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Abstract

A premature truncation of MYBPHL in humans and a loss of Mybphlin mice is associated

with dilated cardiomyopathy, atrial and ventricular arrhythmias, and atrial enlargement. MYBPHL
encodes myosin binding protein H-like (MyBP-HL). Prior work in mice indirectly identified
Mybphl expression in the atria and in small puncta throughout the ventricle. Because of its
genetic association with human and mouse cardiac conduction system disease, we evaluated the
anatomical localization of MyBP-HL and the consequences of loss of MyBP-HL on conduction
system function. Immunofluorescence microscopy of normal adult mouse ventricles identified
MyBP-HL-positive ventricular cardiomyocytes that co-localized with the ventricular conduction
system marker contactin-2 near the atrioventricular node and in a subset of Purkinje fibers.
Mybphl heterozygous ventricles had a marked reduction of MyBP-HL-positive cells compared to
controls. Lightsheet microscopy of normal perinatal day 5 mouse hearts showed enrichment of
MyBP-HL-positive cells within and immediately adjacent to the contactin-2-positive ventricular
conduction system, but this association was not apparent in Mybphl heterozygous hearts.

Surface telemetry of Mybphlull mice revealed atrioventricular block and atrial bigeminy, while
intracardiac pacing revealed a shorter atrial relative refractory period and atrial tachycardia.
Calcium transient analysis of isolated Mybphl-null atrial cardiomyocytes demonstrated an
increased heterogeneity of calcium release and faster rates of calcium release compared to

wild type controls. Super-resolution microscopy of Mybphl heterozygous and homozygous null
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atrial cardiomyocytes showed ryanodine receptor disorganization compared to wild type controls.
Abnormal calcium release, shorter atrial refractory period, and atrial dilation seen in Mybph/null,
but not wild type control hearts, agree with the observed atrial arrhythmias, bigeminy, and atrial
tachycardia, whereas the proximity of MyBP-HL-positive cells with the ventricular conduction
system provides insight into how a predominantly atrial expressed gene contributes to ventricular
arrhythmias and ventricular dysfunction.

Keywords

Myosin binding protein; MyBP-HL; MYBPHL,; Ventricular conduction system; atrial
cardiomyocyte; Cardiomyopathy

1. Introduction

Dilated cardiomyopathy (DCM) is a prevalent genetic heart disease characterized by
ventricular dilation and systolic dysfunction and is caused by mutations in genes that

are involved in a variety of cardiomyocyte functions [5]. While ventricular function has
been the major focus of research into DCM, there has been a growing appreciation of

the importance of atrial and ventricular conduction system dysfunction as sequelae and
modifiers of cardiomyopathies [6, 7]. In DCM, the atria frequently dilate, which is linked
with increased occurrence of atrial tachycardia and fibrillation [8-10]. Atrial fibrillation has
also been shown to develop concomitantly with remodeling in hypertrophic cardiomyopathy
[11]. Progressive atrioventricular block and bundle branch block are comorbidities in dilated
cardiomyopathy and are associated with increased mortality [12-14].

The cardiac conduction system is comprised of distinct populations of specialized
cardiomyocytes that control the rate and propagation of cardiac action potentials throughout
the heart [15, 16]. Cardiomyocytes with distinct gene expression patterns and morphology
comprise the sinoatrial node and atrial conduction tract, atrioventricular node, His-bundle,
Purkinje fibers, and junctional ventricular zone cells [17]. Single cell sequencing studies
have demonstrated that these zones are comprised of several additional subsets of cells,
each with their own specific transcriptomic landscape that regulates their function [18].
Most genes that have been identified to cause cardiomyopathy are expressed in throughout
the chambers of the heart [5]. Genes that are highly expressed in rare subpopulations of
cardiomyocytes have not been well studied in the context of genetic heart disease.

We previously described a premature truncation mutation, MYBPHL R255Stop, in a family
with DCM, atrial and ventricular arrhythmias, and atrioventricular conduction dysfunction
[1]. MYBPHL encodes the myofilament-associated protein myosin binding protein H-like
(MyBP-HL) and is highly expressed in the atria. Using a LacZ reporter, we also identified
Mybphl expression in a small subset of ventricular cardiomyocytes, although the precise
anatomical distribution was not clear. A Mybph/null allele was characterized in mice and
provided evidence that both heterozygous and homozygous disruption of Mybphl produced
atrial and ventricular dilation, systolic dysfunction, and premature ventricular contractions

[1].
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Additional evidence has emerged implicating MYBPHL with conduction system disorder.
A genome-wide association meta-analysis identified M YBPHL as a locus associated with
prolongation of P-R interval [19]. Single cell RNA-Seq experiments have also identified
Mybphl expression within subsets of the mouse conduction system, including the Purkinje
cells and Purkinje-to-ventricular transition zone [18]. However, it is unclear how loss

of a predominantly atrial myofilament protein could cause ventricular dysfunction and
arrhythmia. In the present work, we provide evidence for MyBP-HL expressing cells within
and adjacent to components of the ventricular conduction system and provide a rationale by
which loss of Mybphl can elicit ventricular rhythm disturbances.

2. Methods

2.1. Animal models

The Mybph/null mouse was obtained from the Knock-Out Mouse Project and the European
Mutant Mouse Archive [1, 20]. This mouse carries a null allele of Mybph/where exons

2 — 6 are deleted and replaced with a LacZ reporter. Contactin-2-EGFP bacterial artificial
chromosome transgenic mice express enhanced green fluorescent protein in the ventricular
conduction system under the control on the contactin-2 promoter [21]. For all terminal time
points and tissue collection, animals were humanely sacrificed by cervical dislocation while
under inhaled isoflurane anesthesia. All procedures involving mouse models performed in
this study were approved by the Institutional Care and Use Committee at Northwestern
University and conformed to the ethical treatment of animals standards set out in the Guide
for the Care and Use of Laboratory Animals issued by the NIH Office of Laboratory Animal
Welfare. Northwestern University’s animal facility maintains the standards required for
AAALAC accreditation.

