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ABSTRACT

In this thesis | present novel findings of microstructural remodeling that
occurs during dyssynchronous heart failure (DHF) and the ability for cardiac
resynchronization therapy (CRT) to reverse this remodeling. DHF is an advanced
disease state that occurs in a large portion of patients suffering from heart failure.
Mechanical dyssynchrony between the left and right ventricles of the heart, the
hallmark of DHF, results in significantly increased heterogeneity of stress in the
cardiac wall. DHF severely limits cardiac performance, decreasing quality of life
and increasing mortality. The main therapy for treating DHF is CRT, a therapy in
which mechanical synchrony is restored to the ventricles via electrical pacing.
The success of CRT varies widely. Scientific knowledge surrounding DHF and
CRT is surprisingly sparse for how widespread the disease and therapy are. A
better understanding of the subcellular structure and function altered during DHF
will improve our understanding of the disease and potentially help develop novel
therapies and even lead to development of assays capable of better predicting
success of current therapies. Here we use confocal microscopy to explore
protein distributions within isolated cardiomyocytes and intact tissue, Ca2+
handling during activation and relaxation of stimulated cardiomyocytes, and to
develop a method for quantifying strain in 2D image sequences of contracting

cardiomyocytes at an unprecedented spatiotemporal resolution.



Specifically | will demonstrate that a-actinin, the protein comprising the
majority of the sarcomeric Z-disk, is significantly altered during DHF and that
CRT is able to partially reverse this remodeling. | will then present findings on
remodeling of the transverse tubular system and associated ryanodine receptor
clusters, both crucial components of excitation-contraction coupling. In particular,
I will show that these structures exhibit subcellular heterogeneity during DHF,
affecting excitation-contraction coupling. This heterogeneity is reduced after
CRT, indicating previously unknown capabilities of restoration. Finally, [ will
present a novel method to characterize strain within contracting cardiomyocytes.
This method expands on previous methods by providing a regional 2D strain
tensor at unprecedented spatiotemporal resolution, allowing more accurate
description of the mechanical properties of the cell. Together, this work makes a

significant contribution to the understanding of DHF and CRT.
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CHAPTER 1

INTRODUCTION

11 Cardiovascular Disease
Cardiovascular disease is one of the largest problems we face as a
society. It is the leading cause of death in developed countries around the
world.12 In America, cardiovascular disease was responsible for over 750,000
deaths in 2011 alone.3 This number is estimated to reach 7.8 million global
deaths by the year 2025.4 Cardiovascular disease encompasses a wide range of
pathophysiological conditions ranging from myocardial infarction, coronary artery
disease, stroke, and various cardiac myopathies.2 These conditions are
associated with a wide range of symptoms, clinical treatments, and mortality
rates.5 From 2001 to 2011 we have significantly lowered the mortality rate of
cardiac diseases by about 31%,3 however, whether this is due to clinical
advancements or overall healthier lifestyle choices in the general population is a
topic of debate.67 Nevertheless, there is still much to learn about cardiac disease
and how to treat it.
In this work [ will focus on HF. This is a general term used to describe any
condition in which the heart is unable to pump an adequate blood supply to meet

the metabolic demands of the body.58 HF is a degenerative condition that results



from a variety of cardiovascular diseases as time progresses. There are currently
over 5 million Americans living with HF and the incidence is approaching 1% for
people over the age of 65.8When exposed to the abnormal stresses that occur
during HF, the heart undergoes structural and functional remodeling, resulting in

a deteriorated state.

1.2 Structure and Function of the Heart
Arguably the most important muscle in our body is the heart. On the
fundamental level, the heart acts as a pump. By generating a pressure gradient
throughout the body, the heart pumps blood through an intricate network of
arteries and veins, supplying the body with oxygen for metabolic needs while
also removing metabolic waste. The heart accomplishes this function with a very
refined structure. From the macroscopic to the microscopic level, the structural
makeup of the heart defines its functionality. At the microscopic scale there are a
variety of cell types found within the heart. While there are many important cell
types, like the cells that make up the blood vessels and the conduction system,
the main workhorses are the ventricular myocytes.9 These cells comprise the
majority of volume in the cardiac tissue and are responsible for generating force
and producing the contraction of the heart.10 These cells contain complex
machinery responsible for turning electrical signal into mechanical force, a
process known as EC coupling.
One crucial element for this coupling is what is known as the t-system or t-

tubules. The t-system is a series of membrane invaginations of the cell wall or



sarcolemma.ll The t-system is associated with many ion channels and proteins
involved with EC coupling.11 Specifically, L-type Ca2+ channels and Na+#Ca2+
exchangers are found within the t-system membrane.ll These channels and
exchangers allow and facilitate ion flow between the extracellular and
intracellular spaces. The structure of the t-system ensures rapid ion flow into the
cell interior. The t-system allows for a homogeneous transport of ions across the
cell membrane throughout the entirety of the cell interior. If the t-system were not
present, transport of extracellular ions to the interior regions of the cell would rely
solely on the much slower process of diffusion. Another protein complex closely
associated with the t-system is the RyR channel.ll When Ca2+ enters the cell
through the L-type Ca2+ channels, it interacts with RyR channels located on the
membrane of the SR, an intracellular organelle that stores Ca2+ allowing flow of
Ca2+ions into the intracellular space.1l The Ca2+released from the SR comprises
the majority of the Ca2+transient within the cell. Once freely diffusing throughout
the cell, Ca2+ions bind to the troponin C receptors found within sarcomeres, and
the contractiie machinery of the cell is switched on.11 Once contraction is
complete, Ca2+ is removed from the intracellular space by uptake into the
sarcoplasmic reticulum and through the Na+/Ca2+exchangers.ll

Sarcomeres are the structural component responsible for contraction.
They are comprised of a variety of proteins: mainly a-actinin, actin, titin, and
myosin.12 These proteins form an interdigitating structural network allowing close
interaction of the myosin filaments with the actin filaments, where the troponin

complexes are found and produce the movement required for contraction.]_I% For



this movement to produce a contraction, there must be a rigid backbone
anchored to the cellular membrane. This backbone structure is known as the Z-
disk and is crucial for sarcomere formation as well as maintaining sarcomeric
structure and function.1314 The main protein found in the Z-disk is a-actinin.15
Alpha-actinin is an antiparallel homodimer that acts as an anchoring site for titin
and actin filaments, while also linking to several transmembrane receptors,
regulatory proteins, adherens junctions, focal adhesion sites, and stress
fibers.1516

Examining the microstructure of myocytes reveals an anisotropy on many
levels. The shape of a ventricular myocyte is inherently anisotropic, resembling a
rectangular brick with obvious longitudinal and transverse axes.10 The
arrangement of sarcomeres is anisotropic in that the Z-disks run parallel to the
transverse axis of the cell while the actin and myosin filaments run parallel to the
longitudinal axis of the cell. This sarcomeric structure is repetitive along the
longitudinal axis of the cell. These are not the only form of anisotropic protein
distributions found in cardiomyocytes. Many isoforms of the proteins that
comprise gap junctions are preferentially distributed to the intercalated disks
found at the longitudinal cell ends.17,18 Gap junctions play a crucial role in the
propagation of electrical current. They directly couple the cytoplasmic
compartments of connected cells and thus act as diffusion portals for ions and
small molecules between ceIIs.]ﬁ Therefore, the anisotropy in their distribution
leads to a preferred conduction direction. As individual myocytes join together

and create the cardiac tissue, electrical conduction between cells connected
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longitudinally results in a fiber orientation that is present throughout the tissue.JB
At the tissue level, electrical propagation moves 3-8 times faster along this fiber
orientation than in the transverse direction.2 At the whole-organ level, the fiber
orientation is aligned in a way that, as the cells shorten along their longitudinal
axes, the heart contracts in a synchronized motion, resulting in a very efficient
pumping of blood from the apex towards the base.%[ The conduction system, wall
thickness, and cellular makeup all play a crucial role in ensuring the contraction

is as reliable as possible.

1.3 Remodeling of the Heart

The human body is capable of regulating a myriad of physiological
processes in order to maintain a stable internal environment.%ﬂ These processes
are responsible for a variety of physiological outcomes, from temperature control
to body chemistry, and can even trigger protein synthesis and cellular growth.ﬂ
Hypertrophy describes the condition when an organ or tissue becomes enlarged
due to an increase in cellular size.% In muscles, hypertrophy is often the result of
an increased demand placed on the muscle. This process involves subcellular
structural changes; in particular, the growth of new sarcomeres in order to
accommodate this increased demand.% In many physiological conditions, this
process is reversible.%

Similar to other muscles in the body, it is possible for the heart to
experience hypertrophy. Hypertrophy is characterized by remodeling of the heart

towards an increased wall thickness and physiologically occurs as an adaptive



response to pressure or volume overload.24 However, in many disease states,
hypertrophy results as an initial compensatory response.24 For instance, after
myocardial infarction a loss of contractile tissue places an increased demand on
the remaining functional tissue.% The hypertrophic response consists of an
increase in muscle mass that is thought to reduce wall stress and oxygen
consumption.24 However, although this response can initially be advantageous,
over time hypertrophy is deleterious, resulting in decreased cardiac output.24
Physiological hypertrophy occurs in pregnant women as well as
endurance athletes. In these people it is common to see an enlargement of the
heart mass by up to 16% and 20%, respectively.2627 Interestingly, in most cases
of physiological hypertrophy, the heart is able to return to its natural size after the
increased demand is removed, e.g. the baby is delivered.Z7 Physiological
hypertrophy is thought to be a response to growth factors, while pathological
hypertrophy results from stress factors common to cardiovascular disease. The
difference in phenotype of physiological versus pathophysiological hypertrophy is
also significant. Pathophysiological hypertrophy is often associated with
significantly increased deposition of extracellular matrix, i.e. fibrosis, which often
results in a worsening condition.24 At the cellular level, hypertrophied cardiac
myocytes exhibit increased cell size and enhanced protein synthesis.24 This
leads to the addition of sarcomeres to the cell, which can occur in parallel or
series, resulting in lateral or longitudinal  growth, respectively.4
Pathophysiological hypertrophy is a progressive condition. If diagnosed and

treated early and successfully, it can be reversible, similar to physiological



hypertrophy. However, if left untreated, eventually the heart muscle begins to fail.
When this happens, the heart remodels into a state known as DCM,
characterized by significantly decreased wall thickness and severely reduced
cardiac output.% It is unclear what exactly causes this transition or why some
patients experience a more abrupt transition than others, however, if left
untreated, DCM will develop.28

As microscopic imaging technology has improved, significant remodeling
has been revealed at the cellular and subcellular level of the heart. It has been
shown that significant fibrosis of the cardiac tissue occurs during HF, resulting in
altered biomechanical properties of the tissue.@ The distribution of gap junctions
has been studied in great detail, including numerous animal models of heart
failure. In these models the anisotropic distribution is disturbed as gap junction
expression is reduced and protein clusters appear more commonly on the lateral
edges of the cell.17 Remodeling of gap junction protein clusters alone would lead
to significant changes in conduction velocity and electrical propagation through
the tissue. Numerous studies have revealed significant alterations in the
ultrastructure of sarcomeric proteins in animal models of cardiomyopathy.303
Many studies have focused on the arrangement of sarcomeric a-actinin and have
reported significant alterations, including down-regulation and loss of
physiological structure. Additionally, structural alterations of the t-system and
Ca2+ regulatory proteins during HF have been described in detail.3336 These
studies agree that during HF a significant loss of t-system occurs. Due to the

importance of the t-system on EC coupling, this specific remodeling is thought to



have significant consequences on Ca2+handling and the ability to generate force.

The study of ionic currents generated by cardiomyocytes has exposed
significant alterations in cardiac action potentials associated with HF. For
example, it has been shown that during HF, Ca2+ transients have decreased
amplitudes and increased duration,gg indicating significant remodeling in the
proteins and ion channels involved in EC coupling. In HF, action potential
duration is significantly increased in almost all experimental models.3 This is
thought to be a result of a reduction in the repolarizing K+ currents and an
increase in the late Na™ current.% Furthermore, it has been shown that the failing
heart is in a significantly altered energetic state. Metabolomics studies have
shown that the concentration of adenosine triphosphate is reduced by almost
40% in the failing heart.30 This happens through a variety of mechanisms, but the
result is a switch from fatty acids being the major energy source of the heart to
glycolytic metabolism.® This has a widely disputed and poorly understood impact

on cardiac function.

1.4 Dyssynchronous Heart Failure

HF is a degenerative disease that progresses to worse and worse
phenotypes. As the heart adapts to the increased stress associated with HF, the
subcellular structural remodeling that occurs often leads to heterogeneous
conduction delays, resulting in dyssynchronous propagation of electrical
activation within ventricular myocardium.40 Furthermore, the electrical conduction

system of the heart is often damaged, resulting in significant electrical



dyssynchrony between the right and left ventricle. Electrical dyssynchrony leads
to mechanical dyssynchrony that further increases stress on the walls of the
heart, causing an even larger decline in cardiac output. This disease state is
known as DHF and is associated with a poor prognosis. DHF can be detected
from the ECG. The hallmark symptom of DHF is an increased QRS duration,
which reflects a delay between depolarization of the left and right ventricles of the
heart. Increased QRS duration has been shown to be an independent predictor
of mortality.4L

Animal models have shown that DHF is associated with specific
remodeling at the cellular and whole-heart levels. Aiba et al. showed a significant
increase in action potential duration of ventricular myocytes, along with
significant reduction in IK, IKL, ITo, and IGa current densities.42 Chakir et al. showed
a reduction in pland p2 adrenergic receptor response due to a decreased gene
expression of both receptor subtypes, leading to significantly reduced Ca2+
transients.43 The lateral free wall of the LV is believed to experience higher wall
stress and myocyte stretch.44 Heterogeneity of stress leads to regional
remodeling within the LV—specifically, reduced Ca2+ transients42—and many
alterations in genetic expression.45 Sachse et al. showed that cells isolated from
the lateral wall of the LV were partly detubulated.46 This remodeling was not
present in cells isolated from the anterior wall of the LV.46

Beyond the listed studies, remarkably little is known about the structural
and functional remodeling that occurs on the subcellular scale during DHF.

Insight into subcellular proteins involved in excitation contraction coupling would
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provide a deeper understanding of the disease state and help shed light onto the

mechanisms involved.

15 Cardiac Resynchronization Therapy
While drugs like ACE inhibitors, beta-blockers, aldosterone antagonists,
and angiotensin receptor blockers are used to help treat overall HF symptoms,47
the only current method of restoring electrical and mechanical synchrony to the
ventricles is through CRT, which is an electrical pacemaker therapy.48 This is
accomplished through a semi-invasive surgery, in which pacemaker electrodes
are guided via catheters into the heart using fluoroscopy and other imaging
methods. The most common approach to CRT involves placing a sensing
electrode in the right atrium in order to detect sinus rhythm and synchronously
pace both ventricles. Two electrodes are guided into the ventricles of the heart;
one to the apex of the right ventricle while the other is advanced through the
coronary sinus until it is in close proximity to the left ventricular wall. Depending
on how far the lead is advanced through the coronary sinus, this approach allows
pacing of the left lateral, anterior, or septal wall. The pacemaker is used to send
stimuli through these electrodes into the left and right ventricles synchronized
with atrial activity. Timing of these stimuli can be adjusted to obtain optimal left
ventricular outflow.49 The most efficient electrode placements and pacing
protocols have been under debate for many years.5052
CRT has proven to be effective at increasing quality of life and reducing

mortality in about 60% of patients.53 However, the mechanisms by which CRT
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improves LV function are still poorly understood. Due to the severity of the
problems associated with DHF and HF in general, this therapy was first
implemented in humans, and thus the majority of studies performed are clinical
trials. While these studies are invaluable and provide tremendous insight into
overall mortality and morbidity of various treatments, there is a significant lack of
scientific knowledge and the basic understanding of what mechanisms are
involved. In the studies mentioned above for DHF4243454654 it was shown that
CRT was able to reverse the majority of the remodeling seen in DHF. However,
as with DHF, beyond these studies, remarkably little is known about the extent to
which CRT is able to reverse the subcellular remodeling that arises from

dyssynchrony.

1.6 Focus of This Research

This work aims at building an understanding of remodeling in DHF and
restoration after CRT by obtaining insight into the subcellular structure and
function. In Chapter 2 | will discuss a novel structural remodeling that occurs in
the cellular cytoskeleton. Here we show that the protein comprising the backbone
of the sarcomere, a-actinin, exhibits two types of remodeling. One form of
remodeling is reversible by CRT while the other is not. In Chapter 3 | describe
that detubulation of cells in DHF is heterogeneous and specific to regions near
the longitudinal cell ends. This t-system remodeling is associated with an
increase in the size of RyR clusters as well as a decrease in spontaneous

diastolic Ca2+ release events. Finally, Chapter 4 introduces a novel methodology
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that is capable of describing subcellular contraction at an unprecedented
spatiotemporal resolution, allowing for the detection of heterogeneities in strain
generation within myocytes in 2D at the micrometer scale. Together this work
has increased our understanding of the subcellular remodeling that occurs during
DHF, and sheds new light onto how well CRT is able to reverse structural and

functional subcellular remodeling.



CHAPTER 2

REMODELING OF THE SARCOMERIC CYTOSKELETON IN
CARDIAC VENTRICULAR MYOCYTES DURING
HEART FAILURE AND AFTER CARDIAC

RESYNCHRONIZATION THERAPY

Lichter J, Carruth E, Mitchell C, Barth AS, Aiba T, Kass DA, Tomaselli GF, Bridge
JH, Sachse FB. Remodeling of the Sarcomeric Cytoskeleton in Cardiac
Ventricular Myocytes During Heart Failure and After Cardiac Resynchronization
Therapy. JMCC. 2014;72:186-95. Reprinted with permission from Elsevier©. No

modifications will be permitted.



14

Journal ofMolecular and Cellular Cardiology 72 (2014) 186-195

Original article

Remodeling of the sarcomeric cytoskeleton in cardiac ventricular
myocytes during heart failure and after cardiac
resynchronization therapy

Justin G. Lichter ab, Eric Carruth ab, Chelsea Mitchellab, Andreas S. Barthc, Takeshi Aibac, David A. Kasscd,
Gordon F. Tomasellic,John H. Bridge a, Frank B. Sachse ab*

aNoraEccles Harrison CardiovascularResearch and TraininglInstitute, University ofUtah, Saltlake City, UT84112, USA
b DepartmentofBioengineering, University ofUtah, Saltlake City, UT84112, USA

c Division ofCardiology,JohnsHopkins UniversitySchool ofMedicine, Baltimore, M D 21205, USA

d Biomedical Engineering,Johns Hopkins University School ofMedicine, Baltimore, MD21205, USA

ARTICLE INFO ABSTRACT
Article history:

Received 11 February 2014

Received in revised form 13 March 2014
Accepted 14 March 2014

Auvailable online 20 March 2014

Sarcomeres are the basic contractile units of cardiac myocytes. Recent studies demonstrated remodeling ofsar-
comeric proteins in several diseases, including genetic defects and heart failure. Here we investigated remodeling
of sarcomeric a-actinin in two models of heart failure, synchronous (SHF) and dyssynchronous heart failure
(DHF), as well as a model of cardiac resynchronization therapy (CRT). We applied three-dimensional confocal
microscopy and quantitative methods of image analysis to study isolated cells from our animal models. 3D
Fourier analysis revealed a decrease of the spatial regularity of the a-actinin distribution in both SHF and DHF
versus control cells. The spatial regularity of a-actinin in DHF cells was reduced when compared with SHF
cells. The spatial regularity of a-actinin was partially restored after CRT. We found longitudinal depositions of

Keywwds:
Heart failure
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Remodeling a-actinin in SHF, DHF and CRT cells. These depositions spanned adjacent Z-disks and exhibited a lower density
Cardiac recovery of a-actinin than in the Z-disk. Differences in the occurrence of depositions between the SHF, CRT and DHF
Alpha actinin models versus control were significant. Also, CRT cells exhibited a higher occurrence of depositions versus SHF,

but not DHF cells. Other sarcomeric proteins did not accumulate in the depositions to the same extent as
a-actinin. We did not find differences in the expression ofa-actinin protein and its encoding gene in our animal
models. In summary, our studies indicate that HF is associated with two different types of remodeling of
a-actinin and only one of those was reversed after CRT. We suggest that these results can guide us to an under-
standing of remodeling of structures and function associated with sarcomeres.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction Z-disk is crucial for maintaining sarcomeric structure and function.

The main component ofthe Z-disk is the protein a-actinin, even though

The cytoskeleton is a complex intracellular network of proteins es-
sential for determining the shape and mechanical properties of cells
[1]. It also helps to coordinate the function of subcellular proteins in
all cell types. These functions range from anchoring cellular organelles
such as the Golgi apparatus, nuclei and mitochondria to transmission
of extracellular signals and coordinating contraction [1,2]. Cytoskeletal
proteins form the sarcomeres, which are the basic contractile units of
striated muscle cells. Within each sarcomere is a complex arrangement
of proteins [2-4]. Each sarcomere is bounded by the Z-disk [5]. The

* Corresponding author at: Nora Eccles Harrison Cardiovascular Research and Training
Institute, University of Utah, SaltLake City,UT84112, USA. Tel.: +1 801 587 9514; fax:
+ 1801 581 3128

E-mail address: fs@ cvrti.utah.edu (F.B. Sachse).

http://dx.doi.org/10.1016/j.yjmcc.2014.03.012
0022-2828/© 2014 Elsevier Ltd. All rights reserved.

it accounts for less than 20% of Z-disk weight [4]. Alpha-actinin is an
anti-parallel homodimer that anchors the actin filaments, which are
essential for contraction in myocytes. It was initially believed that
a-actinin solely provided an actin binding site [6]. However, subsequent
studies demonstrated that a-actinin links to several transmembrane
receptors, regulatory proteins, adherens junctions, focal adhesion sites
and stress fibers [6]. Further studies revealed that a-actinin plays a
pivotal role in the assembly of sarcomeres and the regular arrangement
of myofilaments [7,8]. The studies suggest that sarcomere assembly is
initiated by small Z-bodies comprising complexes ofa-actinin and asso-
ciated proteins. Subsequently, the Z-bodies expand, fuse and align in
Z-bands. Similar as other proteins in the Z-disk a-actinin exhibits a
surprisingly dynamic exchange with the cytosolic pool [8]. Exchange
rates were larger in Z-bodies than Z-disks indicating that molecular in-
teractions increase the stability of Z-disks. Four different isoforms ofa-
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actinin exist. The genes ACTN-1 and ACTN-4 encode a-actinin isoforms
that are expressed in non-muscle cells, where these isoforms of a-
actinin contribute to the actin cytoskeleton. ACTN-2 and ACTN-3 encode
isoforms specific to the Z-disks of sarcomeres found in striated muscle
fibers [4,9-11 ], with a-actinin-2 being the only cardiac specific isoform
[4].

