial
arrhythmia. These results suggest that DN-MSTN
transgene may either directly (via the inhibition
of myostatin signaling via the activin IIB recep-
tor) or indirectly (via an off-target effect on the re-
lated TGF-beta signaling pathway) regulate Cx40
espression. Our follow-up in vitro experiments in
neonatal cardiomyocytes also support a cellular in-
teraction between MSTN and connexins, although
more work would be necessary before concluding
that there were not indirect effects. As MSTN is a
secreted protein, the primary effect as it relates to
Cx40 regulation may also be through action on oth-
er cell types such as cardiac fibroblasts, or through
regulation of the extracellular matrix-associated
proteins such as matrix metalloproteinases, as has
been previously described in hypertensive heart
disease.’*® Further, the role for MSTN in the regu-
lation of ventricular growth in the heart was only
recently described” and there is very little known
about its effects in atrial growth. Like all members
of the TGF-{ family, the regulation of MSTN in-
volves several points of cleavage and inhibitory
binding.*" At this point, the only known function
of the N-terminal peptide of MSTN is inhibition
of the “active’ C-terminal region through nonco-
valent binding, although there has been specula-
tion that the N-terminal peptide of other TGF-3
family members may play an additional role in
regulation.”” This regulation could plausibly occur
through binding a different member of the large
TGEF-B protein family, through modulation of a
different TGF-3 family receptor, or through com-
petitive inhibition of processing enzymes used in
common by multiple family members. Identifica-
tion of proteins interacting with the N-terminal
pro-peptide could help identify novel pathways in-
volved in atrial growth and electrical remodeling.

For many years, it was thought that AF was not
possible in mice because their atria were too small

to sustain the re-entry thought to underlie the
arrhythmia.®® While transgenic models have
since shown evidence that AF can develop in a
mouse, the impact of atrial size remains a sig-
nificant issue. Interestingly, Hagendorff et al.
found that in germline Cx40 knock-out mice
with normal-size atria and markedly prolonged
atrial conduction times (average p wave dura-
tion of 26.0 ms), AF rarely developed spontane-
ously (only one in 27 mice); the others had to be
induced with atrial burst pacing.”” TGF-f3 over-
expressing transgenics also had normal atrial
morphology, and despite extensive fibrosis and
conduction abnormalities, AF only occurred
with burst pacing.® In contrast, both ACE2 and
TNF-a mice have enlarged atria and sustained
AF, and in our study, we determined statistically
that the risk of AF was significantly higher in
mice with larger atria.

The DN-MSTN TG13 mouse model is a unique
model to study a ‘two-hit” hypothesis for the de-
velopment of atrial fibrillation. Cx40 downreg-
ulation and an increase in Kv1.4 (which would
be hypothesized to shorten action potential
duration) were noted consistently in the DN-
MSTN TGI13 atria, even in the absence of any
significant fibrosis or atrial enlargement. These
animals did not have any sustained or induc-
ible atrial arrhythmias, suggesting that although
triggers for arrhythmias may have existed, the
lack of adequate atrial size may have prevented
the maintenance of stable rotors that are cru-
cial for sustained AF. With increasing age, and
increased atrial size and fibrosis as we found
with regression modeling, we hypothesize that
a pro-arrhythmic substrate for maintaining AF
was created, leading to the sustained spontane-
ous or inducible arrhythmias we observed. In
humans, increased age is among the strongest
risk factors for AF,* although whether a similar
effect of Cx40 downregulation prior to age-relat-
ed effects has not been described. Nonetheless,
the similarity in terms of age-dependent pheno-
type AF makes the DN-MSTN TG13 an interest-
ing potential model for studying AF in humans.

Our study was limited by an inability to fol-
low atrial size, fibrosis, and connexin expres-
sion longitudinally over the lifetime of an in-
dividual mouse due to the need to sacrifice
the animals to obtain these measurements. We
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suspect based on statistical modeling that Cx40
levels decrease with age as atrial fibrosis in-
creases, while atrial size does not. However, it
would be very informative to follow the effects of
Cx40 down-regulation, the development of atri-
al fibrosis, and differences in atrial size through
the lifetime of an animal in order to assess the
effect that each has on the development of AF.

Future studies directed at characterization of the
atrial electrical substrate using optical mapping will
be helpful both to verify that the down-regulation of
Cx40 we observed in TG13 mice results in decreased
tissue conduction, as well as to analyze the electro-
physiology of the initiation and sustenance of AF in
these animals. In support of this notion, Verheule et
al. found that in cardiac-specific TGF-{3 overexpress-
ing mice, conduction abnormalities were detected
using tissue electrophysiological analysis de-
spite relatively normal surface ECG intervals®
AF, and in our study, we determined statistically
that the risk of AF was significantly higher in mice
with larger atria.Despite these limitations, we be-
lieve that the TG13 mouse model of AF displays
many characteristics of AF both in humans and
animals, and that it will provide a useful model for
further exploration of mechanisms and possibly
treatments of AF.
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