2.2. Cardiomyocyte isolation

Adult mouse cardiomyocytes were isolated as previously reported [22]. Mice were
anesthetized with 5% inhaled isoflurane in 100% oxygen and administered 50 U heparin
with an intraperitoneal injection 20 minutes prior to sacrifice. The animals were anesthetized
with 5% inhaled isoflurane. The thoracic cavity was opened, and the heart and lungs

were cut out of the chest with care to preserve the aortic arch. The heart and lungs were
immobilized in a 35 mm dish containing Tyrode’s solution with no calcium (143 mM NaCl,
2.5 mM KCI, 25 mM NaHCOg3, 2 mM MgCl,, 11 mM glucose, pH 7.4), where the aorta
was dissected, cleaned, and bisected at the level of the brachiocephalic artery. A 24-gauge
gavage needle (Cadence Science #7900) was fitted to a 1 mL syringe filled with ice cold
Tyrode’s solution with no calcium, the aorta was stretched over the ball tip of the catheter
and immobilized with a 6-0 silk suture. Care was taken to ensure no air was introduced into
the aorta. Retrograde perfusion was initiated via syringe with zero calcium Tyrode’s solution
at a rate of 1 mL/minute, after which the gavage catheter and the heart were transferred to

a Langendorff system with a constant pressure of 80 mmHg. The Langendorff apparatus
contained Tyrode’s solution with no calcium and a modified Krebs-Henseleit buffer (112
mM NaCl, 4.7 mM KCI, 0.6 mM KHyPQOy,, 40 puM CaCl,, 0.6 mM NayHPO4, 1.2 mM
MgSQOy, 30 uM phenol red, 21.4 mM NaHCO3, 10 mM HEPES, and 30 mM taurine,

pH 7.4) with 0.15% collagenase type Il (Worthington), 0.1% BDM, 0.1% glucose, 1 x
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insulin-transferrin-selenium (Gibco), and 100 U/mL penicillin/streptomycin added day-of
experiment. The buffers were maintained at 37 °C with water-jacketed glassware (Radnoti)
and a recirculating water bath. The hearts were perfused with a digestion solution for seven
minutes followed by removal of the atria, mincing with fine spring scissors, and trituration
using a plastic transfer pipette every five minutes for 40 minutes. Atrial tissue was allowed
to settle between the triturations and the supernatant was filtered through a 100 um cell
strainer into a stop buffer (digestion buffer with no collagenase, 40 uM CaCls, and 1%
bovine serum albumin). After complete digestion of the tissue, the cells were centrifuged for
1 minute at 100 x G. The pellet was resuspended in a stop buffer, centrifuged again for 1
minute at 100 x G, and resuspended in a final buffer (stop buffer with no BSA). Ventricular
cardiomyocytes were isolated in the same manner except the hearts were digested for 5
minutes and the serial trituration was constant. Glass coverslips (10 mm diameter) were
coated with 20 pg/mL laminin (23017-015 Gibco) in phosphate buffered saline (PBS) for
one hour. Cardiomyocytes were added in final buffer and allowed to adhere to the coverslips
for one hour at 37 °C.

2.3. Immunofluorescence staining of sectioned tissue and isolated cardiomyocytes

Frozen mouse hearts were sectioned at 5 um thickness and adhered to a Superfrost+ glass
slide. Sections were fixed in an ice cold 4% paraformaldehyde solution in PBS for 10
minutes and then rinsed and stored in cold PBS for up to an hour. Coverslips with adhered
isolated cardiomyocytes were put into the wells of a 24-well plate. The cells were washed
with 500 uL of PBS and incubated in 4% paraformaldehyde for 10 minutes at 4 °C. Tissue
or cells were then washed with PBS and then permeabilized in PBS with 0.25% Triton
X-100 for 25 minutes at 4 °C. The samples were blocked with a solution of 20% FBS and
0.1% Triton X-100 in PBS for 30 minutes at 4 °C and then incubated in primary antibody
in 2% FBS and 0.1% Triton X-100 overnight at 4 °C. Primary antibodies were used against
MyBP-HL (Pocono, custom), epitope and antibody validation in Figure 1A, cMyBP-C
(Santa Cruz E7), contactin-2 (R&D Systems AF4439) [21], ryanodine receptor 2 (AbCam
GR3250452-2). The samples were washed three times in cold PBS containing 0.1% Triton
X-100 and incubated with secondary antibodies conjugated with Alexa-488 (Invitrogen
A21202) or Alexa-568 (Invitrogen A10042). Samples were again washed in PBS with
0.1% Triton X-100 three times, with the second wash containing 1 pM Hoechst solution
(Invitrogen H3570) to visualize nuclei. Sectioned tissue was mounted using VectaShield
without DAPI and coverslips were adhered with clear nail polish. Coverslips were mounted
on glass slides using ProLong Gold anti-fade reagent (Thermo P10144) and allowed to
solidify in a dark dry container overnight.

2.4. Immunofluorescence microscopy

Immunostained fixed tissue sections and isolated cardiomyocytes were imaged on a Zeiss
Axio Observer with epifluorescent illumination. Tiled sections of slides were used for
quantification of cell density and MyBP-HL positive cardiomyocytes were counted by hand
by a blinded operator and normalized as the number of MyBP-HL positive cells per section.
Isolated ventricular cardiomyocytes were plated in 35 mm diameter dishes and images were
taken of the entire culture area using a 10 x objective, tiled together, and the total cell
density per dish was measured using the analyze particles tool in ImageJ. An observer
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blinded to genotype scanned the stained cells and imaged and counted MyBP-HL expressing
ventricular cardiomyocytes. MyBP-HL positive cardiomyocytes were normalized to cell
density per individual isolation and plating. Cell morphology was measured by outlining

the cells in ImageJ. Sectioned tissue from WT and heterozygous Mybph/ null mouse hearts
slices were immunostained for MyBP-HL and analyzed by an observer blinded to genotype.
MyBP-HL positive ventricular cardiomyocytes were quantified and the prevalence of these
cells per section was recorded. Ventricular cardiomyocytes from Cntn2-GFP bacterial
artificial chromosome mice [21] were also isolated, counted, and normalized per total
cardiomyocytes.

2.5. Structured illumination microscopy

Super-resolution microscopy was performed using a Nikon Structured Illumination
Microscope (N-SIM) in the Nikon Imaging Center in Northwestern University’s Center for
Advanced Microscopy. The N-SIM was fitted with a 100 x oil objective (NA 1.49) and 488
nm and 561 nm wavelength lasers were used for imaging. All SIM images were acquired
and reconstructed using the Nikon Elements software.