Remodeling of sarcomeric proteins in cardiac disease has been im-
plicated in reduced ventricular function [2]. In particular, it has been
suggested that the transition from hypertrophy to heart failure (HF) oc-
curs in two consecutive stages. The first stage is reversible and involves
an accumulation of cytoskeletal proteins to counteract the increased
strain imposed on the myocardium. The latter stage becomes irrevers-
ible and is characterized by a loss of contractile filaments and crucial
sarcomeric proteins, including a-actinin, titin, and myomesin. Several
cardiac diseases have been associated with remodeling of a-actinin
and the Z-disk [9-12]. Melo et al. demonstrated that Trypanosoma
cruzi in mouse myocytes caused a-actinin distributions to lose their
periodic structure and to localize to focal adhesion sites [11]. Hein
et al. found depositions of a-actinin-1 in failing myocardium [10],
while Oxford et al. showed an accumulation of electron dense material
around Z-lines in canines with arrhythmogenic cardiomyopathy. Cardi-
ac disorders have also been linked to mutations in the gene responsible
for a-actinin-2, specifically dilated cardiomyopathy [13] and hypertro-
phic cardiomyopathy [9].

Here we investigated remodeling of a-actinin in two models of HF,
synchronous (SHF) and dyssynchronous heart failure (DHF), as well as
in a model of cardiac resynchronization therapy (CRT). Approximately
40% of patients suffering from HF develop delays of ventricular electrical
activation that resultin a dyssynchronous mechanical contraction ofthe
ventricles. The electrical dyssynchrony results in a widened QRS inter-
val, which has been shown to be an independent predictor of mortality
and sudden cardiac death [14]. CRT is an established clinical therapy to
treat DHF. CRT resynchronizes ventricular mechanical and electrical
activity via biventricular pacing and has been proven effective at im-
proving quality of life and reducing mortality in about 55% of patients
[15].Anumber ofstudies showed that CRTis associated with restoration
of cardiac structure and function, for instance, the transverse tubular
system and excitation-contraction coupling [16]as well as the electro-
physiological and contractile properties of myocytes [17,18]. However,
little is known about the reorganization of sarcomeric structures and
associated protein distributions in DHF and CRT.

Our hypothesis is that DHF associated remodeling of sarcomeric
organization is reversed after CRT. We used a-actinin asa marker ofsar-
comeric organization. We applied high-resolution three-dimensional
confocal microscopy to image a-actinin distributions in ventricular
tissues and cells. Analyses ofimage stacks allowed us to provide quanti-
tative data on the structural arrangementofa-actinin and its remodel-
ing. Our studies revealed alterations of the spatial regularity of
a-actinin. We applied Fourier analysis to characterize remodeling of
the spatial arrangement of a-actinin. Also, our studies revealed longitu-
dinal depositions ofa-actinin in HF. Using methods of pattern detection
we quantified their occurrences. For further insights into the composi-
tion of the longitudinal depositions we investigated colocalization of a-
actinin with sarcomeric proteins and measured the density of a-actinin
based on super-resolution microscopy. To shed light on a-actinin
expression in our animal models we performed gene expression analy-
ses and Western blotting.

2. Methods
2.1. Animal model, tissue and isolated cell preparation
All procedures involving the handling of animals were approved by

the Animal Care and Use Committees of the Johns Hopkins University
and the University of Utah. Protocols complied with the published

Guide for the Use and Care of Laboratory Animals published by the
National Institutes of Health.

The applied animal models have been described previously [16,
19-21]. In previous studies, successful implementation of the DHF and
CRT models was confirmed by increased and normalized QRS duration,
respectively (Table S1) [17]. In brief, adult male mongrel dogs were
used as control and models of SHF, DHF and CRT. SHF and DHF animals
underwent right atrial pacing for 6 weeks. DHF was caused by left
bundle-branch radiofrequency ablation. CRT animals underwent left
bundle-branch radiofrequency ablation and 3 weeks of right atrial pac-
ing followed by 3 weeks ofbiventricular pacing. The pacing rate forSHF,
DHF and CRT animals was 180 to 200 bpm. Hemodynamic data were
measured at the time of explantation (Table S2).

Lateral and anterior tissue samples from left ventricular subepicardial
myocardium were taken shortly after explantation of the heart. Tissue
was fixed with paraformaldehyde for confocal imaging or flash frozen
in liquid nitrogen for western blot analysis. Cardiac myocytes were iso-
lated enzymatically via retrograde Langendorffperfusion [17]. Myocytes
were sampled from the anterior and lateral mid-epi myocardium of the
left ventricle.

22. Immunohistochemistry

The sarcolemma of isolated myocytes was labeled usingwheat germ
agglutinin (WGA) conjugated to Alexa Fluor-555 (Invitrogen, Carlsbad,
CA, USA). After WGA labeling, cells were fixed and prepared for
immunolabeling as previously described [16]. For studies of the subcel-
lular distribution of a-actinin we incubated myocytes with anti-a-
actinin (ab9465, clone# EA-53, Abcam, San Francisco, CA) diluted
1:200 in phosphate buffered saline (PBS) solution containing 2%bovine
serum albumin, 2% normal goat serum and 0.05% Triton-X100 over-
night at 4 °C. We then applied a secondary goat anti-mouse 1gG (H
+ L) antibody attached to Alexa Fluor-488 (Invitrogen) for confocal mi-
croscopy or Alexa Fluor-647 (Invitrogen) for super-resolution imaging.
Incubation with either secondary antibody was performed for 1 h at
room temperature. For colocalization analyses of a-actinin with pro-
teins of the sarcomeric cytoskeleton we labeled for titin (anti-titin-T12
provided by Dr. Elizabeth Ehler, King's College, London), filamentous
actin (A22284, Invitrogen) and heavy chain myosin (ab15, Abcam).
Each colocalization study involved staining for a-actinin and one
other sarcomeric protein at a time. For dual labeling of a-actinin and
titin or heavy chain myosin, we used a polyclonal rabbit anti-
sarcomeric a-actinin antibody (ab137346, Abcam) instead of the EA-
53 mouse monoclonal antibody. These antibodies were diluted 1:100
and incubated overnightat 4 °Cusing the same PBS incubation solution
as above. The secondary antibodies consisted of either a secondary goat
anti-mouse 1gG (H + L) antibody attached to Alexa Fluor-488 or 633
(Invitrogen) or goat anti-rabbit IgG (H + L) antibody attached to
Alexa Fluor-488 or 633 (Invitrogen). Incubation with either secondary
antibody was performed for 1 h at room temperature.

Tissue preparations were fixed in PBS containing 4% paraformalde-
hyde for 4 h at room temperature. The preparations were immersed in
distilled water containing 30% sucrose for 2-3 d. The tissue was then
flash-frozen using tissue-freezing medium (Triangle Biomedical
Sciences, Durham, North Carolina, USA) at -20 °C and sectioned into
80 |*m slices using a Leica CM1850 (Leica Biosystems, Wetzlar,
Germany) cryostat. Afterwards tissue sections were stored in PBS, la-
beled with WGA and for a-actinin as described for isolated myocytes
exceptwith the incubation time for the secondary antibody prolonged
to overnight at room temperature.

2.3. Confocal imaging and image preprocessing
Imaging was performed using a Zeiss LSM5 Live Duo (Carl Zeiss, Jena,

Germany) confocal microscope equipped with a 63x/1.4 Numerical Ap-
erture oil immersion objective. Tissue sections were imaged with a size
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011024 x 1024 x ~220 voxels. Voxel sizeswere 0.1 [jm x 0.1 [jm x 0.1 [jm.
Segments of isolated myocytes from control (n = 11), SHF (n = 7), DHF
(n = 8), and CRT (» = 11) animals were imaged with a size of 512
x 256 x ~256 voxels with the same resolution. We oriented image
stacks so that the longitudinal axis of the cells was parallel to the
y-axis of the stack (Fig. S1A). Image stacks were cropped to remove
empty regions. Afterwards, image stacks were pre-processed
for correction of noise, background, attenuation and convolution
[16,22,23]. As reported previously, we found that the signal-to-
noise ratio ofimage data decreases significantly with increasing dis-
tance from the glass slide [16]. Thus only the first150 slices (15 |jm)
of each image stack were used for analysis. We used the a-actinin
distribution to identify the cell interior. We dilated the a-actinin
signal along the y -axis for 6 iterations followed by 10 dilation and
erosion steps using a 6-neighbor mask. Subsequent analyses were
restricted to the cell interior. The mask of the cell interior was
used to calculate a Euclidian distance map. Here, each voxel value
represented the distance to the edge of the cell.

2.4. Fourier analysis

Images were transformed into the Fourier domain using the
equation:

1 n-im-ip-i

G(uvw) =nmpx X, 5f (v -ne (n

i, i(xu_iyv_im\
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Here G describes the image in the Fourier domain, while g is the
image in the spatial domain. N, M and P are the number of voxels
in the x-, y- and z-directions, respectively. We cropped a three-
dimensional range in the Fourier domain containing only spatial
frequencies 0.4 to 0.66 “m"1 This section was then binned into 10° in-
crements from 0 to 180° with 90° defined along they-axis. A schematic
representation of the binning process in 2D is presented in Fig. S1B. The
summary intensity in each bin was calculated and normalized across all
bins. The resulting histogram provides a measure for the spatial organi-
zation and regularity ofimage components along the specified angles. In
Fig. S2we provide examples for this analysis on four synthetically creat-
ed images with specified spatial regularity. Fig. S2Arepresents an image
with regular transverse sheets. The patterns in Fig. S2B-D become
increasingly more irregular. In particular, Fig. S2D has randomly sized
offsets creating a significantly irregular pattern. Fig. S2E shows the re-
sults of the Fourier analysis explained above applied to the images.

2.5. Detection oflongitudinal depositions

Longitudinal depositions in a-actinin were detected using a series of
cross-correlations and thresholding steps (Fig. S3). Cross-correlation
was performed in three dimensions using the equation:

H(x,y,z):xax -P.Y)g(x+ y+ P,z+Y)

x f
py
where H isthe resulting image,f* is the complex conjugate ofa Gaussian
functionf and g is the original image. The Gaussian function was defined
as:

f(x,y,z) = e

with the parameters oKand oy. We used two separate functions to
extract longitudinal (alongy-axis) and transversal components (along
x-axis) in the image. The function for extracting longitudinal compo-
nents had a 0Kof0.1 [jm and a oy ofl [jm. The function for extracting
transversal components used a oKof 1 |[jm and a Oy of 0.1 |jm. The

resulting functions were discretized into matrices with dimensions of
17,17, and 1in x-, y- and z-direction, respectively. Each matrix was
correlated separately with the pre-processed image data yielding
two image stacks: one with enhanced transversally oriented features
(ITRANS) and one with enhanced longitudinally oriented features (ILONG).
Three separate conditions were tested to identify longitudinal deposi-
tions. First, local extrema in the ILONGimage were detected that satisfied
the following equation:

hoNG(X;y’z) ~ MODETRANS + STDVRAN

where IWNG(x,y,z) is the voxel value at the point (x,y,z) in the lilong
image stack, MODEtransand STDtrans are the mode and standard devia-
tion of the Itrans image stack, respectively. Points were then checked to
satisfy the following two equations:

WONG(x’y *z) >ITRANS(x’y "z) + STDTRANS

IFRE(x’y "Z) NMODEFRE + 5" Dpre

where ITRANs(x,y,2) is the voxel value at the point (x,y,z) in the icrans
image stack and IpRE(x,y,z) is the voxel value at (x,y,z) in the pre-
processed a-actinin image stack. MODEpre and STDpre are the mode
and standard deviation of the pre-processed image stack, respectively.

2.6. super-resolution imaging

Super-resolution imaging ofisolated cardiomyocytes was performed
with a Vutara SR 200 (Vutara, Inc., Salt Lake City, UT). The imaging is
based on fluorescence photoactivation localization microscopy
(FPALM) [24,25]. Cells labeled for a-actinin with Alexa Fluor-647
(Invitrogen) were immersed in photoswitching buffer. The buffer com-
prised of 50 mM cysteamine and oxygen scavengers (glucose oxidase
and catalase) in 50 mM Tris + 10 mM buffer at pH 8.0. Fluorescence
was achieved using a 647 nm excitation laser and a 405 nm activation
laser. Images were recorded using a 60 x/1.2 NA water immersion
objective. Image resolution was 20 nm in the xy plane and 50 nm in
z-direction. A confidence value for each pointwas calculated as the geo-
metric mean of the photon count and z-offset for that particular point.

To analyze these data, 16 spherical regions were visually selected in
both transverse sheets and longitudinal depositions from a total of 4
SHF cells. These regions had a radius 0f75 nm. The number of detected
molecules (confidence >0.8) within that sphere was calculated foreach
region.

2.7. Colocalization of a-actinin with sarcomeric proteins

Isolated myocytes labeled fora-actinin and an additional sarcomeric
protein were studied using confocal microscopy as described above.
Two-dimensional images with an isotropic resolution of 0.1 [jm were
acquired. Colocalization of a-actinin with titin, actin or myosin was
measured using Pearson's correlation coefficient:

with the image ofa-actinin, Si, the image ofa sarcomeric protein, $2,and
the mean image intensity, S, and Sz, respectively. Pearson's correlation
coefficient ranges between — 1 and 1. Avalue of 1 implies an increasing
linear relationship of pixel intensities in the measured images. Avalue of
0 indicates that pixel intensities are not linearly related. Avalue of-1 in-
dicates a decreasing linear relationship. Colocalization was determined
within entire imaged cell segments (n = 4 for all models), in sarcomeres
with and without longitudinal depositions of a-actinin (titin: n = 14,
actin: n = 13, myosin: n = 6) using Fiji with the Coloc 2 plugin [26].
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2.8. Gene expression analysis

Gene expression data were retrieved from the Gene Expression Om-
nibus (GEO) database [27] (GSE14327 [1-color design data] and
GSE14338 [2-color design data]). In previous work we generated
these data from left ventricular subendocardial myocardium of 11 con-
trol, 10 DHF and 9 CRT canine models [28]. In brief, total RNAwas isolat-
ed with TRIzol reagent (Invitrogen) from the sub-endocardium of the
anterior and lateral left ventricular walls. Following a 1-color design,
RNA from the anterior and lateral left ventricular myocardium was la-
beled with Cy3 and hybridized onto 2 separate Agilent44 K canine-
specific microarrays. Studies were repeated in a subset of animals (6
control, 5 DHF, and 5 CRT canine) using a 2-color design. Corresponding
anterior and lateral samples from the same heartwere labeled with Cy3
and Cy5 and hybridized onto the same microarray to achieve a direct
comparison of the relative gene expression in different regions of the
same heart. ACTN2 and pro-atrial natriuretic factor (NPPA) were each
represented on the microarray by a single specific oligonucleotide. In
subsequent studies, we compared the DHF and CRT data to publicly
available datasets of fetal and adult human myocardium (GEO acces-
sion numbers GSE2051, 2061, 2062). Unpaired 2-class significance
analysis of microarrays was used to determine differences in gene
expression and correct for multiple testing [29]. Differences in gene ex-
pression were regarded as statistically significant if a false discovery
rate of g <0.05 was achieved. Functional annotation of differentially
expressed geneswas based on the Kyoto Encyclopedia ofGenes and Ge-
nomes (KEGG) pathways database [30] as previously described [28,31].

2.9. Western blotting

Tissue sampleswere collected from the isolated heart, flash frozen in
liquid nitrogen and stored at -8 0 °C. Samples were homogenized in
0.5 ml of NP40 Cell Lysis Buffer (Invitrogen) containing protease inhib-
itor cocktail (Sigma-Aldrich, St. Louis, Missouri) for 10 min or until the
lysate flowed freely. A protein assay was performed using a Protein
Assay Kit (Pierce, Rockford, Illinois). Samples were heated at 70 °C for
10 min and then 10 Mgof protein was loaded in each well of a 4-15%
polyacrylamide 26 well Criterion TGX Precast Gel (Bio-Rad, Hercules,
California, USA) with a standard ladder (Bio-Rad). The gel was electro-
phoresed for2hat85 V. Samples were transferred to 0.2 [jm nitrocellu-
lose at 50 V for 45 min. The blot was incubated in a blocking solution
comprised 0f0.01 M Tris-HCI, 0.15 M NaCl, 0.05% Tween-20 (TBS-T)
with 5%skim milk powder overnight on a shaker platform at4 °C. Incu-
bation with primary antibodies was performed in blocking solution con-
taining the two primary antibodies: mouse monoclonal to sarcomeric
a-actinin at 1:10,000 (Abcam) and mouse monoclonal to GAPDH at
1:10,000 (Abcam) for 2 h at room temperature. The blot was next incu-
bated in goat polyclonal secondary antibody to mouse 1gG1 heavy chain
conjugated with horseradish peroxidase at 1:20,000 (Abcam) and
Streptactin-HRP Conjugate at 1:20,000 (Bio-Rad) in TBS-Tfor 1 h on a
shaking platform at room temperature. The blot was washed several
times before addition of Amersham ECL Prime Western Blotting Detec-
tion Reagents (GE Healthcare, Waukesha, Wisconsin, USA) and imaged
using a ChemiDoc XRS + System (Bio-Rad).

Quantitative analysis was performed using Image Lab Software 4.0.1
(Bio-Rad) to obtain intensities for a-actinin and GAPDH for each lane.
Normalization was performed for each lane by dividing the a-actinin
signal intensity by the respective GAPDH intensity.

2.10. Statistical analysis

All results are listed and displayed as mean = standard error. All sta-
tistical analyses were performed in Matlab R2012b (The Mathworks
Inc., Natick, MA, USA). Significance was established using a one-way
analysis of variables (ANOVA) followed by a post-hoc Tukey-Kramer
t-test. Only differences with a p-value less than 0.05 were considered

significant. Significant differences in bar graphs were marked by
brackets.

3. Results
3.1. Distribution ofa-actinin in normal and heartfailure tissue

We imaged sections from control canine cardiac ventricular tissue. A
pre-processed 3D confocal microscopic image stack is shown in Fig. 1A
Pre-processing consisted ofdeconvolution, background removal and at-
tenuation correction. The corresponding unprocessed image stack is
presented in Fig. S4A. In these images, a-actinin was primarily
arranged in regular, parallel, transverse sheets. These sheets ran lateral-
ly and exhibited frequent gaps and extended throughout the myocytes.
This pattern is consistent with previous descriptions of a-actinin ar-
rangement in striated muscle [3,4,6]. Fig. 1Bshows a 3D reconstruction
of the a-actinin signal. Here the sheet-like structure and repetitive
nature ofa-actinin are more apparent. We also found that where sheets
were interrupted, the gaps were commonly filled with WGA signal
(Fig. 1C). This illustrates that the transverse tubular system is closely
associated with the a-actinin sheets.

The pre-processed XY images of tissue from SHF, DHF and CRTan-
imals are presented in Fig. 1D, Eand F, respectively. The correspond-
ing unprocessed image stacks are presented in Fig. S4B, Cand D,
respectively. It is clear that the a-actinin distribution in these
animals was remodeled versus control. The overall spatial regularity
of the a-actinin signal reduced. Furthermore, visual inspection of
these images revealed longitudinal depositions of a-actinin span-
ning and connecting adjacent parallel sheets of a-actinin. While
the decrease in spatial regularity is most noticeable in DHF, the =
longitudinal depositions are visible in all three models of HF. Exam-
ples for three-dimensional structure of the a-actinin distribution
from SHF, DHF and CRT are presented in the expanded 3D views of
G, H and | respectively. The 3D reconstructions depict that while
transversal a-actinin sheets extended throughout the cell depth
(z-direction), the longitudinal depositions only extended 1-2 *m
in the z-direction.

32. Distribution ofa-actinin in isolated myocytes

Subsequently, we imaged isolated cells using the same methods as
described above for imaging of tissue. Fig. 2 represents an isolated
myocyte from an SHF animal labeled for a-actinin and with WGA. The
patterns of a-actinin were consistentwith those previously observed
in tissue indicating that the a-actinin structure was not affected by
the cell isolation procedure. We found transverse sheets running
regularly throughout the entirety ofthe cell as well as the longitudinal
depositions spanning and connecting adjacent transverse sheets. Fur-
thermore, we noticed thick areas of a-actinin around the longitudinal
and lateral edges of the cell.

We acquired 45,53,34 and 49 image stacks from segments of con-
trol, SHF, DHF and CRT cells, respectively. Fig. 3A-D shows representa-
tive 3D pre-processed image stacks for these experimental groups.
The corresponding unprocessed image stacks are presented in Fig. S5.
The arrangement of a-actinin in these image stacks was similar to
that in fixed tissue. In control cells (Fig. 3A) the a-actinin distribution
maintained a regular parallel, transversely running, sheet-like pattern.
We visually inspected this pattern in cells from our models of SHF,
DHF and CRT (Fig. 3B-D) and found a decreased spatial regularity in
DHF. Here, a-actinin sheets were broken down into smaller segments
with vertical offsets being more common. In the models of SHF, DHF
and CRT we found longitudinal depositions of a-actinin similar to
those observed in tissue. These longitudinal depositions were most
noticeable in the exemplary CRTcell (Fig. 3D). To illustrate differences
between cells with a low occurrence of depositions and cells with a
high occurrence of depositions, we created 3D reconstructions of the
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Fig.1. Pre-processed 3Dstacks oftissuelabeledwithW GA (blue) andfor a-actinin (red). (A) Sections through stackacquiredfrom control tissue.Theyellowlinesindicate the presented

cross sections.(B

) 3D reconstruction ofa-actinindistributionmarkedwith boxin(A).(C)3Dreconstruction ofa-actinin andt-system labeled withW G Ainthe transversesheetmarkedin

(B). Pre-processed 2D XY slices of(D) SHF, (E) DHF and (F) CRT tissue sections. Images reveal frequent longitudinal depositions ofa-actinin.(G-1) 3D reconstructions from regions marked
in (D-F), respectively. The reconstructions indicate fragmentation and decreased spatial regularity ofa-actinin sheets. Barin (A) applies to (D-F)

a-actinin distribution in control and CRT animals (Fig. 3E and F,
respectively).

3.3. Spatial regularity ofa-actinin distributions

We applied Fourier analysis to quantify spatial regularity of the a-
actinin distribution in isolated myocytes (Fig. 4A and B). We focused
on the intensity occurring along the 0° and 90° angles. In the transverse
direction (0+ 5°) the averaged intensity in DHF cells was significantly
lower than that in all other animal models (Fig. 4A). Here, decreases in
intensity signify that the a-actinin sheets running transversely through
the cells were irregular. Examples for irregular distributions are pre-
sented in Fig. S2. The examples show an increase in intensity along

the transverse direction (0 = 5°) when the hyphenations are regular
(Fig. S2B). However when the offsets are random and without regular
pattern, we find a low intensity (Fig. S2D). We did not find significant
differences between the control, SHF and CRT groups indicating that
CRT restored the a-actinin distribution to a more regular structure
after DHF.

Our study revealed significant differences between control and DHF
regarding the regularity ofa-actinin sheets in the longitudinal direction
(90 + 5°). Here, control cells were different from DHF and SHF cells
(Fig. 4B). CRT cells were not different versus control, again indicating
that the regularity was partially restored after CRT. The full 180° inten-
sity histogram is presented in Fig. S6. We found further differences be-
tween combinations of the control, CRT and DHF animal models along

Fig. 2. XY cross section froma3D image stackofan isolatedventricularmyocyte fromSHFmodel.The cellwas labeledwithW GA(blue) andfora-actinin(red).Arrows pointtowide areas

ofstrong a-actinin signal along the cell ends. Triangles point to longitudinal depositions

18
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Fig.3. Pre-processed 3D image stacks ofsections ofisolated cardiacmyocytes from (A) control, (B) SHF, (C) DHF, and (D) CRT animals. Sectionswere labeled fora-actinin. (E, F) 3D re-
constructions ofthe segments marked in (A, D).

otherangles (20 + 5°,30 + 5°,140 + 5°,150+5°and160+5¢).How- 3.4. Longitudinal depositions ofa-actinin

ever, the intensities along those angles were mostly small and the differ-

ences negligible. Exceptions include the differences between control Using the algorithm introduced in Section 2.5, we detected the lon-
and DHFat110+ 5°and 120 + 5°. gitudinal depositions in isolated cells. We calculated the occurrence of

Fig. 4. Quantitative analyses ofa-actinin distributions in control, SHF, DHF, and CRT cells. (A) Fourier analysis ofimage intensities in the transverse direction (0+ 5°).(B) Fourier analysis
ofimage intensitiesinthelongitudinaldirection (90 + 5°).(C)Averageoccurrence oflongitudinal depositions. (D) Occurrencesoflongitudinaldepositionsforeachexperimentalgroupas
a function ofthe distance from the cell surface.
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Fig. 5. Three-dimensional image ofa-actinin detections from super-resolution microsco-
py ofan isolated cardiac myocyte from SHF model. The field ofview is~22 x 23 x 8 jam.
Arrows pointto longitudinal depositions spanning between transverse sheets in the cell
interior

these depositions using the volume of the cell (Fig. 4C). The occurrence
oflongitudinal components was larger in both models ofHF versus con-
trol. Furthermore, CRT cells had a higher occurrence versus control and
SHF. We further analyzed this remodeling to examine ifitwas localized
to a specific area of the leftventricle. Fig. S7 compares the occurrence of
these longitudinal depositions in cells from the lateral and anterior left
ventricle. We did not find a significant difference between these areas
in any of the animal models.

Further analysis allowed us to provide insights into the intracel-
lular distribution of longitudinal depositions. Using the distance
map calculated from the intracellular mask, we measured the dis-
tance of each detected longitudinal deposition from the edge of the
cell (Fig. 4D). In all animal models the majority of depositions were
within 1 am of the cell edge. Here, control cells exhibited a smaller
number of depositions versus SHF, DHF and CRT. At larger distances
a persistent pattern appeared in the densities of these longitudinal
depositions in the different animal models. At all distances control
cells displayed the lowest occurrence of depositions, followed by
SHF, DHF and then CRT.

3.5. Molecular density oflongitudinal depositions

We used super-resolution microscopy to further characterize and
quantify the longitudinal depositions that we found. A representative
3D reconstruction (Fig. 5) reveals similar features to those obtained

with confocal microscopy, i.e. transverse sheets and longitudinal depo-
sitions of a-actinin. Since each pointin these images represents a single
detection, super-resolution microscopy allowed us to quantify the num-
ber of fluorophores presentin differentregions ofthe cell. We compared
the number of detections in volumes centered at the transverse sheets
versus longitudinal depositions. Longitudinal depositions were signifi-
cantly less dense in detections than regions of the transverse sheets
(1.0 £ 0.11 vs 0.49 + 0.07, normalized to the numberof detections in
the transverse sheets).

3.6. Remodeling ofsarcomeric proteins

To shed light on remodeling of the sarcomeres we examined three
additional cytoskeletal proteins. We investigated if these proteins un-
dergo spatial remodeling as described above for a-actinin. Fig S8
shows exemplary images of titin, actin and myosin with a-actinin as
well as intensity profiles through longitudinal depositions in CRT cells.
The images indicate that the organization oftitin, actin and myosin in
a sarcomere in relationship to a-actinin is not altered. We applied
Pearson's correlation coefficient to investigate if the cytoskeletal pro-
teins accumulate in longitudinal depositions similar as described
above for a-actinin (Fig. 6). Colocalization of titin with a-actinin was
reduced in sarcomeres with longitudinal depositions versus sarcomeres
without longitudinal depositions. This indicates that titin is not a major
component in these depositions. Colocalization of actin and myosin
with a-actinin was not differentin sarcomeres with and without depo-
sitions. Inspection of intensity profiles (Fig. S8G, H, K, and L) suggests
that these proteins are present in the depositions, but are not accumu-
lated as a-actinin is.

3.7. Analyses ofgene expression

Analysis of ACTN2 expression did not show significanttranscription-
al differences between control, DHF, and CRT animals in either anterior
or lateral left ventricular myocardium (Fig S9). However, regional
changes in ACTN2 expression were suggested by a significantly larger
ratio of ACTN2 expression between the anterior and lateral left ventri-
cles in DHF animals compared to controls. Importantly, the anterior-
to-lateral ACTN2 ratio was restored to control levels by CRT (Fig. 7A).

Besides upregulation of natriuretic peptides, dysregulation of sarco-
meric genes, including alpha- and beta-myosin heavy chain isoforms, is
regarded as a hallmark of the fetal gene expression program, which is
characteristic of HF. In our study, we found a negative correlation for
the anterior-to-lateral ratios of ACTN2 and NPPA (natriuretic peptide
A, coefficient of determination R2: 0.559; Fig. 7B).Of note, the similari-
ties between the fetal gene expression program and our animal model
of dyssynchronous and resynchronized HF extended beyond selected
marker genes. When we examined expression of 160 KEGG pathways,
we found a highly coordinated regulation of metabolic and signaling

Fig. 6. Colocalizaton analysis ofa-actininwith titin (A), actin (B) and myosin (C). Pearson correlation coefficients Rpwere calculated forentire cell segments, regions ofinterest centered on
sarcomeres withoutlongitudinal depositions, and regions centered on sarcomeres with longitudinal depositions. Co-localization ofa-actinin in sarcomeres and regions with longitudinal
depositions was significantly reduced for titin only. Foractin and myosin, differences ofcolocalization were not significant.
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ACTN2 NPPA

C

Fig. 7. Gene expression analysis using atwo-colormicroarray and labelingwith Cy3and Cy5. (A) The ratio ofACTN2 gene expression inAntversus Latsamples is significantly higherin DHF
than in control or CRT samples. Differences ofNPPA ratios were not significant. (B) The ratio of ACTN2 expression in Antand Latsamples is negatively correlated to the NPPA ratio. (C)
Analysis of KEGG pathways in DHF versus CRT myocardium indicates a similar regulation of pathways as in fetal versus adult myocardium re-expression. The net expression ofa KEGG
pathway (number ofupregulated minus downregulated genes within a study in relation to total number of genes per given KEGG pathway) is color-coded with yellow and blue,
representing decreased and increased expression ofthe pathway genes, respectively. The net expression ofthe different pathways isdepicted vertically and sorted according to their sim-

ilarity of gene expression of the pathway “oxidative phosphorylation” (OXPHOS).

pathways. Regulation of pathways in CRTversus DHF was similar to the
regulation in human adultversus fetal myocardium (Fig. 7C). In general,
metabolic and cell signaling pathways in CRT versus DHF were down-
regulated and upregulated, respectively.

3.8. Western blot results

Based on our analyses of confocal and super-resolution microscopic
images, we hypothesized that cells with longitudinal depositions have
an up-regulation ofa-actinin. To test this hypothesis we measured the
expression of a-actinin in tissues from control and CRT animals since
they represent the extreme cases of the occurrence of depositions (Fig.
4Cand D). Fig. S10 shows a representative western blot stained for a-
actinin and GAPDH. Differences between the averaged and normalized
a-actinin to GAPDH signal ratios in control and CRT animals were not
significant (1.0 £ 0.08 vs 1.08 + 0.11, normalized to the control ratio).

4. Discussion

Our study used three-dimensional microscopy and image analy-
ses to reveal previously unknown remodeling of sarcomeres in cardi-
ac ventricular myocytes from failing hearts. Visual inspection of
images exposed remodeling associated with HF, in particular the irregu-
lar arrangement and occurrence of longitudinal depositions of a-actinin.
We applied Fourier analysis to measure the decrease of spatial regularity
ofthe a-actinin distribution. In DHF cells, we found decreased regularity
of a-actinin sheets. Along the transverse direction, regularity was
increased after CRT. In the longitudinal direction, the regularity of the
a-actinin distribution was similar in CRT and control cells, while regular-
ity in DHF was lower compared to control. These results support our

hypothesis that DHF associated remodeling of sarcomeric organization
is partly reversed after CRT. However, our studies also revealed longitudi-
nal depositions of a-actinin in the applied HF models and after CRT. The
depositions spanned between adjacent transverse sheets and their densi-
ty was approximately half of that found in the transverse sheets. We
found an increased occurrence of these depositions after CRT versus
SHF. However, the difference between DHF and CRT was not significant.
We also examined colocalization of proteins of the sarcomeric cytoskele-
ton with the longitudinal depositions. We found that these proteins do
notaccumulate in the depositions indicating that their major contributor
is a-actinin.

In summary, our study revealed two types of structural remodeling:
One identified by reduced regularity ofthe a-actinin distribution in DHF
and normalized regularity after CRT and the other by the increased
occurrence of longitudinal depositions in DHF and CRT. In previous
work it has been established that DHF is associated with an increased
QRS duration and CRT restores QRS duration to similar values as in
control (Table S1). Furthermore, comparative gene expression analyses
indicated reversion of the fetal gene program in DHF by CRT. Thus, our
study suggests that decreased spatial regularity is correlated to
prolonged QRS duration and activation of the fetal gene program.

Sarcomeric remodeling has been found in other forms of heart
failure. Studies in a canine model elucidated ultrastructural changes in
sarcomeric arrangement during arrhythmogenic right ventricular car-
diomyopathy [12]. The structural changes were associated with left
bundle branch block, which is the basis for our DHF model. However,
the fundamental mechanisms underlying block in this disease model
are very different to the cause of block in our DHF model, which pro-
duced by left bundle branch ablation. Using electron microscopy, the
study found an accumulation of electron dense material around the Z-
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disk that extended in various directions and filled the entire area of the
sarcomere. In this study [12], changes in a-actinin expression were not
detected by western blot, which is consistentwith our study. The study
compared the finding of “Zband streaming”to a human skeletal muscle
disease known as nemaline myopathy. Differences between our results,
the accumulation of electron dense material in arrhythmogenic right
ventricular cardiomyopathy and the ultrastructural phenotypes of
nemaline myopathy include the extentand local features ofremodeling
[12,32,33]. In our study, the degree of disorganization of the Z-disk and
local remodeling appears smaller. Nevertheless, the longitudinal depo-
sitions could be a special case of Z-band streaming with remodeling of
a-actinin restricted to single sarcomeres.

It has also been shown that the Z-disk becomes altered in culture
and during diseases other than heart failure. Cultured adult rat
cardiomyocytes completely lose striation of a-actinin between 4 and
7 days [34]. In mouse cardiomyocytes, after 72 h of infection with the
parasite T. cruzi, the overall expression ofa-actinin decreased by 32%
[11]. Furthermore a-actinin completely lost its periodic arrangement
and became localized to focal adhesion sites [11]. A genetic study on hy-
pertrophic cardiomyopathy (HCM) in humans showed that all affected
family members had a Gto Amissense mutation in exon 3 0ofACTN2. Ad-
ditionally, 3 further mutations in highly conserved regions of ACTN2
were found in affected individuals. In this study, 4 of these mutations
were identified as causes of HCM, supporting the notion that disruption
ofZ-disk proteins can lead to heart disease [9,35].

Hein et al. suggested that sarcomeric remodeling during HF occurs in
two main stages, an early reversible stage characterized by the accumu-
lation of cytoskeletal proteins to offset the increased strain imposed on
the myocardium, and a latter irreversible stage defined by the loss of
contractile filaments [2]. We suggest that the remodeling seen here is
part of the primary stage when the myocytes are still compensating
for the increased strain that arises in HF.

Avrecent study reported significant reductions in the amount of sar-
comere shortening in isolated cells from SHF and DHF animals [18]. The
study also showed a decrease ofabout 40% in the strain magnitude of
the anterior-septal and lateral walls in these models versus control
[18]. Furthermore, it has been suggested that disorganization of sarco-
meres leads to changes of contractility [36]. Thus, the sarcomeric re-
modeling observed in our study can help explain reduced sarcomere
shortening in HF. Also, we suggest that the increase ofsarcomere short-
ening in isolated CRT cells reported in [18] can be explained in part by
restoration of sarcomere organization revealed in our studies. It is diffi-
cult to separate effects of sarcomere organization on contractility from
other remodeling processes in HF and after CRT. Nevertheless, we sug-
gestthatremodeling of sarcomere organization plays a complementary
role. Also, our studies indicate that longitudinal depositions have only a
minor effect on passive mechanical properties and contractility of
myocytes. We observed the highest occurrence of longitudinal deposi-
tions in CRT cells, which nevertheless have similar contractile properties
as control cells.

We performed gene and protein expression analyses to test the hy-
pothesis that the depositions are caused by upregulation of a-actinin.
Our analyses rejected this hypothesis. Differences of ACTN2 and
a-actinin-2 expression between CRT and control myocardium were
not significant. However, the occurrence of depositions was increased
in CRT versus control myocytes. We propose two mechanisms to ex-
plain why CRT cells exhibited the highestoccurrence oflongitudinal de-
positions ofa-actinin. In our model of CRT the heart undergoes 3 weeks
of DHF followed by 3 weeks of biventricular pacing. It is probable that
the heartis experiencing new stressors after initiation ofCRT. Therefore,
depending on the timescale of the remodeling, our studies could be at
the time of peak occurrence of these longitudinal depositions. The sec-
ond mechanism is that the decreased sarcomere organization in DHF
makes the cells more prone to creating longitudinal depositions when
synchrony is restored by CRT. Both explanations point at a potential
role of longitudinal depositions as a marker of previous and ongoing

remodeling at the subcellular scale. We speculate that increased num-
bers of longitudinal depositions indicate that remodeling processes are
initiated.

4.1. Limitations

Rapid pacing is widely used for animal models of non-ischemic HF.
The models recapitulate major electrophysiological (action potential
prolongation, high incidence of sudden cardiac death, atrial arrhyth-
mias), morphological (ventricular hypertrophy), functional (depressed
contractility) and genomic (re-expression of a fetal gene expression
pattern) hallmarks of human HF. However, the models do not mimic
all aspects ofthe complex clinical spectrum ofcongestive HF in patients.
The changes in myocardial structure occurring with tachypacing may be
dissimilar to clinical forms of HF due to chronic ischemia or hyperten-
sive disease, which usually develop over a longer period of time. Thus,
extrapolation of the findings from our HF models to clinical forms of
HF requires caution. Also, our CRT model is based on only 3 weeks of
biventricular pacing. While studies indicated that 3 weeks of CRT re-
stored some structural and functional properties of the heart [16,17,
19], other properties, for instance, hemodynamic properties were not
restored (Table S2). Membrane capacitance of isolated myocytes,
which is a marker of their size, is increased after CRT versus control
myocytes indicating persistent cellular hypertrophy after 3 weeks of
CRT [17]. Our study suggests that CRT leads to partial restoration of sar-
comeric organization. Itis possible that the time scale of restoration of
sarcomeric organization is longer than the given 3 weeks. The focus of
our study was on characterization of sarcomeric a-actinin. We applied
a monoclonal antibody for sarcomeric a-actinin. Similar antibodies
have been characterized in previous studies [10,37].The antibody labels
a-actinin 2 and 3, but not a-actinin 1 or 4. We did not find labeling of
blood vessels in our images from tissue slices conforming that the anti-
body does not label smooth muscle a-actinin 1.

In summary, our study provides unique quantitative insights into re-
modeling of sarcomeric protein organization based on three-
dimensional high-resolution confocal microscopy. We introduced new
methods to characterize subcellular remodeling in HF and after CRT.
The findings of this study will guide us towards developing studies to
elucidate the mechanisms and effects of subcellular remodeling in car-
diac disease and restoration after therapy.
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Supplemental Material

Sinus Rhythm Paced
RR (ms) QT (ms) QTc (ms) QRS (ms) RR (ms) QT (ms) QTc (ms) QRS (ms)
Control 636.1+45.3 279.4+10.0 353.5+10.0 48.0£2.0

SHF 510.0+44.6 * 255.0+ 11.8 359.5¢15.2 T 55.0£3.5 T 300.0£0.0 242.0+10.7 441.8+19.5 56.0+2.9 T
DHF 435.6x17.6 * 283.3+11.8 430.5+17.5* 107.7+6.4 * 318.1+7.3 273.2+¢5.6 485.0+8.4 112.6+£3.7
CRT 418.8+ 11.2* 296.9%£5.3 459.7+10.6 * 106.3+3.9 * 305.3+5.3 238.1 £10.6 430.4+158 T 66.9+25T

Table S1. ECG analyses of animal models. Time intervals were measured during sinus rhythm and
pacing. RR: time interval between consecutive R-waves, QT: time interval between the Q wave and
the T wave, QTc: corrected QT interval, calculated as: QTc=QT/sqrt(RR/1000 ms), QRS: time interval
between the Q wave and the S wave. * indicates p<0.05 vs control. T indicates p<0.05 vs DHF.
Number of animals: Control 9, SHF 5, DHF sinus rhythm 9, DHF paced 17, and CRT: 8.
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LVEDP (mmHqg) LVESP (mmHq) dP/dtm, (mmHq/s) dP/dtm, mmHq/s)
Control 74+ 12 1493 + 79 2275.10 £ 141.70 -2462.80 + 155.50
SHF 23.0 £ 57 * 119.7 + 9.8 1273.00 + 148.90 * -1453.80 + 145.80*
DHF 215+ 19* 97.8 £ 7.4% 858.80 + 73.10* -1095.60 + 86.80 *
CRT 30.2 £+ 45* 103.0 + 5.9* 959.90 + 66.00 * -1128.80 + 68.80 *

Table S2. Hemodynamic data of animals used in the imaging studies. End-diastolic pressure
(LVEDP); left ventricular end-systolic pressure (LVESP); maximal rate of change in pressure (dP/
dtmex); minimal rate of change in pressure (dP/dtmn). * indicates p<0.05 vs control.

25



Myocyte

rx 90" Imaged
y Region

180" t - o

Fig. S1. (A) Schematic of imaging setup with overlay of angles used for Fourier analysis. (B) Two-
dimensional representation of cropping in the Fourier domain into a specified distance range and binning
coefficients into various angle ranges.
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Figure S2. Intensity angle analysis. (A-D) 2D slices from synthetic image stacks, which model patterns seen
in Z-disks in myocyte segments. These image stacks are at the same resolution as our confocal images and
constant in Z-direction. (E) Fourier analysis on the synthetic images.
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Figure S3. Detection of longitudinal depositions. (A) XY cross-section from pre-processed image stack (IPRE)
from a CRT cell. (B) Discretized 2D Gaussian function of dimensions [17 17 1] with ax =0.1 |jm and ay =1

|im for detection along the longitudinal direction. (C) Discretized 2D Gaussian function of dimensions [17 17
1] with ax =1 |jm and ay =0.1 |jm for detection along the transversal direction. (D) Resulting XY image (ILOng)
after cross-correlation of IPREwith mask in (B). (E) Resulting XY image (ITRANS) after cross-correlation of IPRE
with mask in (C).