2.6. Ryanodine receptor distribution analysis

Reconstructed SIM images were analyzed, and clusters counted by hand by an observer
blinded to genotype. For cluster size analysis, images were processed in ImageJ by Otsu
thresholding followed by watershed segmentation. The areas of each thresholded cluster
was quantified. It should be noted that this is an indirect measurement of cluster size

that gives a larger total area for each cluster in comparison to other recent work that has
used point-spread function correction and calibration techniques to quantify individual RyR
receptors and identify the number of receptors per cluster and cluster size [23, 24].

2.7. Whole-mount immunostaining

Perinatal day 5 mouse hearts were isolated and prepared for whole mount immunostaining
using the iDISCO method [25]. Antibodies were first validated by immunostaining sectioned
frozen mouse hearts that had undergone the chemical treatments in the iDISCO protocol. For
whole mount staining, hearts were collected and rinsed of blood in cold PBS, then shaken
overnight in PBS with 4% PFA at 4° C. Hearts were rinsed 3 x 30 min at RT with shaking.
Hearts were dehydrated in a methanol/saline series (20%, 40%, 60%, 80%, 2 x 100%) for 1
hour at room temperature for each step, except the last step at 4° C. Samples were incubated
overnight at room temperature with shaking in 66% DCM, 33% methanol. Hearts were
washed twice in 100% methanol and then transferred to a chilled solution of 5% H,05 in
methanol overnight at 4° C. The hearts were rehydrated with a methanol/saline series (80%,
60%, 40%, 20%) for 1 hour each at room temperature followed by 2 x 1 hour washes in PBS
with 0.2% Triton X-100. At this stage, the tubes containing the hearts and solutions were
completely devoid of air to avoid sample oxidation. Tissue was permeabilized by incubation
with 0.2% Triton X-100, 300 mM glycine, and 20% dimethylsulfoxide in PBS for 2 days

at 37° C. The hearts were blocked in 0.2% Triton X-100, 10% dimethylsulfoxide, and 6%
donkey serum in PBS for 2 days at 37° C. Primary antibodies were diluted at 1:500 in 0.2%
Tween-20, 10 mg/L heparin, 5% dimethylsulfoxide, 3% donkey serum in PBS for 4 days

at 37° C. Hearts were then washed 4 — 5 times with 0.2% Tween-20, 10 mg/L heparin in
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PBS for 30 minutes each, with the last wash overnight. Secondary antibodies were diluted in
0.2% Tween-20, 10 mg/L heparin, 3% donkey serum in PBS for 4 days at 37° C and then
washed as after the primary antibody incubation. To optically clear the hearts, the samples
were dehydrated in a methanol/saline series (20%, 40%, 60%, 80%, 2 x 100%) for 1 hour at
room temperature for each step, or overnight for the final step. Samples were then incubated
with 66% DCM/33% methanol at room temperature with shaking for 3 hours followed

by 2 x 15-minute washes in 100% DCM. Finally, the tissue was rendered transparent by
incubation with dibenzyl ether (Sigma 108014) without shaking at room temperature and
stored this way until imaging.

2.8. Lightsheet microscopy and volumetric modeling

A LaVision Il lightsheet microscope (LaVision Biotech) fitted with a 6 mm working
distance Olympus MVPLAPO 2 x 0.5NA lens was used to determine localization of MyBP-
HL and contactin-2 within the perinatal day 5 mouse heart. Hearts were imaged in dibenzy!l
ether with six light sheets using 561 or 637 nm laser lines to excite Alexa Fluor 568 or 647
secondary antibodies. Hearts were imaged at 1.6 x magnification and the numeric aperture
and laser sheet settings were adjusted to provide the optimal illumination and focus across
the sample, and images were taken at 5 pum steps.

Image stacks were processed in the Imaris software to create a volumetric representation

of the whole heart. The MyBP-HL stained atria were rendered into a surface feature with

3.5 um surface detail and intensity threshold set at automatic values. This volume was used
to mask the MyBP-HL signal from the atria, leaving the ventricular foci. The contactin-2
stained conduction system was rendered as a volumetric surface feature with 3.5 um surface
detail and automatic intensity thresholding. MyBP-HL ventricular foci were rendered as
points and were determined by their size (20 um diameter, 40 um elongation factor to correct
for Z-stack elongation), selected for sphericity >0.083, and automatically thresholded for
quality. For all surfaces and spots, regions of signal from outside the heart volume (e.g.
reflections from the sample mounting posts) were removed by hand. The distance from each
ventricular MyBP-HL rendered spot to the contactin-2 ventricular conduction system surface
was measured.

2.9. Implantable telemetry

2.10.

DSI ETA-F10 biopotential transmitters were implanted subcutaneously in anesthetized mice
at 10 — 11 weeks of age and animals were allowed to recover for one week. Conscious
ambulatory electrocardiogram recordings were made for one hour at 8:00 am followed

by intraperitoneal injection of 1 mg/kg propranolol and continuous recording for the
following three hours [26]. Animals recovered for 3 days before a subsequent injection of 20
mg/kg flecainide [27]. The electrocardiogram signals were analyzed using DSI’s Ponemah
software. Heart rate variability was visualized using Poincaré plots of the R-R interval
graphed against the R-R interval of the subsequent beat (R-R+1) [1].

Intracardiac pacing

Intracardiac electrophysiological recording and stimulation was performed on mice sedated
with inhaled isofluorane. A 1.1-F octapolar catheter (Millar EPR-800) was inserted through
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the right jugular vein and into the right atria and ventricle in mice sedated with inhaled
isoflurane. Animals were positioned prone on a heated table and surface electrocardiograms
were measured with limb leads in the table. Protocols for burst pacing of 50 ms cycle

length were used to try and elicit bouts of atrial tachycardia or atrial fibrillation [28].

If atrial tachycardia was observed in two or more burst pacing protocols the animal was
considered positive. Following baseline recordings, animals were treated with intraperitoneal
injection of 4 mg/kg isoproterenol and burst pacing was repeated to assess the occurrence of
arrhythmia.

2.11. Confocal calcium imaging

Atrial cardiomyocytes were incubated with 14 uM of the calcium indicator dye Cal520-AM
(ATT Bioquest) for 25 minutes. Cells were added to the tissue bath on the stage of an
inverted Zeiss LSM 510 (25 x objective, N/A 1.2). The bath was perfused with Tyrode’s
solution (143 mM NaCl, 2.5 mM KCI, 25 mM NaHCO3, 2 mM CaCL,, 2 mM MgCly,

11 mM glucose, pH 7.4) and cells were paced at 1000, 500, 400, 300, and 200 ms

cycle lengths [29]. Calcium transients were analyzed using custom software in MatLab
2015b, and WT and null mice were compared at each pacing frequency. Heterogeneity was
assessed by segmenting the line-scan calcium transient into 2-micron segments that run the
length of the cell, and then is measured as the standard deviation between the segments.
Three-dimensional fluorescent intensity graphs were made using the Plotly R Open-Source
Graphing Library.