Figure S4. Unprocessed 3D image stacks of (A) control, (B) SHF, (C) DHF, and (D) CRT tissue labeled with
WGA (blue) and for a-actinin (red). Yellow lines indicate cross-sections.
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Figure S5. Unprocessed 3D image stacks of sections of isolated cardiac myocytes from (A) control, (B)
SHF, (C) DHF, and (D) CRT animals. Sections were labeled for a-actinin.
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Figure S6. Quantitative analyses of a-actinin distributions in control, SHF, DHF, and CRT cells. Fourier
analysis of image stacks. Intensities for full 180" were calculated from the myocyte segments, averaged
and normalized.
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Figure S7. Densities of longitudinal depositions in lateral (Lat) and anterior (Ant) regions of the
left ventricle from (A) control, (B) SHF, (C) DHF, and (D) CRT models. No statistical significant
difference was found between any of the groups.

32



Fig. S8. Imaging and analysis of a-actinin colocalization with titin, actin, and myosin in CRT cells. (A)
Titin (green) is colocalized with a-actinin (red) in the z-lines, but not in longitudinal deposition of a-
actinin. (B) Zoom in longitudinal deposition highlighted in (A) by white rectangle. Intensity profiles (C)
along and (D) transversely through the deposition indicate absence of titin in the depositions. (E) Actin
(green) is not colocalized with a-actinin (red). (F) Zoom in longitudinal deposition highlighted in (E) by
white rectangle. Intensity profiles (G) along and (H) transversely through the deposition indicate that the
colocalization of actin with a-actinin is similarly small in z-lines and depositions.(I) Myosin (green) is not
colocalized with a-actinin (red). (J) Zoom in longitudinal deposition highlighted in (I) by white rectangle.
Intensity profiles (K) along and (L) transversely through the deposition indicate negative co-localization
in z-lines and depositions. The images in (B), (F) and (J) are 1.5 |jm in x and 3.0 |jm in y and focused
on a longitudinal deposition. A detailed colocalization analysis is presented in Fig. 6.
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Figure S9. Analysis of ACTN2 gene expression. ACTN2 expression did not change
significantly in Ant and Lat myocardium of control, DHF, and CRT animals
(GSE14327; single color array, labeling with Cy3 only).
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Figure S10. Western blot of a-actinin and GAPDH. Differences of
normalized protein density of a-actinin in control and CRT models
were not significant.



CHAPTER 3

CARDIAC RESYNCHRONIZATION THERAPY REDUCES
SUBCELLULAR HETEROGENEITY OF RYANODINE
RECEPTORS, T-TUBULES, AND CA2+ SPARKS
PRODUCED BY DYSSYNCHRONOUS

HEART FAILURE

Li H* Lichter JG*, Seidel T*, Tomaselli GF, Bridge JH, Sachse FB. Cardiac
Resynchronization Therapy Reduces Subcellular Heterogeneity of Ryanodine
Receptors, T-Tubules, and Ca2+ Sparks Produced by Dyssynchronous Heart
Failure. Circ HF. 2015;8:1105:1114. Reprinted with permission from Wolters

Kluwer Health Lippincott Williams & Wilkins©. No modifications will be permitted.
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Cardiac Resynchronization Therapy Reduces Subcellular
Heterogeneity of Ryanodine Receptors, T-Tubules, and Caz+
Sparks Produced by Dyssynchronous Heart Failure

Hui Li, MD, PhD¥*; Justin G. Lichter, BSc*; Thomas Seidel, MD, PhD*;
Gordon F. Tomaselli, MD; John H.B. Bridge, PhD; Frank B. Sachse, PhD

Background—Cardiac resynchronization therapy (CRT) is a major advance for treatment of patients with dyssynchronous
heart failure (DHF). However, our understanding of DHF-associated remodeling of subcellular structure and function and
their restoration after CRT remains incomplete.

Methods and Results—We investigated subcellular heterogeneity of remodeling of structures and proteins associated with
excitation-contraction coupling in cardiomyocytes in DHF and after CRT. Three-dimensional confocal microscopy
revealed subcellular heterogeneity of ryanodine receptor (RyR) density and the transverse tubular system (t-system)
in a canine model of DHF. RyR density at the ends of lateral left ventricular cardiomyocytes was higher than that in
cell centers, whereas the t-system was depleted at cell ends. In anterior left ventricular cardiomyocytes, however, we
found a similar degree of heterogeneous RyR remodeling, despite preserved t-system. Synchronous heart failure was
associated with marginal heterogeneity of RyR density. We used rapid scanning confocal microscopy to investigate
effects of heterogeneous structural remodeling on calcium signaling. In DHF, diastolic Ca2+spark density was smaller at
cell ends versus centers. After CRT, subcellular heterogeneity of structures and function was reduced.
Conclusions—RyR density exhibits remarkable subcellular heterogeneity in DHF. RyR remodeling occurred in lateral
and anterior cardiomyocytes, but remodeling of t-system was confined to lateral myocytes. These findings indicate that
different mechanisms underlie remodeling of RyRs and t-system. Furthermore, we suggest that ventricular dyssynchrony
exacerbates subcellular remodeling in heart failure. CRT efficiently reduced subcellular heterogeneity. These results will
help to explain remodeling of excitation-contraction coupling in disease and restoration after CRT. (Circ Heart Fail.
2015;8:1105-1114. DOI: 10.1161/CIRCHEARTFAILURE.115.002352.)

Key Words: cardiac resynchronization therapy m excitation-contraction coupling m heart failure m myocyte
m remodeling m ryanodine receptors m transverse tubular system

ardiac resynchronization therapy (CRT) is an established
Cclinical therapy for patients with moderate to severe heart
failure (HF). CRT is based on biventricular pacing. It acutely
improves left ventricular (LV) mechanical performancel3 and
reduces myocardial oxygen consumption in patients with HF and
intraventricular conduction delays.4 Several clinical trials dem-
onstrated that CRT leads to a reduction of HF-related rehospi-
talizations and overall mortality in patients with dyssynchronous
HF (DHF).59A clinical marker of DHF is prolonged QRS dura-
tion, which reflects interventricular delays of electric activation.
Consequently, mechanical contraction is regionally delayed,
which aggravates weak cardiac performance in DHF patients.
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Although recent studies demonstrated remarkable remod-
eling of subcellular structures and function in DHF and par-
tial restoration in response to CRT,1013 we are only starting to
understand pathological remodeling and effects of CRT at the
microscopic scale. This study focuses on remodeling of excita-
tion-contraction (EC) coupling in DHF and the ability of CRT to
restore structure and function at subcellular level. EC coupling
is the mechanism by which an action potential at the membrane
ofamuscle cell initiates a cascade of events that result in release
of Ca2+from the sarcoplasmic reticulum (SR) and activation of
contraction. Our current understanding of EC coupling in ven-
tricular myocytes is organized around the concept of the cou-
plon.X4A couplon comprises one or more voltage-gated L-type
Ca2+ channels in the sarcolemma and a cluster of ryanodine
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receptors (RyRs) in the terminal cistemae of the SR.15 L-type
Ca2+rchannels and RyRs are separated by ajunction of »12 nm.56
In ventricular myocytes, couplons are commonly associated
with the transverse tubular system (t-system), which is a special-
ization of the sarcolemma penetrating into the interior of myo-
cytes and in close proximity to the SR. The t-system facilitates
rapid transmission of membrane voltage changes into the cell
interior to enable synchronous activation of couplons. Our cur-
rent knowledge of the mechanism by which couplons activate
the Ca2+transient is based on the classical work of FabiatoI7and
insights into the subcellular arrangement of structures involved
in EC coupling by microscopy.18 Couplons are activated when
L-type Ca2tchannels admit small quantities of Ca2+into the
junctional region and gate RyRs. Couplons are separated from
one another by »1 j*m.9When Ca2+is released by the RyRs, it
produces a local Ca2+release event or Ca2+spark.22L The spread
of Ca2+in the cytoplasm is governed by diffusion and buffering.
Ca2+transients are believed to result from the summation of the
activation of many couplons.

Alterations of Ca2+transients are a common feature of car-
diac myocytes from HF hearts and thought to contribute to
the progression of HF.2 Recent studies investigated the con-
nection between alterations of Ca2+transients and remodel-
ing of the t-system. The studies suggested that remodeling
of the t-system in ventricular myocytes is a consequence of
tachycardia-induced HF, 235 infarction,and DHF.1LOur pre-
vious work on isolated myocytes revealed regional depletion
of t-system in canine DHF models.1l In particular, lateral LV
myocytes were affected by DHF, but not myocytes from the
anterior LV wall. We demonstrated that t-system depletion
in DHF was accompanied by increased occurrence of non-
junctional RyR clusters. A remarkable recent finding is that
t-system depletion is reversible. Partial restoration of t-system
was found after CRT,11 sarcoplasmic reticulum Ca2+ ATPase
(SERCAZ2a) gene therapy,Z and mechanical unloading of the
heart.8 In those studies, t-system restoration was associated
with restoration of Ca2+transients, which emphasizes the cru-
cial role of the t-system for efficient EC coupling.

Beyond those studies, remarkably little is known about the
mechanisms and the degree of remodeling and restoration of
the t-system. In particular, little is known about the subcellu-
lar heterogeneity of remodeling of the t-system and associated
proteins, such as RyRs, as well as the effects of this structural
remodeling on cell function. Also, we have only sparse infor-
mation on restoration of structures and function at the subcel-
lular scale. Here, we studied an animal model of synchronous
HF (SHF) based on right atrial pacing and a model of DHF
based on right ventricular pacing to test the hypothesis that ven-
tricular dyssynchrony accentuates the extent and heterogeneity
of t-system and RyR remodeling in HF. Although both mod-
els are based on rapid pacing and lead to congestive HF, the
DHF model additionally reproduces clinical findings of inter-
ventricular delays of electric activation and delayed mechani-
cal contraction of the lateral LV wall. Furthermore, we used an
animal model of CRT to test the hypothesis that CRT effec-
tively reduces the extent and heterogeneity of remodeling after
DHF. We applied 3-dimensional (3D) confocal microscopy and
image analysis to provide insights into the spatial distribution of
the t-system and RyRs in cardiac myocytes from animal models
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of SHF, DHF, and CRT. Segmentation of myocytes in images of
cardiac tissue allowed for 3D reconstructions of cells and quan-
titative analyses of subcellular distributions. We investigated
for the first time the subcellular heterogeneity and degree of
remodeling of t-system and RyRs in different models of HF and
after CRT. Additionally, we measured Ca2+spark density in iso-
lated ventricular myocytes using dual labeling with fluorescent
dyes and rapid scanning confocal microscopy, which allowed
acquisition of 2-dimensional image sequences at high spatio-
temporal resolution. We developed image-processing methods
for analysis of these image sequences to investigate at the sub-
cellular scale whether structural heterogeneity is accompanied
by functional heterogeneity.

Methods
Animal Models of HF and CRT

All procedures involving the handling of animals were approved
by the Animal Care and Use Committees of the Johns Hopkins
University and the University of Utah. Protocols complied with the
published Guide for the Use and Care of Laboratory Animals pub-
lished by the National Institutes of Health.

We generated canine models of SHF, DHF, and CRT. These mod-
els have been described and characterized in detail previously.11122932
In brief, adult mongrel canines (25-30 kg) were used as control and
models of SHF, DHF, and CRT. DHF was induced by either 6 weeks
of right ventricular pacing or left bundle branch ablation followed by
6 weeks of right atrial pacing. The CRT model was identical to the
DHF model for the first 3 weeks, followed by 3 weeks of biventricular
pacing. SHF animals underwent right atrial pacing for 6 weeks. The
pacing rate for SHF, DHF, and CRT animals was 170 to 200 beats per
minute. Our methods for monitoring, tissue collection, and cell isola-
tion are described in the Data Supplement.

Tissue Preparation, Fluorescent Labeling, and 3D
Confocal Microscopy

Our approach for preparation and labeling of tissue is detailed in the
Data Supplement. We used wheat germ agglutinin conjugated to a
fluorophore for labeling of the sarcolemma, t-tubules, and the inter-
stitial space. RyRs were labeled with a monoclonal antibody (MA3-
916; ThermoFisher Scientific, Waltham, MA). After labeling, tissue
sections were placed on a glass slide, embedded in Fluoromount-G
(Electron Microscopy Science, Hatfield, PA), and covered with a No.
1.5 coverslip. 3D image stacks were obtained from labeled tissue
sections using a Zeiss LSM 5 Live Duo confocal microscope (Carl
Zeiss, Jena, Germany) with a 63x oil immersion objective (numerical
aperture: 1.4). Alexa Fluor 488 and 555 were excited using a 488 and
543 nm laser, respectively. Emitted light was band-pass filtered at
505 to 530 nm and long-pass filtered at 560 nm, respectively. Typical
stack dimensions were 1024x1024x240 voxels at a resolution of
0.1x0.1x0.1 ~m.

Analysis of T-System and RyR Clusters in Image
Stacks

A detailed description of the analyses is provided in Data Supplement.
In short, we applied methods for noise reduction, deconvolution, and
background removal to the image stacks. The wheat germ agglutinin
and RyR images were segmented using histogram-based threshold-
ing. Segmented wheat germ agglutinin images were used for semiau-
tomatic segmentation of myocytes.38 Segmented cells then served as
masks to analyze RyR clusters and sarcolemma, including t-tubules.
Cells were divided into 2 regions: 0 to 10 jam and 10 to 40 jam from
a longitudinal cell end. Analysis of each RyR cluster yielded sum
of intensity and intensity-weighted centroid position. Clusters with
intensities >90% of all clusters in the same cell (90th percentile) were
defined as high-intensity clusters. To determine the distance of voxels
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to the nearest sarcolemma, we calculated Euclidean distance maps
from the segmented wheat germ agglutinin images (Figure | in the
Data Supplement). As a measure of t-system density, we used the
mean distance of intracellular voxels to the nearest sarcolemma (ASI).
Accordingly, high and low distances indicate low and high t-system
densities, respectively. Distances of RyR cluster centroids to the near-
est sarcolemma (ARyR) were calculated. We analyzed RyR clusters in
groups proximal (0-1 jam) and distal (> 1 jam) to the sarcolemma.
RyR cluster density (pRyR) was computed by dividing the number of
clusters by the volume of interest. Additionally, we normalized the to-
tal intensity of RyR clusters in each segmented cell and in subcellular
regions to the corresponding volumes. Dividing intensity densities of
subcellular regions by the intensity density of the whole cell yielded
subcellular RyR intensity distribution (/RyR).

Rapid Scanning Confocal Microscopy and Analysis
of Ca2 Sparks

Isolated LV lateral myocytes were incubated at room temperature
in modified Tyrode’s solution containing 12.5 jamol/L of the Ca2~
sensitive dye Fluo-4 am (Invitrogen) for 20 minutes followed by in-
cubation in 6.25 jamol/L of the membrane staining dye Di-8-Anepps
(Invitrogen) for 8 minutes. Cells were placed in a perfusion bath sys-
tem and allowed to settle on the glass slide. The chamber was perfused
with the modified Tyrode’s solution containing either 2 or 4 mmol/L
Ca2+and held at 37°C. Imaging was performed using a Zeiss LSM 5
Live Duo confocal microscope equipped with a 63x oil immersion ob-
jective. Only brick-shaped cells with clear striations were imaged. A
diode laser emitting a wavelength of 489 nm was used to excite both
dyes simultaneously. Emitted light was filtered using a dichromatic
mirror and 2 bandpass filters of 505 to 610 nm and 560 to 675 nm
for capturing Fluo-4 and Di-8-Anepps signals, respectively. Cells were
conditioned with a train of at least 10 stimuli at 0.5 Hz. Image acqui-
sition was triggered 460 ms after the final stimulus to measure Ca2+
in the diastolic phase. Sequences of 100 2-dimensional images were
acquired at a size 0f 256x1024 pixels and a frame rate of 9.3 ms/frame.
Pixel sizes were 0.1x0.1 jam. Details of the detection algorithm are
provided in the Data Supplement. Briefly, cells were segmented using
histogram-based thresholding in Di-8-Anepps images (Figure Il in the
Data Supplement). After preprocessing of the Fluo-4 images (Figures
Il'and 111 in the Data Supplement), sparks were detected in the cell inte-
rior using mode plus 5x standard deviation of the intensity values. We
measured the total number of sparks, number of sparks within 10 jam
of the cell end, and the number of sparks between 10 and 40 jam from
the cell end. Spark number was normalized by temporal duration and
area used for detection, which yielded spark density (sparks/Am2s).

Statistical Analyses

All results are presented as mean+standard error. All statistical analy-
ses were performed in Matlab R2012b (The Mathworks Inc., Natick,
MA). We accounted for multiple measurements from an animal by
averaging of data for each animal. We used 1-way analysis of variance
followed by Tukey’s multiple comparison for microstructural analy-
ses. We applied the paired t test for functional analyses. Significance
of differences was defined as P<0.05.

Results

Subcellular Heterogeneity of Remodeling of RyRs
and T-System in DHF

We first analyzed RyR clusters and t-tubules in myocytes in
LV lateral tissue from control animals (Figure 1). All images
were preprocessed, which improved signal-to-noise ratio and
resolution (Figure 1A-1D versus Figure 1E-1H). Control
cells exhibited a dense t-system (Figure 1E) and homogenous
intracellular RyR density (Figure 1F). This was also visible in
3D reconstructions of sarcolemma and RyR clusters in a seg-
mented cell (Figure 2A-2C). RyR clusters of high intensity
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were found evenly distributed in all cell regions. We measured
the mean intracellular distance to the sarcolemma (Figure 2D),
the mean distance of RyR clusters to the sarcolemma (Fig-
ure 2E), the mean density of RyR clusters (Figure 2F), and the
normalized intensity of RyR signal (Figure 2G) in regions at
a distance of 0 to 10, 10 to 20, 20 to 30, and 30 to 40 j"mto a
cell end. These quantitative measures indicate homogeneity of
t-system and RyRs within LV lateral cells in control animals.

In contrast to control, DHF tissue from lateral LV tis-
sue showed a pronounced loss of t-tubules near longitudinal
cell ends together with striking heterogeneity in RyR density
(Figure 3). RyR intensities were considerably higher near cell
ends as compared with cell centers. In this overview image,
most cells were affected and exhibited this heterogeneity at
least at one cell end. A high-resolution 3D image stack is
shown in Figure 4A-4C. Cell ends almost completely lacked
t-tubules and exhibited increased RyR intensities. This was
confirmed when inspecting 3D reconstructions of sections
through a representative DHF cell (Figure 4D-4F). T-tubules
were virtually absent within 10 j*m from the cell end, whereas
RyR clusters of high intensity aggregated in this region.
Quantitative data corresponded to these findings. The mean
intracellular distance to the sarcolemma was increased within
10 j*m from the cell end versus other regions (Figure 4G). The
mean distance of RyR clusters to the sarcolemma decreased
slightly from the cell end to center (Figure 4H). The increase
of density and intensity of RyR clusters at the cell end was
remarkable (Figure 41 and 4J, respectively). These findings
suggest substantial subcellular heterogeneity of t-tubule and
RyR cluster remodeling in LV lateral DHF myocytes.

Partial Restoration in Response to CRT

We next investigated whether CRT was able to reduce the
DHF-associated subcellular heterogeneity of remodeling. Our
model of CRT is based on application of the DHF model for
3 weeks followed by 3 weeks of resynchronization by rapid
biventricular pacing. The RyR and t-system density in myo-
cytes from LV lateral tissue of CRT animals appeared more
homogeneous than in DHF (Figure 5A-5C), indicating par-
tial structural restoration. 3D reconstructions of longitudinal
and transverse sections through an example cell are presented
in Figure 5D-5F, showing low t-system densities in close
proximity to the cell end. However, large regions devoid of
t-tubules as found in DHF were not observed. Similarly, RyR
clusters ofhigh intensity still appeared in higher concentration
near the cell end, but to a lesser degree than in DHF. Quan-
titative analyses confirmed partial restoration of subcellular
homogeneity in this cell (Figure 5G-5J).

Statistical Analyses of RyR and T-System
Remodeling

We applied the same analyses used for the examples to a group
of control, DHF, and CRT cells. Extracted features binned by
increasing distance from the cell end are presented in Fig-
ure IV in the Data Supplement. Because t-system loss and
increased RyR intensities in DHF occurred primarily near cell
ends, we compared t-system and RyR properties in regions 0
to 10 j"m with regions 10 to 40 j*m from the cell end.
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The mean intracellular distance to the nearest sarcolemma
indicated high t-system density in control, whereas DHF
cells exhibited a pronounced loss of t-tubules at cell ends
(Figure 6A). CRT was not able to completely restore this mea-
sure to levels of control, but the intracellular distance to the
nearest sarcolemma was similar at cell ends and centers. In
our analysis of the mean distance of RyR clusters to the sar-
colemma (Figure 6B), we found increased values in DHF and
CRT versus control near cell ends (0.67+0.4 and 0.66+0.09
versus 0.47+0.03 jm, respectively). The distance was simi-
lar in cell centers of DHF, CRT, and control cells (0.52+0.03,
0.52+0.06, and 0.51+0.04 j™m, respectively). DHF cells
exhibited significant subcellular heterogeneity of mean RyR-
sarcolemma distance.

RyR cluster densities ranged from 0.75 to 0.91 J"m-3, and
our analysis did not indicate significant subcellular heteroge-
neity in DHF and CRT (Figure 6C). In contrast, analyses of
normalized RyR intensities (Figure 6D) revealed that DHF was
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Figure 1. Preprocessing of confocal
microscopic images. XY sections at a
depth of 27 “m from a 3D image stack
(102.4x102.4x35 |"m) of control tissue.
A-D, Unprocessed data. E-H, Prepro-
cessed data. Green indicates ryanodine
receptors; and Blue, wheat germ agglu-
tinin. White squares indicates zoom-in
regions shown in C and D and in G and
H. Scale bars: 20 *m.

associated with a substantial increase at cell ends (134+10%
of cellular mean) and a decrease in centers (92+2%) versus
control (1104+6% and 98+1%, respectively). CRT cells pre-
sented RyR distributions similar to those of DHF.

Our data show that DHF is associated with pronounced
heterogeneity of remodeling of t-tubules and RyR clusters at
cell centers and ends. We next sought to determine whether
similar changes occur when grouping RyR clusters by their
distance to the sarcolemma (Figure V in the Data Supplement).
We therefore analyzed cluster density and intensity within 0
to 1 j®m and at a distance >1 j*mto the sarcolemma. Cluster
densities did not differ between groups or regions (Figure 6E).
However, when analyzing RyR cluster intensities (Figure 6F),
DHF cells exhibited decreased intensities 0 to 1 jm (91+2%
of cell mean) and strikingly increased intensities >1 j"m from
the sarcolemma (144+12%). A similar, but less pronounced
distribution was found in CRT cells (95+1% and 124+6%,
respectively). RyR cluster intensity in control cells was almost

Figure 2. Visualization and analysis of control cell. A-C, 3D visualizations of 4-*m-thick sections through example control cell. A, Longitu-
dinal section; transverse section 5 *“m from cell end (B) and 40 “m from cell end (C). Red bars indicate section planes; Blue, sarcolemma;
and Green and red spheres, ryanodine receptor (RyR) clusters. Clusters of high intensity (90th percentile) are shown in red. Scale bars: 10
I"m. Scale bar in B applies to C. Analysis of mean intracellular voxel distance to the nearest sarcolemma (D), mean RyR cluster distance
to nearest sarcolemma (E), RyR cluster density (F), and RyR intensity per volume normalized to mean value of the whole cell (G). These
parameters were analyzed at distances 0 to 40 “m from the left cell end in bins of 10 *m.
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Figure 3. Confocal microscopic image of dyssyn-
chronous heart failure (DHF) tissue from lateral left

. J N ventricular (LV) wall. A, T-system density decreases
f . . at cell ends. B, Ryanodine receptor (RyR) clusters
l J | AT | P{' exhibit increased intensities near cell ends. Scale
S| 'I"'nallll  par 40 ~m.
I m Im *%

equally distributed at distances 0 to 1 j*m and >1 j"m from
the sarcolemma (101+2% and 99+8%, respectively). In DHF
and less pronounced after CRT, we also found increased RyR
intensities >1 jm from the sarcolemma in cell centers. RyR
intensities in control, however, were homogeneous through-
out the cell (Figure VIA and VIB in the Data Supplement).
In all experimental groups, the majority of RyR clusters was
found within 1 j"m ofthe sarcolemma (Figure VIC in the Data
Supplement).

In summary, control cells were more homogeneous at the
subcellular scale than DHF and CRT cells. DHF led to a sig-
nificant loss of t-tubules and increased RyR intensities at cell
ends versus centers, causing pronounced subcellular hetero-
geneity. Increased RyR intensities were found particularly in
regions >1 j"m from the sarcolemma. CRT was able to par-
tially reverse these structural changes.

RyR Remodeling Despite Preserved T-System in
Anterior Cells in DHF

In previous work, we found that subcellular remodeling of the
t-system is regional, that is, cells isolated from the lateral LV
wall of DHF animals exhibited a higher degree of t-system
depletion than cells from the anterior wall.11 To shed light
on this regional heterogeneity of subcellular remodeling, we
additionally studied cells from the anterior LV wall obtained
from DHF animals. An example cell is shown in Figure VII in
the Data Supplement. The mean intracellular distance to the
nearest sarcolemma did not differ from control proximal and
distal to the cell end (Figure VIIIA in the Data Supplement).
In contrast to lateral cells, DHF in anterior cells was not asso-
ciated with heterogeneous t-system remodeling. However, the
distribution of RyR intensity in anterior DHF cells was hetero-
geneous as observed in lateral cells (Figure VIIID and VIIIF in

Figure 4. Visualization and analysis of dyssynchronous heart failure (DHF) cell. A-C, Confocal microscopic images of extracellular space
(blue) and ryanodine receptor (RyR) clusters (green) in DHF tissue. B and C, Zoom-ins from the region indicated by the white rectangle.
Note the increase in RyR intensity and t-system depletion near cell ends. D-F, 3D visualizations of 4-*m-thick sections through example
DHF cell. Longitudinal section (D), transverse section 5 *m from cell end (E), and transverse section 40 “m from cell end (F). Red bars
indicate section planes; Blue, sarcolemma; and Green and red spheres, RyR clusters. Clusters of high intensity (90th percentile) are
shown in red. All scale bars: 10 “m. Scale bar in B applies to C. Scale bar in E applies to F. Analysis of mean intracellular voxel distance
to the nearest sarcolemma (G), mean RyR cluster distance to nearest sarcolemma (H), RyR cluster density (1), and RyR intensity per vol-

ume normalized to mean value of the whole cell (J).
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Figure 5. Visualization and analysis of cardiac resynchronization therapy (CRT) cell. A-C, Confocal microscopic images of the extracel-
lular space (blue) and ryanodine receptor (RyR) clusters (green) in CRT tissue. B and C, Zoom-ins from the region indicated by the white
rectangle. RyR and t-system remodeling are less pronounced than in dyssynchronous heart failure (DHF). D-F, 3D visualizations of 4-"m
thick sections through an example CRT cell. Longitudinal section (D), transverse section 5 “m from cell end (E), and transverse section
40 |*m from cell end (F). Red bars indicate section planes; Blue, sarcolemma; and Green and red spheres, RyR clusters. Clusters of high
intensity (90th percentile) are shown in red. All scale bars: 10 “m. Scale bar in B applies to C. Scale bar in E applies to F. Analysis of
mean intracellular voxel distance to the nearest sarcolemma (G), mean RyR cluster distance to nearest sarcolemma (H), RyR cluster den-
sity (I), and RyR intensity per volume normalized to mean value of the whole cell (J).

the Data Supplement). This indicates that RyR remodeling is
independent of t-system remodeling in anterior cells.

Preserved T-System and Marginal RyR Remodeling
in SHF

To investigate the role of dyssynchrony in remodeling, we ana-
lyzed lateral cells from animals in SHF induced by right atrial
pacing. Cells from this group did not show t-system remodel-
ing or changes in the relationship between t-system and RyRs
versus control (Figures 1X and X in the Data Supplement).
However, we found changes in RyR intensity as observed in
DHF, although to a lesser degree. RyR intensity at cell ends
was higher than at cell centers in SHF.

Subcellular Heterogeneity of Ca2+Sparks

To investigate whether subcellular heterogeneity of structural
remodeling was associated with heterogeneity of Ca2+release
events, we acquired Fluo-4 images from isolated myocytes
using rapid scanning confocal microscopy. Processing of the
Fluo-4 images (Figure 7A) enabled the detection of Ca2trelease
events during the diastolic phase of ventricular myocytes. We
applied filtering, attenuation correction, and pixel-wise self-
ratioing on the image data to improve signal quality. Results
of this processing are presented for a single pixel (Figure 7B
and 7C) and region with a spontaneous Ca2+release event (Fig-
ure 7D and 7E). In Figure 7F-7H, we present detected sparks
localized in the Di-8-Anepps images. We detected the cell
orientation and the most distal point of the cell. This enabled

the creation of distance maps from the cell end. Subsequently,
specific regions of interest at varying distances were compared.
Figures 7F, 7G, and 7H show the investigated regions and cen-
troids of detected sparks mapped onto the Di-8-Anepps images
of an exemplary control, DHF, and CRT cells, respectively.
Example Fluo-4 and Di-8-Anepps images of these cells are
presented in Figures Il and Il in the Data Supplement. Vid-
eos I, 11, and 111 in the Data Supplement illustrate the raw and
processed Fluo-4 image sequences in control, DHF, and CRT
cells, respectively. Although spark density was homogeneously
distributed in the control and CRT cell, the DHF cell exhibited
a reduced spark density at the end versus center.

Using this approach, we performed a statistical analysis
of sparks in control, DHF, and CRT cells bathed in modi-
fied Tyrode’s solution containing either 2 or 4 mmol/L Ca2+
(Figure 8; Figure Xl in the Data Supplement). We did not find
significant changes in overall spark density for cells in either
2 or 4 mmol/L Ca2+(Figure 8A and 8B). However, cells from
DHF animals exhibited a significantly lower spark density in
regions 0 to 10 j*m versus 10 to 40 j"m from cell ends. This
heterogeneity was not visible in cells from either control or
CRT animals (Figure 8D and 8E), indicating restoration of
homogeneity of sparks after CRT.

Discussion
Our study revealed previously unknown subcellular hetero-
geneity of structural and functional remodeling in ventricular
myocytes in HF. 3D analysis of confocal microscopic images
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“ Animals/cells: 7/82
DHF

Animals/cells: 9/135
CRT

Animals/cells: 5/69

Figure 6. Statistical analysis of myocytes from control (CTRL), dyssynchronous heart failure (DHF), and cardiac resynchronization therapy
(CRT) animals. Error bars indicate standard errors of the mean. Parameters were analyzed 0 to 10 “m and 10 to 40 “m from the cell end.
A, Mean intracellular voxel distance to nearest sarcolemma. B, Mean ryanodine receptor (RyR) cluster distance to nearest sarcolemma.
C, RyR cluster density. D, RyR intensity per volume normalized to mean intensity of the whole cell. Parameters were analyzed 0 to 1

I"m and 21 “m from the sarcolemma. RyR cluster density (E) and RyR intensity per volume normalized to mean value of the whole cell
(F). Brackets mark statistical significance between experimental groups, asterisks between corresponding bins of groups.

of tissue sections from DHF myocytes indicated that t-system
density and RyR distribution is heterogeneous at the subcel-
lular scale. Both DHF and SHF cells showed heterogeneous
RyR distributions, but only lateral DHF myocytes exhibited
t-system depletion at cell ends. The t-system was not affected
in anterior DHF and lateral SHF myocytes. In subsequent
studies using rapid scanning confocal microscopy, we found
that the subcellular heterogeneity of t-system and RyR distri-
bution is associated with heterogeneous Ca2+spark densities.
After CRT, subcellular homogeneity of structures and func-
tion was, in part, restored.

Our finding of subcellular heterogeneity of the density of
RyRs in HF is novel. Our studies revealed increased density

40 10 0

and fluorescence intensity of RyR clusters at cell ends versus
cell centers in DHF and SHF. In both HF models, the inten-
sity of RyR clusters not associated with sarcolemma was higher
than that proximal to sarcolemma. This effect of HF was not
restricted to cell ends (Figure VIA in the Data Supplement),
but also occurred in cell centers (Figure VIB in the Data
Supplement). In contrast, in control cells, the intensity of RyR
clusters was not affected by the distance to sarcolemma. This
suggests that differences in optical properties or immunostain-
ing do not underlie heterogeneous RyR intensities found in DHF
cells. Instead, our study indicates that in HF cells, the number
of RyR channels is higher in nonjunctional clusters than in cou-
plons. Accordingly, RyR distribution along the longitudinal cell

40 10 0 m

Figure 7. Analysis of subcellular heterogeneity of diastolic Ca2+sparks using rapid scanning confocal microscopy. A, Representative
Fluo-4 images from control cell with a spark marked by the red box. B, Trace of Fluo-4 signal over time for pixel located at center of red
box marked in A. C, Trace of processed Fluo-4 signal in B. D, Image of Fluo-4 signal in region outlined by red box in A. E, Processed
image of region in E. F-H, Di-8-Anepps images overlaid with red circles centered on all detected sparks. F, Control cell with a spark den-
sity of 0.020 sparks/s/"m2near the end and 0.0253 sparks/s/"m2in the center of the cell. G, Dyssynchronous heart failure (DHF) cell with
a spark density of 0.0227 sparks/s/"m2near end and 0.0418 sparks/s/*m2in the center of the cell. H, Cardiac resynchronization therapy
(CRT) cell with spark density 0.0166 sparks/s/"m2 near the end and 0.0167 sparks/s/"m2in the center of the cell.
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axis was especially heterogeneous in lateral DHF cells. Cell
ends, where t-system density was low, presented a higher per-
centage of nonjunctional RyR clusters. Because these clusters
exhibited increased intensity, the overall RyR intensity at cell
ends was increased. In agreement with this finding, SHF and
anterior DHF cells exhibited an increase of RyR intensity >1
j"m from the sarcolemma, although the t-system was normal
(Figures V11 and X in the Data Supplement). This suggests that
RyR remodeling is associated with rapid pacing underlying our
HF models. However, subcellular heterogeneity of RyR signal
intensity was higher in DHF than in SHF, indicating that ven-
tricular dyssynchrony exacerbates the remodeling.

Previously, significant reduction of RyR mRNA and protein
expression has been reported in LV myocytes from DHF and
CRT animals.10The reduction was found in both anterior and lat-
eral cells. Our analysis of RyR-associated fluorescence revealed
an »40% increase of RyR expression at ends versus centers of lat-
eral DHF cells (134+10% versus 92+2%; Figure 6D). Assuming
an overall decrease of RyR protein expression in DHF lateral
cells by »20%,10this would translate into an increase of RyR
expression to 107% at cell ends and a decrease to 74% at cell
centers versus control. Similarly, RyR reduction in DHF cells
can be explained by reduction of junctional RyRs (Figure 6F).
Our data suggest that RyR protein expression is reduced to 73%
within 0 to 1 j*mand increased to 115% in regions >1 j"m from
the sarcolemma. This reduced RyR expression within 0to 1 j"m
from the sarcolemma may reflect decreased junction size, which
was suggested to underlie delayed stochastic couplon activation
and reduced amplitude of Ca2+transients.3}

It is well established that t-system depletion is a feature of
HF. Our previous study on isolated ventricular myocytes sug-
gested regional heterogeneity of t-system depletion. In particu-
lar, this study indicated that t-system depletion is pronounced in
the lateral LV region in DHF, but we did not investigate subcel-
lular heterogeneity of t-system depletion. However, it has been
observed in isolated cells that t-system depletion in tachypacing-
induced HF occurs preferentially at cell ends.2Z24 In agreement
with those studies, remodeling of t-system in our DHF model
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Figure 8. Statistical analyses of diastolic spark
density. Overall spark density in control (CTRL),
dyssynchronous heart failure (DHF), and cardiac
resynchronization therapy (CRT) cells in a bathing
solution containing 2 mmol/L (A) and 4 mmol/L

(B) Ca2+was similar. Analysis of spark density with
regions <10 “m and between 10 and 40 “m from
the cell end in a bathing solution containing 2
mmol/L (C) and 4 mmol/L (D) Ca2+revealed subcel-
lular heterogeneity in DHF cells. Asterisks mark
statistical significance between corresponding bins
of groups.

seems to be regional and restricted to ends of myocytes. These
findings indicate that ventricular dyssynchrony is a major con-
tributor ofthis type of regional subcellular remodeling.
Previously, we found reduced amplitudes and slowed decays
of Ca2ttransients in DHF myocytes and restoration after CRT to
levels similar as in control.1011 In this study, we provide insights
into structural subcellular heterogeneity in DHF, which may
underlie these alterations. According to our recent model of Ca2+
release,dthe detubulation and increase in nonjunctional RyRs
at cell ends would cause heterogeneous Ca2+transients in DHF
cells, in particular delayed onset times at ends versus centers
of cells. This hypothesis is supported by a preliminary analysis
of a DHF cell (Data Supplement). The analysis also suggests
reduced amplitude of the Ca2+transients at cell ends as a further
effect of heterogeneous microstructural remodeling in DHF.
Because diastolic Ca2+sparks have been linked to arrhyth-
mogenesis, ¥ we investigated whether diastolic sparks are
affected by the structural heterogeneity in DHF cells. Spark
densities in control and CRT cells were homogeneous, but in
DHF, spark density was lower at cell ends than in cell cen-
ters. This agrees with a previous study in which regions void
of t-tubules lacked sparks in normal and failing canine myo-
cytes.37 Possible causes of subcellular heterogeneity of spark
density include heterogeneous SR Ca2+load and different spark
probabilities of junctional and nonjunctional RyR clusters.
Interestingly, increased RyR density at cell ends was not asso-
ciated with increased spark density. Instead spark density was
increased in regions with intact t-system and, thus, high ratio
of junctional to nonjunctional RyRs. A potential explanation
for increased spark probability in couplons is that spontane-
ous Ca2+releases from junctional RyRs into the dyadic cleft
have a higher probability of triggering neighboring RyRs than
Ca2trelease from nonjunctional RyRs into the cytosol. Overall
spark density was modulated by bath Ca2+-concentration, which
can be explained by a positive relationship between bath Ca2+
concentration, SR Ca2+load, and spontaneous spark probabil-
ity. However, our study did not indicate significant differences
of overall spark density in control, DHF, and CRT cells. This
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suggests that increased spark density in centers of DHF cells is
counterbalanced by reduced spark density at cell ends.

Although our studies revealed striking subcellular remodel-
ing and restoration, the underlying mechanisms remain unclear.
A potential mechanism is related to heterogeneity of mechani-
cal properties of cardiac myocytes and their strain profiles dur-
ing a heartbeat. We previously proposed that changes in strain
profiles directly affect t-system structure and maintenance. 1138
Here we extend this hypothesis by suggesting that subcellular
heterogeneity of strain profiles in myocytes leads to subcellu-
lar heterogeneous remodeling of t-system and RyRs. Based on
principles of mechanics, for instance, Hooke’s law,3we expect
larger stretch in those regions of strained myocytes which have
a smaller cross-sectional area. Indeed most cells taper toward
their ends and thus have a smaller cross-sectional area at the
end (eg, Figure 2). In the cell population of our study, cross-
sectional areas within 10 j"m from the cell end were reduced to
62.8+1.2% of central cross-sectional areas (within 10-40 j"m
from the cell end). An alternative explanation of subcellular
heterogeneity of strain profiles is subcellular heterogeneity of
myocyte stiffness. Hooke’s law predicts larger stretch in those
regions of strained myocytes which have a smaller stiffness.

It is well established that DHF is associated with con-
traction in anterior and septal sites, but reciprocal stretch in
lateral sites during early systole.10® Opposite strains occur
during late systole. Stretch during early systole in lateral
sites is significantly larger than that at end diastole. Based
on our hypothesis, we expect that lateral LV myocytes are
heterogeneously stretched during early systole, with pro-
nounced stretch at the tapered cell ends that is larger than
in the cell center. The pronounced stretch at the cell ends
could directly destabilize t-system or interfere with its
maintenance.

A similar argument based on mechanical principles can
be made to suggest potential mechanisms for upregulation of
RyRs at cell ends in SHF and DHF in the context of a gen-
eral RyR downregulation in ventricular myocardium. Both
SHF and DHF are associated with increased LV end diastolic
blood pressure.1LBased on our new hypothesis, we expect that
ventricular myocytes in SHF and DHF are heterogeneously
stretched during diastole, with larger stretch at the tapered cell
ends than in the cell center. We speculate that the increased
stretch at cell ends provides a signal for local upregulation
of RyR expression. Alternatively, the locally increased stretch
might interfere with protein degradation.

Limitations

Limitations of our animal models have been explained previ-
ously.101113Further limitations related to confocal microscopy,
image analysis, and tissue preparation are summarized in the
Data Supplement.
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CLINICAL PERSPECTIVE

Cardiac resynchronization therapy (CRT) is an established clinical therapy for patients with dyssynchronous heart failure.
Previous studies demonstrated remodeling of microscopic structure and function in dyssynchronous heart failure and their
partial restoration in response to CRT. In this work, we introduce the novel concept of subcellular heterogeneity to describe
the detrimental effects of dyssynchronous heart failure on subcellular structure and function of ventricular myocytes. We
studied the spatial distribution of the transverse tubular system and sarcoplasmic calcium release channels, ryanodine recep-
tors (RyRs), and spontaneous calcium sparks to investigate whether structural heterogeneity is accompanied by functional
heterogeneity. Three-dimensional analyses of confocal microscopic images of myocytes from left ventricular tissue sections
indicate that dyssynchronous heart failure, but not synchronous heart failure, produces heterogeneous subcellular distribu-
tion of both the transverse tubular system and ryanodine receptors. We found that these structural subcellular heterogeneities
are associated with heterogeneous calcium spark distributions. Our studies further revealed that CRT efficiently reduces
subcellular heterogeneity of structure and function. We therefore suggest that altered strain profiles of myocytes caused
by ventricular dyssynchrony may underlie the observed subcellular heterogeneous remodeling of structures and function.
Furthermore, our studies indicate that restoring ventricular synchrony by CRT reduces these heterogeneities, which we think
underlies the improvements of heart function observed in CRT patients.
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Supplemental Material
Supplemental Methods

Monitoring of Animal Models

After device implantation weekly ECGs were obtained to ensure correct lead placement and
capture of the pacing. Only animals with increased QRS duration after DHF and decreased
QRS duration after CRT were used for our studies (Supplemental Table I).