2.12. Data handling and statistics

All data was collected and analyzed by observers blinded to genotype. Data was initially
parsed in Microsoft Excel and statistical tests were performed using GraphPad Prism 8. Data
were assessed for normalcy using a Bartlett’s test and then evaluated for significance using
either a two-tailed Student’s t-test or a repeat measure one-way ANOVA with a Bonferroni’s
multiple comparisons post-hoc test. Figure legends provide detail on the group humbers and
tests used. Significance was determined a priorias p < 0.05.

3. Results

3.1. MyBP-HL is expressed in discrete foci throughout the ventricle

A polyclonal MyBP-HL antibody was generated that recognizes the amino terminal domain
of mouse MyBP-HL (Fig. 1A, B). These 50 N’-terminal amino acids in MyBP-HL are
not similar to any region of MyBP-H or MyBP-C. In WT mice, MyBP-HL protein

was detected by immunoblot in atrial protein homogenates, but not in ventricle samples
(Fig. 1C), consistent with our prior data using a commercial antibody [1]. This antibody
detected MyBP-HL protein in wild type (WT) atrial samples but did not detect MyBP-
HL protein from Mybphlhomozygous null atria (Fig. 1D). Total protein staining of this
same membrane illustrates loading of Mybph/null tissue. Immunoblotting for myosin to
show total sarcomere content and GAPDH as a control shows similar levels of sarcomere
content in both genotypes (Fig. 1E). The atrial expression of Mybph/was confirmed with
immunofluorescence microscopy of sectioned hearts from adult WT, heterozygous, and
homozygous Mybph/null mice (Fig. 1F). Faint staining can be observed in the Mybph!
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null mouse using the MyBP-HL antibody. Closer imaging shows a perinuclear staining in
ventricular tissue (Fig. 1G). The cause of this off-target binding is unclear, as the MyBP-HL
epitope region does not have high homology with other proteins.

Sections of adult mouse hearts were co-stained with antibodies against contactin-2 to mark
the ventricular conduction system, including the AV node, His bundles, and Purkinje fibers.
Tissue at the base of the ventricular septum in the vicinity of the atrioventricular node
showed positive contactin-2 staining that co-stained for MyBP-HL staining (Fig. 2A-i, ii).
Other ventricular cardiomyocytes showed positive staining for MyBP-HL, including within
contactin-2 positive Purkinje cells in the ventricular sub-endocardium (Fig. 2A-iii), and in
cells in the ventricular epicardium that did not co-stain with the ventricular conduction
system (Fig. 2A-iv).

Immunofluorescence microscopy with antibodies against MyBP-HL and contactin-2 on
Mybphl heterozygous mouse hearts showed robust MyBP-HL staining in the atria, and
MyBP-HL co-staining with contactin-2 in the base of the ventricular septum in the atria

to ventricular transition tissue (Fig. 2B-i, ii). In contrast, the pattern of MyBP-HL in the
ventricle showed multicellular puncta of MyBP-HL positive cells (Fig. 2B-iii, iv), which
was not observed in sections from WT mice. As in the WT sections, heterozygous sections
showed that there was a high degree of variability in the association between MyBP-HL
positive regions in the ventricle and contactin-2 stained conduction system tissue. Note that
the green signal on the top margins of Fig. 2A-i and 2B-i is autofluorescence from the
collagen in the vasculature and valves at the base of the heart.

We show MyBP-HL to be predominantly found in the atria, which provides an anatomical
basis for the concept that loss of Mybphl could cause atrial dysfunction. Because the
phenotype in humans carrying the R255X mutation and the Mybph/null mice include
ventricular arrhythmia and dysfunction [1], we wanted to further explore the identity of
the Mybphl expressing ventricular cardiomyocytes. Analysis of MyBP-HL localization in
sectioned tissue revealed that 67% of the MyBP-HL positive ventricular cardiomyocytes
were identified in the right ventricular free wall (Fig. 3A, D). We were able to identify
additional multicellular puncta of MyBP-HL positive ventricular cardiomyocytes in Mybphl/
heterozygous hearts (Fig. 3B). However, when quantifying the number of individual

cells, we noted a significant reduction in the number of MyBP-HL positive ventricular
cardiomyocytes in heterozygous hearts compared to WT (Fig. 3C), suggesting that partial
loss of MyBP-HL can cause alterations in the presence and localization of ventricular
MyBP-HL expressing cells.

We isolated individual adult cardiomyocytes from WT and Mybphl heterozygous mouse
hearts to evaluate quantity and morphology of ventricular cardiomyocytes. We hypothesized
that the MyBP-HL positive ventricular cardiomyocytes would have a Purkinje cell
morphology, which is known to be elongated and narrow compared to normal brick-

shaped ventricular cardiomyocytes [21, 30, 31]. In WT hearts, we isolated and identified
many MyBP-HL positive cardiomyocytes with ventricular conduction cell morphology,

but we also found MyBP-HL positive cells with the canonical brick shaped ventricular
cardiomyocyte (Fig. 4A). Analysis of cardiomyocyte morphology revealed that ventricular
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cardiomyocytes that were positive for MyBP-HL were not significantly different from
ventricular cardiomyocytes that were MyBP-HL-negative, with no difference in cell length,
width, or length/width ratio (Fig. 4C — E). Although the overall size and shape of MyBP-HL
positive cells did not differ between heterozygous and WT hearts, there was a significant
reduction in the number of MyBP-HL positive ventricular cardiomyocytes normalized to the
number of cells isolated, which supports the observations of reduced MyBP-HL ventricular
foci in sectioned heterozygous hearts (Fig. 4B).