Tissue Collection and Cell Isolation

Animals were anesthetized by propofol injection and isoflurane inhalation. Hearts were excised
quickly and perfused retrogradely through the aorta for 10 min with Ca2free modified Tyrode's
solution comprising (in mM) NaCl 92, KCI 4.4, MgCI25, NaH2PO4 5, DYglucose 11, HEPES 24,
NaOH 12.5, Taurine 20, Creatine 5, Na Pyruvate 1. Tissue samples were collected from the
subepicardial anterior and lateral LV free wall. Tissue samples were flasl>frozen in TissueYTek
CryoYOct compound (ThermoFisher Scientific, Waltham, MA, USA). Cardiac cells were isolated
by perfusion of Ca2+free modified Tyrode's solution containing Collagenase P (0.1y0.2 mg/ml,
Roche Diagnostics, Indianapolis, IN, USA) and Protease Type XIV (0.06 mg/ml, SigmaYAldrich,
St. Louis, MO, USA). Once an acceptable degree of tissue dissociation was reached digestion
was stopped by wash out with the modified Tyrode's solution containing 50 AM Ca2+ Tissue
from anterior and lateral LV were collected separately and manually chopped into small pieces.
These samples were then gently shaken in a beaker at 37°C for 10 min. To remove undigested
tissue chunks, cell solutions were filtered through a strainer. After 10y20 min the Ca2+
concentration was increased from 50 AiM to 1 mM in 4 steps over 24 min.

Tissue Sectioning and Labeling

Tissue samples were sectioned into 80 “m slices using a cryostat (Leica Biosystems, CM1950,
Buffalo Grove, IL, USA). The slices were fixed using 2% paraformaldehyde in phosphate
buffered saline solution (PBS) for 30 min and then rinsed with PBS twice. Sarcolemma, tY
tubules and the interstitial space were labeled by incubation of the tissue with wheat germ
agglutinin (WGA) conjugated to Alexa Fluor 555 (Invitrogen, Carlsbad, CA, USA) at 30 “ig/ml at
room temperature overnight. The tissue sections were then rinsed 3 times with PBS and
permeabilized with 0.3% Triton Xyl00 (SigmaYAldrich, St. Louis, MO, USA) for 2 h. Signal
enhancer (Invitrogen) was applied to the tissue sections for 30 min. Tissue slices were
incubated with blocking solution (0.05% Triton Xy100, 4% goat serum in PBS) for 1 h to reduce
unspecific labeling. RyRs were labeled with a monoclonal antibody (1:100, MAS3y916,
ThermoFisher Scientific, Waltham, MA, USA) in incubation solution (2% BSA, 2% goat serum,
0.05% TritonXY100 in PBS) overnight followed by incubation of a secondary antibody attached
to Alexa Fluor 488 (1:100, Ay11001, Invitrogen) in blocking solution overnight. Tissue sections
were rinsed with PBS 3 times after each labeling procedure.

Isolated Cell Labeling

Ventricular myocytes were isolated, labeled with WGA and fixed as previously described.1The
cells were permeabilized by application of 0.3% Trito~X in PBS for 20 min. After washing with
PBS, signal enhancer (Invitrogen) was applied for 30 min. After washing with PBS, blocking was
performed by incubation for 1 h in PBS containing 10% goat serum. Cells were then incubated
with a primary antibody against NCX (1:100, MA3y926, ThermoFisher Scientific) diluted in
incubation solution (2% BSA, 2% goat serum, 0.05% TritonXY100 in PBS) overnight at 4°C.
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Cells were washed with PBS and then incubated with a secondary antibody attached to Alexa
Fluor 633 (1:100, A-21046, Invitrogen). Cells were washed with PBS and then imaged in the
same manner as tissue sections. A washing step consisted of removal of supernatant,
application of PBS and allowing cells to settle for 15 min. Washing steps were repeated at least
3 times.

Analysis of T-System and RyR Clusters in 3D Image Stacks

Processing of the WGA and RyR image stacks involved noise reduction, deconvolution and
background adjustment. Noise was reduced in WGA and RyR image stacks by applying a
Gaussian (5x5x5 voxels, o =oy=0z=0.1 “im) and mean filter (6 neighbors), respectively.
Subsequently, images were deconvolved with the Richardson-Lucy algorithm using measured
point spread functions as described previously.1 2 Finally, the mode in the histogram of image
intensities was identified as background intensity and adjusted to 256.

After this processing, the interstitial space was segmented from the WGA image stacks by
applying a threshold of mode plus one standard deviation. Single, non-connected voxels were
considered as noise and removed. RyR clusters were segmented in the RyR image stacks
using a threshold of mode plus four standard deviations. The segmented WGA images served
as mask for semi-automatic segmentation of individual cells based on a recently published
method.3 In short, seeds for a morphological watershed were iteratively created on the distance
map of the segmented WGA images followed by manual merging of intracellular segments.

Only cells with a long axis angle smaller than 20° to the xy plane were selected for analyses.
Cells without visible longitudinal end or a visible length of <40 "m as well as cells showing
signs of contracture were excluded. Segmented cells were used as masks to analyze RyR
clusters and sarcolemma (including t-tubules). A bounding box was calculated for each cell to
determine the distance from the longitudinal cell end of each voxel. Cells were divided into two
regions: 0-10 “m and 10-40 “m from the cell end. Assuming a minimum myocyte length of
*80 Lim, regions further than 40 *m from the end were not included in the analyses because
most cells were not captured completely due to limited image size (102.4 *m x 102.4 *m). To
account for depth-dependent attenuation in confocal microscopy, analysis was restricted to the
first 12 *m from the tissue surface.

Analysis of each segmented RyR cluster yielded sum of intensity and intensity-weighted
centroid position. To determine the nearest sarcolemma distance we used distance maps
(Supplemental Figure 1). RyR clusters with intensities higher than 90% of all clusters in the
same cell (90th percentile) were defined as high-intensity clusters. RyR cluster density was
calculated by dividing the number of clusters by the volume of interest, i.e. 0-10 "m and 10-
40 *m from the cell end or 0-1 “m and >1 “m from the nearest sarcolemma. Total RyR intensity
in these regions was calculated by summing up the intensity of segmented clusters. As a
measure of t-system density, we calculated the mean distance of intracellular voxels to the
nearest sarcolemma. Accordingly, high and low distances indicate low and high t-system
densities, respectively.

For 3D visualizations of cells, we used ParaView (Kitware, Clifton Park, NY, USA). RyR clusters
were displayed as spheres.

We performed analyses to investigate differences of the two different DHF model used in this
study. Comparison of cells from animal models based on left bundle branch ablation or RV
pacing did not reveal differences of t-system, the t-system-RyR relationship and the normalized
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RyR intensity at cell ends/centers (Supplemental Figure XIl). For subsequent structural
analyses of DHF cells, we pooled data from the two DHF models.

Analysis of Ca2+Spark Density in 2D Image Sequences

The cell membrane was detected using the Di-8-Anepps images (Supplemental Figure IlA). The
images were filtered using a Gaussian mask (10 x 10 pixels, o =0y=0.2 Aim). The resulting
image was segmented using a threshold of mode plus twice the standard deviation of the image
intensities. A morphological closing operator was used to fill holes in the image and obtain a
mask of the entire cell (Supplemental Figure IIC). These cell masks were then visually inspected
for each cell and adjusted manually for images with poor quality. For subsequent processing,
mode and standard deviation were calculated only for the regions contained by this cell mask.

We created distance maps to the cell end by manually selecting the most distal point of the cell.
Cell orientation was automatically detected and adjusted when necessary. A line through this
point and perpendicular to cell orientation was used as the zero distance marker. The distance
of each pixel to this line was then calculated. The distance mask was used for the subsequently
described analysis of subcellular heterogeneity of spark density.

Sparks were detected after preprocessing of the Fluo-4 images (Supplemental Figure I1IB).
Preprocessing of these images included noise removal and bleaching correction. Low-frequency
noise was removed by filtering in the frequency domain. High-frequency noise in the images
was reduced by filtering with a discretized Gaussian function (25 x 25 pixels, o =oy=0.5 *m).
Bleaching correction was performed by fitting a mono-exponential function to the mode of each
frame of the image sequences. The decay was inverted and used for correction of each frame
(Supplemental Figure IID). Image sequences were then self-ratioed using a moving window
minimum in which each pixel was divided by its minimum value from the 5 previous to the 5
following frames. Potential sparks were segmented in normalized images using a threshold of
mode plus five times the standard deviation of the image. These potential regions were then
filtered through a set of criteria including: spanning less than 5 frames (42 ms), having circularity
greater than 0.5 but less than 2, a minimum area of 79 pixels (~0.5 *m radius), and a maximum
intensity greater than the mean intensity of that frame in the non-normalized image. Circularity
was defined as:

Circularity = -——-

with the perimeter P and the area A. These criteria were applied to the segmentation of the
potential spark found in the frame where the maximum intensity of that potential spark occurred.
Additionally, all images were inspected for motion artifacts, abnormal cell morphology or cell
debris. If necessary, regions and frames of interest were manually selected in the image
sequences. Spark detection for these cells was restricted to designated regions of interest.

An Example of the Analysis of Ca®* Transients in 2D Image Sequences

To shed light on potential effects of subcellular micro-structural heterogeneity on EC coupling
we performed an exemplary analysis on Caz2+transients in two regions, end and center, of a left
lateral myocyte from a DHF animal (Supplemental Figure XIIIA). Our approach is based on
methods previously introduced by us4 and detailed in section Methods. Image acquisition at a
frame rate of 4.6 ms/frame was triggered at 35.4 ms before electrical stimulation of the cell.
Two-dimensional Ca2+transients at different time points are presented in Supplemental Figure
XIIB. After stimulation the cell exhibited a heterogeneous distribution of signal intensities with
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higher intensities in the central region. The measurement of averaged raw signals in the end
and central region revealed a delayed upstroke and reduced amplitude of the Ca2+signal at the
cell end versus center (Supplemental Figure XIIIC). We applied filtering and attenuation
correction to improve image quality. We averaged and self-ratioed signals from the end and
central region (Supplemental Figure XIIID), which confirmed our findings in the raw signals.

Limitations

We discussed limitations of confocal microscopy for studies of RyR cluster and t-system
previously.l 2 A limitation of our imaging approach is that RyR cluster sizes are below the
resolution limit of a conventional confocal microscope.57 Segmented RyR clusters therefore
appear elongated and larger than their actual size. Thus, an increase in RyR cluster density, i.e.
decreased distances between clusters, may have caused detection of fewer, but larger clusters.
However, the presented sum of RyR intensity is not affected by this limitation. Our results show
that high RyR intensity correlated with high RyR cluster density suggesting only a negligible
effect of apparent cluster merging.

We used mounted tissue sections for 3D imaging and image analyses. While this preparation
might avoid issues with detubulation that can occur during cell isolation, there are several
limitations. The mounting medium to embed tissue sections is based on glycerol, polyvinyl
alcohol and water. Evaporation of water increases the refractive index leading to improved
image quality. The volume loss may lead to shrinkage of the tissue and compression of tissue
between the glass slides. However, average distances of RyRs to the nearest sarcolemma were
similar as in our previous study with isolated cells embedded in aqueous solutions.1O0ur imaging
and analysis approach did not account for nuclei in cardiac myocytes. In most cells the nucleus
membrane was weakly labeled by WGA and visible, for instance, in Figure IIA. In cell centers,
distances to the sarcolemma might be increased due to the presence of nuclei, which are
devoid of t-tubules. The presence of nuclei together with the absence of transverse cell
membrane might explain the marginal increase in sarcolemmal distance in the center of control
cells (Figure VI). Nevertheless, all experimental groups were similarly affected by this issue and
we do not expect that it impairs the ability of the developed approach to detect differences of
subcellular remodeling between the experimental groups.

A potential limitation is related to our approach for labeling of the sarcolemma. While WGA
conjugated fluorescent signals exhibited high colocalization with extracellular fluorescent signals
in the t-system of control rabbit myocyte,2 a previous study suggested deficiencies of WGA
labeling for some components of the t-system in human myocytes explained by heterogeneous
glycosylation within the t-system.8 We wused a dual labeling approach to investigate
heterogeneity of glycosylation in our preparation and, in particular, if this heterogeneity explains
the subcellular heterogeneity of t-system in our DHF model (Supplemental Figure XIV). Our
investigation revealed a high degree of colocalization of WGA and NCX. We were not able to
identify significant components of the t-system that are labeled by NCX only. Thus, in our
preparations, WGA appears to be a reliable marker of t-system.
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Supplemental Table I. QRS durations measured in control, SHF, DHF and CRT models.
Measurements for the CRT animals were performed after 3 weeks of RV pacing (CRT-3 weeks)
and after additional 3 weeks of resynchronization (CRT-6 weeks). Asterisks marks significance

versus control.
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Segmented WGA T-System Removal Segmented Tissue

Segmented Cell

RyR Cluster analysis

« distance to cell end

« distance to
sarcolemma

e sum of intensity

Connected
Component Analysis

Supplemental Figure I. Processing of 3D image stacks from ventricular myocardium labeled
with WGA and for RyRs. Image stacks were segmented using thresholds of mode+1 standand
deviation and mode+4 standard deviation, respectively. Filtering removed the t-system from the
WGA image allowing watershed-based segmentation of cells in the tissue. Segmented cells were
extracted and used as masks for RyR analyses. Distance maps from the WGA images and
connected component analysis of RyRs yielded their distances to cell end and sarcolemma as
well as sum of RyR intensity.
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Supplemental Figure Il.
Processing of images from
example control cell. (A) Raw Di-
8-Anepps signal. (B) Raw Fluo4
signal. (C)  Automatically
segmented cell. (D) Attenuation
correction of Fluo-4 signals in
each image. After application of a
Gaussian filter (blue), a mono-
exponential function was fitted to
the mode of fluorescence intensity
overtime (black). The fitwas used
to correct for time-dependent
attenuation (red).
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Supplemental Figure lll. Example (A, C) Di-8-Anepps and (B,D) Fluo-4 images from a (A, B)
DHFand (C,D)CRT cell.
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Supplemental Figure IV. Distribution along the cell long axis of (A) intracellular voxel
distance to nearest sarcolemma, (B) RyR cluster distance to nearest sarcolemma, and (C)
RyR intensity per volume normalized to mean value of the whole cell. Parameters were
grouped in bins of 2.5 |jm and with increasing distance from the cell end. Means and
standard errorswere calculated from all analyzed cels.

55



C

E 200 —
JF wo— M-N

J

0.5

50 —

.1

H

0.25 0.5 0.75 1 1.25 15
AgL [*m]
rn rn iu m Em
0.25 0.5 0.75 1 1.25 1.5
aSI [ym]

0.25 0.5 0.75 1 1.25 1.5
A Jpm]

1.75

1.75

1.75

- MmaiTmndnim

>=2

Supplemental Figure V. Distribution of (A) RyR cluster density, (B) RyR intensity,
and (C) RyR intensity per volume normalized to mean value of the whole cell.
Parameters were grouped with increasing distance to the sarcolemma. Means and
standard errors were calculated from all analyzed cels.
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Supplemental Figure VI. Statistical analysis of intensity and occurrence of RyR clusters in
lateral LV cardiomyocytes from CTRL, DHF and CRT animals. Fluorescence intensity of
RyRs 0-1 and >1 [|jm from the sarcolemma, normalized to volume and mean cell intensity
within (A) 0-10 |jm and (B) 10-40 |jm from cell end. (C) Percentage of RyR clusters detected
>1 |jm from the sarcolemma, which was significantly lower than within 1 [jm from the
sarcolemma in all animal models. The percentage did not differ between our animal models,
which suggests together with the data presented in (A) and (B) that in DHF cells non-
junctional RyR clusters were larger than junctional clusters. Brackets indicate statistical
significance between groups, asterisks between bins ofone group.
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Supplemental Figure VII. Visualization and analysis of DHF cell from the anterior LV wall. (A-C) Confocal microsoopic images from DHF
anterior tissue showing the extracellular space (blue) and RyR clusters (green). (B) and (C) are zoom-insfrom the region indicated by the
white rectangle in (A). T-system is intact, but RyR intensity increases at cell ends. (D-F) 3D visualizations of 4 fijm thick sections through
an example cell. (D) Longitudinal section. (E) Transverse section 5 fim from cell end. (F) Transverse section 40 fjm from cell end. Red
bars in (D) indicate section planes. RyR clusters of high intensity (90th percentile) are shown in red, others in green. All scale bars: 10 fjm.
Scale bar in (B) applies to (C), scale bar in (E) applies to (F). Analysis of (G) mean intracellular voxel distance to the nearest sarcolemma,
(H) mean RyR cluster distance to nearest sarcolemma, (I) RyR cluster density, and (J) RyR intensity per volume normalized to mean
value ofthe whole cell. These parameters were analyzed within 0-40 fimfrom the left cell end and grouped in bins of 10 fjm.
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Supplemental Figure VIII. Statistical analysis of myocytes from LV lateral tissue of CTRL
animals as well as LV lateral tissue (DHF-LAT) and LV anterior tissue (DHF-ANT) of DHF
animals. Parameters were analyzed 0-10 fjm and 10-40 fim from the cell end. (A)
Intracellular voxel distance to nearest sarcolemma. (B) RyR cluster distance to nearest
sarcolemma, (C) RyR cluster density, (D) RyR intensity per volume normalized to mean
value of the whole cell. Parameters were analyzed 0-1 fjm and >1 fijm from the saroolemma.
(E) RyR cluster density, (F) RyR intensity per volume normalized to mean value of the whole
cell. Brackets indicate statistical significance (p<0.05) between groups, asterisks between
bins of one group.
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Supplemental Figure IX. Visualization and analysis of SHF cell. (A-C) Confocal microscopic images of SHF tissue showing the
extracellular space (blue) and RyR clusters (green). (B) and (C) are zoom-ins from the region indicated by the white rectangle in (A). T-
system is intact and RyRs are equally distributed. (D-F) 3D visualizations of 4 fim thick sections through an example cell. (D) Longitudinal
section. (E) Transverse section 5 fjm from cell end. (F) Transverse section 40 fim from cell end. Red bars indicate section planes. RyR
clusters of high intensity (90th percentile) are shown in red, others in green. All scale bars: 10 fim. Scale bar in (B) applies to (C), scale
bar in (E) applies to (F). Analysis of (G) mean intracellular voxel distance to the nearest sarcolemma, (H) mean RyR cluster distance to
nearest saroolemma, (I) RyR cluster density, and (J) RyR intensity per volume normalized to mean value of the whole cell. These
parameters were analyzed within 0-40 fimfrom the left cell end and grouped in bins of 10 fim.
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Supplemental Figure X. Statistical analysis of cardiomyocytes from CTRL and SHF

animals.

Parameters were analyzed 0-10 pm and 10-40 pm from the cell end. (A)

Intracellular voxel distance to nearest sarcolemma. (B) RyR cluster distance to nearest
sarcolemma, (C) RyR cluster density, (D) RyR intensity per volume normalized to mean
value of the whole cell. Parameters were analyzed 0-1 pm and >1 pm from the sarcolemma.
(E) RyR cluster density, (F) RyR intensity per volume normalized to mean value of the whole
cell. Brackets indicate statistical significance between groups, asterisks between bins of one

group.
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Supplemental Figure XI. Statistical analyses of diastolic spark density. Overall spark density in control (CTRL), DHF and CRT
cells in a bathing solution containing (A) 2 mM and (B) 4 mM Ca2+was similar. Analysis of spark density with regions less than
10 pm and between 10 and 40 pm from the cell end in a bathing solution containing (C) 2 mM and (D) 4 mM Ca2+revealed
subcellular heterogeneity in DHF cells. Asterisks mark statistical significance (p<0.05) between corresponding bins of groups.
Box bars present the median, 25% percentile and 75% percentile of samples. Whiskers mark the minimum and maximum of
samples.
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Supplemental Figure XII. Statistical analysis of cardiomyocytes from animals in DHF
induced either by right-ventricular pacing (RVP) or left bundle branch ablation (LBBA).
Parameters were analyzed at 0-10 |jm and 1040 |jm from cell end. (A) Mean intracellular
voxel distance to nearest sarcolemma. (B) RyR cluster distance to nearest sarcolemma, (C)
RyR cluster density, (D) RyR intensity per volume normalized to mean value of the whole
cell. Parameters were analyzed 0-1 |jm and >1 |jm from the sarcolemma. (E) RyR cluster
density, (F) RyR intensity per volume normalized to mean value of the whole cell. Brackets
indicate statistical significance between groups, asterisks between bins ofone group.
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Supplemental Figure XIll. Imaging and analysis of dual-labeled isolated lateral DHF myocyte. (A) Di-8-ANEPPS labeling reveals the
sarcolemma and t-system. (B) Labeling with lluo-4 produced low intensity signals in cells at rest and heterogeneously increased intensity
after stimulation at 35.4 ms. (C) Fluo-4 signals at the sites marked with box in (A). The box adjacent b the cell end and in the cell center

has a width of 10 and 30 fjm, respectively. (D) The signals after filtering and self-ratioing with the marked region. Scale bar in (A) has a
length of 10 fjm and also applies to (B).
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Supplemental Figure XIV. 2D confocal image of isolated lateral DHF myocyte. (A) Stained with WGA. (B) Stained for NCX. (C) Overlay. (D,
E) Zoomed in region marked in (C). Scale barin (A) has a length of 10 |_imand also applies to (B) and (C). Scale bar in (D) has a length of5
pm and also applies to (E).
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CHAPTER 4

MEASUREMENT OF STRAIN IN CARDIAC MYOCYTES AT
MICROMETER SCALE BASED ON RAPID SCANNING
COFNOCAL MICROSCOPY AND NONRIGID

IMAGE REGISTRATION

4.1 Abstract

Measurement of cell shortening is an important technique for assessment
of the physiology and pathophysiology of cardiac myocytes. Many types of heart
disease are associated with decreased myocyte shortening, which is commonly
caused by structural and functional remodeling. Here, we present a new
approach for local measurement of 2D strain within cells at high spatial
resolution. The approach applies nonrigid image registration to quantify local
displacements and Cauchy strain in images of cells undergoing contraction. We
extensively evaluated the approach using synthetic cell images and image
sequences from rapid scanning confocal microscopy of fluorescently labeled
isolated myocytes from the left ventricle of normal and diseased canine hearts.
Application of the approach yielded a comprehensive description of cellular

strain, including novel measurements of transverse strain and spatial
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heterogeneity of strain. Quantitative comparison with manual measurements of
strain in imagesequences indicated reliability of the developed approach. We
suggest that the developed approach provides researchers with a novel tool to
investigate contractility of cardiac myocytes at subcellular scale. In contrast to
previously introduced methods for measuring cell shorting, the developed
approach provides comprehensive information on the spatio-temporal distribution

of 2D strain at micrometer scale.

4.2 Introduction

Efficient pump function of the heart requires concerted contraction of
cardiac muscle cells (myocytes). Contraction is commonly initiated by electrical
activation of the myocytes. The term excitation-contraction (EC) coupling refers
to the signaling cascade transducing electrical activation into mechanical
contraction and is based on calcium signaling.1l EC coupling in cardiac myocytes
is initiated by a small influx of calcium through the membrane (sarcolemma),
which triggers calcium release from an intracellular calcium store, the
sarcoplasmic reticulum, into the cytosol. The calcium diffuses within the cell.
Binding of calcium to the protein troponin C allows interactions of actin and
myosin filaments, which generate force and induce cell shortening. The actin and
myosin filaments are located in sarcomeres, which are the contractile units within
cardiac myocytes.

Isolated cardiac myocytes are a major experimental preparation to study
the physiological mechanisms underlying contraction. Also, isolated myocytes

are a major research tool to investigate structural and functional alterations by
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drugs and diseases. Several methods have been introduced to measure
mechanical contraction in these cells. Early approaches for measurement of
contraction were based on transmitted light microscopy and analysis of 1D or 2D
image sequences. Tameyasu et al. used retrospective visual inspection of image
sequences acquired at a frame rate of 200 Hz to measure segmental shortening
in frog cardiac myocytes.i% Several groups developed approaches based on 1D
photodiode arrays and automated cell length detection from photodiode array
data acquired at a rate of up to 1 KHz.565738 Steadman et al. introduced a video-
based device that applied an edge-detector to measure myocyte shortening at a
frame rate of 60 Hz.3 Further measurement approaches employed light
diffraction to measure sarcomere length.86l Diffraction instruments commonly
apply a laser as a light source and have a spatial resolution of several
nanometers per half sarcomere. Recently developed approaches use confocal
and 2-photon microscopy for measurement of cell contraction. Analyses of
Fourier transformed image data determined the changes of sarcomere
length.6263

A typical measure of contraction is myocyte shortening A which is defined

as

|
A=1o (i)
with the cell length at rest 10 and the length in the contracted state I. Commonly,
shortening is presented in percentage. An alternative measure of contraction is

the Cauchy (or engineering) strain e, defined as
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I- lo
= s (2)

Similar 1D measures have been established for quantifying shortening of
sarcomeres.

While the described approaches yielded valuable insights into myocyte
contraction, they only provide 1D information on contraction of cells or
sarcomeres and do not yield information on transverse strain in response to
contraction. Furthermore, the approaches lack high spatial resolution, which
makes it difficult to characterize subcellular heterogeneities.

Here we introduce a new approach for local measurement of 2D strain
within cells at a high spatial resolution. We developed the approach based on
studies of synthetic cells and paced isolated myocytes from the left ventricle of
canine hearts. We wused cells from control animals and animals with
dyssynchronous heart failure (DHF), which is thought to lead to severe
remodeling of structures and functions associated with EC coupling and
contraction.424346646 Our approach is based on fluorescent labeling of the
sarcolemma. Many types of myocytes exhibit a specialization of the sarcolemma,
the transverse tubular system (t-system), which serves as the major initiation site
for excitation-contraction coupling. Our approach takes advantage of the spatial
distribution of sarcolemma including t-system within myocytes, which is imaged
using rapid-scanning confocal microscopy at high spatiotemporal resolution. We
applied a previously developed method for nonrigid image registration to obtain a
transformation describing the deformation between sequential frames of

contracting myocytes.®8 We used this transformation to quantify the local
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displacement and strain within the myocyte during contraction. Finally, we

evaluated the approach by comparison with manual measurements of strain.

4.3 Materials and Methods
4.3.1 Animal Model and Cell Preparation

Animal studies complied with the Guide for the Use and Care of
Laboratory Animals published by the National Institute of Health. All procedures
were approved by the Animal Care and Use Committees of the University of
Utah.

The animal model and methods for cell isolation have been previously
described.4346546467 Briefly, mongrel canines were used as control and DHF
models. DHF animals underwent pacemaker implantation with the pacing lead
introduced through the jugular vein and anchored in the right ventricular apex.
DHF was achieved by tachypacing in the right ventricle at 180-200 BPM for 6
weeks. Success of the model was determined by weekly ECGs and acquisition of
hemodynamic data at the time of device implantation and harvesting of cells. We

provide a description of our protocol for cell isolation in the supplemental data.

4.3.2 Confocal Imaging and Image Processing

Isolated cells were incubated with 12.5 *M of the Ca2+sensitive dye Fluo-4
AM (Invitrogen, Grand Island, NY, USA) for 20 min. Cells were then exposed to
6.25 "M of the membrane staining dye Di-8-Anepps (Invitrogen) for 8 min. The

cells were allowed to settle on the glass slide of a perfusion chamber attached to
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a Zeiss LSM 5 Live Duo confocal microscope equipped with a 63* oil immersion
objective. The bath chamber was held at 37°C and perfused with the modified
Tyrode’s solution containing 2 or 4 mM Ca2+ In some cases 1 “M isoproterenol
(Iso), a nonselective beta-adrenergic agonist, was added to the 4 mM Ca2+
solution to simulate beta-adrenergic stimulation. A 489-nm-wavelength-emitting
diode laser was used to excite both dyes simultaneously. Emitted light was
filtered using a dichromatic mirror with a cutoff wavelength of 535 nm and
bandpass filters of 505 to 610 nm and 560 to 675 nm to split the Fluo-4 and Di-8-
Anepps signals, respectively. Cells were field stimulated using a current
amplitude of 10 mA. The cells were conditioned with a train of at least 10 stimuli
at 0.5 Hz. Image acquisition was triggered 20-40 ms prior to the final stimulus.
Sequences of 100 2D images with a size of 128*1024 pixels were acquired at a
frame rate of 4.6 ms/frame. Pixel sizes were 0.1 *0.1 “m. Imaging was restricted
to cells exhibiting clear striations and a regular brick shape. Example images
acquired from a control cell are shown in Fig. 4.1A. Images from a control cell in
the presence of isoproterenol and a DHF cell are presented in Fig. S4.1 A and C,
respectively.

Low-frequency noise in Fluo-4 and Di-8-Anepps images was filtered using
Fourier transform. Crosstalk in the two images was calculated and removed in
the Di-8-Anepps signal as previously described.B8 Noise reduction and
background removal of the Di-8-Anepps signal was performed by filtering with a
discretized 2D mean free Gaussian filter (13*13 pixels, ax=ay=0.2 “m). A mask

of the cell interior was created using predefined seed points and the watershed-
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based method previously described.® The cell mask defined a region of interest
for subsequent analyses, allowing for the removal of extracellular debris and
segments from other cells. Results of this preprocessing on the control cell,
control cell in the presence of isoproterenol, and DHF cell are presented in Fig.
4.1B, C, and D, respectively. Additional examples for this processing are
provided in Fig. S4.1. The cell mask, a manually defined angle of orientation, and
a semiautomatically selected endpoint were used to create a Euclidean distance
map from the cell end. We used the combination of the cell mask and distance

map to create regions of interest for the registration algorithm.

4.3.3 Manual Strain Measurement

Manual strain measurement of cells was performed in raw image
sequences using ImagedJ (v1.48).70 In an image of a cell at rest, a line with a
width of 8 pixels was drawn parallel to the longitudinal axis of the cell, while
intersecting the cell end and several t-tubules (Fig. 4.2A). A second line was
drawn intersecting the same structural landmarks of the cell in the image at peak
contraction (Fig. 4.2C). The profiles of these two lines were examined (Fig. 4.2B
and D) and local intensity maxima corresponding to the cell end and t-tubules
identified. The maxima locations were used to calculate distances at rest and
peak contraction. These distances were then used to calculate the Cauchy strain

(Eqgn. 2).
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4.3.4 Synthetic Cells

We generated synthetic cells with a resting length and width of 100 and 15
m, respectively. Cells were assumed to be iso-volumetric during contraction and
exhibiting transversely isotropic mechanical properties. Thus, for a given
longitudinal strain aLong, the transverse strain eTrans was calculated as

-1 3
(1 + “Long) ( )

Cells were modeled to have a elong of -10% at maximal contraction, which
results in a length and width of 90 and 15.8 "m, respectively. The final eLong of -
10% was achieved in 10 linear steps, each at 1% contraction of the original
image. We assumed a homogeneous distribution of t-tubules at a spacing of 2
and 1 "m in the longitudinal and transverse direction, respectively. This resulted
in 49 columns and 14 rows of t-tubules. Spacing of the t-tubules was adjusted
according to the strain described above.

We rendered the synthetic cells in 2D images at an isotropic spatial
resolution of 160 pixels/*m. Images were convolved with a 2D Gaussian filter
(208x208 pixels, ax=ay=0.5 “m). Subsequently, the images were down-sampled
to a resolution of 10 pixels/m.

Overall, five synthetic cells were created. Two complete cells were
rendered, one at 0° and one at 10° rotation. Three cropped cells were rendered in
an image with a size of 128x1024 pixels. One of these cropped cells had 0°

rotation, while the other two had a 5° rotation. One of the cropped cells with 5°
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rotation was rendered as a detubulated cell. The detubulated cell had all t-

tubules within 10 “m of the cell end removed.

4.3.5 Automated Strain Measurement
4.3.5.1 Nonrigid Image Registration
Our approach for strain measurement in image sequences from
contraction cells is based on establishing a transformation T, which registers a
reference image Iref to a deformed image Idef. To register consecutive images in
the image sequences we applied a previously developed efficient method for
nonrigid image registration based on B-splines.®® Here, the transformation for a
control point mesh was obtained by minimizing the cost of image registration
Regiistration comprising four cost terms:
CRegistration  ~ssp + ~Be "Be + "“Lel*Lel + "Le2~Le2 (4)
with cost related to image similarity bending CBe, and linear elasticity CLei
and Ce2, as well as the weighting factors for their respective cost terms ” Be,

A Lel, and ~ Le2. Full detail on the nonrigid image registration method and cost

terms is provided in the supplemental material.

4.3.5.2 Strain Calculation

From the control point grid transformation, we calculated the displacement

field u:

U=0' —0 (5)
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where 0 and 0' are the original and deformed control point positions,
respectively. Spacing of the control point grid in all presented studies was 1 “m
in x- and y-direction.

From the displacement field we calculated Cauchy’s strain tensor e at

each control point:

( dux 1/dux + duy\\
dx 2y dy dx
| f dux duy” duy (6)
\2\ dy dx J dy J

with the gradient operator V. This strain tensor was then rotated into the
coordinate system of the myocyte, which allowed us to determine the longitudinal
strain £Long = exx and the transverse strain £Trans = s2.

For parameter sensitivity studies and stochastic parameter optimization
we assessed total cost of a transformation obtained by nonlinear image

registration by a cost CIMG related to image similarity:

1 W
CMG = (Iref(n) - ldef(n) 2 (7)
n=!

and a second cost term Ca determined by the standard deviation a of the

longitudinal strain eLong and the transverse strain £!rans:

~Long) + &C7Trans) (8)
For these cost calculations only image values and strains within a region of

interest were considered. These two terms determine the total cost CTotal:

CTotal = v CIMG + Y"a (9)

with the weighting factor y.
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The algorithm calculated incremental strain e! at each control point, which

is defined as the strain (longitudinal or transverse) between imagef and f + 1
To obtain the total strain at image /, from initial image f = 1, we integrated

mean incremental strains e! using

(10)

4.3.5.3 Parameter Sensitivity

In order to investigate how weights of registration costs affect the image
registration results and strain calculations, we designed a parameter sensitivity
study. We varied the input parameters, in particular, weights for the bending
energy and two linear elasticity terms. Weights of bending cost explored were 10"
1, 10"2, ..., 10"8. Weights of both linear elasticity costs explored were 100, 10"
025,10"05, ..., 10"4. Overall, each parameter sensitivity study led to a total of 2,312

image registrations.

4.3.5.4 Parameterization Based on Stochastic Optimization

We applied an approach for stochastic parameter optimization to minimize
total cost of image transformation and the associated strain (Eqn. 9). In previous
work, we developed this approach for parameterization of models of ion
channels.7l The approach iteratively evaluates variants of input parameters ” Be,
N Lel, and M Le2 for registration of image pairs. Initial values for optimization were

determined by the parameter sensitivity study described above on sample frames
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from image sequences. The algorithm then generated 80 parameter sets with
random perturbations ( 10% - 1000% ) from the initial parameter values
constrained by the ranges [10-8 10-1] for the weights of bending cost and [104 10-
0] for weights of the linear elasticity costs. The cost CTotal for each parameter set
was calculated. Two parameter sets yielding the smallest CTotal were used as
initial values for the next iteration. Five iterations were performed, resulting in 400
calculations for each image pair. The parameter set with minimal CTotal after the
fifth iteration was kept, and the resulting transformation was used for subsequent

analyses.

4.3.5.5 Implementation

Image processing and the strain measurement algorithm were
implemented in MATLAB 2014a (Mathworks, Natick, NA). We used a C++
implementation of a method for nonrigid image registration (NiftyReg, v1.39).72

We provide further detail on the implementation in the Supplemental Material.

4.4 Results
4.4.1 Evaluation of Algorithm
4.4.1.1 Parameter Sensitivity Study on Synthetic Cells
We performed an extensive parameter sensitivity study to investigate
properties of nonrigid image registration for strain measurement in
cardiomyocytes. We used synthetic cells with a homogeneous strain distribution

for this purpose. The sensitivity study revealed that in these cells, minimal QMG,
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i.e. maximal similarity of the reference and deformed image, is not associated
with minimal a(ELong) and o(.£Trans) (Fig. 4.3A and B), indicating heterogeneity of
strain distributions after image registration. Because strain was homogeneous in
the synthetic cells, the measured heterogeneity suggests a general issue in the
application of the described nonlinear image registration approach for strain
measurement. We thus developed a simple cost function (total cost CTotal, Eqn.
9) to include measures of strain heterogeneity. Investigating this cost function
(Fig. 4.3C) revealed that various parameter sets vyield small CTotal while
maintaining a small AMG.

We present cost terms OMG, Ca, and Clotal resulting from image
registration of a synthetic cell in Fig. 4.4. Cost distributions were a complex
function of weighting parameters. Cost distributions exhibited local maxima and
minima, thus hindering traditional optimization approaches for parameter

identification. However, various parameter combinations yielded small CTotal.

4.4.1.2 Strain Measurement in Synthetic Cells

We studied reliability of strain detection in various synthetic cells.
Minimizing the cost function described in Egn. 9, we studied strain measurement
in the complete, unrotated synthetic cell (Fig. 4.5). A calculated displacement
field for -10% strain is shown in Fig. 4.5B. Resulting displacements in long-axis
(x) direction were 5 and -5 “m at the left and right cell end, respectively. The
displacement amplitude decays linearly to O “m at the center of the cell. Trans-

axis (y) displacements also increased linearly from -0.5 pixels to 0.5 *m from the
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top to bottom of the cell. The measured displacements consistent with the

displacements specified for a homogeneous aLong and £Trans of -10% and +5% of

the synthetic cell. Cauchy’s strain tensor e was then calculated using this

displacement field (Eqn. 6). A discretized map of the resulting strain tensors is
shown in Fig. 4.5C. Strain tensors were approximately uniform within the cell, but
strain outside of the cell varied significantly. However, our analyses were
restricted to the cell interior.

Fig. 45D shows the incremental strains calculated for images with
decreasing elong to -10% and increasing eTrans to 5% in 10 steps. Solid lines
present results of stochastic optimization (described above). The black plus signs
and squares present strain calculations with constant input parameters, which
were optimized for the first and second images. In this cell differences between
the static registration and the stochastic optimization approach were small. Each
image in the sequence describes cell deformation for a specific strain versus the
original image, thus elong is not constant at 1%. The minor negative slope is in
agreement with the specified eLong.

We assessed homogeneity of eLong and eTrans within the cell (Fig. 4.5E).
Standard deviation of strain from registration of images 1 and 2 is smallest since
optimal parameter values were derived from the parameter sensitivity study using
these images. Overall the standard deviation is smaller than 0.1% for both
strains. We calculated the total strain (Eqn. 10, Fig. 4.5F). eLong decreased
linearly from -1% to -10% in images 1 to 10, while eTrans increased from 0.5% to

5.5%, which is consistent with the strain specified for the synthetic cell.
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4.4.1.3 Strain Measurements in Rotated and Partial Synthetic Cells

We next assessed reliability of the strain measurement algorithm under
realistic conditions for cell imaging. We considered that imaged cells exhibit
various angles and are only partially in the field of view (Fig. 4.6). We
investigated models of a complete and rotated (Fig. 4.6A), cropped and
unrotated (Fig. 4.6D), cropped and rotated (Fig. 4.6G), and cropped, rotated and
partially detubulated cell (Fig. 4.6J). Incremental strains using the stochastic
parameter optimization approach and static parameters for each of these
configurations are shown in Fig. 4.6B, E, H, and K. Total strains are presented in
Fig. 4.6C, F, |, and L. While the stochastic optimization approach vyielded
expected results for all cell configurations, using static parameters led to several
cases of inaccurate measurements. This is most apparent in Fig. 4.6E and K
Overall these studies indicate that strain measurement based on stochastic
parameter optimization is superior versus measurement applying static
parameters.

A summary of strain measurements for all synthetic cells is presented in
Table 4.1. This data shows that errors between specified and measured strains
are small. Even using images of cells that were cropped, rotated and de-
tubulated, errors for aLong and eTrans were up to 0.1%, and 0.3%, respectively.
Importantly, the summary suggests that the developed stochastic parameter
optimization approach was able to capture the strain in a reliable manner.
Furthermore, the studies indicate that reliability of strain detection is not affected

by limited field of view and density of t-system.
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4.4.2 Strain Measurements in Ventricular Cardiomyocytes

We investigated the approach of stochastic parameter optimization
introduced above in image sequences from rapid scanning of contracting
ventricular myocytes (Fig. 4.1 and Fig. S4.1). In particular, we explored whether
the approach is capable of detecting heterogeneity of regional contraction. For
this purpose, we binned cells into 10 *m regions from the longitudinal cell end
and evaluated cost terms within these regions. We measured regional
incremental (Fig. 4.7A, D, and G) and total strains (Fig. 4.7B, E, and H) for a
control cell in 4 mM Ca2+, a control cell in 4 mM Ca2+ with isoproterenol, and a

DHF cell in 2 mM Ca2+ We then analyzed the regional transients of aLong and
£Trans. In Table 4.2 we summarized quantitative data from these analyses.

The maximal incremental eLong and its timing varied between all three
cells. Time of maximal incremental eLongwas 32.2, 23.0, and 55.2 ms for the
control, control/lso and DHF cell, respectively. Here, times are related to first

appearance of calcium signal, which occurs shortly after pacing. Peak eLong and
time to peak £lLogvaried among the 3 cells: -13.7% at 170.2 ms for control, -

25.7% at 253 ms for control cell/lso, and -11.0% at 271.4 ms for the DHF cell.
Both control cells did not display major differences between the 4 regions over
the course of contraction. However, the DHF cell exhibited a ~40% reduction in
peak eLong within 0-10 “m when compared to the other regions, which exhibited

only minor differences of peak eLong.
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Comparison of measured along and £Trans revealed an inverse
relationship. In all cells, decreased eLong was associated with increased eTrans.
Similar as for eLong, the DHF cell exhibited a large heterogeneity of eTrans, with

small values found at the cell end. In all cells, predicted eTrans (Egn. 3) was not in
agreement with measured eTrans.

To evaluate reliability of the developed approach we compared calculated
results with results from manual strain measurement. Results from manual strain
measurements are plotted in Fig. 4.7C, F, and | Control cells exhibited

homogeneous elong within all regions, while the DHF cell showed decreased
flong within 0-10 “m of the cell end. For all cells and regions, the difference

between calculated and measured eLong was small (Table 4.2).

4.5 Discussion

In this study, we introduced and evaluated an approach for measurement
of regional strain in image sequences of contracting cardiac myocytes acquired
with rapid scanning confocal microscopy. The approach is based on nonrigid
image registration and calculation of strain from registered images. In contrast to
previously developed approaches, the approach is capable of measuring
longitudinal and transverse strain at microscopic scale in 2D.

We applied synthetic cells to develop and extensively evaluate the
approach. We further explored the approach in a control cardiomyocyte, a cell
with drug-increased contractility, and a cell from an animal model of heart failure.

The presented analyses of measured strain profiles indicate that the approach
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facilitates quantitative characterization of contractility of cardiac myocytes. In
particular, application of the approach allowed us to comprehensively quantify
cell contractility and regional heterogeneity of cell contraction in heart failure
cells. Contraction in control cells with or without adrenergic stimulation was
regionally homogenous. Adrenergic stimulation was associated with accelerated
and largely increased shorting (more negative aLong) versus control. DHF was
associated with delayed and decreased shortening (less negative aLong), which is
consistent with previous measurements,?3 as well as regional heterogeneity of
contraction, which has not been reported before.