Our quantification of the number of MyBP-HL positive ventricular cardiomyocytes was
surprisingly small, at 5.9 + 0.16 per 10,000 ventricular cardiomyocytes in WT hearts. We
suspected that our isolation of ventricular cells was not yielding representative amounts of
conduction system and endocardial cardiomyocytes. Therefore, we quantified the frequency
of contactin-2 positive ventricular conduction system cardiomyocytes in our isolations using
mice expressing green fluorescent protein under the control of the contactin-2 promoter.
Using the same method as we did for the MyBP-HL frequency quantification, we quantified
7.24 + 0.55 per 10,000 live ventricular cardiomyocytes expressing contactin-2. This is
substantially lower than previous quantification of contactin-2 expressing cells in this mouse
model measured by fluorescence-activated cell sorting that reported approximately 100
green fluorescent protein positive cells per 10,000 live cardiomyocytes [32]. However, the
cells we counted were plated on laminin coated culture dishes for several hours prior to
imaging and these steps may have selected for larger non-conduction system ventricular
cardiomyocytes. These observations suggest that there may be significantly more MyBP-
HL expressing ventricular cardiomyocytes and future generation of a reporter of Mybph/
expression would be able to test this hypothesis.

3.2. MyBP-HL positive ventricular cardiomyocytes are enriched near the ventricular
conduction system

Therefore, we evaluated the association between MyBP-HL expressing ventricular
cardiomyocytes and the ventricular conduction system by immunostaining whole hearts
from perinatal day five mice with MyBP-HL and contactin-2, optically clearing the

hearts, and imaged with lightsheet microscopy. We assembled Z-stacks from the light
sheet images and created three dimensional reconstructions and renderings of the atria,
ventricular conduction system, and MyBP-HL ventricular foci (Fig. 5A — C). The atria,
which express Mybphlin every cardiomyocyte, showed strong MyBP-HL signal and were
used to create an atrial volume rendering to demarcate the atrial to ventricular transition. In
the ventricle, MyBP-HL immunostaining was identified and rendered as discrete spots (Fig.
5A). The shortest distance from each MyBP-HL positive ventricular spot to the contactin-2
rendered surface was measured and the percent frequency of the distance were reported
with a histogram (Fig. 5B). In WT hearts, MyBP-HL was enriched within 100 pm of the
conduction system, whereas this enrichment was not observed in Mybphlheterozygous
hearts (Fig. 5B — D). The reduction in ventricular MyBP-HL foci observed in heterozygous
hearts (Fig. 3, 4) was supported by this experiment, with heterozygous hearts having red
channel spot distribution like the Mybph/null hearts (Fig 5. B — C). The spots observed in
the Mybph/null hearts control for staining and rendering artifacts.
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3.3. Loss of Mybphl results in atrial and ventricular conduction defects

We previously showed that isoproterenol treatment elicited increased heart rate variability
and ventricular arrhythmias in Mybph/hearts [1]. We further evaluated cardiac conduction
properties of adult Mybph/ mouse hearts using conscious ambulatory telemetry (Fig. 6).
Electrocardiogram traces from adult WT and Mybph/homozygous null mice following
acute treatment with propranolol showed atrioventricular nodal block, with P waves
dissociated from the QRS complexes in Mybph/null mice. Poincaré plots of R-R intervals
showed increased heart rate variability compared to the WT control mice (Fig. 6A). Poincaré
plots of P-R intervals show the highly variable P-R interval in Mybph/null mice during 1 —
2 second periods of atrioventricular dissociation compared to simultaneous recordings taken
in WT mice. Acute treatment with the sodium channel blocker flecainide prolonged the
QRS duration and slowed heart rate in both WT and Mybph/ null mice (Fig. 6C). Mybphl!
null mice showed a marked increase in heart rate variability, as seen in the representative
electrocardiogram trace and Poincaré plots. At baseline, P wave and QRS duration, and the
P-R intervals were similar among WT, Mybphl heterozygous, and homozygous null hearts
(Fig. 6D). However, acute propranolol treatment prolonged P wave duration in Mybphl

null mice (Fig. 6E). Flecainide increased P wave duration and QRS duration in Mybphl/
heterozygous mice compared to homozygous null mice (Fig. 6F).

We performed intracardiac programmed electrical stimulation to pace the heart and record
electrophysiological parameters. Atrial burst pacing at 50 ms cycle lengths was performed
for 1 — 2 seconds in WT and Mybph/null mice (Fig. 6G — I). We observed that Mybph!
homozygous null mice had a significantly longer corrected sinus node recovery time
following pacing, and that the atrial effective refractory period was shorter in Mybphl
homozygous null mice (Fig. 6G). All WT hearts had normal or slower beating rates
following cessation of the stimuli, whereas 2/6 Mybphl hearts showed persistent atrial
tachycardia for several seconds following burst pacing (Fig. 6H, 1). Atrial tachycardia has
not able to be elicited in control mice under these conditions in similar experiments [28, 33].

3.4. Atrial cardiomyocytes lacking Mybphl show aberrant calcium handling

Assessing the functional effect of loss of Mybphlat the single cardiomyocyte level was
technically prohibitive due to the sparse distribution Mybphl expressing cardiomyocytes in
the ventricle, including the atrioventricular node region or the Purkinje fibers. Instead, we
isolated atrial cardiomyocytes that all express Mybph/and performed calcium transient
analysis to identify any cell intrinsic changes that could contribute to the arrhythmic
phenotype observed with loss of Mybphl. Atrial cardiomyocytes isolated from WT mouse
hearts showed calcium release events that were spatiotemporally uniform along the length
of the cell from 1000 ms to 200 ms cycle length stimuli (Fig. 7A). Due to an increased
propensity of triggered waves at shorter cycle lengths, we compared single representative
transients at 1000 and 500 ms cycle lengths. Mybphlhomozygous null atrial cardiomyocytes
showed no difference in peak amplitude of calcium release but did show significantly
increased heterogeneity of calcium release along the length of the cell (Fig 7B, C). Analysis
of the transients showed no significant difference in time to peak calcium release and no
significant difference in the heterogeneity of this parameter (Fig. 7D). The maximum rate of
calcium release was significantly higher in Mybphl/homozygous null transients compared to
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WT transients (Fig. 7E) and the heterogeneity in maximum rate of calcium release was also
significantly higher in Mybph/null transients (Fig. 7F).

3.5. Loss of Mybphl associates with disrupted ryanodine receptor organization

Due to the highly heterogeneous calcium release observed in the Mybphlhomozygous
null atrial cardiomyocytes, we performed immunostaining and super resolution structured
illumination microscopy to visualize ryanodine receptor organization in isolated atrial
cardiomyocytes (Fig. 7F). We observed no significant difference in ryanodine receptor
cluster density (Fig. 7G) but did note that heterozygous and homozygous Mybph/ null
cardiomyocytes had more ryanodine receptor clusters that fell between myofibrils and
were not organized transversely along the Z-line (Fig. 7G). To quantify cluster sizes,

we thresholded the RyR fluorescence signal and measured thresholded cluster area,
which showed a significant increase in the mean area in homozygous null Mybph/ atrial
cardiomyocytes (Fig. 7H). We also noted that clusters tended to be larger in Mybph!
heterozygous and homozygous null cells, as noted in the top quartile and median receptor
size per cell (Fig. 7H). This is also illustrated by the shoulder on the histogram representing
a greater number of larger clusters with thresholded areas over 10 um? in Mybph!
heterozygous and homozygous null mice (Fig. 7H).