While it is well established that various types of heart failure are
associated with microstructural heterogeneity of cardiomyocytes, 4,6 effects of
this heterogeneity on regional contraction have not been studied. In our previous
work, we found regional structural remodeling, in particular, detubulation at cell
ends in DHF,@&which might explain the finding of reduced shortening detected by
the developed approach. Some degree of detubulation at the cell end is also
visible in the studied DHF cardiomyocyte (Fig. S4.1C). The presented
development was motivated by our interest in the effects of this heterogeneity on
contraction. We suggest that the developed approach provides researchers with
a crucial tool to investigate regional heterogeneity of contraction. Additionally, the
approach provides additional information on strain versus previously employed
methods. We anticipate that improved description of the mechanical properties of
contracting myocytes using these measurements will lead to further development

and evaluation of computational models of myocyte contraction.74
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In initial studies with synthetic cells we found that various choices of
parameters for image registration were associated with high similarity of
registered images, but strains measured from these registrations varied widely
within the cell (Fig. 4.3). Thus it is not possible to use them without modification
for reliable measurement of regional cellular strain. We added a cost term to
restrict the regional strain variability, while maintaining high similarity of
registered images (Eqn. 9). The results of the parameter sensitivity study show
that even this cost term yields many maxima and minima. This hinders the ability
of traditional methods for minimization to converge and find a global minimum.
Thus we implemented a stochastic optimization approach using a total cost term
for parameterization of image registration, which was crucial to avoid issues
resulting from static parameterization of the image registration (e.g. Fig. 4.6E and
G). We investigated several variants of synthetic cells, including cells that were
cropped and rotated within the image similar as seen in our imaging sequences
from rapid scanning confocal microscopy (Fig. 4.1 and Fig. S4.1). Strain
measurements from those cells and a synthetic cell with sparse t-system
suggested that the developed stochastic optimization approach is robust with
respect to imaging conditions and microstructural variation of cells.

Our approach provides information on transverse strain in addition to the
conventionally measured longitudinal strain. None of the methods developed
over the last 3 decades described in the Introduction were capable of or
attempted to extract this information. The measured strain yielded an inverse

relationship between along and eTrans, which reflects the volume preservation that
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is commonly assumed during myocyte contraction. However, the prediction of
£Trans based on eLong, assuming volume preservation and transversely isotropic
mechanical properties (Egn. 3), yielded larger values than our measurement of
£Trans. This might be explained by transversely anisotropic dilation of contracting
cells. Commonly, isolated cells are lying flat on the glass slide, i.e. cell height is
smaller than width. The imaging section is parallel to the first and second
principal axes of myocytes. To account for volume preservation and our resulting
measurements, eTrans would be required to be larger along the third than the
second principal axis. Anisotropy in the transverse strain could be caused by
anisotropic mechanical properties of cells resulting from cellular microstructure,
for instance, by anisotropic arrangement of the cytoskeleton.

We evaluated our approach for strain measurement using manual
detection in image sequences during contraction of cardiac myocytes. Manual
strain detection was based on analyses of images from cells at rest and peak
contraction. While manually measured and calculated strains were in agreement
for all investigated cells, we note several major difficulties with the approach for
manual measurements. First of all, small differences of peak image intensity
detection strongly affect strain calculations. In particular at the cell end, local
intensity profiles might exhibit peaks that do not correspond to a single location,
but are produced by overlay of several structures that are displaced during
contraction. A further issue is related to structures that move into and out of the
field of view. Here, correspondence of profiles at rest and in contraction cannot

be established.
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45.1 Limitations

We discussed limitations of our methods for cell labeling and rapid
scanning confocal microscopy previously.87 In short, confocal microscopy has
a limited spatial and temporal resolution. Imaged structures, i.e. Di-8-anepps
labeled sarcolemma, are thin (~5 nm), thus images of those structures are
strongly affected by the point-spread function of the imaging system.76 We did
not explore methods of image deconvolution to reduce this artefact. We do not
believe that limited temporal resolution affected the presented strain
measurements, because inspection of the strain profiles caused by contraction
did not indicate frequency components beyond what can be covered by a
sampling of 4.6 ms/frame based on the sampling theorem. Also, images from
confocal microscopy are affected by several sources of noise. To reduce the
effects of noise on strain detection, we applied filters for noise reduction. A
limitation of our approach is its dependence on t-system distribution as structural
markers within the cell. Alternative labeling approaches in living cells are
currently in development and include fluorescent markers of intracellular
organelles, in particular, mitochondria and sarcomeric proteins.77 A limitation of
our study is that we investigated only contraction and neglected relaxation. While
this was motivated by our focus on characterizing the contractility of diseased
cells, we do not expect issues with applying the approach for measurements of
cell relaxation. While our image data also includes information on calcium
signaling, we did not attempt to establish a relationship between calcium and

contraction.



88

4.5.2 Acknowledgements

This study was supported by NIH grant RO1 HL094464 (FBS) and the
Nora Eccles Harrison Treadwell Foundation (FBS). We thank Mrs. Jayne Davis
and Mrs. Nancy Allen for technical support as well as Dr. Thomas Seidel for
discussions and help with the segmentation of cardiomyocytes. We acknowledge
Dr. Marc Modat for providing us with information on the implementation of

NiftyReg.



89

Table 4.1. Quantitative results of strain measurement in synthetic cells.
Corresponding cells are shown in Figs. 4.4A, 45A, 45D, 4.5G, and 4.5J. Set

£long is the strain specified for the synthetic cells. Measured £log is peak
longitudinal strain measured using stochastic parameter optimization. AELog is
the difference between the mean of Set £long and Measured £lLong Set £Trasis

the specified transverse strain calculated using Egn. 3. Measured £Trasis the
peak measured transverse strain using stochastic parameter optimization.

A£Tras is the difference between Set £Trasand Measured £Tras.

Measured Measured
Set £Long A £lLong Set £Trans A £Trans
Cell £Long £Trans
[%6] [%6] [%] [%6] [%] [%6]

Complete -10.0 -9.9 ol 5.4 5.4 0.0
Complete -10.0 -10.1 54 54 0.0

0.1
and rotated
Cropped -10.0 -10.0 0.0 5.4 5.5 0.1
Cropped -10.0 110.0 0.0 5.4 5.6
and rotated 0.2
Cropped,
rotated and -10.0 -10.1 5.4 5.7

0.1 0.3

de-tubulated
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Table 4.2. Quantitative results of strain algorithm on ventricular cardiomyocytes.
Control, Control/lso and DHF cells are shown in Fig. 4.1B, 4.1C, and 4.1D

respectively. Manual fi agis the average of the manual strain calculation for each
region, reported as mean * standard deviation with the number of points, n,

measured for the region. Measured £Lagis the peak longitudinal strain measured
using stochastic parameter optimization. A£Long is the difference between the
mean of Manual £Long and Measured £Long Predicted £Tras is the transverse
strain calculated by Eqn. 3 using Measured £Long Measured £Trasis the peak
measured transverse strain using stochastic parameter optimization. A£Tras is

the difference between Predicted £Trasand Measured £Trams.

Range Manual £Long Measured A £Long Predicted Measured  agTran
Cell £Long £Trans £Trans s
[Mm] (%] (%] (%] (%] [%0] (%]
0-10 -13.8 £ 1.2 (n=5) -13.5 0.3 7.5 6.9 0.6
10-20 -13.2 £ 1.1 (n=5) -14.0 0.8 7.8 6.6 1.2
Control
20-30 -14.0 £0.8 (n=2) -13.7 0.3 7.6 51 25
30-40 -13.5 (n=1) -13.0 0.5 7.2 5.8 1.4
0-10 -23.1 (n=1) -24.4 1.3 15.0 7.5 7.5
Control 10-20 -26.5 (n=1) -25.7 0.8 16.0 8.3 7.7
/lso
20-30 — -23.7 - 14.5 7.8 6.7
30-40 -25.0 (n=1) -23.1 1.9 14.1 9.0 51
0-10 -6.3 + 0.8 (n=5) -6.5 0.2 3.4 -0.3 3.7
DHE 10-20 -12.0 £ 1.8 (n=5) -11.0 1.0 6.0 2.9 31
20-30 -10.5 £0.6 (n=2) -10.6 0.1 5.8 1.7 4.1

30-40 --- -10.0 --- 54 3.8 16



Fig. 4.1. Raw and preprocessed Di-8-Anepps images from ventricular

cardiomyocytes. (A) Raw and (B) preprocessed Di-8-Anepps images from control
cell at different times during contraction. Preprocessed images of (C) control
cell/lso and (D) DHF cell at 0 ms and at peak contraction. Scale bar in (A) applies

to (B), (C) and (D): 10 [jm.
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30 20 10 0
Distance [|jm]

Fig. 4.2. Example of manual strain measurement. (A) Cell at rest with line of
interest along longitudinal axis of cell starting at cell end. (B) Intensity profile of
line shown in (A). (C) Line of interest drawn in cell at peak contraction. (D)
Intensity profile of line shown in (C). Scale bar in (A) applies to (B): 10 |jm.
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Fig 4.3. Parameter sensitivity study on cropped synthetic cell. (A) Scatter plot of
standard deviation of longitudinal strain a(elLong) versus cost of image similarity

Gmg . (B) Scatter plot of standard deviation of transverse strain ff(eTrans) versus
Gmg . (C) Scatter plot of total cost CTotal versus AMG.
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Fig 4.4. Parameter sensitivity study on cropped synthetic cell. (A-D) Costs
related to image similarity AMG. (E-H) Costs related to standard deviation of
strain Ca. (I-L) Total cost CTotal. Bending weights 4Be were setto (A, E, I) 10-5, (B,
F, J) 10'6, (C, G, K) 10-7and (D, H, L) 10-8 Colorbars in (A, E, and I) apply to all
plots of the respective costs.
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Fig 4.5. Strain measurement in complete, unrotated synthetic cell. (A) Cell at 0%
(red) and -10% elong (blue). (B) Displacements and (C) strain tensors associated
with -10% £Long overlaid on cell at 0%elong. Red and blue color represent
shortening and dilation, respectively, along the x-axis. (D) Calculated strain for
each frame using a stochastic optimization approach (red and blue) versus a
static parameter approach (O and +). Transverse strain shown in blue and 0O,
longitudinal strain in red and +. (E) Standard deviation of the longitudinal (red)
and transverse (blue) strain for each frame. (F) Total strain using the stochastic
optimization approach (red and blue) versus a static parameter approach (O and
+). Transverse strain shown in blue and O, longitudinal strain in red and +. Scale
bar in (A) applies to (B) and (C): 10 |jm.
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Fig. 4.6. Strain measurement in synthetic cells. (A, D, G, J) Images of cells with
0% (red) and -10% sLong (blue). (A) Fully padded synthetic cell rotated by 10°.
(D) Cropped synthetic cell with no rotation. (G) Cropped synthetic cell rotated by
5°. (J) Cropped synthetic cell rotated by 5° and detubulated within 10 |jm of cell
end. (B, E, H, K) Incremental strain and (C, F, |, L) total strain for each frame in
the longitudinal (red) and transverse (blue) directions. Results from the stochastic
parameter optimization approach (red and blue lines) are contrasted with results
from the static parameter approach (O and +). Scale bars: 10 [jm.
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Incremental and (B, E, H) total eLong. (C, F, 1) Manual measurement of eLong.
Calculated elLong in (A-C) control cell, (D-F) control cell/lso and (G-lI) DHF cell.
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4.6 Supplemental Material

4.6.1 Cell Preparation

For cell isolation, animals were anesthetized by propofol injection and
isoflurane inhalation. After the heart was excised, it was Langendorff-perfused
with a Ca2+free modified Tyrode’s solution comprising (in mM) NaCl 92, KCI 4.4,
MgClz 5, NaH2POs4 5, D-glucose 11, HEPES 24, NaOH 12.5, Taurine 20,
Creatine 5, Nat+ Pyruvate 1. Myocytes were isolated via enzymatic digestion of
the tissue by addition of Collagenase P (0.1-0.2 mg/ml, Roche Diagnostics,
Indianapolis, IN, USA), Protease Type XIV (0.06 mg/ml, Sigma-Aldrich, St. Louis,
MO, USA) and 50 "M Ca2+ to the perfusate. While perfusing with enzyme
solution, tissue was periodically checked for structural integrity. When cells freely
released from the tissue (~30 min), the enzyme perfusate was stopped and the
heart was perfused with modified Tyrode’s solution containing 50 *M Ca2+for 10
min. Tissue chunks from the left lateral wall were removed with a scalpel and
placed into the washout solution. The tissue was mechanically homogenized
using scissors and then gently shaken at 37°C for 10 min. We removed tissue
chunks from the solution using a metallic mesh screen. Bath Ca2+was increased

to 1 mM in 4 steps over 24 min.

4.6.2 Nonrigid Image Registration based on B-Splines
The transformation T is described as the 2D tensor product of the cubic B-

splines: &
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3 3

T(x,y) =L L Bm(u)Bm{V)@i+m,j+n (11)

m n

Here 0 denotes an nxxny mesh of control points with uniform spacing. The indices

in the mesh are calculated by i = 1—1- 1,5 = — -lLu=—- |—Il,v=—
Lnx\ Lnyl nx  LnxJ n

. Bt represents the i-th basis function of the B-spline defined as:

goww) = ¢~ V) (12)
(3u3- 6u2+ 4)! (13)
Bdu) = - mmmmmeeee g-—-—-- -
(-3u3+ 3u2+ 3u + 1)! (14)
BAu) =- g Z
, N U3 (15)
s3(U) =~

The method applies a multilevel approach iteratively increasing the

resolution of the control point mesh. The sum of transformation at different levels

T! defines the overall local transformation

T(x,y) =" T"x,y) (16)

1=1
where L is the total number of mesh levels. This reduces computational
complexity since we simply insert new control points into the previous mesh in

order to create the mesh at level | + 1. Enforcing the rule that the control point

mesh spacing is halved every step identifies the position of control point Q *j as

the same as O-m thus allowing the values of the new control points 0!!1 to be
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calculated directly from those of 0! using a B-spline subdivision.78 The number of
subdivisions in all presented studies was 6.

The optimal transformation for a control point mesh was calculated by
minimizing a cost function comprising 4 different costs. A cost related to image
similarity was calculated as the squared sum of intensity differences between the

reference image Iref and transformed image |def:

N

A(lref(n) - Idef(n))2 (17)

A=l
with the total number of pixels N.

A cost associated with the bending energy was determined from second-

order derivatives of the transformation:

! /g2T\2 [d2T\2 (d2r 2
cBe =t KIx2j + y3y2) izy/(\jxy ) dy dx (18)

Two costs dependent on the linear elasticity were determined from first-order

derivatives of the transformation:

Ge + (20)
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4.6.3 Implementation

Image sequences from rapid-scanning confocal microscopy of ventricular
cardiomyocytes were processed as described in the Methods section and saved
as individual frames for registration. Synthetic cells were also saved as individual
frames, but no further processing was performed on them after rendering. The
input of the algorithm consisted of the 2 images, an angle to orient the strain
calculation with, the range from the cell end to use for the cost calculations and
the weights for the cost of the bending and 2 linear elasticity terms. The algorithm
then performed the registration on the given frames and returned values of mean

flong and eTrans , the standard deviation of elong and eTrans , the image

registration cost and the total cost CTotal. In images of the synthetic cells the
entire visible cell interior was used for calculating the error and strains. In the
image sequences from live cardiomyocytes specific 10 “m ranges were

examined.



Fig. S4.1. (A) Images of Di-8-Anepps labelled left ventricular myocyte from
control animal in the presence of isoproterenol in the bath solution. (B)
Corresponding pre-processed images. Image processing comprised filtering and
masking. (C) Images of Di-8-Anepps labeled DHF cell. (D) Corresponding pre-
processed images. Scale bar in (A) applies to (B), (C) and (D): 10 |jm



CHAPTER 5

SUMMARY AND PERSPECTIVES

In summary, this dissertation presents multiple findings of previously
unknown microstructural remodeling based on novel methods of microscopic
imaging and image analyses. Using Fourier analysis, we found that the spatial
regularity of a-actinin was drastically reduced during DHF. In addition to
disruption of the spatial regularity, we also showed a novel remodeling of a-
actinin in the form of longitudinal depositions spanning neighboring Z-disks. This
particular remodeling was specific to a-actinin and not present in the other
examined sarcomeric proteins. Using super resolution confocal microscopy we
were able to determine that these longitudinal depositions were approximately
half as dense as the standard Z-disk. Additionally, CRT reversed disruption of the
spatial regularity of the Z-disk, however, CRT was not able to reduce the
occurrence of longitudinal depositions.

The finding that remodeling of the t-system and RyR clusters is
heterogeneous within cells during DHF was also a novel insight for the field. We
found that detubulation of cells during DHF was significantly more prominent
near the longitudinal cell ends. Furthermore, this finding was localized to cells

isolated from the left ventricular free wall. In addition to de-tubulation, RyR
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density and fluorescence intensity were significantly increased near the
longitudinal cell ends. According to a recent model of Ca2+ release,?5 this
heterogeneous remodeling of t-system and RyR clusters will result in a
heterogeneous Ca2+ transient within the cell. Specifically, this remodeling will
result in delayed onset times and reduced amplitudes at cell ends versus cell
centers. Structural remodeling of t-system and RyR clusters was also associated
with a functional remodeling. A decrease in spontaneous Ca2+ release events
was associated with areas showing significant detubulation, even though RyR
intensity was increased. This finding supports the idea that RyR clusters have
varying Ca2+release probabilities, depending on their distance to t-system.

While there are numerous studies describing microstructural remodeling in
cardiac ventricular myocytes during various forms of HF and disease states, the
studies presented in this dissertation are among the first to describe any form of
microstructural remodeling during DHF and after CRT.

Sarcomeric disruption is a common phenotype during many disease
states. In cardiomyocytes infected with Typsanoma Cruzi, the parasite
responsible for Chagas disease, the periodic arrangement of a-actinin is
completely lost and a-actinin becomes localized to focal adhesion sites.3
Electron microscopy revealed that during arrhythmogenic right ventricular
cardiomyopathy the sarcomeric arrangement is disturbed by accumulation of
electron-dense material around the Z-disk, and this material extended in various
directions and filled the entirety of the sarcomere space.3® Similar disruption was

found in skeletal myocytes from patients with nemaline myopathy, a skeletal
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myopathy that primarily affects muscles of the limbs, neck and face.® A
missense mutation in the gene responsible for the primary cardiac isoform of a-
actinin, ACTN2, is highly conserved in patients experiencing hypertrophic
cardiomyopathy.” Genetic studies have shown mutations in this gene to be a
direct cause of hypertrophic cardiomyopathy.80 The work in this thesis takes
these findings in structural alterations of a-actinin and expands on this
knowledge in relation to DHF. Additionally, this work is the first to explore the
ability of a-actinin to be reverse remodeled from a diseased to a healthy
phenotype after CRT. The findings presented here support the idea that
sarcomeric remodeling occurs in two stages. An initial reversible stage
characterized by an accumulation of cytoskeletal proteins in order to offset the
strain imposed on the myocardium, followed by an irreversible stage
characterized by the loss of contractile filaments. &

A previous study found that t-system is depleted during DHF, specifically
in myocytes isolated from the left lateral wall, and that this depletion was
reversed after CRT.46 Part of the work in this dissertation serves as a follow-up to
this study, showing that this depletion of t-system preferentially occurs within 10
"m of the longitudinal cell ends. In addition to the increased number of
nonjunctional RyR clusters, this work found the novel result that these
nonjunctional RyR clusters have an increased size and density. Furthermore, this
remodeling had an effect on Ca2+handling within the cells. In myocytes isolated
from the left lateral wall of animals experiencing DHF, within 10 “m of the

longitudinal cell end there was a significantly reduced occurrence of spontaneous
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Ca2+release events. This finding is not intuitive since it is easy to imagine that an
up-regulation in RyR intensity would result in a higher amount of Ca2+ leak from
the sarcoplasmic reticulum. Instead we found the opposite, suggesting the
importance of the t-system presence in these spontaneous release events.
Characterizing strain  within  contracting myocytes exposes the
fundamental mechanical properties of the cells. Within myocytes are a variety of
cellular pathways that respond to physical stimuli.&8 Understanding the
mechanical properties of the myocyte would help elicit how external physical
stimuli, like stretch or strain, are transmitted to the internal machinery. Not only is
this information useful for understanding physiological processes, it is also
necessary for the creation of more thorough computational models. Many
methods have been developed to characterize strain within cells,565861-6338687
however, the majority of these studies rely on either line-scan microscopy, which
yields information on a very small portion of the cell in only 1D, or they used
some method to obtain an average shortening for the entire cell. In all of these
methods, only longitudinal strain is described, and regional differences of this
strain within the cells would be difficult to determine. In this dissertation | present
a method that uses fast scanning confocal microscopy to describe the
longitudinal and transverse strain tensor in 2D at an unprecedented spatial and
temporal resolution. The ability to describe the strain tensor in such detail is a
significant contribution to the field. Using this technique with various fluorescent
labels would allow investigation into how specific protein structures affect local

strain generation. Additionally, the data obtained and presented with this method
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suggest that in DHF strain amplitude is substantially reduced within 10 *m of the
cell end, indicating further functional consequences of the structural remodeling
described throughout this thesis.

Combined, the research presented in this thesis constitutes a significant
advancement of knowledge on the microstructural remodeling that occurs within
cardiomyocytes during DHF and their restoration after CRT. The knowledge
presented here will lead towards a better understanding of this disease state and
help guide the development of future studies. In order to combat the growing
epidemic of HF, many physicians believe that within the next few decades we will
see a paradigm shift towards personalized medicine, where patients are treated
according to their personalized symptoms and body chemistry instead of being
lumped into broad categories of disease. One could envision a diagnostic
method in which microscopic images are obtained from hearts of patients using
minimally invasive procedures and then examined for specific biomarkers or
protein distributions. Using the information obtained with these biopsies,
physicians would be able to make a better prediction as to how well treatments
like CRT will work for a specific patient, and then prescribe therapies accordingly.
In order to reach this goal of personalized medicine, a deeper understanding of
what goes wrong in specific disease states will be necessary. While this is
beyond the scope of this work, as a whole this dissertation significantly

contributes to the knowledge available for DHF and CRT.
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