4. Discussion

Our prior report on the association between loss of MYBPHL and the development of
atrial and ventricular dysfunction, arrhythmia, and dilated cardiomyopathy provided some
evidence that MYBPHL is expressed primarily in the atria [1]. However, we had not deeply
explored the anatomical distribution of MYBPHL expression, or effects of the loss of
MYBPHL on single cardiomyocyte function. Our results now demonstrate that Mybphl is
highly expressed in the atria and is expressed in small amounts in the ventricle, primarily

in regions that are within or adjacent to the ventricular conduction system. We provide
evidence of atrioventricular dysfunction following loss of Mybphl, which was a major
component of the disease in the affected family [1]. We also identified subcellular disarray
of ryanodine receptor clusters and increased heterogeneity of calcium release in Mybph/null
mice.

4.1. Atrial dilation and arrhythmia susceptibility

MyBP-HL is primarily expressed in the atria, with additional expression in discrete subset of
the ventricle. We previously showed that Mybph/homozygous null mice have dilated atria
and arrhythmia [1]. We now report that these mice also show a shortened atrial refractory
period and increased amplitude and heterogeneity of intracellular calcium release. This is
a pathogenic combination of properties that predispose the atria to develop arrhythmia,

as atrial dilation and increased pressures have previously been shown to correlate with
shortened atrial effective refractory period [34, 35]. Additionally, the clinical features

of the family with the MYBPHL R255Stop mutation included significant burden of
atrioventricular block [1], which we now observed in Mybph/ null mice treated acutely
with propranolol, a beta-adrenergic blocker. We also established that Mybphl-expressing
ventricular cardiomyocytes are found in superior portions of the atrioventricular node and
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within and adjacent to the Purkinje fiber network. If cells positioned in these anatomical
zones display defects like Mybphl-expressing cells from the atria, this would explain their
contribution to atrioventricular conduction defects. However, we have not yet been able to
ascertain what cellular or tissue level changes occur in these ventricular cells during the
development of disease. Directly validating this hypothesis will require using a combination
of reporters to identify the correct cell type that co-expresses ventricular conduction system
markers, such as contactin-2, as well as MyBP-HL.

4.2. |Intracellular disarray and calcium handling defects

Atrial cardiomyocytes have a less developed t-tubule network that is dysregulated in heart
failure, which may lead to the development of subcellular calcium waves that promote
arrhythmia [36-38]. The sarcoplasmic reticular of atrial myocytes has been shown to
include large axial tubule elements running the length of the cell that facilitates coordinated
calcium release in atrial cardiomyocytes [39]. Heterogeneous calcium release, triggered
calcium waves, and a higher occurrence of longitudinal interfilamentous RyR clusters in
Mybph/null atrial cardiomyocytes are consistent with pathological remodeling seen in other
models of atrial dysfunction with transverse-tubule structural defects [36, 40]. We were
unable to include assessment of the calcium transient properties in Mybphl heterozygous
atrial cardiomyocytes. This is unfortunate, as the Mybph/heterozygous mice demonstrate

a phenotype that is similar to the homozygous null mice in many experiments and also
phenotypes that are intermediate to the WT and homozygous in others. Importantly, the
mechanism of cell-intrinsic dysfunction arising due to the reduction or loss of MyBP-HL
may differ between heterozygous and homozygous null cardiomyocytes and warrants further
study. Our data also show that Mybph/null cardiomyocytes have increased heterogeneity

of calcium release and larger ryanodine receptor areas. We did not assess SR calcium

levels, which would inform whether the SR calcium overload occurs in the Mybph/null
cardiomyocytes.

Aberrant calcium handling and ryanodine receptor cluster disarray are not expected to

be directly regulated by MyBP-HL, which is myofilament associated, but may be a
consequence of contractile dysfunction and subcellular disarray observed in other models
of myofilament mutations [41, 42]. However, the contribution of MyBP-HL to myofilament
structure and function remains to be determined. Isolating ventricular cardiomyocytes that
express Mybphl/was not technically feasible given their sparsity. We expect that the loss

of Mybphlin Mybphl-expressing ventricular conduction system myocytes would result in
dysfunction like what we observed in atrial cardiomyocytes. The sarcoplasmic reticulum in
Purkinje cells shows minimal transverse tubule network, similar to atrial cardiomyocytes
[43-45].

4.3. Cellular heterogeneity

Our prior data showed that Mybph/had a low level of expression in the ventricle [1],

but it was unclear whether this was noise, atrial contamination in ventricular tissue
preparations, low-level expression in many cells, or high expression in few cells. From

our immunostaining data, MyBP-HL is observed to be highly expressed in a small number
of cells in specific areas of the ventricle (Fig. 1 — 5). This would result in low and/or highly
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variable expression levels in RNA-Seq experiments from bulk ventricular myocardium.
RNA-Seq data has been published from ventricular cardiomyocytes expressing a green
fluorescent reporter driven by the contactin-2 promoter to mark ventricular conduction
system cells, allowing ventricular conduction system-enriched tissue to be isolated for
analysis [32]. Mybph/was upregulated in ventricular conduction system tissue compared
to bulk myocardium, but importantly the relative expression values were highly variable
between samples of the Purkinje tissue, with FPKM counts of: 5.7, 0.8, 3.1, 16.1 in total
ventricle, and fragments per kilobase of exon per million mapped fragment counts of; 40.0,
130.6, 24.9, 17.4 in Purkinje cell enriched samples [1, 32]. This RNA-Seq data set did

not include counts from Mybph, which has previously been suggested to be expressed in
Purkinje fibers, although the recent identification of Mybphlas a highly homologous gene
may confound some of these experiments [2-4].

Recent experiments using single cell RNA-Seq have shown transcriptional homogeneity
within “working” ventricular cardiomyocytes in healthy mouse hearts [46]. Studies of the
components of the ventricular conduction system in mice demonstrated the heterogeneity
and presence of additional distinct subclusters of cells within the ventricular conduction
system [18]. This data set showed Mybph/was differentially regulated in the ventricular
transition zone that includes Purkinje cell gene signatures, in the atrioventricular transition
zone, and the atrioventricular ring [18]. However, in all these regions, the magnitude of
Mybphl expression change was small and may reflect the expression of Mybph/in only a
small subpopulation of cells within each of these zones. The localization of MyBP-HL in
discrete regions of the ventricle and within and adjacent to the conduction system suggests a
nuanced tuning of specific cells.

Assessing the functional consequences of gene expression in highly specific regions of

the heart is a fascinating and daunting prospect. An example of cell-scale functional
transitions are the junctional cardiomyocytes between the high-speed conducting Purkinje
fibers and the bulk myocardium [47, 48]. Cell-level resolution of transcriptional signatures
of small groups of specialized cells are revealing the complexity of cardiac regulation,

in cardiomyocytes and in non-muscle cell types that comprise the heart [18, 49-51].

Genes identified as highly enriched in small groups of cells, like MyBP-HL, may have

an underappreciated contribution to overall heart function, and mutations in these genes may
contribute to the development of disease. Future studies on these genes and rare cells may
provide fascinating insight into cell level regulation of cardiac physiology.

5. Conclusion

The data we have reported raises several additional questions, most notably regarding the
mechanism responsible for how loss of Mybph/results in conduction system dysfunction.
We have shown that loss of Mybphl causes subcellular disarray that results in calcium
handling abnormalities. We have also shown that Mybph/is localized in regions of the heart
that are critical for proper conduction system function. We have not acquired Purkinje fiber
morphology at a high enough resolution to determine if any morphological changes to the
Purkinje network are present in Mybph/null hearts. As loss of Mybphlin this model is
constitutive, it is possible that some defects in anatomical arrangement of the Purkinje fibers
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may arise during development. Testing a model of conditional deletion of Mybph/in adult
mice would determine whether loss of Mybphl/ during development is required for disease
or if MyBP-HL is able to dynamically regulate adult cardiomyocytes such that its absence
leads to the observed pathophysiology.
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Highlights
. MyBP-HL is expressed throughout the mouse atria and in specific ventricular
foci
. Ventricular cardiomyocytes expressing MyBP-HL occur near the ventricular
conduction system
. Loss of MyBP-HL results in atrioventricular block and prolonged P-waves
. Mybphinull atrial cardiomyocytes exhibit heterogeneous release of calcium
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Figure 1. MyBP-HL is found primarily in the atria.
(A) Alignment of the amino terminal residues of MyBP-HL across five species shows

similarities between rat and mouse, with less conservation between rodents and larger
mammals. (B) Domain structure schematic of MyBP-HL and related myosin binding
proteins depicting the MyBP-HL-specific amino-terminal sequence used to generate the
antibody. (C) Immunoblotting using the anti-MyBP-HL antibody on protein lysate from
mouse atria and ventricles shows atrial expression of MyBP-HL with total sarcomere
content represented with myosin immunoblotting. N = 3 hearts, 2 male, 1 female. (D)
Immunoblot using total atrial protein from wild type and homozygous Mybph/ null mouse
hearts showed reactivity with a 40 kDa protein that is absent in Mybph/null atria. N = 3
hearts, 1 male, 2 female per genotype. Total protein content of the membrane shown. N =
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3 hearts per genotype. (E) Immunoblotting of the same protein lysates from (D) for total
sarcomere content with myosin and GAPDH as a loading control shows similar sarcomere
content from WT and Mybph/ homozygous null atria. (F) Immunofluorescence microscopy
of sectioned frozen mouse hearts immunostained for cMyBP-C found in both atria (A) and
ventricle (V), with MyBP-HL localized to the atria in wild type (WT) and heterozygous
Mybphl mice. MyBP-HL protein was absent from Mybph/homozygous null hearts. (G) The
MyBP-HL antibody shows off-target staining on the nuclear membrane, noticeable in WT
ventricle sections.
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Figure 2. MyBP-HL is found in the atrioventricular transition tissue and a subset of the
ventricle.

(A) Immunofluorescence microscopy of 5 um thick frozen sections of wild type mouse
hearts stained with MyBP-HL (red) and the ventricular conduction system marker
contactin-2 (Cntn2). Panels show: low () and high (/7) magnification images of the
interventricular septum at the base of the heart where atrial tissue enters the ventricle
and MyBP-HL staining overlaps with contactin-2 in the ventricle. (//j) A contactin-2
stained Purkinje fiber in the RV endocardial wall shows co-staining with MyBP-HL in
some ventricular conduction system cardiomyocytes. (/) MyBP-HL-stained ventricular
cardiomyocytes on the RV epicardium with no associated contactin-2 staining. (B)
Immunofluorescence microscopy of 5 pm thick frozen sections of Mybphl heterozygous
mouse hearts stained with MyBP-HL (red) and the ventricular conduction system marker
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contactin-2 (green). Panels show: low (/) and high (/) magnification images of the
interventricular septum at the base of the heart where atrial tissue enters the ventricle

and MyBP-HL staining overlaps with contactin-2 in the ventricle. (//i) A large cluster of
MyBP-HL positive cells in the LV septum with no associated contactin-2 staining. (V) A
multicellular cluster of MyBP-HL positive cells in the septum with overlapping contactin-2
staining. Female hearts.

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 August 01.



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Barefield et al.

A

WT Sections

vy

Het Sections

500 pm= -

Page 23

5 80-
o
960- .
= ®
8 "},
I.I.40- )
+
T
T 20 -
1]
>
= 0

WT
% 100 -
£
£ 80- ) °
o o
O 60 -
+
— [ ]
T 40
o
@ 20 -
=
X 0

WT

Figure 3. MyBP-HL heterozygous hearts have reduced numbers of ventricular MyBP-HL foci.
(A) Right ventricular free wall region from a WT heart stained with MyBP-HL (red), with

expanded view of the RV free wall showing individual MyBP-HL-positive foci (arrows).
(B) Right ventricular free wall region from a Mybphl heterozygous heart stained with
MyBP-HL and contactin-2 show fewer and larger MyBP-HL foci. Speckled red background
signal in panels A and B are off target staining from this antibody that occurs perinuclearly
throughout the heart. (C) Quantification of the numbers of MyBP-HL foci per section. (D)
Quantification of the percentage of MyBP-HL foci that were found in the RV free wall. N =

average foci count per slide from 4 — 6 sections/slide. N = 7 WT, 7 Het slides. Female hearts.

* = P< 0.05 by two-tailed t-test

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 August 01.

Het

Het



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barefield et al. Page 24

D 200+

w 15+
= G
2 Tuso| &
o « % 51504 ¥
8 101 =

> ° <
o
< . £ 1004
5 - .
I. 5 1 .-t_t' =
o g 50+
2 |
% m e

WT Het HL- HL+
8-
é 2 6- .
5
['4 .
_ra 3
= A
>

“l B

0
HL- HL+ HL- HL+

Figure 4. MyBP-HL expressing ventricular cardiomyocytes have diverse morphologies with
fewer MyBP-HL-positive ventricular cells in heterozygous hearts.

(A) Isolated ventricular cardiomyocytes stained with MyBP-HL (red) and cMyBP-C (green).
(B) The number of MyBP-HL positive cells counted in total ventricular cardiomyocyte
single cell preparations. N = average frequency in isolations from 10 WT mice, 5 Het

mice. * = P< 0.05 by two-tailed t-test. (C — E) The length/width ratio, cell length, and

cell width values for isolated MyBP-HL positive ventricular cardiomyocytes compared to
MyBP-HL negative ventricular cardiomyocytes. N = 6 WT isolations, 4 male, 2 female; 112
MyBP-HL (=) cells, 48 MyBP-HL(+) ventricular cardiomyocytes.
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Figure 5. Ventricular MyBP-HL puncta are enriched near contactin-2 stained Purkinje fibers.
(A) Reconstructed images from 5 um step size Z-stacks taken using lightsheet microscopy

of a WT perinatal day 5 mouse heart immunostained for MyBP-HL (red) and contactin-2
(Cntn2) (green). Yellow scale volume 500 um/side. Rendering of surface feature details
(right panels) of the MyBP-HL stained atria and contactin-2 stained ventricular conduction
system, as well as single spot renderings of MyBP-HL positive ventricular foci. (B) A
histogram of the percentage of the shortest distance from each MyBP-HL spot to the
contactin-2 surface in Mybph/ WT, Het, and Null hearts showed enrichment of MyBP-HL
spots near the contactin-2 surface in WT mice. (C) The mean shortest distance between
MyBP-HL spots and the contactin-2 surface is significantly increased in Het and Null hearts.
(D) WT hearts show most MyBP-HL spots are located within 100 um of the contactin-2
surface. N = 3 WT, 3 Het, 4 Null. Mixed sex litters. * = p > 0.05 by One-Way ANOVA.
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Figure 6. Loss of Mybphl results in atrial and ventricular conduction dysfunction.
(A) Conscious ambulatory electrocardiogram recordings on WT and Mybph/ null mice
following acute propranolol injection shows dissociation of the P-waves in null mice.
Poincaré plots of the R-R interval show increased heart rate variability (400 consecutive

R waves from single representative animals). (B) Poincaré plots of the P-R intervals taken
during 1 — 2 second periods of atrioventricular dissociation in Mybph/null mice illustrate
the variable P-R interval. Corresponding period of WT traces shown. Data from two mice,
(dark and light dots) shown per genotype. Male and female per genotype. (C) Conscious
ambulatory telemetry recordings on WT and Mybph/ null mice following acute flecainide
injection slows heart rates in both groups, with Mybph/null mice exhibiting high R-R
variability (plots show 400 consecutive beats from single representative animals). (D)
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P-wave duration, P-R interval, and QRS duration measurements obtained from conscious
ambulatory telemetry from WT, heterozygous, and homozygous Mybph/ null mice, at
baseline or following either acute propranolol treatment (E) or flecainide treatment (F).
Data averaged from two minutes of recording. N = 4 mice per genotype, both with 2
Male, 2 Female. * = P <0.05 by One-Way ANOVA. (G) Durations for corrected sinus
node recovery time (cSNRT), atrial effective refractory period (AERP), atrioventricular node
effective refractory period (AVERP), and ventricular effective refractory period (VERP)
from intracardiac recordings. N = 6 mice per group. * = P< 0.05 by two-tailed t-test.

(H, 1) Intracardiac programed stimulation at 50 ms cycle lengths elicited periods of atrial
tachycardia in 2 out of 6 Mybph/ null mice but this programed stimulation was unable

to elicit tachycardia in WT mice. Pre- and post-pacing heart rates are marked above the
example traces. N = 6 mice per group, all female.
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Figure 7. Mybphl heterozygous and homozygous null atrial cardiomyocytes show heterogenous
calcium release and aberrant ryanodine receptor organization.

Line scanning confocal images from isolated atrial cardiomyocytes loaded with Cal520
calcium indicator dye and the associated calcium transient profiles from WT (A) and Null
(B) groups. Single 1000 ms transient shown with standard deviation across a single cell.
(C) Peak calcium transient amplitude at 1000 ms and 500 ms pacing cycle lengths (left)
and the heterogeneity index (right) of peak amplitude measured along the length of each
cell. N = 3 mice per group, two male, one female WT mice and one male, two female Null
mice with averages of 8, 8, and 13 WT cells; 23, 13, and 13 Null cells. (D) Time to peak
calcium release at each cycle length (left) and heterogeneity index (right) of time to peak
calcium release. (E) The maximal rate of calcium release (+dR/dt) at each frequency and
the heterogeneity index of the maximal rate of calcium release. (F) Structured illumination
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microscopy images of isolated atrial cardiomyocytes stained with anti-ryanodine receptor
2 antibodies and fluorescent conjugated phalloidin to mark actin. (G) Quantification of
RyR2 puncta per area, the percent occurrence of cells exhibiting longitudinal lines of RyR2
puncta between myofibers, and the percent of cardiomyocytes with RyR2 puncta outside
the peri-Z-disk region. N = Average of all cells from WT, 10; Het 5, Null 5 animals.

WT 18 cells, Het 12 cells, Null 11 cells. (H) Otsu thresholding of structured illumination
microscopy images and quantification of average RyR2 cluster size, as well as the cluster
size of each cell at the 25! percentile and median values. Clusters measured from N =

WT 32, Het 8, Null 17 individual cardiomyocytes. (1) Histogram of RyR2 cluster size from
thresholded images. N = WT 32, Het 8, Null 17 Individual cardiomyocytes from 2 male, 1
female WT mouse, two female Het mice, and one male, one female null mouse.
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